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General introduction

Chronic kidney disease

Chronic kidney disease (CKD) is defined as abnormalities of kidney structure or function, 
which include albuminuria (AER ≥30 mg/24 hours) and/or a glomerular filtration rate (GFR) 
of <60 mL/min/1.73 m2, present for >3 months with implications for health1. To characterize 
the progression of CKD, a six-stage classification system based on the GFR and a three-
stage classification system based on the degree of albuminuria have been internationally 
accepted1. The most prevalent causes of developing CKD are aging, hypertension, diabetes, 
obesity and smoking2-5. The median prevalence of CKD is 7.2% in persons aged 30 years or 
older and 23.4% to 35.8% in persons aged 64 years or older6. Patients with CKD are at high 
risk for cardiovascular diseases and progression to end stage renal disease (ESRD, CKD stage 
5), a condition in which dialysis or kidney transplantation is needed.

Risk for cardiovascular diseases in CKD

Patients with chronic kidney disease usually die from cardiovascular diseases (CVD) before 
reaching ESRD7. In a Canadian cohort study life expectancy was found to be shortened due 
to cardiovascular disease by 1.3, 7.0, 12.5, and 16.7 years in patients aged 30 years with CKD 
stages 3A, 3B, 4, and 5 respectively, compared to individuals with normal kidney function8. 
Of those patients with CKD that eventually reach ESRD, 50% die from a cardiovascular 
cause. The age-adjusted cardiovascular mortality in ERSD is 15 to 30 times higher than in 
the general population and even more striking is that ESRD patients aged 25 to 34 years 
have a 500-fold higher cardiovascular mortality rate compared to age-matched individuals 
with normal kidney function9. Risk factors for CVD that are highly prevalent among 
CKD patients at all stages include hypertension, diabetes mellitus type II, dyslipidemia, 
activation of the renin-angiotensin system, endothelial dysfunction, oxidative stress and 
inflammation10. Interestingly, when correcting for these established cardiovascular risk 
factors, CKD itself remains an important independent cardiovascular risk factor11. Since 
hypertension and diabetes mellitus often cause renal failure, it has long been thought 
that the increased cardiovascular risk in CKD patient was mainly due to these underlying 
diseases in particular. In two meta-analyses however, the risk for cardiovascular mortality 
in CKD patients was indeed independent of hypertension and diabetes mellitus12, 13. This 
suggests that other CKD-specific factors contribute to the aforementioned cardiovascular 
risks.
 Impaired kidney function is associated with a wide range of cardiovascular diseases. 
The risks for coronary heart disease, peripheral artery disease, stroke and atrial fibrillation 
are all increased in CKD patients and are largely independent from age, sex and ethnicity. 
Vascular calcification is a frequently encountered structural abnormality commonly seen in 
patients with advanced CKD7, 9, 14, 15. Vascular calcification is most prevalent among patients 
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on dialysis (stage 5 CKD) and not surprisingly strongly associates with its severity, which was 
shown by a coronary artery calcium score that is 2.5 to 5 times higher in dialysis patients 
compared to non-dialysis patients16. Even in young adults undergoing dialysis, coronary 
artery calcification (CAC) is highly prevalent17. 
 A large population-based study showed that CKD is also strongly associated with an 
increased risk of incident MI and was independent from common cardiovascular risk factors 
such as hypertension, diabetes, BMI, and dyslipidemia18, again pointing to CKD-specific 
factors being involved. In addition, the 1-year mortality after MI was higher for patients with 
moderate CKD compared with patients without renal dysfunction (66% versus 24%)19. 
 Besides abnormalities in conduit arteries, like the coronary arteries, CKD patients suffer 
from other myocardial and vascular abnormalities. Myocardial capillary blood supply is 
lower in both uremic animals and CKD patients compared to controls20, 21. Remarkably, 
impaired coronary flow reserve is already present in early CKD and decreased by 27% in 
ESRD as compared to individuals with preserved kidney function22. Coronary flow reserve 
also appears to be a strong predictor of cardiovascular risk in both CKD and ESRD patients23, 

24. This impairment of cardiac capillary blood supply can be explained by anatomical as 
well as functional changes. In both experimental models and human subject with renal 
impairment, capillary density in the myocardium is decreased25, 26, a phenomenon known 
as rarefaction. Increased circulating inhibitors of angiogenesis and NO synthesis, and 
inhibition of proliferation and increased apoptosis of coronary endothelial cell could explain 
this capillary rarefaction21. In addition to anatomical causes, an explanation of this reduced 
cardiac capillary blood supply could be a disrupted functional regulation of perfusion. 
Indeed, reduced kidney function is associated with reduced coronary flow reserve in 
patients without obstructive coronary artery disease and points to coronary vascular 
dysfunction27, 28. To date, a clear explanation of this impaired cardiac microvascular function 
in CKD patients is still lacking. 
 Other cardiac morbidities are also often observed in CKD patients. In the general 
population, left ventricular hypertrophy (LVH) has a prevalence of 15-21%29, while already 
at early stages of CKD, patients have a prevalence of 51% for LVH and by the time they 
reach ESRD, more than 70% of patients have LVH30-33. LVH in dialysis patients is not only 
predictive for adverse cardiovascular events30 but also a predictor of renal disease 
progression to dialysis34-36. The mechanisms underlying LVH in CKD involve afterload-related 
factors including arterial hypertension and decreased aortic compliance, which result in 
myocardial cell thickening and concentric LV remodeling37. Preload-related factors involved 
in CKD-related LVH include expansion of total blood volume and decreased blood viscosity 
due to anemia (<10 g hemoglobin/dl), resulting in myocardial cell lengthening and cardiac 
remodeling. Cardiomyocyte hypertrophy and subsequent myocyte ischemia and fibrosis 
can lead to impaired contractility and a stiffening of the myocardial wall, leading to systolic 
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and diastolic dysfunction and ultimately to dilated cardiomyopathy and diastolic and/or 
systolic heart failure37. 
 Indeed, heart failure (HF) is a frequently encountered cardiac abnormality observed in 
CKD patients. As defined by the 2016 ESC guidelines, HF is a clinical syndrome characterized 
by typical symptoms (e.g. shortness of breath, ankle edema and fatigue) that may be 
accompanied by signs (e.g. elevated jugular venous pressure, pulmonary crackles and 
peripheral edema) caused by a structural and/or functional cardiac abnormality, resulting 
in a reduced cardiac output and/or elevated intracardiac pressures at rest or during stress38. 
The risk of HF is doubled in CKD patients compared to individuals with preserved kidney 
function39 and is the predominant cardiovascular complication among patients with CKD40. 
In a large population-based study, the incidence of HF was 3-fold higher in individuals 
with an eGFR <60 mL/min/1.73 m2 compared to non-CKD individuals41 and likewise, more 
than 40% of HF patients have CKD42. HF can be subdivided in heart failure with preserved 
ejection fraction (≥50%, HFpEF) and with reduced ejection fraction (<50%, HFrEF). CKD-
associated mortality risk is worse in diastolic HF (HFpEF) patients than in those with systolic 
HF (HFrEF)43 and diastolic dysfunction is already present in early stages of CKD44, 45. This could 
in part explain the increased cardiovascular mortality among young CKD patients. 
 LVH and cardiac fibrosis also have been implicated in the increased risk for sustained 
ventricular arrhythmias and the predisposition to sudden cardiac death (SCD) associated 
with CKD46. SCD refers to an unexpected death from a cardiovascular cause with or 
without structural heart disease and is often caused by electrical instability and ventricular 
arrhythmias followed by hemodynamic failure. The risk for SCD is increased twofold in 
patients with mild kidney disease as compared to individuals with normal kidney function 
and approximately 20%–25% of all-cause mortality in ESRD is attributed to SCD47. Some of 
the underlying processes linked to the increased predisposition for SCD in people with CKD 
are electrophysiological and structural remodeling of the heart, e.g. LVH or fibrosis, vascular 
disease, and sympathetic activation. 
 

The role of FGF23, Klotho and vitamin D in CKD

As CKD progresses, plasma phosphate increases, due to a reduction in phosphate glomerular 
ultrafiltration48. As a consequence plasma fibroblast growth factor 23 (FGF23), a hormone 
promoting renal wasting excretion, by reducing renal reabsorption of filtered phosphate 
and restoring the phosphate balance49, 50. However, FGF23 levels are frequently elevated 
in early CKD even before plasma phosphate levels are increased, and studies suggest that 
early CKD may be a state of primary FGF23 excess51.
 Klotho is a transmembrane protein expressed predominantly in the kidney and 
its most important feature is to function as a co-factor for FGF23 signaling. The close 
correlation between Klotho and FGF23 was discovered after the observation that FGF23-
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deficient and Klotho-deficient mice show phenotypes with similar characteristics such as 
hyperphosphatemia, vascular calcification, osteopenia and elevated plasma vitamin D52-55. 
Decreased expression of Klotho is present already at early stages of CKD and is therefore 
considered an important factor in CKD and the associated cardiovascular disease. In the 
same endocrine system a third key player in CKD is vitamin D, as increased FGF23 levels 
in CKD reduce circulating active vitamin D levels52, 56. In mice, injections of FGF23 reduced 
renal mRNA for 25(OH)-vitamin D 1α-hydroxylase, the enzyme converting the inactive 
25(OH)-vitamin D (25vitD) into the active form of vitamin D 1,25(OH)2-vitamin D (1,25vitD). 
Also, FGF23 injections increased renal mRNA for 24-hydroxylase, which is the enzyme 
converting 1,25vitD into the inactive 24,25 vitD57. These alterations in enzyme expression 
led to decreased levels of active vitamin D. 
 Vitamin D also has a suppressive effect on the renin-angiotensin-aldosteron system 
(RAAS) by inhibiting transcription of the renin gene58. The other way around, RAAS is also 
closely correlated to the FGF23/Klotho/vitamin D axis. Various studies have shown that 
angiotensin II downregulates renal expression of Klotho59-61. Animal studies showed that 
continuous administration of angiotensin II downregulated Klotho expression at both the 
mRNA and protein level, which was also observed in rat renal tubular epithelial cells59, 61. This 
effect is most probably regulated by the angiotensin II type 1 (AT1) receptor as treatment 
with losartan, an AT1 receptor blocker, reversed decreased Klotho expression in kidney of 
mice with renal injury60.
 Thus, CKD alters levels of FGF23, Klotho and vitamin D, resulting in a vicious circle that 
accelerates progression of CKD. in the next section, FGF23, Klotho and vitamin D will be 
discussed in more detail in their relation to renal and vascular function.

Klotho 

Klotho is essential for FGF23 signaling 

Klotho was discovered as a gene that is involved in the suppression of several ageing-
like phenotypes and deletion led to a shortened life span62. In contrast, overexpression of 
Klotho extends life span and Klotho is therefore regarded as an aging-suppressor gene63. 
The Klotho gene encodes a long type I transmembrane protein, with a large ectodomain 
that can be cleaved resulting in soluble Klotho64, 65. Soluble Klotho might have remote 
systemic effects. The Klotho protein binds directly to multiple FGFRs, in which FGF23 binds 
with higher affinity to the Klotho-FGFR complex than to FGFR or Klotho alone66. With this 
binding of Klotho to FGFR, enhanced activation of FGF signaling by FGF23 was seen, which 
indicates that Klotho is essential for FGF23 signaling53, 66. 
 Renal Klotho expression is mostly found in the distal tubule and is downregulated by 
long-term infusion of angiotensin II, production of reactive oxygen species, activation of NF-
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κB  and TNF-α59, 67-69. In contrast, upregulation of renal Klotho is induced by PPAR-gamma2 
and 1,25(OH)

2
D

3
54, 67. In early stage CKD, Klotho expression and shedding are already 

decreased70, 71 and decreased plasma Klotho therefore might be an early biomarker for CKD. 
 

Klotho and the vasculature 

Klotho attenuates vascular calcification in chronic kidney disease 

After the discovery that klotho mice showed acceleration of aging-related disorders like 
atherosclerosis, research focused on effects of Klotho on the cardiovascular system. Klotho 
has been shown to influence cardiovascular calcification (VC) in numerous studies62, 72-

74. CKD mice overexpressing Klotho showed less VC compared to wild-type CKD mice 70. 
Conversely, CKD mice deficient of Klotho showed more calcification compared to wild-type 
CKD mice. It is assumed that Klotho deficiency accelerates medial calcification, a hallmark 
of CKD-related atherosclerosis75. Soluble Klotho might interfere with vascular calcification 
as well, since intraperitoneal injections with soluble Klotho reduced this76. Klotho deficiency 
thus might not only be an early hallmark of CKD but also an important contributor to 
vascular calcification as commonly seen in CKD patients.

Klotho improves vascular function by increasing NO production

Another role of Klotho in vascular remodeling is by reducing atherosclerosis. It is believed 
that apoptosis and senescence of vascular endothelial cells are closely related to the 
development of atherosclerotic plaques77, 78. Klotho is an important factor that can attenuate 
these pathological processes, partly by reducing oxidative stress79, 80. Indeed, Klotho was able 
to protect HUVECs from both H

2
O

2
-induced apoptosis and oxidative stress81. In addition, 

Klotho protects also VSMCs from superoxide production and oxidative stress82. 
 Besides the direct interference of Klotho with vascular cells, it also influences vascular 
function. Shortly after the discovery of Klotho, it was found that the vasodilator response 
of arterioles in heterozygous klotho-deficient mice was attenuated83, 84. Endothelium-
dependent relaxation of aortic rings and arterioles induced by acetylcholine was higher in 
wild-type mice compared to heterozygous klotho mice83, 84. Further, NO metabolites in urine 
were decreased in heterozygous klotho mice83, 84. These results indicate a role for Klotho in 
vascular endothelial cell function, possibly by regulation of NO production.
 Not only seems Klotho to influence larger vessels, also the smaller vessels might benefit 
from increased Klotho levels. In heterozygous klotho mice, impaired vasculogenesis and 
angiogenesis, accompanied by reduced endothelium-derived NO release, were observed85. 
A correlation between Klotho and vascular improvement was found in humans as well86. 
In CKD patients, serum Klotho levels was negatively associated with arterial stiffness, 
although no correlation was found for endothelial dysfunction, atherosclerosis or vascular 
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calcification. Since most data indicate that Klotho improves vascular function by increasing 
endothelial NO, several studies assessed a direct link with the endothelium and NO 
production by endothelial nitric oxide synthase (eNOS)87, 88. Six et al. showed that Klotho 
could directly increase NO production in aortic rings, which was explained by increased 
eNOS phosphorylation89. Thus, Klotho directly regulates NO production in endothelial cells 
by its effect on eNOS.
 Of interest, a recent paper showed only low or absent Klotho transcript and protein 
expression in mouse arteries and these low levels did not mediate FGF23 signaling90, 
suggesting that Klotho effects on blood vessels are mediated by its circulating form (soluble 
Klotho). The absence of vascular Klotho was confirmed by our group, where using several 
independent and validated methods did not detect full-length membrane-bound Klotho 
in both uremic and healthy human vascular tissue91. These findings are in contradiction 
with those of others, who have reported Klotho expression in human vascular tissue92, 93. 
So, whether the beneficial effects of Klotho on the vasculature are a consequence of local 
Klotho expression or are mediated by circulating soluble Klotho still has to be determined. 
The clinical implications of these findings is currently difficult to weigh. Currently available 
techniques to measure soluble Klotho are unreliable and it is unknown how to increase 
Klotho levels in patients. Therefore, although being a highly intriguing aspect of CKD, the 
exact clinical role of Klotho in cardiovascular disease in CKD patients is not yet clear. 
 

Vitamin D

Vitamin D levels are regulated by enzymes and control calcium levels

Vitamin D is synthesized in the skin after exposure to UV rays of sunlight, or may be 
ingested from the diet94. Native vitamin D from the skin is transported to the liver where 
it is converted into the storage form 25-hydroxyvitamin D (25vitD). This main circulating 
metabolite of vitamin D can be converted into the circulating active 1,25-dihydroxyvitamin 
D (1,25vitD) by 1α-hydroxylase, mainly by the kidney and serves as an endocrine/humoral 
factor95. Degradation of vitamin D is accomplished by 24-hydroxylase, expressed in target 
cells containing the vitamin D receptor (VDR), including kidney, bone and many other 
organs96. 
 Vitamin D is involved in maintaining the very constant plasma levels of calcium. Besides 
its roles in active uptake of calcium and phosphate by the intestines, and increased bone 
resorption of calcium and phosphate, vitamin D also regulates calcium reabsorption in the 
distal tubules and collecting ducts of the kidney97-101. 
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Vitamin D levels are decreased in chronic kidney disease

An effect of increased FGF23 levels in CKD is the reduction of circulating 1,25vitD levels. 
Indeed, serum vitamin D levels decrease with CKD progression in which FGF23 is the 
strongest determinant of circulating 1,25vitD102. These decreased vitamin D levels were 
already observed in early stages of CKD, which might be explained by increased levels of 
FGF23 early in CKD. As mentioned above, FGF23 reduces vitamin D levels by a direct effect 
on 1α-hydroxylase52, 56, 57. 
 

Vitamin D and the vasculature 

A dual role for vitamin D in vascular disease

Vitamin D plays a complex role in vascular disease. In a study among 1108 haemodialysis 
patients, severe vitamin D deficiency was strongly associated with sudden cardiac death, 
cardiovascular events and mortality103. On the other hand, increased 1,25vitD levels are 
associated with induction of vascular calcification104-111. It has to be noted that very high 
concentrations of active vitamin D were used in these studies and cannot directly be 
extrapolated to the human situation, since such high levels are hardly seen in the general 
population. 
 On the other hand, vitamin D shows to be a protective factor in atherosclerosis by 
inhibiting proliferation and calcification of VSMCs112, 113 and protection of macrophages114, 

115. Thus, most data point to a protective role of vitamin D in calcification and atherosclerosis, 
at least when pharmacological doses are avoided. 
 

Vitamin D deficiency impairs vascular function

In healthy adults, research showed that vitamin D insufficiency is associated with increased 
arterial stiffness in the carotid artery and endothelial dysfunction in healthy subjects116. In this 
study, 25vitD concentrations were independently associated with FMD and microvascular 
function assessed by reactive hyperemia index (RHI). Importantly, a recent randomized 
controlled clinical trial showed that in 3 to 4 stage CKD patients 1,25vitD supplementation 
improved endothelium-dependent vasodilation117. Since both the vitamin D receptor 
and 1α-hydroxylase are found in vascular endothelial cells and show lower expression in 
vitamin D-deficient subjects, vitamin D may directly regulate vasoreactivity118-120. A direct 
effect of vitamin D on the vasculature was tested in a study set-up using a pressure 
myograph121. Resistance arteries of young rats with vitamin D deficiency showed decreased 
endothelium-dependent vasodilatation after acetylcholine addition compared to resistance 
arteries of control rats, and it was concluded that vitamin D deficiency resulted in a ±50 
percent reduction of the contribution of NO to endothelium-dependent vasorelaxation121. 
Endothelium-independent vasodilatation in response to SNP was only reduced in resistance 
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arteries from vitamin D-deficient female rats, and not in male rats. This study suggests 
that vitamin D at least directly regulates endothelium-dependent vasodilatation. The role 
of NO within this mode of action of vitamin D was confirmed by a study on HUVECs122, 
where it was shown that 1,25vitD increases NO production through activation of the VDR. 
Thus, vitamin D deficiency diminishes endothelium-dependent vascular function, through 
decreased NO synthesis.

Fibroblast growth factor 23

FGF23 is an endocrine factor, primarily produced by osteocytes

FGF23 belongs to the FGF ligand superfamily123 and sequence analysis revealed most 
similarities with FGF19 and FGF21, members of the FGF19 subfamily, in which FGF15 is the 
mouse ortholog of human FGF19124, 125. The most striking feature of the FGF19 subfamily 
is that they function as endocrine factors and thereby having effects on distant tissues 
different from where it is secreted, and as such qualify as hormones50, 126. This feature 
might be due to its low affinity to heparin, which allows FGF23 to escape from heparin 
sulfate (HS)-rich extracellular matrices at its production site which allows it to reach the 
systemic circulation127. The majority of FGFs have a stable FGF-FGF receptor binding and 
dimerization, caused by the regulation of a conserved heparin-binding domain with a high 
affinity to heparin sulfate (HS)128, 129. In contrast, members the FGF19 subfamily, including 
FGF23, exhibit a poor HS-binding affinity, by preventing the formation of hydrogen binding 
between HS and amino acid residues in the HS-binding domain127, 130. This weak binding to 
HS also results in its reduced ability to bind FGF receptors (FGFR), as high affinity binding of 
FGF to its FGFR requires HS131-133. Since FGF23 exhibits low affinity to FGFR, it needs a cofactor 
for efficient receptor binding and signal transduction134. Tissue-specific expression of such 
a cofactor together with selective usage of FGFR subtypes determines the target organ 
of these endocrine-acting FGFs and creates tissue-specific effects134. The classic co-factor 
for FGF23 is Klotho, which induces high affinity binding to its receptor and is expressed 
predominantly in the kidney, and the parathyroid gland53. 
 FGF23 is primarily produced by osteocytes and its production is directly regulated 
by vitamin D and dietary phosphate135-139. Previous research has shown that vitamin D 
administration increases serum FGF23 levels137, 138. In addition, in osteoblast cell cultures 
administration of 1,25(OH)2D3 stimulates FGF23 expression, most probably mediated by 
a vitamin D-responsive element in the FGF23 promoter137. Also a direct stimulating effect 
of parathyroid hormone (PTH) on FGF23 levels in osteoblast-like cells was observed, and 
in addition, long-term PTH infusion in mice increased serum FGF23 levels140. On the other 
hand, short-term PTH infusion in adult subjects decreased FGF23 levels141. Thus, the role of 
PTH in regulation of FGF23 levels remains controversial. 
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FGF23 regulates phosphate and vitamin D levels 

The most important functions of FGF23 are inhibition of sodium-dependent phosphate 
reabsorption by internalization of its main transporter NaPi2a in proximal segments 
of the nephron and inhibition of 1α-hydroxylase activity in the proximal tubule of the 
kidney, leading to phosphaturia and decreased plasma levels of circulating 1,25(OH)

2
D

3
,
 

respectively52, 56, 102, 142-144. 
 

High FGF23 levels are associated with poor prognosis in CKD patients

FGF23 levels are closely associated with CKD progression145. Levels of FGF23 increase early 
in CKD, independently and long before serum phosphate levels are elevated102. This might 
be explained by the fact that patients with an early stage of CKD, the reduced ultrafiltration 
of phosphate is compensated by a diminution of tubular phosphate reabsorption, under 
the influence of FGF23. Many studies have shown that chronic elevation of FGF23 predicts 
a worse outcome of CKD patients146-148. In these studies, both incident and prevalent 
hemodialysis patients, FGF23 levels were found to be independently associated with all-
cause mortality. Interestingly, this association was independent of serum phosphate levels.

FGF23 and the risk for cardiovascular disease

Besides all-cause mortality, there is a growing body of evidence from epidemiological studies 
for an independent association of increased FGF23 concentrations with cardiovascular 
diseases. In patients with coronary artery disease (CAD) a 2-fold higher risk for mortality 
and CV events was observed in patients with FGF23 concentrations in the highest tertile as 
compared to patients in the lowest tertile149. Comparable results were observed in patients 
from all stages of CKD150-152. Remarkably, also in the general population increased FGF23 
concentrations are associated with an increased risk for cardiovascular mortality153. Among 
patients with heart failure, FGF23 is also a predictor of both all-cause and CV death154, 155.

FGF23 and cardiac disease

Multiple epidemiological studies found a relationship between FGF23 concentrations and 
cardiac diseases. The incidence and prevalence of atrial fibrillation (AF) was associated 
with FGF23 concentrations in multiple studies156-158 although another large cohort study 
with up to 20 years of follow-up, did not confirm this159. It thus remains debated whether 
FGF23 is linked to AF in CKD. Also, coronary heart disease is strongly associated with FGF23 
concentrations. In a large prospective cohort, each 20 pg/ml higher FGF23 concentrations 
was associated with a 14% greater risk of coronary artery disease (CAD)160, 161. Next to a 
positive and independent associations of serum FGF23 with the presence of CAD, also the 
number of stenotic vessels was associated with serum FGF23162.
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 CAD is the most common cause of heart failure and associates with FGF23 levels. In 
individuals with CKD and high FGF23 concentrations, incident heart failure was 2-fold higher 
as compared to individuals with low FGF23 concentrations163. Interestingly, this increased 
incidence remained significant in individuals without CKD, albeit less strong. Comparable 
results were observed in a large cohort study, wherein incident heart failure was 1.75-fold 
higher in individuals with high FGF23 concentrations and also remained significant in 
non-CKD individuals161. In addition, FGF23 was found to be associated with heart failure 
disease severity measured by NYHA class164, 165. These studies suggested a dose dependent 
worsening of cardiac function with increasing FGF23 concentrations and might therefore 
explain the high prevalence of heart failure in patients with ESRD, who typically have high 
FGF23 concentrations. That might also explain the higher incidence of heart failure in CKD 
patients as compared to non-CKD patients. 
 The increased incidence of heart failure among individuals with high FGF23 
concentrations might in part be explained by its effects on left ventricular hypertrophy (LVH). 
Observational studies have shown that higher FGF23 concentrations are independently 
associated with greater left ventricular mass and higher prevalence of LVH and was observed 
in both CKD and non-CKD patients166-168. Experimental studies demonstrated that FGF23 can 
directly induce cardiomyocyte hypertrophy166, which is likely mediated by the FGF receptor 
4 (FGFR4) in a klotho-independent pathway169. Indeed, FGFR blockade reduced LV mass 
and improved cardiac function in CKD rats170. FGF23 thus seems to be strongly involved 
in LVH induction and could subsequently induce heart failure. Nonetheless, the molecular 
changes that may underlie the increased prevalence of heart failure and cardiac mortality 
in CKD are poorly understood. 
 

FGF23 and the vasculature 

FGF23 is independently associated with vessel calcification 

Human vascular smooth muscle cells (VSMCs) with increasing phosphate concentrations 
show a dose-dependent increase in calcification, mediated by a sodium-dependent 
phosphate cotransporter171, 172. Since FGF23 is closely related to circulating phosphate levels, 
it is not surprising that serum FGF23 is independently associated with vascular calcification 
next to age148, 173, 174. In both prevalent and incident haemodialysis patients, FGF23 was 
independently associated with aortic and carotid artery calcification173, 175. This correlation 
has not only been observed in dialysis patients, but also CKD patients showed higher aortic 
and coronary calcification scores when FGF23 levels were elevated176. Moreover, a recent 
study demonstrated that FGF23 was present in calcified lesions of coronary arteries in 
patients undergoing heart transplantation177. However, several recent papers showed no 
direct effect of FGF23 on vascular calcification90, 178, 179. Whether FGF23 has an indirect or 
direct effect on the vessel wall has yet to be determined.
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Direct actions of FGF23 on vascular function? 

A direct effect of FGF23 on the vascular wall has been suggested to be involved in the 
cardiovascular complications of CKD patients. Several studies claimed to have found both 
FGFR and Klotho in the vasculature92, 93, 180, 181, although a recent paper showed only low or 
absent Klotho transcript and protein expression in mouse arteries and these low levels did 
not mediate FGF23 signaling90. This was also confirmed by our own group in human vascular 
tissue91. It is therefore highly doubtful that effects of FGF23, if any, on the vasculature are the 
consequence of membrane-bound Klotho signal transduction via FGFR, but may rather be 
mediated by soluble klotho182. 
 In a large cohort study, higher serum FGF23 levels, even within the normal range, were 
independently associated with impaired vasoreactivity and increased arterial stiffness183. 
In addition, FGF23 positively associates with arterial stiffness in patients with diminished 
renal function (eGFR < 60 mL/min/1.73 m2) and FGF23 negatively associates with both 
endothelium-dependent and -independent vasodilatation. Another study showed that 
FGF23 was inversely related to endothelium-dependent vasodilation in patients with 3-4 
CKD184. In contrast to these studies, a recent study showed no association of FGF23 with 
endothelial dysfunction and arterial stiffness in dialysis patients185.
 In addition to these observational studies, data describing the effects of FGF23 on 
vascular functions ex vivo are conflicting as well. Incubation of mouse aortic rings with FGF23 
at supraphysiological concentrations diminishes their response to acetylcholine, which was 
explained by a decreased NO bioavailability180. Whether these effects on endothelial function 
are also present with more physiological levels of FGF23 remains unclear. Another recent 
study showed that FGF23 induces reactive oxygen species (ROS) production in endothelial 
cells179, again pointing to the interference of FGF23 with NO bioavailability. In contrast, both 
acute and long term exposure, i.e. 30 minutes and 3 hours respectively, of FGF23 to mouse 
mesenteric arteries did not affect endothelium-dependent and independent dilatory 
contractile responses90. These contrasting observations of FGF23 on the microvasculature 
might be explained by differences of study setup, including different vascular beds, 
different FGF23 concentrations and exposure time of FGF23 to the vasculature. Whether 
FGF23 directly impairs endothelial function or via other mechanisms, is therefore under 
debate. Also, it is unknown if blocking FGF23 in CKD can prevent endothelial dysfunction 
and therefore could be a potential target to treat cardiovascular disease in CKD. 
 
In conclusion, the high burden of cardiovascular disease in CKD patients is strongly 
associated with increased FGF23 levels and decreased klotho and vitamin D levels. 
Especially FGF23 is a strong predictor of cardiovascular events in CKD. A dose dependent 
worsening of cardiac function with increasing FGF23 concentrations is observed, 
which might be explained by direct effects of FGF23 on myocardial tissue. Whether 
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this only involves effects on cardiomyocyte hypertrophy resulting in LVH or also other 
pathophysiological mechanisms in unknown yet. Although the role of FGF23 in vascular 
calcification remains controversial, a clear correlation with endothelial dysfunction was 
observed in both clinical and preclinical studies. Most likely this vascular dysfunction is 
mediated trough impaired NO production in endothelial cells, but different experimental 
set-ups and variable FGF23 concentrations make it difficult to interpret these data. Since 
FGF23 is elevated already in early stages of CKD, treatment focus on lowering FGF23 levels 
to reduce the risk of cardiovascular events in CKD patients may be justifiable. However, 
it is unknown if the detrimental effects of FGF23 on the cardiovascular system are due 
to chronic exposure or also acute exposure of FGF23 to the vasculature. Although many 
associations with increased FGF23 levels and cardiovascular complications are shown, the 
molecular changes involved in these processes are poorly understood, and for many of 
these aspects proof of causality is still lacking. 
 

Thesis outline

The main aim of this thesis is to explore the underlying physiological processes and 
molecular changes that could explain the increased cardiovascular risk in CKD patients with 
high FGF23 levels.
 This thesis aims to contribute to bridging this knowledge gap by:
- Assessing the effect of FGF23 on endothelial function in a mouse model of renal 

insufficiency, with physiological or slightly increased FGF23 levels and different 
experimental setups.

- Describing the effect of FGF23 on different cardiovascular beds, like the myocardium.
- Evaluating if the effect of increased FGF23 levels on the vasculature is driven by acute or 

chronic exposure.
- Identifying the molecular effects of FGF23 on cardiomyocytes, besides cardiomyocyte 

hypertrophy.
- Assessing if cardiovascular complications in experimental CKD models can be prevented 

by lowering or blocking FGF23.

Coronary arterioles are the main regulators of flow through the myocardium and are able to 
increase myocardial blood flow in response to increased demand. Failure of the myocardial 
vasculature to respond to increased demand will reduce perfusion and will eventually 
lead to cardiac hypoxia and dysfunction. Therefore, research on myocardial perfusion 
derangements is essential in understanding cardiac ischemia and failure. In Chapter 2 
we highlight the technical aspects that determine myocardial perfusion results obtained 
using myocardial contrast echocardiography (MCE), and highlight factors that influence 
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cardiovascular hemodynamics that should be taken into account when using MCE  
in mice. 
 Impaired mineral homeostasis and inflammation are hallmarks of chronic kidney disease 
(CKD), yet the consequences of CKD-induced alterations in FGF23-αklotho-vitamin-D 
signaling on renal tubular electrolyte regulatory mechanisms are, however, still unclear. In 
Chapter 3 we studied two different murine models, partial nephrectomy and adenine-
enriched dietary intervention, to induce kidney failure and to investigate the subsequent 
impact on systemic and local renal factors involved in Ca2+ and P

i 
regulation.

 FGF23 is independently associated with endothelial dysfunction and cardiovascular 
mortality. Whether FGF23 directly impairs endothelial function or indirectly via other 
mechanisms, is unclear. Also, mechanistic data are lacking on how FGF23 might affect 
cardiac function independent from LVH induction. In Chapter 4 we tested the hypothesis 
that FGF23 directly impairs vascular function in CKD and whether this can be restored by 
blocking FGF23 effects with FGF23 antibodies. In addition, vascular function in the heart 
was studied by visualizing and quantifying myocardial perfusion with MCE.
 In Chapter 5 we used an approach that is more suitable for CKD patients to combat 
cardiovascular disease. Unfortunately, FGF23 antibodies can only be used in an experimental 
setup. Calcimimetics are used in CKD patients to treat hyperparathyroidism, but are also 
associated with a decrease in FGF23 concentrations and improved cardiovascular outcome 
proportionally to the decrease of FGF23 concentrations. Therefore, we tested the hypothesis 
that treatment with the calcimimetic R568 in experimental moderate CKD improves vascular 
function by lowering FGF23.
 Heart failure is the predominant clinical cardiovascular presentation of patients with CKD. 
FGF23 has been linked directly to LVH, but the molecular changes that may underlie the 
increased prevalence of heart failure and cardiac mortality in CKD are poorly understood. In 
Chapter 6 we hypothesized that CKD directly impairs cardiac function, besides established 
structural change, due to a direct effect of high FGF23 concentrations on cardiomyocyte 
contraction and relaxation, by modifying calcium fluxes in cardiomyocytes. 
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