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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 threestage 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

12

General introduction

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). CKDassociated 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 ageinglike 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)2D354, 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, 7274
. 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 H2O2-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. Endotheliumdependent 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)2D3,
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 allcause 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.
20
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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 adenineenriched dietary intervention, to induce kidney failure and to investigate the subsequent
impact on systemic and local renal factors involved in Ca2+ and Pi 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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Abstract
Myocardial contrast echocardiography (MCE) offers the opportunity to study myocardial
perfusion defects in mice in detail. The value of MCE compared with single-photon
emission computed tomography, positron emission tomography, and computed
tomography consists of high spatial resolution, the possibility of quantification of blood
volume, and relatively low costs. Nevertheless, a number of technical and physiological
aspects should be considered to ensure reproducibility among research groups. The aim of
this overview is to describe technical aspects of MCE and the physiological parameters that
influence myocardial perfusion data obtained with this technique. First, technical aspects
of MCE discussed in this technical review are logarithmic compression of ultrasound data
by ultrasound systems, saturation of the contrast signal, and acquisition of images during
different phases of the cardiac cycle. Second, physiological aspects of myocardial perfusion
that are affected by the experimental design are discussed, including the anesthesia
regimen, systemic cardiovascular effects of vasoactive agents used, and fluctuations in
body temperature that alter myocardial perfusion. When these technical and physiological
aspects of MCE are taken into account and adequately standardized, MCE is an easily
accessible technique for mice that can be used to study the control of myocardial perfusion
by a wide range of factors.
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Introduction
Myocardial contrast echocardiography (MCE) has proven a highly valuable technique
for determining myocardial perfusion in patients with coronary artery disease and
healthy subjects at risk of developing this condition. The MCE technique uses echogenic
contrast agents that consist of gas-filled microbubbles, thus enabling visualization of the
vasculature, including myocardial arterioles, capillaries, and venules 1. Microbubbles have
the unique capability to reflect ultrasound at specific ultrasound frequencies and to burst
when exposed to high-intensity ultrasound. These nonlinear oscillations of microbubbles
result in the generation of harmonic frequencies that can be distinguished from signal
reflected by the surrounding tissue. Because microbubbles have sizes between 1 and 10 m
with a mean diameter of 2–3 m, they are able to pass the microcirculation without being
trapped and thus can be used to visualize the total perfused myocardial microvasculature.
This makes MCE the only technique presently available that allows real-time quantification
of the total volume of blood and an estimation of the speed of the blood flow through a
region of interest within the myocardium. Experimental studies have shown the occurrence
of microvascular leakage, capillary rupture, cardiomyocyte killing, inflammatory cell
infiltration, and premature ventricular contractions when ultrasound is used in combination
with microbubbles 2, 3. However, these undesired bioeffects have only been observed at low
ultrasound frequencies and high mechanical indexes (MIs), which are typically not used
anymore during MCE. No tissue damage has been noted when ultrasound or microbubbles
are not used in combination 3, indicating that microbubbles by themselves are not harmful
to the vasculature.
Myocardial blood flow ensures sufficient oxygen and nutrient supply to the cardiac
tissue. Perfusion of the myocardium is directly regulated by myogenic, endothelial,
autoregulatory, and pharmacological influences and indirectly by neural, humoral, and
metabolic factors and myocardial mechanical forces 4. 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 5. Therefore, research on myocardial perfusion derangements is essential in
understanding cardiac ischemia and failure.
Mice are often used in cardiovascular research, predominantly because of the availability
of conditional and inducible transgenic models suitable for molecular and physiological
studies. The main challenge of MCE in mice is their small size. MCE was initially developed
for application in humans, yet experimental techniques have developed fast to make the
MCE technique available for mouse research. Other techniques to measure myocardial
perfusion beside MCE include singlephoton emission computed tomography (SPECT),
positron emission tomography (PET), and cardiac MRI (CMR) (see Table 1).
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The use of SPECT to asses myocardial perfusion has been extensively validated across
species, including mice 6-8. The advantage of this technique is that it is compatible with
stress stimuli to measure myocardial flow reserve, and, because the imaging does not occur
during first pass of a contrast agent, there is less demand for high temporal resolution 9.
On the other hand, limitations of this technique include long acquisition protocols, poor
spatial resolution, and motion artifacts, although this technique is under continuous
development to improve accuracy 10. PET has a better spatial resolution compared with
SPECT, and attenuation artifacts, resulting from breast or subdiaphragmatic attenuation,
are less of an issue 11. Also, PET in combination with CT, e.g., PET/CT, makes it possible to
combine perfusion data with anatomical imaging. On the other hand, high costs and the
need for a cyclotron for most radionuclide productions makes this technique less suitable
for mouse studies. CMR, often used to examine stress perfusion, has a high spatial resolution
and the ability to perform absolute quantification of perfusion, and studies that can be
performed in a short time period 12. On the other hand, the contrast agent gadolinium is not
optimal to asses myocardial perfusion because it has intermediate extraction fraction out
of capillaries into the surrounding tissue during first-pass imaging 13. CMR can also be used
without the use of a contrast agent. Spin labeling techniques use the labeling of the nuclear
magnetization of water protons, but this technique is challenged by a poor contrast-tonoise ratio and only practically relevant for cardiac studies at 4.7 T or higher field strengths
to increase spatial resolution 14. Also, blood oxygen level-dependent (BOLD) imaging is
used to assess myocardial perfusion by detecting deoxygenated hemoglobin changes and
can be used in a quantitative manner, has reasonable signal-to-noise ratio, and is less prone
to magnetic susceptibility artifacts 15. On the other hand, significant changes in perfusion
result in relatively small changes in signal, and the acquisition time is relatively long 15, 16.
Importantly, most scanners have a relatively slow acquisition frame rate compared with
the rapid heart rate of mice. The advantage of MCE over SPECT, PET, and CT is the absence
of ionizing radiation, use of contrast agents that remain in the vasculature, high spatial
resolution over SPECT, and relative low costs. As a result, this technique is accessible and
valuable for perfusion imaging in mice.
The first paper on myocardial perfusion in mice describing the use of MCE was
published in 1999 1. The technique was not immediately picked up by others, and it took
until the late 2000s for other groups to report on MCE in mice. Besides studies assessing
myocardial perfusion in mouse models of cardiac ischemia 1, 17-22, effects of therapy that
target vascular endothelial growth factor on myocardial perfusion in cancer research have
also been reported 23. Only a few studies discussed technical aspects of MCE in detail. The
first paper discussing MCE in mice by Scherrer-Crosbie et al. 1 validated this technique
by assessing video intensity in different parts of the left ventricular wall before and after
coronary ligation. Importantly, a close correlation between perfusion defects measured by
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± 1mm

Radionuclides

Most sensitive technique,
absolute quantification of
perfusion, compatible with
stress stimuli

Need for a cyclotron,
need for radioactive
facilities, short half-life of
radioactive isotopes, low
spatial resolution, motion
artifacts, high cost tracers

Spatial resolution

Type of tracer

Pros

Cons

Contrast agent

0.1-0.2mm

Long acquisition time
(minutes to hours)
Medium sensitivity

MRI

Relatively safer in use than
radiation applications,
good soft tissue contrast
resolution to distinguish
between normal and
diseased tissue, absolute
quantification of perfusion,
tracers not confined to the
vasculature
Need for a cyclotron, need High cost, difficult to
for radioactive facilities,
measure in real time, tissue
sensitivity and spatial
movement limiting high
resolution are greatly
spatial resolution, long
influenced by design
acquisition times
of the collimator (filters
a stream of rays), long
acquisition protocols,
motion artefacts

Relatively long half-lives
of tracers, simultaneous
use of multiple
radiopharmaceuticals,
compatibility with stress
stimuli

Radionuclides

0.4 - 0.9 mm

Intermediate acquisition
time (minutes)
High sensitivity

SPECT

High radiation dose
needed, less sensitive than
PET and SPECT, image
quality inversely related to
heart rate

High anatomic resolution,
rapid data acquisition,
can be combined with
anatomic and functional
information

None

± 0.1mm

Short acquisition time
(seconds to minutes)
Low sensitivity

CT

As frequency increases
(and so does resolution),
maximum imaging depth
decreases, short halflife of contrast agents,
reproducibility dependent
on technical and
physiological variables

High spatial resolution,
real-time imaging,
portable, no radiation,
compatible with multiple
stress modalities, low cost

Contrast agents

<0.1mm

Short acquisition time
(seconds to minutes)
High sensitivity

MCE

Acquisition time, precision, spatial resolution, type of tracer, and pros and cons are shown for positron emission tomography (PET), single-photon emission computed
tomography (SPECT), magnetic resonance imaging (MRI), computed tomography (CT), and myocardial contrast echocardiography (MCE) techniques to measure
myocardial perfusion in mice.

Precision

Intermediate acquisition
time (minutes)
Very high sensitivity

Acquisition time

PET

Table 1. Comparison between PET, SPECT, MRI, CT and MCE for myocardial perfusion measurements.
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MCE and postmortem dye exclusion with Evans blue after coronary ligation was observed,
showing that MCE is suitable for measuring perfusion defects in the mouse myocardium.
In line with this, Raher et al. 24 compared myocardial blood flow assessed by MCE with
myocardial blood flow assessed by fluorescent microspheres and showed that the data
obtained with these techniques correlate well (r2=0.7, P<0.0001). In addition, the adenosineinduced increase in myocardial blood flow was comparable when determined using both
techniques. French et al. 25 described their methodology regarding MCE, thereby focusing
on imaging procedures and monitoring of physiological parameters, including ultrasound
modalities on the scanner, transducer positioning relative to the mouse heart, microbubble
preparation and infusion, animal body temperature, and heart rate. This study mainly
focused on three-dimensional mapping of perfusion defects in myocardium but lacks
information on cardiovascular hemodynamics when using this technique.
The aim of this review is to highlight the technical aspects that determine myocardial
perfusion results obtained using MCE and highlight factors that influence cardiovascular
hemodynamics that should be taken into account when using MCE in mice (see appendix
for an example protocol). By optimizing technical and physiological parameters, MCE can
serve as a widely applicable technique in research on myocardial perfusion defects causing
cardiac disease.

Technical Aspects of MCE
Effect of Ultrasound Scanner Settings on Myocardial Perfusion Data
The characteristics of the ultrasound beam generated by ultrasound systems have a critical
influence on the data. First, the MI is essential in microbubble behavior. Microbubbles are
disrupted when high-intensity ultrasound is used, and, therefore, the transmitting power
of an ultrasound scanner is usually kept between MIs of 0.05 and 0.40 to avoid this. When
different MIs are used, just normalizing the microbubble signal for MI is not applicable
because microbubble behavior is nonlinearly related to ultrasound pressures and thus MI
26-28
. Therefore, to circumvent corrections for different MIs, it is advisable to keep the MI of
the scanner constant between experiments.
Another setting that can be adjusted on the scanner and influences the ultrasound
beam is focal depth. Changes in focal depth alter the shape of the ultrasound beam,
and, consequently, ultrasound pressure amplitudes can be higher or lower in the region
of interest (ROI) 28. Microbubbles within this ROI might therefore be sonicated differently
depending on the relative position of the ROI and focal depth 28. Again, a constant focal
depth during experiments will prevent alterations in ultrasound beams.
Linear data are log compressed to generate data files that are small enough to be handled
by the user, which will be discussed in more detail below. For this purpose, the dynamic
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range is reduced but may also lead to pixels outside the dynamic range and will therefore
not be correctly linearized. An experimental study showed that a dynamic range of 50 dB
is optimal, and lower dynamic ranges result in more signal saturation 29. In addition, this
dynamic range in combination with a gain of 55 dB resulted in the lowest percent error 29.
Finally, transducers with a frequency higher than 10 MHz are generally selected for
mouse echocardiography because of their small body size and high heart rate. A change
in ultrasound frequency alters the harmonic scattering of microbubbles, resulting in less
microbubble destruction at higher frequencies, and should therefore also be kept constant
between experiments 30, 31. ). On the other hand, higher transducer ultrasound frequencies
also result in lower signals. This is caused by a greater difference between the transducer
ultrasound frequency (e.g., 30 – 40 MHz) and the resonating frequency of the microbubbles
(usually around 2–5 MHz). This explains why the intensity of the contrast signal is higher
when using 10 –13 MHz as opposed to 30 – 40 MHz.
Analysis of Microbubble Inflow Curves and Linearization of Video Intensity Data
As described for the first time in vivo by Wei et al. 32 and validated by Vogel et al. 33, the inflow
of microbubbles after the local destruction in ROI, where the destruction of microbubbles
should be complete to accurately estimate the number of microbubbles in view, can be
described by the following formula: video intensity = MBV X (1 - e- βt), where MBV is the total
microvascular blood volume in the ROI analyzed, β is the rate constant of contrast agent
inflow into the ROI, i.e., microvascular blood flow velocity, and t is time.
Ultrasound devices apply logarithmic compression on the recorded radiofrequency
data to generate data files that are small enough to be handled by the user. For quantitative
purposes, this is not optimal because these log-compressed video intensities consequently
increase nonlinearly with the number of microbubbles in the image. We tested this
nonlinearity by in vitro analysis of log-compressed video intensities with different
microbubble concentrations (Fig. 1A). Nonlinearity of video intensity is most pronounced
at high-intensity contrast signals, where saturation occurs. After linearization of the video
intensity using antilog transformation (y = 10x), the relationship between microbubble
number and microbubble signal indeed showed a more linear relationship in vitro (Fig. 1, A
and B). Doubling of the infusion velocity in vivo resulted in almost a doubling of the video
intensity only when data were linearized (Fig. 1, C and D). Therefore, all data obtained from
ultrasound devices should first be linearized before analysis.

40

Myocardial contrast echocardiography in mice

A

B

L in e a riz e d vid e o in te n s itie s in vitro

Video-intensity (arb. units)

Video-intensity (arb. units)

N o n -lin e a riz e d vid e o in te n s itie s in vitro
256
128
64
32
16
8
4
2
1
0.5

0.25
0.125
0.0625
0.03125
0.015625

3.9´ 10 - 0 3
2.0´ 10

-0 3

9.8´ 10 - 0 4
4.9´ 10 - 0 4
2.4´ 10 - 0 4

0.25
0.25 0.5

1

2

4

8

16

32

64

100
80
60
40
20
0

2.5

5

Microbubbles infusion rate (ml/min)

2

4

8

16

32

64

128 256

Microbubbles concentration
(*10^6 bubbles/ml)

D

Linearized v ideo intensities in vivo

Video intensity (arb. unit)

Video intensity (arb. unit)

N on-linearized v ideo intensities in vivo

1

0.25 0.5

128 256

Microbubbles concentration
(*10^6 bubbles/ml)

C

2

7.8´ 10 - 0 3

0.025
0.020
0.015
0.010
0.005
0.000

2.5

5

Microbubbles infusion rate (ml/min)

Figure 1. Linearization of log-compressed data improves correlation of microbubble
concentration with video signal intensity.
(A) Video intensity of noncorrected radiofrequency-data showing a nonlinear curve, profoundly in the
upper intensity signals. (B) Video intensity of linearized radiofrequency data showing a linear curve.
(C) Doubling of the infusion velocity of the same concentration of microbubbles in vivo did not
double the video intensity. (D) After linearization of the radiofrequency data, video intensity almost
doubled after doubling the infusion velocity of microbubble infusion in vivo.
Data are mean ± SE. N = 2 per group for A and B and 5 per group for C and D.

Signal Saturation and Routes of Microbubble Administration
With a continuous infusion, video intensity signal will reach a plateau after microbubble
destruction (Fig. 2A). When microbubble concentrations or perfusion rates are too high,
the video signal intensity will reach its maximum. This is due to saturation of the contrast
signal, and the resulting perfusion increments will not be detected. Also, hemodilution
can influence myocardial perfusion by a reduction in the number of perfused capillaries,
increased inflammatory responses, reduced blood viscosity, and reduced erythrocyte
deformability 34. Therefore, the optimal microbubble concentration and infusion rate should
be determined before use, as has been previously suggested 1, 24. The contrast infusion rate
should be chosen such that the contrast signal is within the linear part of the concentrationsignal intensity curve (Fig. 2B). Whereas commercially available microbubbles are used in
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human research, in animal experiments microbubbles can be produced in the laboratory 35
and thus can be varied in concentration to avoid signal saturation.
Microbubbles are delicate, and both their number and oscillating quality can be
significantly altered by factors like pressure and temperature 28, 36. In vivo, microbubbles
are exposed to high pressures when passing the heart. In addition, intravenous and intraarterial injections of microbubbles can alter bubble size and distribution in blood by the
influence of lung filtration of larger microbubbles 37. It is important to take this into account
during experiments by constantly using the same injection route and site.
B
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Figure 2. Video signal intensity reaches a maximum high microbubble infusion rate.
(A) Typical example of an inflow curve of microbubbles in a certain region of interest after microbubble destruction.
(B) Saturation of the contrast signal was observed at high microbubble infusion rates. Typically the infusion rate is
chosen within the linear part of the concentration signal intensity curve. Average heart rate was 626 ± 8 beat/min
(means ± SE, data not shown). Data are means ± SE; n = 4 per group.

Correction for Plasma Microbubble Concentration
During constant intravenous infusion of microbubbles, the steady-state concentration
of microbubbles reached in the blood depends on the microbubble infusion rate, total
circulating volume, and microbubble clearance rate. Microbubbles are cleared in part via
phagocytosis by macrophages but mainly by gas exchange in the lung 38. Total pulmonary
flow determines the microbubble clearance rate and depends on cardiac output. Any
intervention that affects cardiac output changes microbubble clearance and thus steadystate microbubble concentration.
To address this issue dependent on the physiological condition investigated, a correction
of signal from a cavity that is filled with blood, e.g., the ventricular cavity or the femoral
artery in the hindlimb, eliminates the signal variation caused by differences in microbubble
clearance rate. Importantly, blood signal in a certain cavity, e.g., the left ventricle, should
not reach saturation because this would then overestimate the calculated blood volume in
an ROI. However, to obtain an optimal signal in the myocardium, the infused microbubble
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concentration is relatively high compared with body weight, and therefore the left
ventricular cavity signal is likely to be on the saturated portion of the dose-signal curve.
Also, microbubbles are exposed to high pressures in the left ventricle and could therefore
produce a variable signal 39. It is therefore not advised to use signal intensity in the left
ventricle to correct for overall blood signal, as the signal intensity in the cavity is highly
dependent on intraventricular pressure. Instead, when all variables that could influence the
contrast signal are kept constant between experiments, e.g., microbubble concentration,
microbubble infusion rate, and cardiac output, correction for microbubble blood signal is
not necessary.
MCE in Different Phases of the Cardiac Cycle
It is known that there is hardly any forward flow through the coronary circulation occurs
during systole due to compression of vessels 40, 41. Therefore, it would be reasonable to
measure myocardial perfusion during the diastolic phase of the cardiac cycle. However,
the small ROI in the murine myocardium may increase the variation of the signal during
diastole. We compared microvascular blood volume increments measured during diastole
(Fig. 3B) with measurements during systole (Fig. 3C) by ECG triggering after administration
of acetylcholine. Increments in microvascular blood volume during diastole correlated well
with increments during systole (R2 = 0.92, P = 0.0005; Fig. 3D), although the intensity of
contrast signals during diastole was ~26% higher than during systole, which is consistent
with earlier observations 42. Increments in microvascular blood flow during diastole
correlated less well with increments during systole (R2 = 0.38, P = 0.1429; Fig. 3E) and were
~16% lower in diastole. In addition, myocardial perfusion during systole was also correlated
to myocardial perfusion during diastole, although borderline significant (R2 = 0.54, P = 0.0590;
Fig. 3F) and was also ~15% lower in diastole. In conclusion, because of small differences in
measurements between systole and diastole, perfusion of the mouse myocardium can be
measured during systole to reduce variation in MCE data, enabling reliable determination
of perfusion increments after administration of vasodilators.
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Figure 3. Measurement of myocardial perfusion during systole is preferable over measurement
during diastole.
(A) The yellow/green/blue dots indicate microbubbles in the cardiac lumen and vasculature. Black regions are
nonperfused or poorly perfused regions or shadowing from highly perfused regions. In systole, only a small part of
the left ventricular (LV) lumen is observed (white line), and the LV myocardium comprises a larger part of the image
(orange line). (B) Region of interest (red dots and line) drawn in the myocardium of the LV during systole. Only
the anterior part of the myocardium is used to draw a region of interest to avoid shadowing. (C) During diastole, a
region of interest is drawn in the myocardium of the LV. Again, only the upper part of the image was used to draw
a region of interest due to shadowing of the contrast signal intensity. (D) Myocardial blood volume was measured
during diastole and systole at baseline and after administration of a vasodilator. Data are represented as increased
myocardial blood volume upon the vasodilator relative to baseline. (E) Myocardial filling velocity was measured
during diastole and systole at baseline and after administration of a vasodilator. Data are represented as increased
myocardial filling velocity relative to baseline. (F) Myocardial blood flow (the product of myocardial blood volume
and myocardial filling velocity) was calculated during diastole and systole at baseline and after administration of
a vasodilator. Data are represented as increased myocardial blood flow relative to baseline. Average heart rate
before administration of vasodilator was 588 ± 9 beats/min and after administration of vasodilator 608 ± 26 beats/
min (means ± SE, data not shown).

Bolus Versus Continuous Infusion of Contrast Agent
As discussed by Porter and Xie 43, a bolus injection or continuous infusion of microbubbles
can be chosen for MCE. A bolus injection can be administered relatively easily and results
in a brief period of high contrast because the half-life of microbubbles is in the minutes
range, and hence administered microbubbles remain in the circulation in the order of
several minutes. One can imagine that, with an intravenous injection of a certain volume
of contrast agent, blood pressure will increase and heart rate will subsequently change.
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Therefore, in case of a bolus injection, the lowest possible volume of contrast agent should
be chosen. As discussed above, the video intensity becomes saturated briefly after the
bolus injection and might therefore yield falsely positive myocardial perfusion data in
regions where perfusion is reduced. Only during the washout period are perfusion defects
revealed 44. Also, myocardial blood flow cannot be measured by a bolus injection because
clearance of microbubbles from blood limits the calculation of the mean transit time. In
contrast, when continuous infusion is used, saturation of the signal can be avoided, and
perfusion defects in the myocardium can be detected more easily. This continuous infusion
permits the calculation of mean microbubble filling velocity in a certain myocardial area
and in addition the mean myocardial blood volume in that area. Myocardial blood flow is
estimated by multiplying these two variables 32. In addition, myocardial blood flow reserve
can be measured only by continuous infusion, as was commented by others 45. Finally,
when a continuous infusion is used, images from different scanning planes can be acquired,
providing a better estimation of local perfusion defects 46.

Physiological aspects
Effects of Anesthetics on Myocardial Blood Flow and Cardiovascular Hemodynamics
When assessing myocardial blood flow, an anesthetic regimen should be chosen carefully
to minimize its effect on cardiovascular physiology. Only a few studies have assessed the
effect of mostly volatile anesthetics on myocardial perfusion, whereas more studies have
assessed the effect of anesthetics on cardiac physiological parameters. Isoflurane inhalation
has variable effects on myocardial blood flow, which has been reported to be increased 47,
decreased 48, or to remain unaltered 49. One study compared effects of isoflurane inhalation
to that of propofol infusion in rats and showed similar myocardial blood flow values 50.
Propofol induces coronary vasodilation but only at supratherapeutic concentrations 51. Low
isoflurane concentrations (1.25%) showed a comparable myocardial blood flow compared
with ketamine-xylazine, but higher isoflurane concentrations (2.00%) showed highly
increased myocardial blood flow 52. When the effect of isoflurane was compared with that
of pentobarbital, myocardial blood flow was higher in rats anaesthetized with isoflurane
53
. Exposure of rats to sevoflurane increased the microvascular filling velocity without
altering myocardial blood flow 54. In humans, sevoflurane also did not alter myocardial
blood flow; rather, adenosine-induced increments in myocardial perfusion were decreased
with sevoflurane 55. Isoflurane thus seems to have vasodilatory effects on coronary arteries,
whereas xenon and sevoflurane have minimal effects on myocardial blood flow 56.
The effect of anesthetics on physiological parameters such as blood pressure and heart
rate in mice is described in more detail. The effect of tribromoethanol, ketamine-xylazine,
ketamine-midazolam, and isoflurane on cardiovascular parameters has been compared
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in mice 57 A ketamine-xylazine combination caused the greatest cardiac depression, i.e.,
low heart rate, decreased fractional shortening, and increased end-diastolic dimension,
whereas hemodynamics were comparable between the other anesthetics. Isoflurane and
tribromoethanol were recommended as anesthetics of choice because they cause less
cardiac depression, show reproducible results, are easy to administer, and are rapid in onset
and recovery of mice. Of note, within the first 20 min after the induction of anesthesia, mice
were hemodynamically unstable 57. To avoid large variations in perfusion data, myocardial
perfusion measurements should not be performed directly after anesthesia induction
but rather when cardiovascular hemodynamics are stable. Another study compared
fentanyl-ketamine-midazolam, fentanyl-midazolam-haldol, pentobarbital, fentanylfluanisonemidazolam, fentanyl-midazolam-acepromazine (FMA), ketamine-medetomidineatropine (KMA), isoflurane, and propofol-fentanyl-midazolam and their effects on blood
pressure and heart rate in mice 58. KMA was recommended for stabilization of arterial blood
pressure, although this also induced bradycardia. Zuurbier et al. 58 therefore suggested to
use isoflurane when optimal hemodynamics are pursued.
We tested whether a combination of midazolam (6.25 mg/ kg), acepromazine (6.25
mg/kg), and fentanyl (0.31 mg/kg) (FMA) by intraperitoneal injections contributes to
cardiovascular changes in mice. Midazolam is a benzodiazepine, exerting sedative,
hypnotic, muscle relaxant, and anxiolytic actions. Acepromazine is a phenothiazine,
possessing tranquilizing and sedative effects. Fentanyl is an opioid, possessing analgesic
effects. Mean arterial pressure (MAP) was measured in the left carotid artery. Indeed,
intraperitoneal dosages between 30 and 50 l FMA decreased blood pressure on average by
38 13 mmHg (mean SD; Fig. 4A). This effect occurred within several minutes, and a stable
blood pressure was reached after 10 min. Midazolam is known to lower blood pressure 5961
. ). Also, acepromazine, nowadays almost only used in animals, has been shown to lower
blood pressure, as was observed in different animals 62-64. Fentanyl has minor effects on
cardiovascular parameters 65-67. In agreement with the data described above, previous
research has shown that different anesthetics influence cardiovascular parameters in
mice 57, 58 and thus should be chosen carefully before measuring myocardial perfusion. To
circumvent these bolus injections, continuous intravenous administration of anesthetics
could be used in combination with monitoring of heart rate and blood pressure.
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Figure 4. Administration of anesthesia and vasodilators in vivo lower blood pressure and alter
inflow curves.
(A) Typical example of mean blood pressure after fentanyl-midazolam-acepromazine administration. Mean blood
pressure before anesthesia administration was 87 mmHg. The dashed line indicates the time point of anesthesia
administration. Mean blood pressure dropped to 49 mmHg within 10 min after administration. (B) Blood pressure
drops significantly after administration of acetylcholine (ACh; 5 μg∙kg-1∙min-1) but is actively restored in time. Also,
heart rate increases after administration of ACh (dashed line). (C) Mean arterial pressure was measured before
and after administration of either ACh or sodium nitroprusside (SNP). Concentrations for ACh were 5 or 7.5 μg∙kg1
∙min-1 and for SNP were 3 or 6 μg∙kg-1∙min-1. Average heart rate before vasodilator administration was 540 ±
21 beats/min, after administration of ACh 581 ± 31 beats/min, and 565 ± 35 beat/min after SNP administration
(means ± SE, data not shown). Data are means ± SE; n = 4-5 per group.
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Effects of Vasoactive Substances on Blood Pressure and Myocardial Perfusion
To study the murine myocardial microcirculation, microbubbles are infused through a central
venous line but also for possible administration of vasoactive substances to subsequently
study their vascular effects on the coronary circulation. Differences in the response to these
vasoactive agents between groups indicate alterations in vascular function. In disease, e.g.,
hyperlipidemia, the vasodilatory reserve in resistance arteries is decreased, consequently
causing hypoperfusion of the microcirculation, resulting in myocardial ischemia, angina,
or infarction. Indeed, several studies have shown that agonistinduced increments in flow,
not basal myocardial blood flow, are most strongly impaired in heart failure. In one study 68,
blood flow increment in the myocardium was significantly lower after infusion of adenosine
in animals with left ventricular remodeling, in addition to features of chronic heart failure,
compared with control animals. Also, patients with chronic heart failure had normal
left ventricular perfusion at rest, but increments on the vasodilator dipyridamole were
diminished compared with healthy volunteers 5. This diminished coronary flow reserve was
correlated with a lower left ventricular ejection fraction. Even obese subjects and patients
with diabetes mellitus, both without a history of cardiac disease, were shown to have a
decreased coronary flow reserve, whereas baseline coronary flow velocity was not different
among all groups 55, 69. This highlights the importance of studying the vasodilatory capacity
of the coronary circulation to assess myocardial perfusion defects. A possible explanation
for this decreased coronary flow reserve may be endothelial dysfunction. Indeed, in the
presence of atherosclerosis, the coronary vasculature shows impaired vasodilation 70-73.
Also in heart failure 74, ischemia-reperfusion injury 75, and diabetes mellitus 76, endothelial
dysfunction of the coronary circulation has been observed.
When vasoactive substances are used to assess changes in myocardial perfusion,
systemic blood pressure also changes, as such possibly influencing myocardial perfusion
pressure. We observed that acetylcholine administration (5 µg∙kg-1∙min-1) caused a sudden
drop in blood pressure and subsequently increased heart rate (Fig. 4B), indicating a
compensatory mechanism triggered by baroreceptors for the low blood pressure. Mean
arterial blood pressure recovered soon after the initial decrease, although not fully, most
probably attributable to the continuous infusion of acetylcholine. Indeed, prolonged
acetylcholine administration induced a long-term MAP drop of 24 ± 3 mmHg at an infusion
rate of 5 µg∙kg-1∙min-1 and a drop in MAP of 27 ± 2 mmHg at an infusion rate of 7,5 µg∙kg1
∙min-1 (Fig. 4C). Sodium nitroprusside, an endothelium-independent vasodilator, induced
a long-term drop in MAP of 15 ± 3 mmHg at an infusion rate of 3 µg∙kg-1∙min-1 and 22 ± 4
mmHg at an infusion rate of 6 µg∙kg-1∙min-1 (Fig. 4B). Interestingly, Scherrer-Crosbie et al. 24
reported only a minor change in blood pressure after acetylcholine infusion (2 µg∙kg-1∙min-1)
but increased myocardial blood flow and blood volume.
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These systemic alterations in hemodynamics in turn can affect perfusion in the region of
interest, i.e., the myocardium. The optimal dose of vasodilators, or vasoconstrictors, should
be determined before infusing in animals. Optimally, one would induce local vasodilation,
without altering systemic cardiovascular parameters. Although vasodilators cause a sudden
drop in blood pressure, this also activates baroreceptors to restore cardiac output and
increases total peripheral resistance. Both actions will result in partial restoration of blood
pressure. Depending on the concentration of the vasodilator used, the cardiovascular
system can compensate for this drop in blood pressure, and a new equilibrium will be
reached.
Therefore, one should first determine the optimal dose of a vasodilator, resulting in
vasodilation in the ROI, without causing severe perfusion defects in vital organs. Prolonged
periods of high concentrations of a vasodilator will cause a large drop in blood pressure,
which cannot be compensated by the body and may therefore cause significant perfusion
decreases in vital organs. It is therefore important to monitor systemic blood pressure
throughout the experiment.
Influence of Body Temperature on Myocardial Perfusion
Cor Core body temperature has been shown to be a valid determinant of myocardial blood
flow 77-79. Clinical studies have shown that perioperative morbid cardiac events occurred less
frequently in normothermic patients than in hypothermic patients undergoing noncardiac
surgery 78. Also, patients with hypothermia had a threefold greater incidence of myocardial
ischemia in the early postoperative period compared with normothermic patients 77.
Interestingly, a clinical study in which cold saline was infused in healthy subjects to lower
the core body temperature did not trigger coronary vasoconstriction but rather triggered a
-adrenoceptor-mediated increase in cardiac work and myocardial perfusion 79. It has been
suggested that ischemia observed in patients with hypothermia may arise from increased
myocardial O2 demand, which is not matched by a sufficient increase in myocardial blood
flow, although atherosclerotic vessels might respond differently to cold 80. In conclusion,
body core temperature is an important regulator of myocardial blood flow, and fluctuations
should be avoided during myocardial perfusion measurements. This can be achieved in
mice by homeothermic heating systems.

Conclusions
In summary, MCE is a promising technique for measuring myocardial perfusion in mice
because the technique is easy to use and is relatively low in cost. A number of technical and
physiological aspects of the technique should be considered when using MCE to reduce
variation and increase reproducibility, including linearization of ultrasound data, obtaining a
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dose-response curve of the contrast agent, and analysis of images during systole. In addition,
vasoactive substances and anesthetic regimen should be chosen carefully with regard to
cardiovascular hemodynamics, and body temperature should be closely monitored. When
these technical and physiological issues are taken into account and optimized, MCE is an
accessible and valuable technique to measure myocardial perfusion in mice.
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Appendix: Example of Myocardial Contrast Echocardiography
Experimental Protocol in Mice
Microbubble contrast agent was generated in the laboratory, and microbubble size
distribution and concentration were determined using a coulter counter (Multisizer 3,
Beckham Coulter, Woerden, The Netherlands), after which microbubbles were diluted in
saline to a final concentration of 1 X 109 microbubbles/ml. Microbubbles were infused at a
rate of 7.5 μl/min for 2 minutes to reach a systemic steady state. Four real-time inflow curves
of 10 s each, in a long-axis view of the heart in the end-systolic phase of the cardiac cycle,
were recorded after destruction of the microbubbles by a sequence of eight high-energy
pulses (MI: 1.7). Thirty minutes after baseline measurements were acquired, acetylcholine (5
μg∙kg-1∙min-1, 15 mg/l) was infused intravenously to assess myocardial blood flow reserve.
After 5 min of continuous infusion of the vasodilator and 2 min of infusion of microbubbles,
four real-time inflow curves were obtained as described above. Microbubble inflow curves
were analyzed offline using the Image Processing toolbox in MATLAB (Mathworks, Natick,
MA). Average contrast intensity was quantified offline in a ROI manually drawn on the
myocardial wall of the left ventricle. No corrections had to be made because microbubble
concentrations were equal across all mice and measurements. Video intensities within
the ROI were then fitted to the exponential function y = A(1 - e-βt), whereby y is the video
intensity at any given time, A is the plateau video intensity representing the microvascular
blood volume, β is the rate constant representing microvascular filling velocity, and t is the
time after microbubble destruction.
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Abstract
Impaired mineral homeostasis and inflammation are hallmarks of chronic kidney disease
(CKD), yet the underlying mechanisms of electrolyte regulation during CKD are still unclear.
Here, we applied 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 Pi regulation. Our results demonstrated
that both experimental models induce features of CKD, as reflected by uremia, and elevated
renal neutrophil gelatinase-associated lipocalin (NGAL) expression. In our model kidney
failure was associated with polyuria, hypercalcemia and elevated urinary Ca2+ excretion. In
accordance, CKD augmented systemic PTH and affected the FGF23-αklothovitamin- D axis
by elevating circulatory FGF23 levels and reducing renal αklotho expression. Interestingly,
renal FGF23 expression was also induced by inflammatory stimuli directly. Renal expression
of Cyp27b1, but not Cyp24a1, and blood levels of 1,25-dihydroxy vitamin D3 were significantly
elevated in both models. Furthermore, kidney failure was characterized by enhanced
renal expression of the transient receptor potential cation channel subfamily V member
5 (TRPV5), calbindin-D28k, and sodium-dependent Pi transporter type 2b (NaPi2b), whereas
the renal expression of sodium-dependent Pi transporter type 2a (NaPi2a) and type 3 (PIT2)
were reduced. Together, our data indicates two different models of experimental kidney
failure comparably associate with disturbed FGF23-αklotho-vitamin- D signalling and a
deregulated electrolyte homeostasis. Moreover, this study identifies local tubular, possibly
inflammation- or PTH- and/or FGF23-associated, adaptive mechanisms, impacting on Ca2+/
Pi homeostasis, hence enabling new opportunities to target electrolyte disturbances that
emerge as a consequence of CKD development.
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Introduction
Chronic kidney disease (CKD) is a major public health issue with a high prevalence currently
affecting millions of people worldwide 1. CKD results in a significant morbidity and mortality
and highly associates with the development of cardiovascular events, the primary cause of
death in CKD patients 2-4. A prominent hallmark of CKD that may contribute to this increased
risk is a disturbed electrolyte homeostasis, including calcium (Ca2+) and phosphorus (Pi)
deregulation 5. Physiological Ca2+ and Pi levels in the blood are maintained by complex
endocrine systems comprising the parathyroid hormone (PTH) and phosphaturic hormone
Fibroblast Growth Factor 23 (FGF23) and vitamin D system 6-8. PTH and FGF23 inhibit renal
Pi reabsorption and are the primary regulators of renal 1,25-dihydroxy vitamin D3 (active
vitamin-D) synthesis. 1,25-dihydroxy vitamin D3 itself also regulates urinary calcium excretion
by the kidney 6-8.
In addition to bone-derived FGF23, other cell types may contribute to circulating FGF23
levels, including fibroblasts and smooth muscle cells 9. Moreover, several neuroendocrinologic
factors and cytokines directly influence FGF23 secretion into the circulatory system 10, 11. To
enable downstream signalling, FGF23 requires membrane-bound αklotho as its obligate coreceptor 12, 13. αklotho is predominantly expressed in renal epithelium and the parathyroid
gland, hence providing tissue-specificity for FGF23 signalling 14. In addition, soluble αklotho
present in the circulation or urine can regulate electrolyte transport, through the epithelial
Ca2+ channel (TRPV5) 15 and the renal outer medullary potassium channel (ROMK1) 16-19. There
are well-described reductions in renal and parathyroid klotho in CKD. It has been shown 20
that CKD associates with reduced αklotho expression and that it is related to elevated FGF23
levels, in response to persistent phosphate retention 21-23. In turn, this may lower systemic
vitamin-D levels, which contributes to the pathogenesis of secondary hyperparathyroidism.
The consequences of CKD-induced alterations in FGF23-αklotho-vitamin-D signalling
on renal tubular electrolyte regulatory mechanisms are, however, still unclear. Hence, in
the current study, we characterized the impact of two different experimental models of
progressive kidney failure on FGF23-αklotho-vitamin-D signalling and local renal Ca2+ and
Pi transport regulation. In addition we examined the consequences of inflammatory stimuli
and the effect of FGF23 on several mineral-regulating channels on the tubular epithelium.

Material & Methods
Ethical statement
This study was carried out in strict compliance with the legal Dutch animal welfare act.
All experimental procedures performed were approved by the animal ethics board of the
Radboud University Nijmegen (permit-no: RU-DEC 2013-068 and RU-DEC 2013-224) or by
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VU University Medical Center (VUmc), Amsterdam (permit-no: Fys 12-01) or by University
Medical Center Groningen (UMCG), Groningen (permit-no: 5321K and 6697C) and all efforts
were made to minimize suffering of the animals. A completed ARRIVE guidelines checklist
is included in S1 File.
Mice
Pathogen-free eight to ten weeks old male C57Bl/6 mice were purchased from Charles
River Laboratories and housed under standardized conditions in the animal facilities of the
VU University Medical Center (VUmc), Amsterdam, Radboud University Medical Center,
Nijmegen, and University Medical Center Groningen (UMCG), Groningen, The Netherlands.
Transgenic mice expressing enhanced green fluorescent protein (EGFP) driven by the
TRPV5 promoter (TRPV5-EGFP) were generated as described previously 24 and housed in the
animal facility of the Radboud University Medical Center 25. The presence of EGFP expression
was genetically confirmed by routine PCR screening. All mice received water and food ad
libitum and only age-matched male mice were used in this study. All experiments were
approved and conducted following the guidelines of the local Animal Ethical Committees,
adhering the guidelines of the European animal welfare.
Partial (5/6) nephrectomy and urine collection
Prior to surgery a small volume of peripheral blood was collected into EDTA-coagulated
microtainers (BD Biosciences, Breda, The Netherlands). Partial nephrectomy (5/6Nx; n =
9) was performed under standardized sterile conditions and induced as described before
26, 27
. Briefly, a small abdominal midline incision of the skin and muscles was made under
general anaesthesia (isoflurane) and preoperative analgesia (Buprenorphin; Temgesic
(ScheringPlough, Houten, The Netherlands), 0.05 mg/kg intramuscular). The left kidney was
decapsulated after which both, the upper and lower pole were ablated by cauterization
(High-temperature fine tip Cautery, Bovie Medical Corporation, Clearwater, FL, USA).
Subsequently, the contralateral kidney was decapsulated and renal blood vessels and
ureter were ligated, after which the entire kidney was removed. The abdomen was closed
with sutures in two layers and all mice received subcutaneous injections of postoperative
analgesia two days after surgery (Ketoprofen; Ketofen (Merial S.A.S., Velserbroek, The
Netherlands), 5 mg/kg). Sham-operated mice were used as controls and underwent the
similar protocol including decapsulation of both kidneys, except for the renal ablation
(n = 5). After three weeks, mice were placed into individual metabolic cages (Tecniplast,
Buguggiate, Italy) enabling 24-hours urine collection. Mice were sacrificed and blood was
divided into EDTA- and heparin-coagulated microtainers and centrifuged for 10 minutes
(min) at 1,500 g at 4°C. Plasma samples were stored at -80°C. Remnant renal tissue was
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isolated, subdivided into two equal parts and either directly snap-frozen into liquid nitrogen
or fixated in 1% w/v paraformaldehyde-lysine-periodate (PLP) solution for 2 hours (hrs) at
room temperature, subsequently incubated overnight at 4°C in phosphate buffered saline
(PBS) containing 15% w/v sucrose before snap-frozen in liquid nitrogen.
Adenine-enriched dietary intervention
Prior to the start of diet, a small volume of peripheral blood was isolated by cheek puncture
into microvette tubes (Sarstedt, Etten-Leur, The Netherlands). Mice of about 25 gram body
weight were fed with a 0.2% w/w adenine (Sigma-Aldrich, Saint-Louis, MO, USA; cat.no.
A8626) containing diet (Bio Services; Uden, The Netherlands) during a period of either 2 or
4 weeks (n = 5/group). A control group (n = 5) was fed a standard diet and sacrificed after 4
weeks. Body weights were recorded every other day. After 2 or 4 weeks, mice were placed
into individual metabolic cages (Tecniplast) for 24 hrs before sacrificed under general
anaesthesia (isoflurane). Blood was isolated from the orbital sinus and collected in microvette
tubes. Samples were allowed to clot for 2 hrs at room temperature and subsequently
centrifuged 10 min at 9,000 g at 4°C to enable serum isolation, and subsequently stored at
-80°C. Kidney tissue was isolated and processed as described above.
Systemic administration of FGF23
Male TRPV5-EGFP mice of 5-7 weeks old received a single intravenous tail vein administration
(IV) of 160 µg/kg Carrier-free recombinant mouse FGF23 (rFGF23; R&D Systems, Minneapolis,
MN, USA; cat.no 2629-FG-CF) or vehicle (saline) in a total volume of 100 µl (n = 5/group).
These mice were non-CKD mice and after 24 hrs were sacrificed under total anaesthesia
(isoflurane). Blood and kidney were collected and processed, as described above.
Systemic administration of Concanavalin A (ConA) and Tumor Necrosis Factor (TNF)
Male mice received a single intravenous retro-orbital administration of 20 ug/kg of
bodyweight ConA or vehicle (PBS). A subset of mice received a single intravenous retroorbital administration of 15 ug/kg of bodyweight TNF or vehicle. These mice were nonCKD mice and were sacrificed either after 8 hrs ConA administration or after 1 hr TNF
administration. Kidney were collected and processed as described above.
Electrolyte measurement
Systemic (using either EDTA-coagulated plasma from 5/6Nx mice or serum samples from
ADE-treated mice) and urinary concentrations of urea, and Pi were determined by inhospital services using automatic biochemical analyzers. Blood Ca2+ concentrations were
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determined in heparin-coagulated plasma (from 5/6Nx mice) or serum (from ADE treated
mice) and in urinary samples, verified using a commercial serum standard (Precinorm U,
Roche, Switzerland) and measured as described previously 28.
Immunoassays
EDTA-coagulated plasma (from 5/6Nx mice) or serum (from ADE treated mice) samples
were used in enzyme-linked immunosorbent assays (ELISA) to determine circulating levels
of FGF 23 and PTH 1-84 (both Immutopics International). Heparin-coagulated plasma
(from 5/6Nx mice) and serum (from ADE treated mice) samples were used to determine
circulating 1,25-dihydroxy vitamin D3 (active vitamin-D) levels using a radioimmunoassay
(Immunodiagnostic Systems; IDS, Liege, Belgium). All assays were performed according to
the manufacturer’s protocols.
Western blotting
Renal tissues were homogenized in homogenization buffer A (HbA; 20 mM Tris-HCl (pH 7.4),
5 mM MgCl2, 5 mM NaH2PO4, 1 mM EDTA, 80 mM sucrose, 1 mM Phenylmethylsulfonyl fluoride
(PMSF), 1 µg/mL leupeptin, and 10 µg/mL pepstatin A). Total protein concentrations were
determined using the Bio-Rad Protein Assay (Bio-Rad, Munich, Germany) and protein was
solubilised by 30 min incubation at 37°C in Laemmli buffer with 0.1 M Dithiothreitol (DTT).
Protein (25 µg) was separated on an 8% w/v SDS-PAGE gel and transferred to a PVDFnitrocellulose membrane (Immobilon-P, Millipore Corporation, Bedford, MA). Blots were
blocked with 5% w/v non-fat dry milk (NFDM) into Tris-buffered saline (TBS)-0.1% v/v
Tween (TBS-T) and subsequently incubated overnight at 4°C with either anti αklotho KL1fragment (1:2,500; no. KM2076, kindly provided by prof. dr. M. Kuro-O, Texas, USA), anti-GFP
(1:5000; Sigma-Aldrich, Zwijndrecht, The Netherlands) or β-actin (1:10,000; Sigma, clone AC15) antibodies in 1% w/v NFDM/TBS-T. After incubation with appropriate peroxyoxalateconjugated secondary antibodies for 1 hr at room temperature, proteins were visualized
by chemiluminescence (Pierce, Rockford, IL). Immunoreactive proteins were scanned using
Chemidoc XRS (Bio-Rad, Veenendaal, The Netherlands) and intensities were analyzed with
Adobe Photoshop 7.0 software.
RNA isolation and quantitative real-time RT-PCR
Total kidney mRNA was extracted from snap-frozen kidney tissue using Trizol Reagent
(Life Technologies; Bleiswijk, The Netherlands), according to the manufacturer’s guidelines.
All RNA samples were quantified by using an ND-1,000 spectrophotometer (NanoDrop
Technologies, Rockland, DE). Total RNA (1.5 µg) was converted into cDNA using random
hexamers (Promega, Madison, WI, USA) and M-MLV reverse transcriptase (Life Technologies).
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Mouse gene mRNA expression was analyzed by real-time quantitative reverse-transcription
(RT)-PCR performed on a Bio-Rad CFX96™ Real-Time qPCR or 7900HT system (Applied
Biosystems, Warrington, UK), using Bio-Rad iQ™ SYBR® Green Supermix or Power SYBR
Green Master Mix (Roche, Mannheim, Germany). In addition specific gene expression was
normalized to housekeeping gene (hypoxanthine-guanine phosphoribosyl transferase;
HPRT) and analyzed according the 2^-ddCt method 29. The mouse gene-specific primer sets
used are listed in S1 Table.
Immunohistochemistry
Immunohistochemical staining was performed on 5 µm cryosections of PLP-fixed renal
tissue samples 30. Sections were stained with guinea pig anti-TRPV5 antibodies (1:2,000; 30)
or mouse anti-calbindinD28k antibodies (1:2,000; Sigma Aldrich, Saint-Louis, MO, USA), with
concomitant tyramide signal amplification (TSA) enhancement (Perkin Elmer, Waltham,
MA, USA) following standard procedures. For visualization, sections were subsequently
incubated with appropriate Alexa-488-conjugated secondary antibodies (Sigma Aldrich).
Fluorescent images were made using a Zeiss fluorescence microscope (Sliedrecht, The
Netherlands) equipped with an AxioCam digital photo camera.
Statistics
Data are presented as mean ± SEM. Differences between groups were analyzed using
Mann-Whitney U tests and calculated using Graphpad Prism version 5.0 software. A p-value
<0.05 was considered as statistically significant.

Results
Partial nephrectomy and adenine-enriched dietary treatment induced kidney failure
The experimental models of partial nephrectomy (5/6Nx) and adenine-enriched dietary
(ADE) treatment both induced renal failure. This is reflected by elevated blood urea levels in
5/6Nx mice compared to sham-operated mice after 3 weeks (Fig 1A) and the progressive
uraemia observed in ADE mice when compared to control mice (Fig 1B). In addition, renal
mRNA expression of tubular injury marker neutrophil gelatinase-associated lipocalin (NGAL)
was increased 12-fold in kidney tissue of 5/6Nx mice and >500-fold in ADE-treated mice (Fig
1C and 1D). Moreover, mice subjected to either 5/6Nx or ADE treatment developed severe
polyuria compared to sham-operated or control mice, respectively (Table 1).
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Fig. 1
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Figure 1. Partial nephrectomy and adenine-enriched dietary treatment induced CKD.
Mice subjected to (A) partial nephrectomy (5/6Nx; n = 9) after 3 weeks and (B) adenine-enriched dietary treatment
(ADE; n = 5) for either 2 or 4 weeks display elevated blood urea levels, when compared to sham-operated (n = 5)
or control mice (n = 5), respectively. Renal expression of tubular injury marker NGAL is significantly elevated in (C)
5/6Nx mice and (D) ADE mice after 2 and 4 weeks, compared to sham-operated or control mice, respectively. Data
are mean ± SEM. *: p<0.05 compared to either sham-operated or control mice.

Table 1. The effects of induced CKD on general physiological parameters.
Water intake (mL)

Urine (mL)

Food intake (gr)

Faeces production (gr)

Sham (n = 5)

4.2±0.8

0.5±0.1

3.3±0.1

0.9±0.1

5/6Nx (n = 9)

8.4±1.0 *

2.5±0.2 *

3.2±0.3

0.9±0.1

Ctrl diet (n = 5)

4.4±0.3

1.3±0.2

3.9±0.1

2.0±0.1

ADE 2wk (n = 5)

10.8±0.5 *

6.0±0.2 *

3.8±0.1

1.7±0.1

ADE 4wk (n = 5)

11.1±0.4 *

7.9±0.4 *

3.4±0.1 *

1.4±0.1 *

Physiological measurements of mice subjected to 5/6Nx or sham operation, and subjected to ADE treatment for
either 2 or 4 weeks or control diet. Data are collected after 24 hours housing in individual metabolic cages, and are
indicated as mean ± SEM. *: p<0.05 compared to either sham-operation or to control diet.

Development of kidney failure disturbed electrolyte homeostasis
To investigate the consequences of induced renal failure on electrolyte homeostasis, blood
levels and urinary excretion of Ca2+ and Pi were determined. No variations in blood Ca2+
and Pi levels were found within experimental groups prior to onset of the experiments
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(data not shown). 5/6Nx mice were hypercalcemic compared to sham-operated mice and
additionally displayed elevated 24-hours urinary Ca2+ excretion (Table 2). In contrast, no
differences were observed in blood Pi levels or 24-hours urinary Pi excretion. In accordance,
ADE-treated mice displayed progressive hypercalcemia and increased urinary Ca2+ excretion
when compared to control mice (Table 2). Blood Pi levels progressively increased and were
significantly elevated after 4 weeks compared to control mice. No effects were detected on
24-hours urinary Pi excretion, whereas after 4 weeks ADE diet the fractional excretion of Pi
was significantly elevated compared to control mice (26±2 and 40±3% Fractional Excretion
of Pi) for control and ADE-treated mice, respectively. In addition, blood Creatinine levels
were significantly elevated in both models while urine Creatinine levels were significantly
reduced only in 5/6Nx mice (Table 2).
Table 2. The effects of induced CKD on deregulated Ca2+ and Pi homeostasis.
Creatinine
(mmol/L)

Ca2+
(mmol/L)

Pi
(mmol/L)

Urinary Crea Urinary Ca2+
(mmol/L)
(µmol/24hr)

Sham (n = 5)

21.6±1.2

1.7±0.1

1.7±0.0

1.9±0.2

2.0±0.3

5/6Nx (n = 9)

Urinary Pi
(µmol/24hr)
28±2

33.6±4.7 *

2.1±0.1 *

1.7±0.2

0.3±0.0 *

6.8±0.3 *

34±2

Ctrl diet (n = 5)

23.8±0.2

2.2±0.0

2.0±0.1

3.2±0.3

3.4±0.5

69±10

ADE 2wk (n = 5)

27.2±1.2 *

2.4±0.1

2.1±0.1

3.2±0.4

9.3±0.7 *

83±13

ADE 4wk (n = 5)

53.6±0.9 *

2.8±0.0 *

2.7±0.2 *

3.8±0.1

18.7±1.2 *

58±8

Levels of creatinine, Ca and Pi measured in blood or urine of sham-operated and 5/6Nx mice, or mice subjected
to control diet or ADE treatment for either 2 or 4 weeks. Data are indicated as mean ± SEM. *: p<0.05 compared to
either sham operation or to control diet.
2+

Induction of experimental CKD altered FGF23-αklotho signalling
In order to determine whether induced kidney failure results in altered FGF23-αklotho
signalling, we first measured FGF23 levels in the blood. FGF23 levels tended to be elevated
in 5/6Nx mice when compared to sham-operated mice (Fig 2A), and progressively increased
in ADE mice compared to control mice (Fig 2B; P<0.05). 5/6Nx did not affect renal mRNA
expression of the primary FGF23 receptor FGFR1, while αklotho expression tended to be
decreased, although not statistically significant (Fig 2C). ADE-treated mice demonstrated
a mild raise in FGFR1 (after 4 weeks) and a progressive (>2-fold) reduction in renal αklotho
mRNA expression (Fig 2D; P<0.05 for both time points) when compared to control mice.
In addition, a 2-fold decline in renal αklotho expression following ADE treatment was
confirmed on protein level (Fig 2E and 2F; P<0.05 for both time points).
Since inflammation is another hallmark of CKD we additionally checked whether an
acute inflammatory stimulus could affect FGF23 levels directly. Interestingly, both ConA and
TNF administration in vivo resulted in significantly elevated renal FGF23 mRNA expression in
WT mice (S1A Fig; P<0.05).
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Figure 2. Progression of CKD altered FGF23-αklotho signalling.
Experimental CKD deregulates FGF23-αklotho signalling as reflected by (A) a tendency towards elevated circulatory
FGF23 levels in 5/6Nx mice and (B) progressively elevated FGF23 levels in ADE treated mice compared to control
mice. Renal mRNA expression of FGFR1 and αKlotho in (C) CKD induced 5/6Nx mice (black bars) compared with
sham-operated groups (white bars) and in (D) 2 weeks (black bars) and 4 weeks (gray bars) ADE treated mice
compared with control groups (white bars). (E) Representative immunoblot (all 3 groups are done in one blot) and
(F) semi-quantitative analysis for αKlotho (E; upper panel) and β-actin (E; lower panel) protein expression in renal
lysates of control or ADE treated mice, which indicates reduced renal αKlotho protein expression upon CKD. Data
are mean ± SEM. *: p<0.05 compared to control mice.

CKD progression augmented both renal vitamin-D synthesis and blood PTH
CKD induced by either 5/6Nx or ADE-treatment augmented blood PTH levels in both
5/6Nx (Fig 3A; P<0.05) and ADE-treated mice (Fig 3D; P<0.05 for both time points). CKD
development resulted in a 5- to 13-fold increased renal mRNA expression of the primary
vitamin-D regulatory enzyme 25-hydroxyvitaminD3 1α-hydroxylase (Cyp27b1) when
compared to sham-operated or control-diet fed mice, respectively (Fig 3B and 3E). In
contrast, no effects were observed on renal 1,25-dihydroxyvitamin D3 24-hydroxylase
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(Cyp24a1) mRNA expression. In accordance, blood 1,25-dihydroxy vitamin D3 was higher
in 5/6Nx mice compared to sham-operated mice after 3 weeks (Fig 3C; p<0.05), and was as
well elevated in elevated in 2 and 4 weeks ADE-treated mice compared to control mice (Fig
3F; P<0.05 for both time points). However 4 weeks ADE-treated mice exhibited a significant
Fig. 3
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Figure 3. Experimental kidney failure augmented renal vitamin-D synthesis and induced
secondary hyperparathyroidism.
(A) PTH levels were elevated three weeks after 5/6Nx. (B) mRNA expression of Cyp27b1 and Cyp24a1 in 5/6Nx mice
(black bars) compared with sham-operated group (white bars). (C) levels of 1,25-dihydroxy vitamin D3 in the blood
were measured in mice with 5/6Nx nephrectomy. (D) PTH levels were elevated progressively in ADE treated mice
in both 2 weeks and 4 weeks ADE treated mice compared with control groups. (E) mRNA expression of Cyp27b1
and Cyp24a1 in CKD induced by 2 weeks (black bars) and 4 weeks (gray bars) ADE treated mice compared with
control groups (white bars) and (F) levels of 1,25-dihydroxy vitamin D3 increased in 2 weeks ADE treated mice in
compare to control mice. This was significantly reduced in 4 weeks ADE treated mice in compare to 2 weeks ADE
treated mice. Data are mean ± SEM. *: p<0.05 compared to either sham-operated or control mice.
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reduction in the level of 1,25-dihydroxy vitamin D3 in compare to 2 weeks ADE-treated mice
(Fig 3F; P<0.05; 4 weeks vs. 2 weeks).
CKD altered expression of crucial renal calcium and phosphate transporters
To characterize the impact of CKD on tubular electrolyte transport regulation, the renal
expression of Ca2+ and Pi transporters was determined. Renal mRNA expression of TRPV5
and calbindin-D28k, which are specifically expressed in the distal convoluted tubule,
was 2-fold increased in 5/6Nx mice compared to sham-operated mice (Fig 4A). In line,
microphotographs of kidney tissue demonstrated concomitant increases on protein
expression (Fig 4B). Additionally, ADE treatment induced a 5-fold increase of renal TRPV5,
but did not affect renal calbindin-D28k mRNA expression compared to control mice (Fig 4C).
Comparable patterns were also observed on protein level (Fig 4D).
Kidney injury induced by either 5/6Nx or ADE treatment reduced renal expression of
sodium-dependent Pi transporters NaPi2a and PIT2 more than 2-fold, but elevated renal
NaPi2b expression 2- to 20-fold compared to sham-operated or control mice, respectively
(Fig 5A and 5B). On the contrary, renal expression of the thiazide-sensitive sodium-chloride
co-transporter (NCC) specifically present in the distal convoluted tubule, was not affected
in either 5/6Nx or ADE-treated mice (Data not shown).
FGF23 initiated adaptive mechanisms of renal calcium handling
To gain insight whether inflammatory stimuli directly affect renal Ca2+ handling, TRPV5
mRNA expression was determined in WT mice following ConA or TNF administration.
ConA, but not TNF administration resulted in elevated renal TRPV5 mRNA expression (S1B
Fig). Furthermore, to determine whether FGF23 affects renal Ca2+ handling, total kidney
tissue of transgenic mice, expressing EGFP driven by the TRPV5 promoter, was used to
determine mRNA expression of TRPV5, calbindin-D28k and EGFP, as a surrogate marker for
TRPV5 transcription. Exogenous FGF23 administration resulted in an increased renal mRNA
expression of TRPV5 (Fig 6A; P<0.05) and a tendency towards increased calbindin-D28k
expression (Fig 6A). In addition, EGFP mRNA expression tended to be elevated following
FGF23 infusion, although not statistically significant, when compared to control mice (Fig 6A).
TRPV5 protein expression cannot be determined by immunoblotting directly because
of the lack of appropriate primary antibodies. We therefore performed Western blotting
on kidney lysates from transgenic mice that expresses Enhanced Green Fluorescent
Protein (EGFP 31 kD) driven by the TRPV5 promoter. Using this approach, determination of
EGFP act as a surrogate marker for TRPV5 expression. Representative pictures are shown in
the Fig 6B. Digital quantification analysis showed no significant differences in GFP protein
expression level between two groups (Fig 6C).
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Fig. 4
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Figure 4. CKD development increased expression of tubular calcium transporters.
(A) mRNA expression of the renal apical Ca2+ transporter TRPV5 and intracellular calcium shuttling protein
calbindin-D28K in the CKD induced 5/6Nx mice (black bars) compared to sham-operated mice (white bars). (B)
Representative microphotographs for renal TRPV5 and calbindin-D28K protein expression in kidney tissue from CKD
induced 5/6Nx mice and sham-operated mice. (C) mRNA expression of the renal apical Ca2+ transporter TRPV5
and intracellular calcium shuttling protein calbindin-D28K in mice fed with ADE diet for 2 weeks (black bars) and 4
weeks (gray bars) compared with control diet fed mice (white bars). (D) Representative microphotographs for renal
TRPV5 and calbindin-D28K protein expression in kidney tissue from CKD induced ADE treated (4 weeks) and control
Fig. 5
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Ca2+ levels in the blood were unaffected after 24 hrs following FGF23 administration
(Fig 6D). Changes in systemic phosphate levels in comparison to the control group were
not detected. This might be due to the short-term period of the experiment. Unfortunately,
we did not include the use of metabolic cages in the initial experimental setting. Therefore,
the main effect of FGF23 infusion (Pi excretion) cannot be validated completely. In order to
determine the local renal effects of rFGF23 infusion, gene expression of sodium-phosphate
cotransporter type 2 (NaPi2a and NaPi2b) in renal tissue were measured. No alterations
between the groups were however observed (Fig 6F).
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Figure 6. FGF23 administration directly affected renal tubular calcium transport.
(A) Intravenous administration of recombinant FGF23 protein (dark-gray bars) results in increased TRPV5 and a
tendency towards elevated calbindin-D28k renal mRNA expression, when compared to vehicle-treated mice
(white bars). Renal EGFP mRNA expression, as a surrogate marker for TRPV5 transcription tended to be increased
following FGF23 administration compared to vehicle-treated mice. (B) Representative immunoblot and (C) semiquantitative analysis of EGFP (B; upper panel) and β-actin (B; lower panel) protein expression in renal lysates of
vehicle-treated or FGF23 injected mice. Blood (D) Ca2+ and (E) phosphate levels were measured following 24 hrs
of FGF23 injection. (F) mRNA expression of the renal NaPi2a and NaPi2b in mice injected with FGF23 (gray bars),
compared to vehicle-treated mice (white bars). Data are mean ± SEM. *: p<0.05 compared to control mice.
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Discussion
Ca2+ and Pi disturbances are a hallmark of CKD and an important risk factor for the
development of severe cardiovascular complications. In the current study, we characterized
the impact of CKD on systemic and local renal factors involved in Ca2+ and Pi regulation. Our
data reveal that two different experimental models of kidney failure induce comparable
classical features of CKD. A deregulated Ca2+ and Pi homeostasis and a significantly disturbed
FGF23-αklotho-vitamin-D axis were observed in both models. Both models resulted in an
increased or decreased expression of specific renal Ca2+ and Pi transporters, respectively.
First, both models of kidney failure, that is 5/6Nx and ADE treatment, induced clinical
hallmarks of CKD, as reflected by the development of uraemia and an elevated renal
expression of tubular injury marker NGAL. Our results are in accordance with previous
studies demonstrating that both partial nephrectomy 31-33 and ADE treatment 34-36 closely
resemble various features of CKD development. The two models we used gave rise to
different severity in terms of its consequences on systemic urea and NGAL, electrolyte
disturbances and alterations of the FGF23-αklotho-vitamin-D axis, all pointing to more
severe damage in the ADE-model.
Second, both experimental models disturbed Ca2+ homeostasis comparably, as reflected
by hypercalcemia and elevated urinary Ca2+ excretion. Hypercalciuria as a consequence of
partial nephrectomy was shown previously 37, and can be explained by increased filtration
burden on remnant glomeruli causing increased ion excretion and parallel development
of renal osteodystrophy 38. The hypercalcemia observed in both models is likely due to
early elevated PTH levels and aggravated by 1,25-dihydroxy vitamin-D3-facilitated intestinal
Ca2+ absorption. In contrast to our data, hypercalcemia was not observed following ADE
treatment in mice 39, 40, although this might be explained by variation in the amount of
adenine supplemented to the diet, and thus in degree of renal injury induced. While ADE
treatment increased blood urea levels to ~60 mmol/L after 4 weeks in this study, other
studies showed maximal urea levels of around 40 mmol/L, suggesting a distinct degree of
renal injury. In agreement with previous studies 36, 39, 40, ADE treatment dramatically affected
Pi homeostasis, a common hallmark observed in severe CKD 41. ADE mice presented a
significant rise on Pi levels in the blood despite that elevated fractional excretion was initially
adequate to manage Pi loading. In contract, no effects on systemic Pi levels were detected
three weeks after 5/6Nx, suggesting that modest elevated levels of PTH and FGF23 are
sufficient to maintain physiological blood Pi levels.
Third, both experimental models were characterized by a deregulated FGF23-αklothovitamin-D axis. We observed an increase in systemic FGF23 levels and a reduction in renal
αklotho expression. Previously it has been suggested that lack of αklotho might be a driving
force for FGF23 resistance 42-48. It is, however, not yet clear whether the downregulation of
αklotho can trigger an increase in the expression of FGF23 or vice versa. On the one hand,
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FGF23 appears to be an early marker of CKD and rises progressively with progression of CKD.
On the other hand, loss of renal αklotho occurs early in CKD, and might be the trigger to
increase systemic FGF23 in order to maintain Pi homeostasis. Additionally, rising FGF23 levels
upon CKD might also be ascribed to inflammation 49, 50. Indeed, it has been shown that both
experimental models significantly induce renal cytokine levels 51, 52 and recent studies point
out that elevated blood FGF23 levels are associated with inflammatory components (e.g.
cytokines/chemokines) 53-55, and in CKD patients FGF23 and inflammatory markers are often
both increased 55, 56. Interestingly, a study by Mendoza et al., 57 showed that higher circulatory
levels of FGF23 directly correlate with increased blood levels of several proinflammatory
markers, suggesting that FGF23 is independently associated with inflammation in CKD. In
line, we also observed that two different inflammatory stimuli acutely induce renal FGF23
mRNA expression. Although, in the current study we did not further elucidate the effects of
inflammatory pathways on electrolyte regulatory hormones upon kidney failure, as this was
beyond the scope of the primary project.
Despite elevated blood FGF23, both kidney failure models augmented renal Cyp27b1
expression, probably due to the observed increase in PTH. Comparable data were shown
before in remnant kidneys of nephrectomized rats 58, and following ADE-treatment 59. In
accordance, elevated blood 1,25-dihydroxy vitamin D3 levels were detected following both
5/6Nx and ADE treatment. Together, these findings indicate that damaged kidneys retain
sufficient vitamin-D synthesizing capacity and that an increased Cyp27b1 expression in
the remaining epithelium might be effective to compensate for the loss of tissue capable
of Cyp27b1 expression due to the reduction in functional kidney mass. Moreover, FGF23suppressive effects on 1,25-dihydroxy vitamin D3 either directly via modulation of renal
Cyp27b1 and Cyp24a1 expression, or indirectly via modulation of PTH synthesis might be
hampered due to lower renal αklotho expression in both kidneys and parathyroid gland,
implicating FGF23 resistance 60-62. As a proposed pathway, this points towards early high
PTH levels as the likely mechanism responsible for amplifying renal vitamin-D synthesis
and the consequent rise in blood 1,25-dihydroxy vitamin D3 and Ca2+ levels. Indeed, both
CKD models were characterized by the development of secondary hyperparathyroidism.
Nevertheless, this was not in line with the observed hypercalcemia, elevated levels of
FGF23 and increase in 1,25-dihydroxy vitamin D3, which all should have suppress PTH level.
However, we did not examine parathyroid tissue to study local changes that may drive PTH
production or secretion. Development of secondary hyperparathyroidism could be due to
early disturbances on the local calcium sensing receptor, early decline in parathyroid klotho
and possibly lower expression of the vitamin D receptor.
Fourth, to identify local adaptive mechanisms of tubular electrolyte regulation following
CKD, renal expression of crucial Ca2+ and Pi transporters was determined. Gene expression
of Ca2+ transporters TRPV5 and calbindin-D28k was elevated upon CKD. TRPV5 is a crucial
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rate-limiting Ca2+ channel expressed in the late distal convoluted and connecting tubule,
responsible for apical Ca2+ influx initiating transcellular reabsorption 63, 64. Calbindin-D28k is
subsequently responsible for the direct intracellular Ca2+ shuttling towards the basolateral
extrusion side 65. Together, this suggests that elevated distal tubular Ca2+ reabsorption is
likely the consequence of stimulation by calciotropic factors, including PTH, vitamin D
and/or FGF23 signalling 28, 66, 67. However, Calbindin-D28k levels were differentially altered in
the ADE dietary intervention model; we observed either reduction or no changes in the
Calbindin-D28k gene expression levels, while it increased in the 5/6Nx model. The reason for
that is yet unclear but it could be that adenine itself might affect the expression/regulation
of intracellular (Ca2+) proteins, that result in a different kinetics compared to TRPV5. In order
to determine whether FGF23 directly affects renal Ca2+ transport, we administered FGF23
to TRPV5-EGFP transgenic mice to verify its effect on renal EGFP expression, as a surrogate
marker for TRPV5 transcription. We found, at most, a tendency towards increased renal
EGFP expression. In contrast, a previous study indicated a direct effect of FGF23 on renal
Ca2+ transport by increasing TRPV5 gene transcription 68. A potential explanation for this
discrepancy might be that essential upstream enhancer elements for the transcriptional
induction of TRPV5 by FGF23 are lacking in the TRPV5-EGFP mice. Interestingly, WT mice
exposed to an inflammatory stimulus (ConA, but not TNF treatment) demonstrate elevated
renal TRPV5 mRNA expression. Together, these results indicate that both hormonal and
inflammatory parameters may influence renal Ca2+ transport, although the exact stimuli
and signalling pathways should be further investigated in future studies.
In concert with the phosphaturic effects of FGF23 and PTH 69, both kidney failure models
displayed a reduced renal expression of NaPi2a and PIT2, the principal renal type II and III
sodium-dependent Pi transporters, respectively 70-72. NaPi2a is the main Pi co-transporter
involved in the phosphaturic response to both PTH and FGF23 and it responded to high
FGF23 as expected despite the observed reductions in renal αklotho. On the contrary, renal
NaPi2b was significantly augmented. NaPi2b as a predominant intestinal Pi transporter is
also expressed at the basolateral side of renal epithelial cells. Its expression is increased
in response to active phosphate loading 73. Hence NaPi2b plays major roles in both the
kidney and the small intestine. Mice with NaPi2b deficiency, exhibited predominantly lower
Pi absorption 74, highlighting a major role of NaPi2b in body Pi homeostasis. As proposed,
elevated renal NaPi2b expression might be an additional mechanism of active tubular Pi
secretion, although it remains unclear whether this also holds true during progressive renal
injury to counteract Pi retention. Since 5/6Nx and ADE treatment induced distinct renal
pathophysiological mechanisms, its consequences on renal expression of the sodiumchloride co-transporter (NCC) were determined. NCC expression was unaffected within
both models, suggesting that the demonstrated effect on the expression kinetics of Ca2+
and Pi transporters within both models was not simply a reflection of distinct kidney tissue
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composition compared to sham-operated or control mice as a potential confounding
factor.
Interestingly, the increased blood Ca2+ and active 1,25-dihydroxy vitamin D3 observed
in the current study do not correspond with the classical observation of hypocalcemia
due to reduced 1,25-dihydroxy vitamin D3 levels that are frequently observed in clinically
diagnosed early stage renal disease patients. The reason for this is unclear but it might be
related to the timing of the measurements performed in our experimental models. This
is possibly demonstrated by the 1,25-dihydroxy vitamin D3 levels observed in the ADE
mice model, which is increased on week 2, and reduced on week 4. Here we present an
early renal failure model, possibly not at steady state yet. Moreover, differences between
species may explain why a given response in animal models differs from patients with CKD
75
. Furthermore, several physiological differences between experimental animal models
and patients can be identified, including variations in time to develop a certain degree of
kidney disease reflecting a particular stage of CKD. Here, we observed hypercalcemia and
hypercalciuria in both experimental CKD mice models (table 2) and these observations are
supported by previously applied experimental CKD animal models 76, but not in patients
with CKD 77-79. Human CKD development reflects a gradual and slow decline of vitamin
D levels, contributing to hypocalcemia, whereas secondary hyperparathyroidism develops
over longer time. On the contrary, experimental animal models are rather short term, due
to the methods applied and the shorter lifespan of rodents 80. One of the limitations of this
study is that we did not keep both models for a longer period of time. Furthermore, CKDinduced alterations in intestinal and/or bone Ca2+ and Pi homeostasis might also trigger an
increase in blood Ca2+ and active 1,25-dihydroxy vitamin D3 observed in these models. Yet,
here we primarily focused on renal Ca2+ and Pi regulatory mechanisms; hence the existing
experiment was not designed to characterize the impact of CKD-induced alterations on
intestinal Ca2+ and Pi transport or bone metabolism. It thus remains difficult to fully elucidate
the compensatory mechanisms occurring following CKD, which might contribute to the
disturbed electrolyte homeostasis observed.
Taken together, our study demonstrated that murine models of partial nephrectomy
and ADE-enriched dietary treatment, both, induce kidney failure that closely resembles
CKD development, which is associated with disturbed FGF23-αklotho-vitamin-D signalling
and a deregulated Ca2+ and Pi homeostasis. Moreover, this study identified local tubular
adaptive mechanisms that are involved in disturbed Ca2+ and Pi regulation, hence enabling
new opportunities to target mineral disturbances emerging as a consequence of CKD
development.
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Supporting Information
S1 Table. Primer sequences used for real-time quantitative RT-PCR
Gene

Forward primer 5’-3’

Reverse primer 5’-3’

HPRT

TTGCTGACCTGCTGGATTAC

AGTTGAGAGATCATCTCCAC

Klotho

GGTTGCCCACAACCTACTTT

TGGGAGCTTAAGGCGATAGA

TRPV5

CTCCGCCTTCCATCGAAGTTC

GATGTCAGCTCCATGCTCAATG

Calbindin-D28k

GACGGAAGTGGTTACCTGGA

ATTTCCGGTGATAGCTCCAA

Cyp27b1

GTGTTGAGATTGTACCCTGTGG

TGGGGAATTACATAGTTTCCTACAC

Cyp24a1

GGAGTCCATGAGGCTTACCC

GGTAGCGTGTATTCACCCAGA

NaPi2a

TCAGGAAGAGGAGCAAAAGC

AAAGGAAAGCCAGCATCAGA

NaPi2b

CTATTCCGCCCTGGTTCTC

GAAAATGCAGAGCGTCTTCC

FGFR1

TAAGATCGGGCCAGACAACT

CGATAGAGTTACCCGCCAAG

NGAL

CTTCTCTGTCCCCACCGACCAATG

GACAGACAGGCAGCGCCTGAA

PIT2

CGGCGTGCTGTTCATACTAA

GCAGCATAAAACAGAGGCAGT

NCC

CTTCGGCCACTGGCATTCTG

GATGGCAAGGTAGGAGATGG

EGFP

GCAGAAGAACGGCATCAAG

TGCTCAGGTAGTGGTTGTCG

3

HPRT, hypoxanthine-guanine phosphoribosyl transferase; Klotho, αklotho; TRPV5, transient receptor potential
cation channel subfamily V member 5; Calbindin-D28k, calbindin-D28k; Cyp27b1, 25-hydroxyvitamin D3
1α-hydroxylase; Cyp24a1, 1,25-dihydroxyvitamin D3 24-hydroxylase; NaPi2a, sodium-phosphate cotransporter
type 2a; NaPi2b, sodium-phosphate cotransporter type 2b; FGFR1, fibroblast growth factor receptor type-I;NGAL,
neutrophil gelatinase-associated lipocalin; PIT2, sodium-dependent Pi transporter type 3; NCC, sodium-chloride
cotransporter; EGFP, enhanced green fluorescence protein.
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S1 Fig. The effects on renal FGF23 and TRPV5 mRNA expression in mice injected with
inflammatory stimuli ConA and TNF.
(A) Renal mRNA expression of FGF23 or (B) TRPV5 in mice injected with ConA (left graph) and TNF
(right graph), both compared with vehicle-treated mice (PBS). Data are indicated as fold induction and
present a mean ± SEM. *: p<0.05 compared to control mice.
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Abstract
Cardiovascular diseases account for ~50% of mortality in patients with chronic kidney
disease (CKD). Fibroblast growth factor 23 (FGF23) is independently associated with
endothelial dysfunction and cardiovascular mortality. We hypothesized that CKD impairs
microvascular endothelial function and that this can be attributed to FGF23. Mice were
subjected to partial nephrectomy (5/6Nx) or sham surgery. To evaluate the functional role
of FGF23, non-CKD mice received FGF23 injections and CKD mice received FGF23-blocking
antibodies after 5/6Nx surgery. To examine microvascular function, myocardial perfusion
in vivo and vascular function of gracilis resistance arteries ex vivo were assessed in mice.
5/6Nx surgery blunted ex vivo vasodilator responses to acetylcholine, whereas responses to
sodium nitroprusside or endothelin were normal. In vivo FGF23 injections in non-CKD mice
mimicked this endothelial defect, and FGF23 antibodies in 5/6Nx mice prevented endothelial
dysfunction. Stimulation of microvascular endothelial cells with FGF23 in vitro did not induce
ERK phosphorylation. Increased plasma asymmetric dimethylarginine concentrations
were increased by FGF23 and strongly correlated with endothelial dysfunction. Increased
FGF23 concentration did not mimic impaired endothelial function in the myocardium of
5/6Nx mice. In conclusion, impaired peripheral endothelium-dependent vasodilatation in
5/6Nx mice is mediated by FGF23 and can be prevented by blocking FGF23. These data
corroborate FGF23 as an important target to combat cardiovascular disease in CKD.
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Introduction
Chronic kidney disease (CKD) is a major public health problem worldwide with a prevalence
of ~10% in the United Kingdom population and 14% in the United States population.(1, 7)
Of note, patients with CKD frequently die because of cardiovascular complications before
reaching end-stage renal disease.(39) In those progressing to end-stage renal disease, an
additional 50% also die from cardiovascular disease.
When correcting for classical cardiovascular risk factors commonly seen in patients
with CKD, renal failure itself remains an important risk factor for cardiovascular events.(20)
This suggests that other features of CKD contribute to the increased cardiovascular risk. In
patients with CKD, nontraditional risk factors for cardiovascular diseases, like activation of
the renin-angiotensin system, endothelial dysfunction, oxidative stress, and inflammation,
frequently coincide. Fibroblast growth factor 23 (FGF23) has emerged as an additional
potent biomarker for cardiovascular risk in patients with CKD, and besides being a predictor
of all-cause and cardiovascular mortality, it has also been associated with CKD progression.
Interestingly, a causal role of FGF23 in the development of left ventricular (LV) hypertrophy
(LVH) has been suggested.(16) Several epidemiological studies have demonstrated strong
associations between increased FGF23 concentration and LV mass,(21, 33) which was
corroborated by the study by Faul et al. (16) showing that FGF23 directly induces hypertrophy
of cardiomyocytes. Interestingly, FGF23 was also linked to impaired LV function, even in the
absence of LVH,(41) but mechanistic data are lacking on how FGF23 might affect cardiac
function independent from LVH induction.
A possible link between increased plasma FGF23 concentration and cardiac dysfunction
might be an abnormal vascular function, which is frequently observed in patients with
CKD. Under pathophysiological conditions, vasodilator reserve in resistance arteries in
the myocardium is decreased, consequently limiting perfusion reserve of the coronary
microcirculation, contributing to heart failure.(29, 53) In addition, peripheral vascular
dysfunction predicts the occurrence of cardiovascular events,(5) suggesting these two
vascular abnormalities develop in parallel. Serum FGF23 concentrations are associated with
increased arterial stiffness and impaired vasoreactivity in both experimental animal models
or renal failure and patients with CKD.(32, 43, 50, 51)
In the present study, we tested the hypothesis that FGF23 directly impairs vascular
function in CKD and whether this can be restored by blocking FGF23 effects. To this end,
we used the gracilis artery of mice, which is a model resistance artery to study regulation
of microvascular perfusion and resistance. In addition, vascular function in the heart was
studied by visualizing and quantifying myocardial perfusion with myocardial contrast
echocardiography (MCE).
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Materials and Methods
Animals
All male C57BL/6 mice (Charles River Laboratories, Leiden, The Netherlands) were housed
under standardized conditions and received water and food ad libitum. Chow diet (TD.2016,
0.7% Pi) was provided to all animals unless mentioned otherwise. All mice were placed into
individual metabolic cages (Tecniplast, Milan, Italy) at the end of the study period for the
collection of 24-h urine samples. All experiments were approved and conducted following
guidelines of the local animal ethical committee at the VU University Medical Center
(Amsterdam, The Netherlands) and complied with Dutch government guidelines.
Induction of CKD
Seven-week-old mice were subjected to either 5/6 nephrectomy (5/6Nx), as previously
described (10), or sham surgery under isoflurane anesthesia and preoperative analgesia
(buprenorphine, Temgesic, Schering-Plough, 0.05 mg/kg im; Fig. 1A). An abdominal dorsal
midline incision was made, and the left kidney was decapsulated, after which the upper
and lower poles were removed by a bipolar electrocoagulator. In the same procedure, the
complete decapsulated right kidney was removed after ligation of the renal blood vessels
and the ureter. After surgery, all mice received subcutaneous injections of postoperative
analgesia for 2 consecutive days (ketoprofen, Ketofen, Merial, 5 mg/kg). In control mice,
sham surgery was performed, which included decapsulation of both kidneys but no removal
of kidney tissue. The rest of the protocol was followed as described above. Six weeks after
surgery, cardiovascular function was examined.
Exogenous FGF23 supplementation
Thirteen-week-old mice were injected intraperitoneally twice daily for 7 consecutive days
with either vehicle (PBS) or 160 µg·kg-1·day-1 recombinant mouse FGF23 (8 µg/ml, R&D
Systems, Minneapolis, MN, degradation resistant; Fig. 1B) (14). After 7 days, cardiovascular
function was examined.
Intraperitoneal injections with FGF23 antibodies
To determine the effective dose of anti-rat monoclonal FGF23 antibodies (kindly provided
by Amgen, Thousand Oaks, CA), 7-wk-old mice were subjected to 5/6Nx, recovered for 2
wk, and received a single intraperitoneal injection with either rat isotype control antibody
(IgG2a), 3 mg/kg FGF23 antibody, 10 mg/kg FGF23, or 30 mg/kg FGF23 antibody. Blood
was taken before surgery, before injection, and 9, 24, and 48 h after injection, and plasma
phosphate concentration was measured.
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Figure 1. Mouse models used to assess vascular function and myocardial perfusion.
(A) 7-wk-old male C57BL/6 mice were subjected to either sham surgery or 5/6 nephrectomy (5/6Nx) surgery.
After 42 days, vascular function and myocardial perfusion were assessed. (B) 13-wk-old male C57BL/6 mice
were injected intraperitoneally twice daily for 7 consecutive days with either vehicle (PBS) or 160 µg∙kg-1∙day-1
recombinant mouse fibroblast growth factor 23 (FGF23; 8 µg/ml). After 7 days, vascular function and myocardial
perfusion were assessed. (C) 7-wk-old male C57BL/6 mice were subjected to 5/6Nx surgery and received either
control antibodies (10 mg/kg) with normal phosphate diet or received anti-FGF23-blocking antibodies (10 mg/
kg) with a low-phosphate diet. The first antibody suspension was given on the day of surgery and repeated with
intraperitoneal injections every 48 h for the remainder of the study. After 42 days, vascular function and myocardial
perfusion were assessed.
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Seven-week-old mice were subjected to 5/6Nx, as described above, and received either
rat isotype control antibodies (IgG2a, 10 mg/kg) with normal phosphate diet (TD.2016, 0.7%
Pi) or received anti-rat FGF23 monoclonal antibodies (10 mg/kg) with a low-phosphate
diet (TD.01582, 0.2% Pi) to avoid the development of hyperphosphatemia (Fig. 1C). The first
antibody suspension was given on the day of surgery and was repeated with intraperitoneal
injections (10 ml/kg) every 48 h for the remainder of the study. Six weeks after surgery,
cardiovascular function was examined.
CKD-related parameters, electrolytes, FGF23 and asymmetric dimethylarginine in
plasma
Blood was centrifuged for 10 min at 3,000 rpm at 4°C, and plasma samples were stored at
-80°C. Urea, creatinine, and phosphate concentrations from EDTA-anticoagulated plasma
were determined by in-hospital services using automatic biochemical analyzers. Ca2+
concentrations from heparin-anticoagulated plasma or urine samples were determined
using a commercial serum standard (Precinorm U, Roche) and measured as previously
described (36). Circulating c-term FGF23 concentrations from EDTA-anticoagulated plasma
were measured in duplicate using a rodent-specific ELISA (Immutopics, San Clemente,
CA) according to the manufacturer’s protocol. Asymmetric dimethylarginine (ADMA) was
measured by a novel ELISA (DLD, Diagnostika, Hamburg, Germany) (40).
Ex vivo vascular function experiments
Vasoreactivity of resistance arteries was characterized ex vivo in resistance arteries isolated
from the gracilis muscle of mice as previously described (30). In brief, after dissection of
the gracilis artery, arteries were placed into a pressure myograph containing MOPS buffer
that consisted of 145 mmol/l NaCl, 4.7 mmol/l KCl, 2.5 mmol/l CaCl2, 1.0 mmol/l MgSO4, 1.2
mmol/l NaH2PO4, 2.0 mmol/l pyruvate, 0.02 mmol/l EDTA, 3.0 MOPS, 5.5 mmol/l glucose,
and 0.1% BSA, at pH 7.4, after which the diameter was monitored continuously. Arteries
were incubated for 45 min with KCl (25 mmol/L) to induce vasoconstriction. Acute effects of
acetylcholine on endothelium-dependent vasodilatation of the gracilis artery were studied
at five different concentrations (ranging from 10-9 to 10-5 mol/L). Acute effects of sodium
nitroprusside (SNP) on endothelium-independent vasodilatation were studied at six
different concentrations (ranging from 10-9 to 10-4 mol/L). Finally acute effects of endothelin
(Sigma-Aldrich, St. Louis, MO) on endothelium-independent vasoconstriction were studied
at five different concentrations (10-11 to 10-7 mol/L). To determine acute effects of a high
dose of FGF23 on endothelial function, 10 ng/ml of FGF23 (catalog no. 2629-FG-025/CF,
R&D Systems) was added to the pressure myograph, 1 h before the first acetylcholine
application.
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Myocardial perfusion measurements
To evaluate the effects of CKD on myocardial perfusion, mice were anesthetized with
intraperitoneal injections of fentanyl, midazolam, and acepromazine. A venous line
was placed in the jugular vein for the infusion of both microbubbles (for ultrasound
contrast) and vasodilators. MCE was performed with a Siemens-Acuson Sequoia 512 with
a 17L5 transducer (Siemens-Acuson, Mountain View, CA), as previously described (37).
In brief, microbubble were generated by a combination of 1,2- distearoyl-sn-glycero3-phosphocholine (DSPC; Avanti Polar Lipids) and polyoxyethylene stearate (PEG40,
Sigma) at a molecular ratio of 3:1 and were solved in a 0.9% saline-glycerol (Life Sciences)
mixture (volume: 3:2) in a 2-ml tube with perfluorobutane gas [C4F10(g), F2 Chemicals,
Lancashire, UK] in the capspace. Microbubbles were produced by means of mechanical
agitation using a VialmixTM (Lantheus Medical Imaging, North Billerica, MA) high-speed
shaker. Subsequently, microbubble size distribution and concentration were determined
using a Multisizer 3 (Beckman Coulter Nederland, Woerden, The Netherlands), after which
microbubbles were diluted in saline to a final concentration of 1 X 109 microbubbles/ml.
Microbubbles were infused at a rate of 7.5 µl/min for 2 min to reach a systemic steady
state. Four real-time inflow curves of >10 s each in a long-axis view of the heart in the endsystolic phase of the cardiac cycle were recorded after destruction of the microbubbles
by a sequence of eight high-energy pulses (mechanical index of 1.7). Thirty minutes after
baseline measurements were acquired, acetylcholine (5 µg·kg-1·min-1, 15 mg/l) was infused
intravenously to assess myocardial blood flow reserve. After 5 min of continuous infusion
of the vasodilator and 2 min infusion of microbubbles, four real-time inflow curves were
obtained as described above. Microbubble inflow curves were analyzed offline using the
Image Processing toolbox in MATLAB (MathWorks, Natick, MA). Average intensity was
measured in a region of interest, which was manually drawn on the myocardial wall of the
LV. No corrections had to be made, since microbubble concentrations were equal across all
mice and measurements. Video intensities within the region of interest were then fitted to
the following exponential function: y = A(1-e-βt), where y is the signal video intensity at any
given time, A is the plateau video intensity representing the microvascular blood volume, β
is the initial slope of the curve representing microvascular filling velocity, and t is the time
after the start of the inflow curve.
Measurement of arterial blood pressure
After the induction of anesthesia, the left carotid artery was cannulated, and arterial blood
pressure was continuously recorded using PowerLab software (PowerLab 8/35, Chart
7.0, AD Instruments). Mean arterial blood pressure was calculated after the induction of
anesthesia but before MCE.
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In vitro effects of FGF23 on human microvascular endothelial cells
This study was executed in accordance with the Declaration of Helsinki and was approved
by the Medical Ethics Committee of the VU University Medical Center. Human microvascular
endothelial cells (MVECs) were isolated from the foreskin (kindly provided by the Department
of Dermatology), cultured, and characterized (CD31, von Willebrand factor, Ulex europaeus
lectin-1 binding, and vascularendothelial cadherin) as previously described (46, 47). In brief,
pooled human MVECs (passage 6) from 13 donors were cultured on 1% gelatin-coated culture
plates in endothelial growth medium (EGM)- 2MV (CC-3203, Lonza) at 37°C in a 5% CO2-95%
air atmosphere. Upon confluency, cells were treated with culture medium without human
FGF2 (CC-4147, Lonza) for 24 h as a positive control for FGF receptor (FGFR)1 activation. Cells
were then treated with culture medium without human FGF2 or with 4 ng/ml human FGF2
or 10 nM recombinant human FGF23 (no. 2604-FG, R&D Systems) for 30 min. Subsequently,
the culture medium was discarded, and whole cell lysates were obtained by scraping the
cells in the presence of ice-cold 2 X SDS sample buffer. Protein samples were loaded onto
8% SDS gels, electrophoresed, and transferred to nitrocellulose membranes. Protein analysis
was performed by incubation of the nitrocellulose membranes with primary antibody
against phospho-ERK1/2 (1:500, no. 9106S, Cell Signaling Technology). Blots were then
stripped and incubated with primary antibody against total ERK1/2 (1:1,000, no. 9102, Cell
Signaling Technology). Protein bands were visualized using enhanced chemiluminescence
(Amersham/GE Healthcare) on an AI600 machine (Amersham/GE Healthcare), and bands of
both ERK1 and ERK2 were analyzed.
Determination of eNOS coupling
Low-temperature SDS-PAGE and Western blot analysis were performed for the detection of
endothelial nitric oxide (NO) synthase (eNOS) dimers as previously described (49). Briefly, total
proteins of femoral arteries of all groups were separated by 6% SDS-PAGE. Electrophoresis
was performed at 4°C. Proteins were transferred to PVDF membranes, which were probed
with an eNOS antibody (ab5589, Abcam). Immunoreactive bands were detected with an
appropriate second antibody and visualized with a chemiluminescence kit (GE Healthcare).
α-Actinine was used as a loading control.
Statistics
Data are presented as means ± SE. The number of mice in individual experiments is shown
in the figures. Differences between groups were assessed by a Mann-Whitney test and
within groups by a Wilcoxon test. The correlation between ADMA and maximum response
upon acetylcholine and between ADMA and FGF23 concentrations was analyzed by linear
regression. For ex vivo vascular function analysis, linear mixed models were used to test
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whether the relation between relative increase (outcome/dependent variable) and the
vasoactive substance concentration (acetylcholine, SNP, or endothelin) differed between
groups. The mixed models included a random intercept for mice and fixed effects for groups,
vasoactive substance concentration level indicator, and their interaction. Main interest was
in testing the interaction between groups and vasoactive substance concentration. If the
interaction was not significant, the interaction was removed from the model, and the main
effect of groups was considered to see if groups differed in the relative increase (averaged
over the concentrations). Two-tailed P values of <0.05 were considered statistically
significant. Outliers were removed from data sets when samples were more than three
times the interquartile range. Tests were performed using SPSS version 22.

Results
5/6 nephrectomy surgery increases plasma FGF23 concentration
5/6Nx surgery induced renal impairment as reflected by increased plasma urea and
creatinine concentration 6 wk after surgery compared with sham controls (Table 1). The
volume of urine production was approximately five times higher in 5/6Nx mice compared
with sham mice 6 wk after surgery (0.4 ± 0.1 vs. 1.8 ± 0.2 ml/24 h, P < 0.001; Table 2). No
significant difference in plasma phosphate concentration was observed between groups
(Table 1). In contrast, urinary phosphate concentration was approximately six times higher
and fractional excretion of phosphate was approximately four times higher in 5/6Nx
mice compared with sham mice. Compared with sham surgery, 5/6Nx surgery caused a
statistically significant 1.5- fold increase in plasma c-term FGF23 concentration (Table 1).
FGF23 antibodies administered to 5/6Nx mice or FGF23 intraperitoneal injections in
isolation did not change urea or creatinine concentrations in plasma and urine (Table 3). As
a consequence of the low-phosphate diet, the plasma phosphate concentration increased
only slightly in 5/6Nx mice that received control antibodies compared with FGF23 antibodies
(2.66 ± 0.12 vs. 2.32 ± 0.09 mmol/l, respectively, P = 0.043; Table 3), and urinary phosphate
excretion was approximately five times lower in 5/6Nx mice that received FGF23 antibodies
(96.11 ± 2.43 vs. 21.18 ± 1.81 µmol/24 h, P = 0.007; Table 3).
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Table 1. 5/6Nx impairs kidney function and increases plasma FGF23 concentration.
Sham
Plasma urea, mmol/L

5/6Nx

12.7 ± 0.3

22.1 ± 1.1 ***

Plasma creatinine, μmol/L

15.0 ± 1.5

28.3 ± 1.6 ***

Urinary creatinine, μmol/24h

2.62 ± 0.23

3.33 ± 0.15 *

Creatinine clearance, μl/min

137.1 ± 20.4

92.8 ± 6.0

Plasma Pi, mmol/L

3.37 ± 0.19

Urinary Pi, μmol/24h

19.2 ± 2.8

2.93 ± 0.12
115.0 ± 18.4 ***

FEP, %

2.95 ± 0.92

17.01 ± 2.87 **

Plasma c-term FGF23, pg/ml

210.2 ± 13.1

315.2 ± 27.6 **

Plasma Ca2+, mmol/L

2.00 ± 0.02

2.17 ± 0.03 ***

Urinary Ca2+, μmol/24h

1.07 ± 0.21

3.55 ± 0.31 ***

Plasma 1,25-dihydroxyvitamin D3, pmol/L

226.8 ± 10.2

252.6 ± 23.5

Plasma parathyroid hormone, pg/ml

255.6 ± 51.8

555.4 ± 83.8 *

Data are means ± SE. n = 9-14 for sham except for fractional excretion of phosphate (FEP), fibroblast growth factor
23 (FGF23), and vitamin D, where n = 6; and n = 18-21 for 5/6Nx except for creatinine clearance, FEP, FGF23 and
vitamin D, where n = 16, n = 15, n = 16, and n = 7, respectively. Renal parameters of mice subjected to sham or
5/6Nx surgery are shown. Urinary parameters were calculated from urine (Table 2). * P ≤ 0.05; ** P ≤ 0.01; *** P ≤
0.001 vs. sham, by Mann-Whitney test.

Table 2. Effects of induced chronic kidney disease, FGF23 antibodies, and increased FGF23
concentrations on general physiological parameters.
Body weight,
g

Food intake,
g/24 h

Water intake,
mL/24 h

Urine output,
mL/24 h

Sham

26.8 ± 0.4

2.5 ± 0.1

3.0 ± 0.2

0.4 ± 0.1

5/6Nx

25.4 ± 0.4 *

2.8 ± 0.2

5.3 ± 0.5 ***

1.8 ± 0.2 ***

5/6Nx + control antibody

23.3 ± 0.2

2.8 ± 0.1

5.2 ± 0.2

2.2 ± 0.3

5/6Nx + FGF23 antibody

25.3 ± 0.5 **

2.2 ± 0.3

3.9 ± 0.9

1.6 ± 0.4

PBS injections

27.5 ± 1.2

2.4 ± 0.3

2.4 ± 0.4

0.7 ± 0.1

FGF23 injections

28.1 ± 1.0

1.7 ± 0.2

2.2 ± 0.4

1.0 ± 0.1

Data are means ± SE; n = 13-14 for sham, n = 19-20 for 5/6 nephrectomy (5/6Nx), n = 8-9 for 5/6Nx + control
antibody, n = 8-9 for 5/6Nx + fibroblast growth factor 23 (FGF23) antibody, n = 7 for PBS injections, and n = 8 for
FGF23 injections. Body weight, food intake, water intake and urine output of mice subjected to sham or 5/6Nx
surgery, control or FGF23 antibody after 5/6Nx, and PBS or FGF23 intraperitoneal injections are shown. * P ≤ 0.05,
** P ≤ 0.01, *** P ≤ 0.001 compared with the matching control group, i.e., sham, 5/6Nx + control antibody, or PBS
injections.
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Table 3. FGF23 antibodies in 5/6Nx mice alter phosphate concentration but not FGF23
injections in isolation.
PBS

FGF23

Control Antibody

FGF23 Antibody

Plasma urea, mmol/l

8.4 ± 0.4

7.6 ± 0.2

23.2 ± 1.7

21.3 ± 1.0

Plasma creatinine, μmol/l

9.4 ± 0.9

8.4 ± 0.6

28.2 ± 2.0

21.9 ± 1.3

2.97 ± 0.64

3.81 ± 0.36

3.61 ± 0.29

3.33 ± 0.30

Urinary creatinine, μmol/24 h
Plasma Pi, mmol/l
Urinary Pi, μmol/24 h

1.61 ± 0.06

1.61 ± 0.08

2.66 ± 0.12

2.32 ± 0.09 *

68.93 ± 12.67

86.76 ± 6.09

96.11 ± 2.43

21.18 ± 1.81 **

Data are means ± SE; n = 5-7 for PBS, n = 7-8 for fibroblast growth factor 23 (FGF23), n = 4-6 for control antibody
except for urinary creatinine where n = 9, and n = 4-5 and n = 8-9 for FGF23 antibody for plasma and urine
parameters, respectively. Renal parameters of mice subjected to PBS or FGF23 intraperitoneal injections and of
5/6 nephrectomy (5/6Nx) mice that received control or FGF23 antibody. Plasma was collected at the end of the
experiment. Urinary parameters were calculated from 24-h urine. * P ≤ 0.05, ** P ≤ 0.01 compared with control
antibody.

Both CKD and exogenous FGF23 impair endothelium-dependent vasodilatation but
not vascular smooth muscle cell relaxation.
Resistance arteries from 5/6Nx mice showed attenuated endothelium-dependent
vasodilation upon acetylcholine compared with sham mice (P < 0.05), indicating endothelial
dysfunction (Fig. 2A). At all tested concentrations of acetylcholine (10-9 – 10-5 mol/l),
vasodilator responses of the gracilis artery were attenuated compared with sham mice.
In addition, the maximum response to acetylcholine was decreased (84.2% vs. 54.8%, P =
0.003; data not shown). In both control groups, i.e., sham surgery and PBS intraperitoneal
injections, a similar response to acetylcholine was observed. In turn, FGF23 intraperitoneal
injections blunted the vasodilatory response upon acetylcholine comparable to 5/6Nx mice
(P < 0.05; Fig. 2A). Acute exposure to recombinant FGF23 (1 h) of gracilis arteries from sham
and 5/6Nx mice showed no difference in the response to acetylcholine (Fig. 2D). Vascular
responses to SNP and endothelin showed no difference between control and intervention
groups (Fig. 2, B and C).
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Figure 2. 5/6 Nephrectomy (5/6Nx) impairs endothelial but not vascular smooth muscle
function, which is mimicked by chronically increasing circulating fibroblast growth factor 23
(FGF23) concentration.

(A) 55/6Nx attenuated endothelium-dependent vasodilator responses of the gracilis artery, and this effect was
mimicked by increasing FGF23 intraperitoneal injections. The pink line shows sham surgery (n = 12), the light
blue line shows PBS intraperitoneal injections (n = 8), the red line shows 5/6Nx surgery (n = 8), and the dark
blue line shows FGF23 intraperitoneal injections (n = 7). (B) 5/6Nx and increased FGF23 concentration in isolation
did not impair vasodilator responses of gracilis resistance arteries to the endothelium-independent vasodilator
sodium nitroprusside (SNP). The pink line shows sham surgery (n = 9), the light blue line shows PBS intraperitoneal
injections (n = 8), the red line shows 5/6Nx surgery (n = 8), and the dark blue line shows FGF23 intraperitoneal
injections (n = 7). (C) 5/6Nx and high concentration of FGF23 in the absence of chronic kidney disease do not
impair vasoconstrictor responses to endothelin. The pink line shows sham surgery (n = 6), the light blue line shows
PBS intraperitoneal injections (n = 5), the red line shows 5/6Nx surgery (n = 5), and the dark blue line shows FGF23
intraperitoneal injections (n = 7). (D) Arteries from sham and 5/6Nx mice were incubated for 1 h with recombinant
FGF23 and subsequently exposed to acetylcholine (ACh), but this did not change endothelial function compared
with arteries without incubation with FGF23. The light orange line shows sham surgery and ex vivo FGF23
incubation (n = 7), the dark orange line shows 5/6Nx surgery and ex vivo FGF23 incubation (n = 7), the pink dotted
line shows sham surgery (n = 12), and the red dotted line shows 5/6Nx surgery (n = 8).
Data are means ± SE. * P ≤ 0.05 vs. sham or PBS, by linear mixed models.

92

FGF23 impairs vascular function

FGF23 blockade restores endothelial function in mice with CKD.

Plasma phosphate (arb. units)

The optimal dose of FGF23 antibody was determined by a single intraperitoneal injection
with different concentrations 2 wk after 5/6Nx surgery. Injection with 10 or 30 mg/kg FGF23
antibody increased plasma phosphate concentration to the same extent, and it continued
to be increased up to 48 h (Fig. 3). Plasma phosphate concentration after injection with
control antibody or 3 mg/kg FGF23 antibody did not change over time (Fig. 3). Based on
these pilot data, a dose of 10 mg/kg was chosen for subsequent experiments, which was
repeated every 48 h.
Mice that received FGF23 antibodies after 5/6Nx surgery showed restored arteriolar
vasodilatory capacity upon incremental concentrations of acetylcholine compared with
5/6Nx mice that received control antibodies (P = 0.048; Fig. 4A). SNP and endothelin did
not show a different vascular response between 5/6Nx mice that received control or FGF23
antibodies (P = 0.445 for SNP and P = 0.552 for endothelin; Fig. 4, B and C).

2.0
1.5
1.0
0.5
0.0

0

9

24 48

Control

0

9

24 48

3 mg/kg

0

9

24 48

10 mg/kg

0

9

24 48

30 mg/kg

Time in hours after FGF23 antibody injection
Figure 3. Fibroblast growth factor 23 (FGF23) blockade increases plasma phosphate in 5/6
nephrectomized (5/6Nx) mice.
Plasma phosphate concentrations before 5/6Nx surgery (-2 wk), before a single dose injection (0), and 9, 24, and
48 h after injection are shown. Plasma phosphate did not increase after injection with control antibody or after
3 mg/kg FGF23 antibody injection. After a single dose injection with 10 mg/kg FGF23 antibodies, plasma
phosphate increased up to 48 h after injection. The same trend was seen for 30 mg/kg FGF23 antibody injection.
n = 4 per group. Data are means ± SE.
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Figure 4. Fibroblast growth factor 23 (FGF23) blockade normalizes peripheral endothelial
function in mice with chronic kidney disease.
(A) FGF23 blockade restored endothelium- dependent vasodilation of the gracilis artery upon acetylcholine (ACh)
in mice that underwent 5/6 nephrectomy (5/6Nx) surgery compared with the administration of control antibodies
(a.b.). The dark green line shows 5/6Nx surgery with FGF23 antibodies (n = 8) and the light green line shows 5/6Nx
surgery with control antibodies (n = 9). (B) FGF23 blockade did not restore the vasodilator response of the gracilis
artery upon sodium nitroprusside (SNP) in 5/6Nx mice that received control or FGF23 antibodies. The dark green
line shows 5/6Nx surgery with FGF23 antibodies (n = 7) and the light green line shows 5/6Nx surgery with control
antibodies (n = 8). (C) Vasoconstrictor response upon endothelin between 5/6Nx mice that received control or
FGF23 antibodies. The dark green line shows 5/6Nx surgery with FGF23 antibodies and the light green line shows
5/6Nx surgery with control antibodies.
Data are means ± SE. * P ≤ 0.05 vs. FGF23 antibodies, by linear mixed models.

94

FGF23 impairs vascular function

FGF23 stimulation does not induce signal transduction in MVECs.
MVECs were stimulated with vehicle (negative control), FGF2 (positive control), or FGF23
for 30 min, and total and phosphorylated ERK protein expression was measured (Fig. 5A).
FGF2 stimulation increased ERK phosphorylation compared with vehicle (1.95 ± 0.24 vs.
1.00 ± 0.19, P = 0.0159, respectively), whereas FGF23 stimulation did not increase ERK
phosphorylation in MVECs compared with vehicle (0.95 ± 0.19 vs. 1.00 ± 0.19, respectively;
Fig. 5B).
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Figure 5. Fibroblast growth factor (FGF)23 stimulation does not increase ERK phosphorylation
in microvascular endothelial cells (MVECs).

(A) MCEVs were stimulated for 30 min with vehicle (negative control), FGF2 (positive control), or FGF23 alone. Total
ERK1 and ERK2 (ERK) and phosphorylated ERK1 and ERK2 (pERK) protein expression was quantified by Western blot
analysis. (B) FGF2 significantly (P = 0.0159) increased the pERK-to-ERK ratio compared with vehicle, whereas FGF23
did not change the pERK-to-ERK ratio compared with vehicle. Differences between FGF2 and FGF23 stimulation
were not significant (P = 0.0556). n = 5 per stimulation. Data are means ± SE. * P ≤ 0.05, by Mann-Whitney test.

Endothelial dysfunction is associated with increased concentrations of ADMA and is
not caused by eNOS uncoupling.
5/6Nx surgery and FGF23 antibody treatment in 5/6Nx mice did not change plasma ADMA
concentrations compared with sham surgery or control antibody treatment (P = 0.372
and P = 0.116, respectively; Fig. 6A). Recombinant FGF23 significantly increased ADMA
concentrations compared with vehicle (PBS) injections (0.96 ± 0.05 vs. 0.83 ± 0.05 µmol/l,
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respectively, P = 0.046). A strong correlation was observed for a decreased acetylcholine
response of the gracilis artery with increased plasma ADMA concentrations in 5/6Nx mice
(R2 = 0.65, P = 0.0029; Fig. 6B).
eNOS uncoupling occurs when the eNOS dimeric form shifts to a monomeric form.
Monomer protein expression of eNOS in femoral arteries was not detected in sham and
5/6Nx mice, PBS- and FGF23-injected mice, or in 5/6Nx mice that received control or FGF23
antibodies (Fig. 7).
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Figure 6. Asymmetric dimethylarginine (ADMA) is related to fibroblast growth factor 23
(FGF23) concentration in vivo and to the maximal vasodilator response in resistance arteries.
(A) 5/6 nephrectomized (5/6Nx) mice did not increase ADMA plasma concentration compared with sham mice.
FGF23 antibodies failed to significantly lower ADMA concentration in 5/6Nx mice, although a clear trend was
observed in these mice compared with mice that received control antibodies. Mice injected with recombinant
FGF23 significantly increased ADMA concentration compared with PBS-injected mice. n = 5 for sham, n = 7
for 5/6Nx, FGF23 injections, and 5/6Nx + control antibodies, and n = 6 for 5/6Nx + FGF23 antibodies and PBS
injections. Data are mean ± SEM. * P ≤ 0.05, by Mann-Whitney test. (B) Endothelial function in the gracilis artery
was measured ex vivo with acetylcholine (ACh). The maximum response to acetylcholine [Max ACh response (in
%)] was inversely related to ADMA concentration (P = 0.0029). Linear regression was used for analysis.
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Figure 7. 5/6 Nephrectomy (5/6Nx) and fibroblast growth factor 23 (FGF23) injections do not
induce endothelial nitric oxide synthase (eNOS) monomer protein expression.
eNOS protein expression was measured by low-temperature SDS-PAGE to detect both eNOS monomers and
dimers. eNOS monomers were not detected after 5/6Nx, 5/6Nx + control antibodies (a.b.), or FGF23 injections,
whereas eNOS dimers were present in all groups. n = 8 per group except for the 5/6Nx + control antibody group,
where n = 7.

FGF23 does not explain the disturbed vasodilation in CKD of the myocardial
microcirculation.
Mean arterial blood pressure was not different between sham and 5/6Nx mice (77.8
± 4.2 and 71.1 ± 5.2 mmHg, respectively; Fig. 8A). Acetylcholine increased myocardial
microvascular blood volume in sham mice by 52% (P = 0.002 vs. baseline; Fig. 8B) and in
5/6Nx mice by 28% (P = 0.040 vs. baseline). The difference in microvascular blood volume
after acetylcholine infusion between groups did not reach statistical significance (P = 0.068).
Both groups that received PBS intraperitoneal injections or FGF23 intraperitoneal injections
increased their myocardial blood volume upon acetylcholine infusion by 83% and 74%,
respectively (P = 0.005 for both groups compared with baseline; Fig. 8B), but no difference
was observed between groups. 5/6Nx mice that received control antibodies increased their
myocardial microvascular blood volume upon acetylcholine by 47% (P = 0.017 vs. baseline;
Fig. 8B), and 5/6Nx mice that received FGF23 antibodies increased their microvascular blood
volume by 28% (P = 0.043 vs. baseline). No difference between groups in the response to
acetylcholine was detected.
The heart weight-to-tibia length ratio was not increased in 5/6Nx mice compared with
sham mice (6.34 ± 0.09 vs. 6.16 ± 0.13 mg/mm, respectively; Fig. 8C) after 6 wk. Also, FGF23
injections did not induce LVH compared with PBS injected mice (7.07 ± 0.30 vs. 6.86 ± 0.13
mg/mm, respectively; Fig. 8C).
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Figure 8. 5/6 Nephrectomy (5/6Nx) impairs cardiac microvascular blood volume reserve, which
is independent from increased fibroblast growth factor 23 (FGF23) concentration and left
ventricular hypertrophy.
(A) Mean arterial blood pressure was not different 6 wk after sham or 5/6Nx surgery. n = 5 for sham and n = 6
for 5/6Nx. (B) mice significantly increased their microvascular blood volume upon infusion of the endotheliumdependent vasodilator acetylcholine (ACh; 5 µg·kg-1·min-1) compared with baseline. Increments in 5/6Nx mice
were lower compared with sham mice, although not significant (P = 0.068). n = 13 for sham mice, n = 17 for 5/6Nx
mice, n = 10 for 5/6Nx mice that received control antibodies, n = 5 for 5/6Nx mice that received FGF23 antibodies,
n = 10 for PBS-injected mice, and n = 11 for FGF23-injected mice. (C) The heart weight-to-tibia length ratio was not
increased in 5/6Nx mice compared with sham mice (6.34 ± 0.09 vs. 6.16 ± 0.13 mg/mm, respectively) 6 wk after
surgery. Also, the heart weight-to-tibia length ratio was not different between mice that received PBS injections or
FGF23 injections (6.86 ± 0.13 vs. 7.07 ± 0.30 mg/mm, respectively). n = 11 for sham mice, n = 16 for 5/6Nx mice, n
= 15 for PBS-injected mice, and n = 13 for FGF23-injected mice. Data are means ± SE. # P ≤ 0.05 vs. baseline and * P
≤ 0.05 vs. 5/6Nx, by Mann-Whitney test between groups and Wilcoxon test within groups.

Discussion
The main finding of our study is that increased levels of FGF23 cause endothelial dysfunction
in peripheral resistance arteries in CKD. FGF23 blockade prevents this pathological effect of
FGF23 on endothelial cell function. Mice with CKD also show impaired endothelial function
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in the myocardium; however, in this vascular bed, increased FGF23 levels could not explain
this dysfunction.
Endothelial dysfunction was observed both in mice with CKD and in mice that received
exogenous FGF23 in vivo. Vasodilator and contractile vascular smooth muscle cell function
was not altered, pointing to a selective endothelial effect of FGF23. The lack of an acute
effect of FGF23 on endothelial function in our ex vivo models can have several explanations.
First, vascular dysfunction could occur only after long-term exposure to high FGF23
concentrations. Alternatively, the effects of FGF23 are indirect by mechanisms triggered only
by in vivo FGF23 exposure (see below). A final explanation may be that circulating factors
are required that are absent in the ex vivo setup (11). We did not detect signal transduction
in MVECs after FGF23 stimulation, and it therefore may be more likely that our findings are
explained by indirect effects of FGF23 through nonendothelial mechanisms or the absence
of a cofactor that subsequently interfere with endothelial cell function, as discussed below.
Our finding that FGF23 blockade prevents CKD-induced endothelial dysfunction supports
a causal role for FGF23 in the disturbed microcirculation.
Although one study did not demonstrate an effect of FGF23 on endotheliumdependent and endothelium-independent vasodilation (28), another study showed that
FGF23 inhibited endothelium-dependent vasodilation ex vivo, yet only at concentrations
of 9,000 pg/ml (43). These studies and our results strengthen the hypothesis that acute
exposure of physiological concentrations of FGF23 to the vasculature does not impair
endothelial function. Silswal et al. (43) showed impaired endothelial function ex vivo in
a mouse model with increased FGF23 concentrations, although these FGF23 levels are
considered supraphysiological. Our study also showed impaired endothelial function ex
vivo, but our 5/6Nx mouse model resulted in FGF23 concentrations seen for this rather mild
degree of CKD.
Since we observed only endothelial dysfunction, assessed by acetylcholine, and not
vascular smooth muscle dysfunction with elevated circulating FGF23 concentrations, this
can only be explained by disturbed NO formation, which is the most important contributor
to endothelium-dependent relaxation (15). An important mechanism underlying decreased
NO is eNOS uncoupling (19). In the present study, however, we did not observe FGF23induced eNOS uncoupling as an explanation for disturbed eNOS function but rather
increased plasma ADMA levels, which are an important cause of reduced endotheliumdependent vasodilation (42). Moreover, increases in ADMA concentrations have been
previously reported in kidney failure (52). In our study, 5/6Nx surgery did not significantly
increase plasma ADMA concentrations, although we demonstrated a large variation in sham
mice, as such given rise to an unforeseen limited statistical power to detect a difference.
FGF23 injections did increase ADMA concentrations, and when FGF23 antibodies were
administered to 5/6Nx mice, ADMA tended to decrease. In addition, ADMA was negatively
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correlated with the maximum response of resistance arteries to acetylcholine, indicating that
increased plasma ADMA concentration contributes to the observed endothelial dysfunction
in our model of CKD. An association of FGF23 with plasma ADMA concentration has been
observed in previous studies (45, 50), strengthening the hypothesis that FGF23-induced
endothelial dysfunction is at least partially caused by a decrease of NO bioavailability by
ADMA. A recent study even suggested that FGF23 and ADMA act jointly on eNOS (45).
ADMA is released by protein hydrolysis and is eliminated by renal excretion but more
so by metabolic degradation by dimethylarginine dimethylaminohydrolases (DDAHs)
(35). Inhibition of DDAH is posttranscriptionally regulated by ROS, and oxidative stress in
endothelial cells can therefore increase ADMA concentrations. Two recent studies have
shown that FGF23 induces ROS production in endothelial cells (38, 43), which could link
the increased ADMA levels observed with high FGF23 concentrations. Further research is
needed to prove this hypothesis.
A previous study has indicated that peripheral vascular dysfunction predicts the
occurrence of cardiovascular events (5). In the present study, in addition to peripheral
endothelial dysfunction, we observed a trend for myocardial endothelial dysfunction in our
mouse model of early CKD, independent from LVH. Modulation of FGF23 concentrations,
however, did not change this microvascular blood volume reserve. This difference in
response in vascular beds may be explained by different intrinsic properties of the
microvascular beds (3, 4). An alternative explanation for the discrepancy between peripheral
and myocardial vascular responses upon increased FGF23 concentrations might be the
difference in experimental setup. Whereas peripheral vascular function was measured ex
vivo, myocardial perfusion was measured in vivo, and other variables like heart rate, blood
pressure, and circulating factors could have influenced the in vivo measurements. Another
reason for the discrepancy between endothelial function in different vascular beds might
be caused by a different activity of DDAH. It has been shown in previous studies that DDAH
activity in the heart is five times higher than in skeletal muscle (13), possibly indicating that
the increased FGF23-induced ROS production in these endothelial cells is not sufficient to
impair NO production. These results may indicate that also in patients with CKD, endothelial
dysfunction in the myocardial vasculature may not be attributed to increased FGF23
concentrations but rather to other uremic toxins.
It is well known that patients suffering from CKD are at an increased risk for
cardiovascular events (2, 6, 9, 18, 22, 23, 26, 48). FGF23 has emerged as a potent biomarker
for cardiovascular risk in patients with CKD, and several clinical studies have shown a
relationship between increased FGF23 concentration and endothelial dysfunction (8, 32,
44, 50, 51). Importantly, clinically even a mild increase of FGF23, in the range of in our
present model, is already detrimental (17, 32). In the present study, we show that mice
with early CKD develop peripheral endothelial dysfunction, which is explained by increased
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circulating FGF23 levels. By blocking FGF23, endothelial dysfunction was prevented in this
model of early CKD. Lowering FGF23 would therefore qualify as a target in early CKD to
combat cardiovascular disease. Indeed, lower serum FGF23 concentrations are associated
with lower rates of cardiovascular death and major cardiovascular events, which can be
explained by an improved endothelial function (12, 34).
Our study has several limitations. Serum phosphate concentration did not differ between
sham and 5/6Nx mice, but urinary phosphate was highly increased. In concert, calcium
loss was also higher in 5/6Nx mice (Table 1). Increased circulating parathyroid hormone
(PTH) concentrations in our 5/6Nx mouse model might explain the calcium and phosphate
imbalance by increased bone turnover. In addition, we cannot exclude that the improved
endothelial function in 5/6Nx mice that received FGF23 antibodies is caused by the lowphosphate diet and the subsequent slightly lower plasma phosphate concentration (Table 3).
We did not study the potential effects of FGF23 on endothelial cells by other FGF receptors
than subtype 1. However, no study to date has demonstrated FGF23 effects mediated by
FGFR2, FGFR3, or FGFR4 on endothelial cells. A study by Lim et al. (27) has demonstrated
FGF23 signal transduction by ERK phosphorylation in vascular cells, but depending on the
presence of Klotho and FGFR1. Richter et al. (38) also found Klotho-dependent activation
of FGFR1 by FGF23 in endothelial cells, resulting in Akt phosphorylation. Here, we assessed
ERK signal transduction, and we therefore cannot exclude that Akt phosphorylation was
induced. However, ERK phosphorylation would have been expected after FGF2 signal
transduction mediated by FGFR1. Extensive studies from our group, however, have refuted
the presence of functional Klotho in the vasculature (31).
We cannot exclude that in our ex vivo and in vitro setup the lack of soluble Klotho in the
medium caused an absence of FGF23-induced signal transduction in vascular endothelial
cells. A recent study has shown that transmembrane or shed Klotho is required for receptor
activation, and future studies on FGF23 function should therefore include soluble Klotho in
ex vivo and in vitro experimental setups (11).
Consistent with our results, others found that C57BL/6 mice that underwent 5/6Nx are
resistant to blood pressure increases and progression of renal disease (24, 25). Although the
lack of progressive kidney disease or development of LVH in the rodent model we used is
paradoxical, we did demonstrate that the effects of FGF23 on the microcirculation in mice
differ for different vascular beds. Species differences therefore may account for differences in
development of end-organ damage. In addition, an important difference with clinical CKD
is the duration of exposure to uremia and elevated FGF23 concentration. Also, it is possible
that in clinical CKD, the additional burden of hypertension, superimposed on uremia and
elevated FGF23, is mandatory for end-organ damage. For our model, however, the lack of
hypertension mitigates potential confounding effects of superimposed hypertension and
strengthens the likelihood that observed abnormalities were endocrine, i.e., FGF23, and
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not hemodynamic in origin. The lack of hypertension, LVH, or progression of renal disease
in C57BL/6 mice implies that microvascular dysfunction, induced by increased FGF23
concentrations, is an early step in the development of cardiovascular disease in CKD.
Although ex vivo vascular function was assessed in the gracilis artery, tissue was too
small to measure eNOS expression. The larger femoral artery was chosen, of which the
gracilis artery is a side branch, as this is anatomically close to the gracilis artery.
In conclusion, our study shows that increased FGF23 concentrations cause peripheral
endothelial dysfunction in a model of early CKD and that FGF23 blockade can be beneficial
to combat cardiovascular disease in CKD.
Acknowledgments
The NIGRAM consortium consists of the following principal investigators: Piet ter Wee,
Marc Vervloet (VU University Medical Center, Amsterdam, the Netherlands), René Bindels,
Joost Hoenderop (Radboud University Medical Center Nijmegen, the Netherlands), Gerjan
Navis, Jan-Luuk Hillebrands and Martin de Borst (University Medical Center Groningen, the
Netherlands).
Grants
This work was supported by Dutch Kidney Foundation Consortium Grant NIGRAM CP10.11.
J. Hoenderop is supported by The Netherlands Organization for Scientific Research Grant
016.130.668. E. C. Eringa is supported by The Netherlands Organization for Scientific
Research Grant 016.136.372. M. G. Vervloet received research funding from Dutch Kidney
Foundation Grants CP10.11, 13.OI.06, and 15.OP.02.
Author contributions:
M.V., W.G.R., P.M.t.W., J.G.H., E.C.E., and M.G.V. conceived and designed research; M.V., R.P.J.,
E.P.v.L., E.v.P., R.F.K., and Z.G. performed experiments; M.V., R.P.J., E.P.v.L., E.v.P., and Z.G. analyzed
data; M.V., R.P.J., E.P.v.L., R.F.K., Z.G., W.G.R., P.M.t.W., J.G.H., E.C.E., and M.G.V. interpreted results
of experiments; M.V., R.P.J., and Z.G. prepared figures; M.V. drafted manuscript; M.V., E.C.E.,
and M.G.V. edited and revised manuscript; M.V., R.P.J., E.P.v.L., E.v.P., R.F.K., Z.G., W.G.R., P.M.t.W.,
J.G.H., E.C.E., and M.G.V. approved final version of manuscript.
Disclosures
W. G. Richards is employed by Amgen and as such receives salary and stock from Amgen
and owns Amgen stock. M. G. Vervloet received research funding from AbbVie and Amgen.
M. Verkaik was, in part, paid by contract research funding by Amgen. None of the other
authors has any conflicts of interest, financial or otherwise, to disclose.

102

FGF23 impairs vascular function

References
1.		
U.S. Renal Data System, USRDS 2013 Annual Data
Report: Atlas of Chronic Kidney Disease and End-Stage
Renal Disease in the United States, National Institutes of
Health, National Institute of Diabetes and Digestive and
Kidney Diseases, Bethesda, MD, 2013. 2014.
2.		Abramson JL, Jurkovitz CT, Vaccarino V, Weintraub
WS, and McClellan W. Chronic kidney disease, anemia,
and incident stroke in a middle-aged, communitybased population: the ARIC Study. Kidney Int 64: 610615, 2003.
3.		
Aird WC. Phenotypic heterogeneity of the
endothelium: I. Structure, function, and mechanisms.
Circ Res 100: 158-173, 2007.
4.		
Aird WC. Phenotypic heterogeneity of the
endothelium: II. Representative vascular beds. Circ
Res 100: 174-190, 2007.
5.		Akiyama E, Sugiyama S, Matsuzawa Y, Konishi M,
Suzuki H, Nozaki T, Ohba K, Matsubara J, Maeda H,
Horibata Y, Sakamoto K, Sugamura K, Yamamuro M,
Sumida H, Kaikita K, Iwashita S, Matsui K, Kimura K,
Umemura S, and Ogawa H. Incremental prognostic
significance of peripheral endothelial dysfunction in
patients with heart failure with normal left ventricular
ejection fraction. J Am Coll Cardiol 60: 1778-1786,
2012.
6.		 Alonso A, Lopez FL, Matsushita K, Loehr LR, Agarwal
SK, Chen LY, Soliman EZ, Astor BC, and Coresh
J. Chronic kidney disease is associated with the
incidence of atrial fibrillation: the Atherosclerosis Risk
in Communities (ARIC) study. Circulation 123: 29462953, 2011.
7.		 Archibald G, Bartlett W, Brown A, Christie B, Elliott A,
Griffith K, Pound S, Rappaport I, Robertson D, Semple
Y, Slane P, Whitworth C, and Williams B. UK Consensus
Conference on Early Chronic Kidney Disease--6 and 7
February 2007. Nephrol Dial Transplant 22: 2455-2457,
2007.

11.		 Chen G, Liu Y, Goetz R, Fu L, Jayaraman S, Hu MC, Moe
OW, Liang G, Li X, and Mohammadi M. alpha-Klotho
is a non-enzymatic molecular scaffold for FGF23
hormone signalling. Nature 553: 461-466, 2018.
12.		 Choi SR, Lim JH, Kim MY, Hong YA, Chung BH, Chung
S, Choi BS, Yang CW, Kim YS, Chang YS, and Park CW.
Cinacalcet improves endothelial dysfunction and
cardiac hypertrophy in patients on hemodialysis with
secondary hyperparathyroidism. Nephron Clin Pract
122: 1-8, 2012.
13.		Davids M, Richir MC, Visser M, Ellger B, van den
Berghe G, van Leeuwen PA, and Teerlink T. Role of
dimethylarginine dimethylaminohydrolase activity
in regulation of tissue and plasma concentrations
of asymmetric dimethylarginine in an animal model
of prolonged critical illness. Metabolism 61: 482-490,
2012.
14.		de Jong MA, Mirkovic K, Mencke R, Hoenderop JG,
Bindels RJ, Vervloet MG, Hillebrands JL, van den
Born J, Navis G, and de Borst MH. Fibroblast growth
factor 23 modifies the pharmacological effects of
angiotensin receptor blockade in experimental renal
fibrosis. Nephrol Dial Transplant 2016.
15.		Deanfield JE, Halcox JP, and Rabelink TJ. Endothelial
function and dysfunction: testing and clinical
relevance. Circulation 115: 1285-1295, 2007.
16.		 Faul C, Amaral AP, Oskouei B, Hu MC, Sloan A, Isakova
T, Gutierrez OM, guillon-Prada R, Lincoln J, Hare JM,
Mundel P, Morales A, Scialla J, Fischer M, Soliman
EZ, Chen J, Go AS, Rosas SE, Nessel L, Townsend RR,
Feldman HI, St John SM, Ojo A, Gadegbeku C, Di
Marco GS, Reuter S, Kentrup D, Tiemann K, Brand M,
Hill JA, Moe OW, Kuro O, Kusek JW, Keane MG, and
Wolf M. FGF23 induces left ventricular hypertrophy. J
Clin Invest 121: 4393-4408, 2011.

8.		Arnlov J, Carlsson AC, Sundstrom J, Ingelsson E,
Larsson A, Lind L, and Larsson TE. Serum FGF23 and
risk of cardiovascular events in relation to mineral
metabolism and cardiovascular pathology. Clin J Am
Soc Nephrol 8: 781-786, 2013.

17.		Fliser D, Kollerits B, Neyer U, Ankerst DP, Lhotta K,
Lingenhel A, Ritz E, Kronenberg F, Kuen E, Konig P,
Kraatz G, Mann JF, Muller GA, Kohler H, and Riegler
P. Fibroblast growth factor 23 (FGF23) predicts
progression of chronic kidney disease: the Mild to
Moderate Kidney Disease (MMKD) Study. J Am Soc
Nephrol 18: 2600-2608, 2007.

9.		Astor BC, Coresh J, Heiss G, Pettitt D, and Sarnak
MJ. Kidney function and anemia as risk factors
for coronary heart disease and mortality: the
Atherosclerosis Risk in Communities (ARIC) Study. Am
Heart J 151: 492-500, 2006.

18.		Foley RN, Murray AM, Li S, Herzog CA, McBean AM,
Eggers PW, and Collins AJ. Chronic kidney disease and
the risk for cardiovascular disease, renal replacement,
and death in the United States Medicare population,
1998 to 1999. J Am Soc Nephrol 16: 489-495, 2005.

10.		Bro S, Bentzon JF, Falk E, Andersen CB, Olgaard K,
and Nielsen LB. Chronic renal failure accelerates
atherogenesis in apolipoprotein E-deficient mice. J
Am Soc Nephrol 14: 2466-2474, 2003.

19.		 Forstermann U, and Munzel T. Endothelial nitric oxide
synthase in vascular disease: from marvel to menace.
Circulation 113: 1708-1714, 2006.
20.		Go AS, Chertow GM, Fan D, McCulloch CE, and Hsu
CY. Chronic kidney disease and the risks of death,
cardiovascular events, and hospitalization. N Engl J
Med 351: 1296-1305, 2004.

103

4

Chapter 4

21.		 Gutierrez OM, Januzzi JL, Isakova T, Laliberte K, Smith
K, Collerone G, Sarwar A, Hoffmann U, Coglianese
E, Christenson R, Wang TJ, deFilippi C, and Wolf
M. Fibroblast growth factor 23 and left ventricular
hypertrophy in chronic kidney disease. Circulation
119: 2545-2552, 2009.
22.		Keith DS, Nichols GA, Gullion CM, Brown JB, and
Smith DH. Longitudinal follow-up and outcomes
among a population with chronic kidney disease in
a large managed care organization. Arch Intern Med
164: 659-663, 2004.
23.		Kottgen A, Russell SD, Loehr LR, Crainiceanu CM,
Rosamond WD, Chang PP, Chambless LE, and Coresh
J. Reduced kidney function as a risk factor for incident
heart failure: the atherosclerosis risk in communities
(ARIC) study. J Am Soc Nephrol 18: 1307-1315, 2007.
24.		 Kren S, and Hostetter TH. The course of the remnant
kidney model in mice. Kidney Int 56: 333-337, 1999.
25.		Leelahavanichkul A, Yan Q, Hu X, Eisner C, Huang
Y, Chen R, Mizel D, Zhou H, Wright EC, Kopp JB,
Schnermann J, Yuen PS, and Star RA. Angiotensin II
overcomes strain-dependent resistance of rapid CKD
progression in a new remnant kidney mouse model.
Kidney Int 78: 1136-1153, 2010.
26.		Levin A, Singer J, Thompson CR, Ross H, and Lewis
M. Prevalent left ventricular hypertrophy in the
predialysis population: identifying opportunities for
intervention. Am J Kidney Dis 27: 347-354, 1996.
27.		 Lim K, Lu TS, Molostvov G, Lee C, Lam FT, Zehnder D,
and Hsiao LL. Vascular Klotho deficiency potentiates
the development of human artery calcification and
mediates resistance to fibroblast growth factor 23.
Circulation 125: 2243-2255, 2012.
28.		 Lindberg K, Olauson H, Amin R, Ponnusamy A, Goetz
R, Taylor RF, Mohammadi M, Canfield A, Kublickiene K,
and Larsson TE. Arterial klotho expression and FGF23
effects on vascular calcification and function. PLoS
One 8: e60658, 2013.
29.		Lund GK, Watzinger N, Saeed M, Reddy GP, Yang M,
Araoz PA, Curatola D, Bedigian M, and Higgins CB.
Chronic heart failure: global left ventricular perfusion
and coronary flow reserve with velocity-encoded
cine MR imaging: initial results. Radiology 227: 209215, 2003.
30.		Meijer RI, Bakker W, Alta CL, Sipkema P, Yudkin JS,
Viollet B, Richter EA, Smulders YM, van H, V, Serne EH,
and Eringa EC. Perivascular adipose tissue control of
insulin-induced vasoreactivity in muscle is impaired
in db/db mice. Diabetes 62: 590-598, 2013.
31.		Mencke R, Harms G, Mirkovic K, Struik J, Van AJ, Van
LE, Verkaik M, De Borst MH, Zeebregts CJ, Hoenderop
JG, Vervloet MG, and Hillebrands JL. Membranebound Klotho is not expressed endogenously in
healthy or uraemic human vascular tissue. Cardiovasc
Res 108: 220-231, 2015.

104

32.		Mirza MA, Larsson A, Lind L, and Larsson TE.
Circulating fibroblast growth factor-23 is associated
with vascular dysfunction in the community.
Atherosclerosis 205: 385-390, 2009.
33.		Mirza MA, Larsson A, Melhus H, Lind L, and Larsson
TE. Serum intact FGF23 associate with left ventricular
mass, hypertrophy and geometry in an elderly
population. Atherosclerosis 207: 546-551, 2009.
34.		Moe SM, Chertow GM, Parfrey PS, Kubo Y, Block GA,
Correa-Rotter R, Drueke TB, Herzog CA, London GM,
Mahaffey KW, Wheeler DC, Stolina M, Dehmel B,
Goodman WG, and Floege J. Cinacalcet, Fibroblast
Growth Factor-23, and Cardiovascular Disease in
Hemodialysis: The Evaluation of Cinacalcet HCl
Therapy to Lower Cardiovascular Events (EVOLVE)
Trial. Circulation 132: 27-39, 2015.
35.		Palm F, Onozato ML, Luo Z, and Wilcox CS.
Dimethylarginine
dimethylaminohydrolase
(DDAH): expression, regulation, and function in the
cardiovascular and renal systems. Am J Physiol Heart
Circ Physiol 293: H3227-H3245, 2007.
36.		 Pulskens WP, Verkaik M, Sheedfar F, van Loon EP, van
de Sluis B, Vervloet MG, Hoenderop JG, and Bindels
RJ. Deregulated Renal Calcium and Phosphate
Transport during Experimental Kidney Failure. PLoS
One 10: e0142510, 2015.
37.		Raher MJ, Thibault H, Poh KK, Liu R, Halpern EF,
Derumeaux G, Ichinose F, Zapol WM, Bloch KD, Picard
MH, and Scherrer-Crosbie M. In vivo characterization
of murine myocardial perfusion with myocardial
contrast
echocardiography:
validation
and
application in nitric oxide synthase 3 deficient mice.
Circulation 116: 1250-1257, 2007.
38.		Richter B, Haller J, Haffner D, and Leifheit-Nestler M.
Klotho modulates FGF23-mediated NO synthesis and
oxidative stress in human coronary artery endothelial
cells. Pflugers Arch 468: 1621-1635, 2016.
39.		Schiffrin EL, Lipman ML, and Mann JF. Chronic
kidney disease: effects on the cardiovascular system.
Circulation 116: 85-97, 2007.
40.		Schulze F, Wesemann R, Schwedhelm E, Sydow K,
Albsmeier J, Cooke JP, and Boger RH. Determination
of asymmetric dimethylarginine (ADMA) using a
novel ELISA assay. Clin Chem Lab Med 42: 1377-1383,
2004.
41.		Seiler S, Cremers B, Rebling NM, Hornof F, Jeken J,
Kersting S, Steimle C, Ege P, Fehrenz M, Rogacev
KS, Scheller B, Bohm M, Fliser D, and Heine GH. The
phosphatonin fibroblast growth factor 23 links
calcium-phosphate metabolism with left-ventricular
dysfunction and atrial fibrillation. Eur Heart J 32: 26882696, 2011.
42.		Sibal L, Agarwal SC, Home PD, and Boger RH. The
Role of Asymmetric Dimethylarginine (ADMA) in
Endothelial Dysfunction and Cardiovascular Disease.
Curr Cardiol Rev 6: 82-90, 2010.

FGF23 impairs vascular function

43.		Silswal N, Touchberry CD, Daniel DR, McCarthy DL,
Zhang S, Andresen J, Stubbs JR, and Wacker MJ.
FGF23 directly impairs endothelium-dependent
vasorelaxation by increasing superoxide levels and
reducing nitric oxide bioavailability. Am J Physiol
Endocrinol Metab 2014.
44.		 Six I, Okazaki H, Gross P, Cagnard J, Boudot C, Maizel
J, Drueke TB, and Massy ZA. Direct, acute effects of
Klotho and FGF23 on vascular smooth muscle and
endothelium. PLoS One 9: e93423, 2014.
45.		 Tripepi G, Kollerits B, Leonardis D, Yilmaz MI, Postorino
M, Fliser D, Mallamaci F, Kronenberg F, and Zoccali
C. Competitive interaction between fibroblast
growth factor 23 and asymmetric dimethylarginine
in patients with CKD. J Am Soc Nephrol 26: 935-944,
2015.
46.		van der Heijden M, van Nieuw Amerongen GP, van
Bezu J, Paul MA, Groeneveld AB, and van Hinsbergh
VW. Opposing effects of the angiopoietins on
the thrombin-induced permeability of human
pulmonary microvascular endothelial cells. PLoS One
6: e23448, 2011.
47.		Van Hinsbergh VW, Sprengers ED, and Kooistra T.
Effect of thrombin on the production of plasminogen
activators and PA inhibitor-1 by human foreskin
microvascular endothelial cells. Thromb Haemost 57:
148-153, 1987.

49.		Yang YM, Huang A, Kaley G, and Sun D. eNOS
uncoupling and endothelial dysfunction in
aged vessels. Am J Physiol Heart Circ Physiol 297:
H1829-H1836, 2009.
50.		Yilmaz MI, Sonmez A, Saglam M, Yaman H, Kilic S,
Demirkaya E, Eyileten T, Caglar K, Oguz Y, Vural A,
Yenicesu M, and Zoccali C. FGF-23 and vascular
dysfunction in patients with stage 3 and 4 chronic
kidney disease. Kidney Int 78: 679-685, 2010.
51.		Yilmaz MI, Sonmez A, Saglam M, Yaman H, Kilic S,
Eyileten T, Caglar K, Oguz Y, Vural A, Yenicesu M,
Mallamaci F, and Zoccali C. Comparison of calcium
acetate and sevelamer on vascular function and
fibroblast growth factor 23 in CKD patients: a
randomized clinical trial. Am J Kidney Dis 59: 177-185,
2012.
52.		 Young JM, Terrin N, Wang X, Greene T, Beck GJ, Kusek
JW, Collins AJ, Sarnak MJ, and Menon V. Asymmetric
dimethylarginine and mortality in stages 3 to 4
chronic kidney disease. Clin J Am Soc Nephrol 4: 11151120, 2009.
53.		Zhang J, Wilke N, Wang Y, Zhang Y, Wang C,
Eijgelshoven MH, Cho YK, Murakami Y, Ugurbil K,
Bache RJ, and From AH. Functional and bioenergetic
consequences of postinfarction left ventricular
remodeling in a new porcine model. MRI and 31
P-MRS study. Circulation 94: 1089-1100, 1996.

48.		Wattanakit K, Folsom AR, Selvin E, Coresh J, Hirsch
AT, and Weatherley BD. Kidney function and risk
of peripheral arterial disease: results from the
Atherosclerosis Risk in Communities (ARIC) Study. J
Am Soc Nephrol 18: 629-636, 2007.

105

4

CHAPTER
The calcimimetic R568 lowers
FGF23 but does not improve
vascular function in renal failure
Melissa Verkaik, MSc1, Erik M. van Poelgeest2,
Rick F.J. Kwekkeboom, MSc3, Zeineb Gam3,
William G. Richards, Ph.D4, Pieter M. ter Wee, MD, Ph.D1,
Joost G. Hoenderop, Ph.D2, Etto C. Eringa, Ph.D3*,
Marc G. Vervloet, MD, Ph.D1*
Dept. of Nephrology and Institute Cardiovascular Research VU
(ICaR-VU), VU University Medical Center, Amsterdam,
The Netherlands, 2Dept. of Physiology, Radboud Institute for
Molecular Life Sciences, Radboud University Medical Center,
Nijmegen, The Netherlands, 3Dept. of Physiology, ICaR-VU,
VU University Medical Center, Amsterdam, The Netherlands,
4
Amgen Inc., One Amgen Center Drive, Thousand Oaks,
CA 91320, United States.
On behalf of the NIGRAM consortium

1

*Authorship note: Shared senior authorship.

In preparation

5

Chapter 5

Abstract
Cardiovascular causes account for approximately 50% of mortality in patients with chronic
kidney disease (CKD). Calcimimetics are used in CKD patients to treat hyperparathyroidism,
but are also associated with a decrease in vascular calcification. We hypothesized that the
calcimimetic R568 improves microvascular function in experimental CKD. Eight weekold male C57Bl/6 mice were subjected to partial nephrectomy (5/6Nx) and injected with
vehicle or R568 (30 mg/kg/day). After 6 weeks of renal failure, ex vivo vascular function was
assessed in muscle resistance arteries using pressure myography. Myocardial blood flow was
assessed in vivo using myocardial contrast echocardiography (MCE). Plasma c-term FGF23
was increased six weeks after surgery in 5/6Nx mice + vehicle (from 187.4 ± 6.4 at baseline
vs. 350.7 ± 15.3 pg/ml after 6 weeks, p=0.043). R568 treatment statistically significantly
lowered plasma FGF23 concentration in 5/6Nx mice compared to vehicle treatment (286.5
± 12. vs. 350.7 ± 15.3 pg/ml, p=0.003). In mice with renal failure, R568 treatment did not
restore ex vivo sensitivity to the endothelium-dependent vasodilator acetylcholine (vehicle
vs. R568: log EC50 -7.0±0.2 vs. -6.7±0.1, p=0.23) or the maximal vasodilatation in response
to acetylcholine (vehicle vs. R568: 80.4±3.8 vs. 86.6±4.2 a.u., p=0.29). In addition, R568
treatment did not attenuate ex vivo sensitivity to the endothelium-independent vasodilator
sodium nitroprusside (SNP) (vehicle vs. R568: log EC50 -7.0±0.2 vs. -6.7±0.1 p=0.19) or the
maximal vasodilatation in response to SNP (vehicle vs. R568: 60.4±5.0 vs. 61.0±4.7 a.u.,
p=0.94). Responses to the vasoconstrictor endothelin were also comparable between
groups. In vivo microvascular tissue blood volume during acetylcholine infusion into the
heart was not increased compared to baseline in both vehicle and R568 treated mice
(117±12 and 119±11%, p=0.20 and p=0.16, respectively) and not different between groups
(p=0.81). Microvascular blood flow during acetylcholine infusion was only significantly
increased in vehicle treated mice and not in R568 treated mice (183±14 and 145±17%,
p=0.008 and p=0.19 respectively), but not different between groups (p=0.19). We conclude
that the calcimimetic R568 does not improve endothelial function in this mouse model of
renal failure. Therefore, our data do not support a role of calcimetics to improve vascular
dysfunction in CKD.

108

R568 does not improve vascular function

Introduction
Chronic kidney disease (CKD) is a major public health problem worldwide with a prevalence
of approximately 10% in the United Kingdom (UK) population and 14% in the US population. 1, 2
Of note, patients with CKD frequently die from cardiovascular complications before reaching
end stage renal disease (ESRD). 3 In those progressing to ESRD an additional 50% die from
cardiovascular disease.
Mineral metabolism is altered early in CKD patients 4, characterized by elevations in serum
fibroblast growth factor 23 (FGF23), parathyroid hormone (PTH), followed by phosphate, and
a decrease in serum 1,25 dihydroxyvitamin D. FGF23 is amongst the first factors that changes
in CKD patients 5, 6 and is a strong predictor of cardiovascular events in both the general
population and CKD patients. 7-9 Moreover, serum FGF23 concentrations are associated with
increased arterial stiffness and impaired vasoreactivity in CKD patients. 10-12 Lowering FGF23
in CKD patients would thus qualify as a new target to combat cardiovascular mortality.
Indeed, we previously showed that in an early model of experimental CKD, blocking FGF23
prevented endothelial dysfunction.13 Unfortunately, FGF23 antibodies cannot be used as a
drug in CKD patients, since the consequent increase in plasma phosphate concentrations
may increase mortality, as was shown in animal models. 14
Calcimimetics have originally been developed to treat secondary hyperparathyroidism,
but were also shown to decrease FGF23 concentrations in patients on dialysis 15 and
improved cardiovascular outcome proportionally to the decrease of FGF23 concentrations.
16
In a small study in patients receiving hemodialysis, treatment with a calcimimetic
improved endothelial function by increasing serum nitric oxide (NO) production, but FGF23
serum levels were not measured in that study. 17
All clinical studies mentioned above have been conducted in patients on dialysis, but
whether calcimimetics also improve cardiovascular outcomes in CKD patients prior to
dialysis is not known. Here we tested the hypothesis that treatment with the calcimimetic
R568 in experimental moderate CKD improves vascular function by lowering FGF23.

Methods
Animals
All male C57BL/6 mice (Charles River Laboratories, Leiden, The Netherlands) were housed
under standardized conditions and received water and food ad libitum. All experiments were
approved and conducted following the guidelines of the local animal ethical committee at
the VU University Medical Center, Amsterdam, The Netherlands and complied with Dutch
government guidelines.
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Induction of CKD
Eight-week old male C57BL/6 mice were subjected to either 5/6 nephrectomy (5/6Nx),
as described before,18 or sham surgery under isoflurane anesthesia and preoperative
analgesia (Buprenorphine; Temgesic (Schering-Plough), 0.05 mg/kg intramuscular). Briefly,
an abdominal dorsal midline incision was made and the left kidney was decapsulated, after
which the upper and lower poles were removed by a bipolar electrocoagulator. In the same
procedure the complete decapsulated right kidney was removed after ligation of the renal
blood vessels and the ureter. After surgery all mice received subcutaneous injections of
postoperative analgesia for two consecutive days (Ketoprofen; Ketofen (Merial S.A.S.), 5
mg/kg). In control mice, sham surgery was performed, which included decapsulation of
both kidneys, but no removal of kidney tissue. The rest of the protocol was followed as
mentioned above. Six weeks after surgery mice were placed into individual metabolic cages
(Tecniplast, Milan, Italy) for collection of 24-hours urine samples. Evaporation of urine was
minimized by the addition of paraffin oil to the collection tube.
Intraperitoneal injections with calcimimetic R568
To reduce FGF23 levels in CKD, mice were injected intraperitoneally (i.p.) with the
calcimimetic R568 in a dose of 30 mg/kg/day (kindly provided by Amgen Inc. Thousand
Oaks, CA). The control group received vehicle treatment. A first R568 suspension was given
on the day of nephrectomy surgery and repeated with intraperitoneal injections (10 ml/kg)
every 48 hours for the remainder of the study. Six weeks after surgery mice were placed into
individual metabolic cages (Tecniplast, Milan, Italy) for collection of 24-hour urine samples,
as described above.
CKD-related parameters, electrolytes and FGF23 in plasma
Blood was collected by either tail vein incision or heart-puncture at sacrifice at the end of
all experiments, divided into EDTA- and heparin-coagulated microtainers (BD Microtainer
tubes, Plymouth, UK) and centrifuged for 10 minutes at 3000rpm at 4°C. Plasma samples were
stored at -80°C. Urea, creatinine and phosphate concentrations from EDTA-anticoagulated
plasma were determined by in-hospital services using automatic biochemical analyzers.
Ca2+ concentrations from heparin- anticoagulated plasma or urine samples were
determined using a commercial serum standard (Precinorm U, Roche, Switzerland) and
measured as described previously.19 Circulating C-terminal FGF23 concentrations from
EDTA- anticoagulated plasma were measured in duplicate using a rodent specific ELISA
assay (Immutopics International, San Clemente, CA, USA), according to the manufacturers
protocol.
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Ex vivo measurement of resistance artery function
Vasoreactivity of resistance arteries, isolated from the gracilis muscle of mice, was
characterized ex vivo by pressure myography as described previously.20 After isolation,
resistance arteries were mounted in a pressure myograph after which the diameter was
continuously monitored. Resistance arteries were incubated for 45 minutes with KCl (25
mmol/L) to induce vasoconstriction. Acute endothelium-dependent vasodilation of
resistance arteries was determined by evaluating diameter responses to acetylcholine
(Ach) at 5 different concentrations ranging from 10-9 - 10-5 mol/L. To assess effects of
the calcimimetic on endothelium-independent vasodilation, acute effects of sodium
nitroprusside (SNP) were studied at 6 different concentrations ranging from 10-9 - 10-4 mol/L.
Finally, acute endothelium-independent vasoconstriction was studied using endothelin
(ET-1) (Sigma-Aldrich, St. Louis, MO, USA) studied at 5 different concentrations (10-11 - 10-7,
mol/L). To determine acute effects of FGF23 on endothelial function 10 ng/ml of FGF23
(R&D Systems, Minneapolis, MN, USA, catalog # 2629-FG-025/CF) was added to the pressure
myograph, one hour prior to the first acetylcholine application.
Myocardial blood flow measurements
To evaluate effects of CKD on myocardial blood flow, mice were anesthetized with
intraperitoneal injections of fentanyl, midazolam and acepromazine. A venous line was
placed in the jugular vein for infusion of both microbubbles (for ultrasound contrast) and
vasodilators. Myocardial contrast echocardiography (MCE) was performed with a SiemensAcuson Sequoia C512 with a 17L5 transducer (Siemens-Acuson, Mountain View, CA, USA),
as described previously.21 A combination of 1,2-Distearoyl-sn-glycero-3-phosphocholine
(DSPC; Avanti Polar Lipids, Alabama, USA) and polyoxyethylene stearate (PEG40; Sigma, St.
Louis, MO, USA), in a molecular ratio of 3:1, was solved in a 0.9% saline, glycerol (Life Sciences)
mixture (volume 3:2) in a 2 ml tube with perfluorobutane gas (C4F10(g), F2 Chemicals,
Lancashire, UK) in the cap space. Microbubbles were produced by means of mechanical
agitation using a VialmixTM (Lantheus Medical Imaging, North Billerica, MA, USA) high-speed
shaker. Subsequently, microbubble size distribution and concentration were determined
using a Multisizer 3 (Beckham Coulter Nederland, Woerden, the Netherlands), after which
microbubbles were diluted in saline to a final concentration of 1*109 microbubbles/ml.
Microbubbles were infused at a rate of 7.5 μl/min for two minutes to reach a systemic
steady state. Four real-time inflow curves of >10 seconds each, in a long-axis view of the
heart in end-systolic phase of the cardiac cycle, were recorded after destruction of the
microbubbles by a sequence of 8 high-energy pulses (mechanical index of 1.7). Thirty
minutes after baseline measurements were acquired, a vasodilator (acetylcholine (5 μg/kg/
min, 15 mg/L) or SNP (3 μg/kg/min, 9 mg/L)) was infused intravenously to assess myocardial
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blood flow reserve. After 5 minutes of continuous infusion of the vasodilator and 2 minutes
infusion of microbubbles, four real-time inflow curves were obtained as described above.
Microbubble inflow curves were analyzed off-line using the Image Processing toolbox
in MATLAB (Mathworks, Natick, MA, USA). Average intensity was measured in a region of
interest (ROI), which was manually drawn on the myocardial wall of the left ventricle. No
corrections had to be made since microbubble concentrations were equal across all mice
and measurements. Video-intensities within the ROI were then fitted to the exponential
function y=A(1-e-βt), whereby y is signal video-intensity at any given time, β is the initial
slope of the curve, representing microvascular filling velocity (MFV), and A is the plateau
video-intensity, representing the microvascular blood volume (MBV) and t is the time after
the start of the inflow curve.
Statistics
Data are presented as mean ± SEM. The number of mice in individual experiments is shown
in figure legends. Differences between groups were assessed by Mann-Whitney and within
groups by Wilcoxon. For ex vivo vascular function analysis linear mixed models were used to
test whether the relation between relative increase (outcome/dependent variable) and the
vasoactive substance concentration (acetylcholine, SNP or endothelin) differed between
groups. The mixed models included a random intercept for mice and fixed effects for groups,
vasoactive substance concentration level indicator and their interaction. Main interest was
in testing the interaction between groups and vasoactive substance concentration. In
case the interaction was not significant, the interaction was removed from the model and
the main effect of groups was considered in order to see if groups differed in the relative
increase (averaged over the concentrations).
2-tailed P values of less than 0.05 were considered statistically significant. Outliers were
removed from data sets when samples were more than three times the interquartile range.
Analyses were performed using SPSS version 22.

Results
R568 treatment in 5/6Nx mice decreases plasma FGF23 concentrations.
Water intake, urine production, food intake and feces production were not different six weeks
after surgery between mice after 5/6 nephrectomy and treated with either vehicle (5/6Nx
+ vehicle) or R568 (5/6Nx + R568) (Table 1). Plasma samples were pooled to determine
phosphate, creatinine and urea concentrations. Six weeks after surgery, plasma phosphate
was decreased by 22% in 5/6Nx mice + vehicle, and by 17% in 5/6Nx mice + R568 (Table 2).
Plasma creatinine was increased 1.9-fold in 5/6Nx mice + vehicle and 1.8-fold in 5/6Nx mice

112

R568 does not improve vascular function

+ R568 six weeks after surgery. Plasma urea was increased 3.5-fold in 5/6Nx mice + vehicle
and 3.6-fold in 5/6Nx mice + R568 six weeks after surgery.
Plasma c-term FGF23 was increased six weeks after surgery in 5/6Nx mice + vehicle
(from 187.4 ± 6.4 at baseline vs. 350.7 ± 15.3 pg/ml after 6 weeks, p=0.043, Figure 1). After six
weeks R568 treatment in 5/6Nx mice lowered plasma FGF23 concentrations as compared
to vehicle treatment (286.5 ± 12.1 vs. 350.7 ± 15.3 pg/ml, p=0.003, respectively, Figure
1), although plasma FGF23 levels still remained significantly increased in 5/6Nx mice +
R568 after six weeks as compared to baseline (286.5 ± 12.1 vs. 187.0 ± 7.1 pg/ml, p=0.043,
respectively, Figure 1).
Table 1. Effects of vehicle of R568 treatment in 5/6Nx mice after six weeks on general
physiological parameters.
5/6Nx + vehicle

5/6Nx + R568

Water intake (ml/24h)

5.8 ± 0.2

4.4 ± 0.9

Urine production (ml/24h)

2.6 ± 0.2

2.2 ± 0.5

Food intake (gr/24h)
Feces production (gr/24h)

3.0 ± 0.3

2.6 ± 0.4

0.80 ± 0.07

0.73 ± 0.14

5

Water intake, urine production, food intake and feces production of mice subjected 5/6Nx surgery and treated
with vehicle of R568 for six weeks. Data are mean ± SEM. N=7-8 for both groups.

Table 2. Pooled plasma samples of 5/6Nx mice treated with vehicle or R568.

Phosphate (mmol/L)

5/6Nx + vehicle
t=0

5/6Nx + vehicle
t=6

5/6Nx + R568
t=0

5/6Nx + R568
t=6

2.04

1.59

1.98

1.65

Creatinine (µmol/L)

12

23

13

24

Urea (mmol/L)

7.7

27.0

7.7

27.9

Plasma phosphate concentrations in 5/6Nx treated with vehicle were decreased with 22% and in 5/6Nx treated
with R568 with 17% after 6 weeks. Plasma creatinine was increased 1.9-fold and 1.8-fold in 5/6Nx mice treated with
vehicle or R568 respectively. Plasma urea was increased 3.5-fold and 3.6-fold in 5/6Nx mice treated with vehicle or
R568 respectively.
N=16-17 for t=0 and n=13-15 for t=6.

113

Chapter 5

*

c-term FGF23 (pg/ml)

500

*

400

**

300
200
100
t=0

t=6

5/
6N
x+
ve
hi
cl
5/
e
6N
x+
R
56
5/
6N
8
x+
ve
hi
cl
5/
e
6N
x+
R
56
8

0

Figure 1. R568 treatment in 5/6Nx mice decreases plasma FGF23 levels after 6 weeks.
5/6Nx surgery increased plasma FGF23 levels 6 weeks after surgery (t=6) by 1.9 fold. R568 treatment decreased
FGF23 levels 6 weeks after 5/6Nx surgery as compared to vehicle treatment.
Data are mean ± SEM, * P ≤ 0.05 and ** P ≤ 0.01. N=5 for both groups at t=0, n=15 for 5/6Nx+vehicle and n=13 for
5/6Nx+R568 at t=6.

R568 treatment in 5/6Nx mice does not alter vasomotor function ex vivo.
In 5/6Nx mice R568 treatment did not improve ex vivo sensitivity to the endotheliumdependent vasodilator acetylcholine (Ach) compared to 5/6Nx mice with vehicle treatment
(vehicle vs. R568: log EC50 3.0±0.1 vs. 2.9±0.1 a.u., p=0.25, Figure 2A) or the maximal
vasodilatation upon Ach (vehicle vs. R568: 80.4±3.8 vs. 86.6±4.2 % diameter change,
p=0.17, Figure 2D). In addition, R568 treatment did not improve ex vivo sensitivity to the
endothelium-independent vasodilator sodium nitroprusside (SNP) (vehicle vs. R568: log
EC50 -7.0±0.2 vs. -6.7±0.09 a.u., p=0.11, Figure 2B) or the maximal vasodilatation upon SNP
(vehicle vs. R568: 60.4±5.0 vs. 61.0±4.7 % diameter change, p=0.56, Figure 2E), compared
to vehicle treatment in 5/6Nx mice. Vascular responses to the vasoconstrictor endothelin
were comparable between groups (Figure 2C) and the maximum vasoconstriction upon
endothelin was also comparable (vehicle vs. R568: -69.9±5.3 vs. -66.3±4.6 % diameter
change, p=0.46, Figure 2F).
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Figure 2. R568 treatment in 5/6Nx mice does not ameliorate endothelium-dependent and
endothelium-independent vascular function.
(A) Six weeks of R568 treatment in 5/6Nx mice does not improve endothelium-dependent vasodilator responses
of the gracilis artery as compared to vehicle treatment. Solid line: 5/6Nx+R568; dotted line: 5/6Nx+vehicle. (B) R568
treatment in 5/6Nx mice does not improve vasodilator responses of gracilis resistance arteries to the endotheliumindependent vasodilator sodium nitroprusside (SNP). Solid line: 5/6Nx+R568; dotted line: 5/6Nx+vehicle. (C)
Six weeks of R568 treatment in 5/6Nx mice does not improve does not change vasoconstrictor responses to
endothelin. Solid line: 5/6Nx+R568; dotted line: 5/6Nx+vehicle. (D) The maximum vasodilatory response upon
acetylcholine (Ach) treatment is not changes in 5/6Nx mice treated with R568 as compared to 5/6Nx mice treated
with vehicle. (E) R568 treatment in 5/6Nx mice does not alter the maximum vasodilatory upon the endotheliumindependent vasodilator SNP as compared to vehicle treatment. (F) 6 weeks of R568 treatment in 5/6Nx does not
change maximum vasoconstriction response to endothelin as compared to vehicle treatment.
Data are mean ± SEM. N=7 for 5/6Nx+vehicle and n=8 for 5/6Nx+R568.
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R568 treatment in 5/6Nx mice does not alter myocardial blood flow.
Acetylcholine did not increase microvascular blood volume in the heart in vivo in either
vehicle- or R568-treated 5/6Nx mice (117±12, p=0.16 and 119±11%, p=0.14, respectively,
Figure 3A) and there was no difference between groups (p=0.82). Acetylcholine infusion
increased microvascular filling velocity in the heart in both vehicle and R568 treated 5/6Nx
mice (177±32, p=0.012 and 128±9%, p=0.012, respectively, Figure 3B), but was not different
between groups (p=0.67). Acetylcholine significantly increased myocardial blood flow in
both vehicle treated and in R568 treated 5/6Nx mice (183±14, p=0.012 and 146±17%,
p=0.025 respectively, Figure 3C), but these responses were not different between groups
(p=0.17).
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Figure 3. Microvascular blood volume, filling velocity and perfusion in the myocardium are not
changed upon R568 treatment in 5/6Nx mice.
(A) Microvascular blood volume is comparable in both 5/6Nx mice treated with R568 or vehicle after acetylcholine
(Ach) administration. (B) Microvascular filling velocity after Ach administration was not different between 5/6Nx
mice treated with R568 or vehicle. (C) R568 treatment in 5/6Nx mice did not change myocardial perfusion upon
Ach administration as compared to vehicle treatment.
Data are mean ± SEM, * P ≤ 0.05. N=8-9 for both groups.
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Discussion
The main findings of our study are that the calcimimetic R568 attenuates the renal failureinduced increase of plasma FGF23, but does not improve peripheral or myocardial vascular
function in experimental CKD. R568 lowering of circulating FGF23 levels did not change
endothelium-dependent or -independent vasodilation, nor smooth muscle contractility.
In the present study the gracilis artery was used, a resistance artery in muscle important
for regulation of arterial blood pressure and muscle tissue perfusion, and as such part of the
microcirculation. We have previously shown endothelial dysfunction in mice with mild CKD,
while vascular smooth muscle cell function was intact.13 In the present study endothelial
function was not different between renal failure mice receiving R568 or vehicle, indicating
that lowering FGF23 by a calcimimetic in this model of CKD does not prevent endothelial
dysfunction. As expected, vasodilator and contractile vascular smooth muscle cell function
was not altered, since CKD in this model induces endothelial but not smooth muscle
dysfunction.13
A prospective clinical trial using the calcimimetic cinacalcet was negative on its primary
endpoint,22 but a posthoc analysis suggested a benefit for cardiovascular events other than
of assumed atherosclerotic origin like stroke and acute myocardial infarction. This suggests
that especially myocardial function may benefit from calcimimetic treatments. Moreover
in another posthoc analysis of the EVOLVE trial it was shown that improved outcome was
associated with a decline of FGF23.16
A previous study indicated that peripheral endothelial dysfunction predicts the
occurrence of major adverse cardiac events 23, which might in part be explained by
myocardial perfusion defects. In the present study we observed no changes in myocardial
endothelial function upon calcimimeticum treatment of mice with CKD, despite substantial
decline of FGF23 by the calcimimentic R568, although the decline in FGF23 here was
less pronounced than was seen at week 20 in the EVOLVE trial, which found a decline of
over 50%.16 Perfusion of the endothelium-dependent vasodilator acetylcholine increased
both microvascular filling velocity and myocardial blood flow in mice with CKD, but this
was not further improved in CKD mice receiving the calcimimetic. This may indicate
that also in CKD patients, endothelial dysfunction in the myocardial vasculature may not
be attributed to increased FGF23 concentrations, but rather by other uremic toxins. In
addition, the suggested improvement in heart failure seen in the EVOLVE trial may not be
the consequence of improved myocardial microcirculation.
The lack of improved endothelial function after R568 treatment in this study might
be explained by other vascular effects of R568. Moe et al. showed that rats with renal
failure treated with R568 reduced vascular calcification,24 which could explain improved
cardiovascular outcome in CKD patients treated with calcimimetics. This was in line with
the ADVANCE trial showing attenuated progression of coronary calcification in a secondary
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outcome.25 We did not measure serum calcium, so we are not able to take into account
calcimimetic-induced declines of serum calcium levels. Serum phosphate on the other
hand was not different between groups.
Another possible explanation why we failed to observe an effect of R568 on peripheral
endothelial function is a lack of severe endothelial dysfunction in CKD mice. We previously
observed a maximal response of 55% to acetylcholine in CKD mice, while in this study the
maximum response to acetylcholine in CKD mice was 80%. Therefore, it is possible that
endothelial dysfunction was only mildly present in CKD mice, which makes it difficult to
observe R568-induced improved endothelial function.
Our study has several limitations. We did not include a parallel control group without
renal failure. Moreover we did not measure plasma PTH concentrations, due to the small
blood sample size obtained from mice. Although this would have been an important
biomarker of R568 bioactivity, in our experiment we did notice a statistically significant
decline of FGF23 which cannot be explained by other ways than by the calcimimetic. We
can however not rule out that the final dose we selected was too low. Although in the
EVOLVE trial the percentage of plasma FGF23 decline was higher than in our experiment,
we studied early CKD and a lower decline in FGF23 was expected.
In summary, R568 attenuates the renal failure-induced of FGF23 but does not prevent
peripheral or myocardial endothelial dysfunction. Further research is needed to determine
if more aggressive lowering of FGF23 in early CKD patients may improve cardiovascular
outcome.
Grants: This work was supported by a consortium grant from the Dutch Kidney Foundation;
NIGRAM CP10.11
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Abstract
The overwhelming majority of patients with chronic kidney disease (CKD) die prematurely
before reaching end-stage renal disease, mainly due to cardiovascular causes, of which
heart failure is the predominant clinical presentation. We hypothesized that CKD-induced
increases of plasma FGF23 impair cardiac diastolic and systolic function. To test this, mice were
subjected to 5/6 nephrectomy (5/6Nx) or were injected with FGF23 for seven consecutive
days. Six weeks after surgery, plasma FGF23 was higher in 5/6Nx mice compared to sham
mice (720 ± 31 vs. 256 ± 3 pg/mL, respectively, P = 0.034). In cardiomyocytes isolated from
both 5/6Nx and FGF23 injected animals the rise of cytosolic calcium during systole was
slowed (-13% and -19%, respectively) as was the decay of cytosolic calcium during diastole
(-15% and -21%, respectively) compared to controls. Furthermore, both groups had similarly
decreased peak cytosolic calcium content during systole. Despite lower cytosolic calcium
contents in CKD or FGF23 pretreated animals, no changes were observed in contractile
parameters of cardiomyocytes between the groups. Expression of calcium handling proteins
and cardiac troponin I phosphorylation were similar between groups. Blood pressure, the
heart weight:tibia length ratio, α-MHC/β-MHC ratio and ANF mRNA expression, and systolic
and diastolic function as measured by MRI did not differ between groups. In conclusion, the
rapid, CKD-induced rise in plasma FGF23 and the similar decrease in cardiomyocyte calcium
transients in modeled kidney disease and following 1-week treatment with FGF23 indicate
that FGF23 partly mediates cardiomyocyte dysfunction in CKD.
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Introduction
Patients with chronic kidney disease (CKD) are at increased risk for cardiovascular diseases.
Importantly, these patients are more likely to die from cardiovascular causes than reaching
end-stage renal disease (ESRD). 1, 2 Cardiovascular diseases associated with impaired
kidney function include heart failure, left ventricular hypertrophy (LVH), stroke, peripheral
artery disease, coronary heart disease and atrial fibrillation,3-10 of which heart failure is the
predominant complication among patients with CKD.11 CKD-associated mortality is worse
in diastolic heart failure patients than in those with systolic heart failure 12 and diastolic
dysfunction is already present in early stages of CKD.13, 14
Traditional cardiovascular risk factors, such as old age, diabetes mellitus type II,
hypertension, and hyperlipidemia are highly prevalent in CKD, but only partially explain the
high cardiovascular mortality rate.1 This suggests that other factors in CKD contribute to this
increased cardiovascular risk. Fibroblast growth factor 23 (FGF23) has been proposed to be
such a factor.15
Already in early stages of CKD, patients with higher concentrations of FGF23 face an
increased risk of all-cause mortality and of progression to ESRD compared to patients
with lower FGF23 concentrations.16, 17 In addition, in several clinical cohort studies strong
associations were found in CKD patients of all stages between increased FGF23 levels and
increased risk of cardiovascular disease.17-19 FGF23 has been linked directly to LVH, both
in CKD and non-CKD patients20 and experimental studies demonstrated that FGF23 can
directly induce cardiomyocyte hypertrophy and disturbed calcium fluxes.21, 22 Moreover,
FGF23 has been linked to impaired LV function, even in the absence of LVH,23 but functional
data explaining how FGF23 disturbs cardiomyocyte function are lacking.
In summary, the molecular changes that may underlie the increased prevalence of
heart failure and cardiac mortality in CKD are poorly understood. Based on compelling
epidemiological evidence linking FGF23 to CKDrelated cardiomyopathy, we hypothesized
that CKD impairs cardiac function, besides established structural change. We hypothesize
this is due to a direct effect of high FGF23 concentrations on cardiomyocyte contraction
and relaxation, by modifying calcium fluxes in cardiomyocytes.

Methods
Animals
Six-week-old male wild-type C57BL/6 mice (Charles River Laboratories, Leiden, The
Netherlands) were housed under standardized conditions. All mice received water and food
ad libitum. All experiments were approved and conducted following the guidelines of the
local animal ethical committee and complied with Dutch government guidelines.
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Induction of CKD
Seven-week-old male mice were randomized to either 5/6 nephrectomy (5/6Nx) as
described before,24 or sham surgery under isoflurane anesthesia and preoperative analgesia
(Buprenorphine; Temgesic (Schering- Plough), 0.05 mg/kg intramuscular). In short, an
abdominal dorsal midline incision of the skin and muscles was made and the left kidney
was decapsulated to avoid ureter and adrenal damage, after which the upper and lower
poles were removed by a bipolar electrocoagulator. In the same procedure, the complete
decapsulated right kidney was removed after ligation of the renal blood vessels and the
ureter. After surgery, all mice received subcutaneous injections of postoperative analgesia
for two consecutive days (Ketoprofen; Ketofen (Merial S.A.S.), 5 mg/kg). In control mice, sham
surgery was performed, which included decapsulation of both kidneys, but no removal of
kidney tissue. The remainder of the protocol was followed as for the 5/6Nx group. Six weeks
after surgery mice were placed into individual metabolic cages (Tecniplast, Milan, Italy) for
collection of 24-h urine samples. Evaporation of urine was minimized by the addition of
paraffin oil to the collection tube.
Exogenous FGF23 supplementation
13-week-old male mice were randomized and injected intraperitoneally twice daily for
seven consecutive days with either vehicle (phosphate buffered saline, PBS) or 160 µg/
kg/day recombinant mouse FGF23 (8 μg/ml) 25 (6His-tagged Tyr25-Val251 (Arg179Gln);
26.1 kDa, R&D Systems, Minneapolis, MN, USA). After 7 days seven mice were placed into
individual metabolic cages as described above.
FGF23 measurements in plasma samples
Blood was collected by either tail vein incision or heartpuncture at the end of all
experiments. Blood was put into EDTA-coagulated microtainers (BD Microtainer tubes,
Plymouth, UK) and centrifuged for 10 min at 1500 g at 4°C. Plasma samples were stored at
-80°C. Circulating C-terminal FGF23 concentrations from EDTAanticoagulated plasma were
measured in duplicate using an ELISA assay (Immutopics International, San Clemente, CA,
USA), according to the manufacturers protocol.
Intact cardiomyocyte isolation and mechanics
Intact ventricular cardiomyocytes were isolated as described previously.26 Briefly, the heart
was dissected placed in ice-cold perfusion buffer (composition: 113 mmol/L NaCl, 4.7
mmol/L KCl, 0.6 mmol/L KH2PO4, 12 mmol/L NaHCO3, 10 mmol/L KHCO3, 30 mmol/L Taurine,
1.2 mmol/L MgSO4, 10 mmol/L HEPES, 0.6 mmol/L Na2HPO4, 5.5 mmol/L glucose, 9.9 mmol/L
BDM, 12.4 µmol/L CaCl2). The heart was then cannulated via the aorta to the Langendorff
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apparatus. After perfusion with perfusion buffer and digestion buffer (perfusion buffer with
0,9 mg/mL collagenase (Type II, 265 U mg−1; Worthington Biochemical, NJ, USA)) at 37 ºC
and pH 7.4, the heart was placed in a myocyte stopping buffer (perfusion buffer with 50
µl/mL fetal bovine serum). The aorta and atria were removed, and the ventricles were cut
into small pieces. After triturating with a plastic Pasteur pipette, the cell suspension was
filtered through a 250-lm nylon mesh filter and supernatant was discarded after cell gravity
pelleting. Calcium was reintroduced to a final concentration of 1.0 mmol/L. Finally, cells
were washed twice with Tyrode solution (1.0 mmol/L Ca2+, 133.5 mmol/L NaCl, 5 mmol/L
KCl, 1.2 mmol/L NaH2PO4, 1.2 mmol/L MgSO4, 10 mmol/L HEPES, 11.1 mmol/L glucose, 5
mmol/L sodium pyruvate). Calcium was reintroduced to a final concentration of 1.8 mmol/L.
Unloaded shortening and Ca2+ transients of intact mouse cardiomyocytes were
monitored as described before.27 In short, cardiomyocytes were incubated in Tyrode
solution containing 1 µmol/L Fura-2 acetoxymethyl ester (Fura-2 AM) for 15 min and washed
for a period of 12 min in Tyrode solution. Single cardiomyocytes (without spontaneous
contraction) were placed into a temperature-controlled (37°C) and randomly selected, and
sarcomere shortening as well as relaxation kinetics and Ca2+ transient were monitored at 1
Hz electrical field stimulation (20V, 0.4 msec pulses). Sarcomere shortening and relaxation
were visualized using a video-based sarcomere length (SL) detection system (IonOptix
corporation, Milton, MA, USA). To measure Ca2+-transients, cardiomyocytes were excited at
340 nm and 380 nm with emission monitored at 510 nm. The F340/F380 fluorescence ratio
was used as a measure of cytosolic [Ca2+].
Protein and phosphorylation analysis by Western blot
To assess calcium channel changes, western blotting analysis of SERCA2a was performed
using a monoclonal rabbit antibody (courtesy of Warner S. Simonides, VU University Medical
Center; dilution 1:4000) and was corrected for a-actin expression (Sigma-Aldrich, A3853100UL; dilution 1:5000).28 Western blotting analysis of site-specific phosphorylation of
(phospholamban) PLN at the serine (Ser)-16 site was performed using antibody against
PLN phospho Ser-16 (Badrilla, A010-12; dilution 1:1000) and total PLN protein levels were
determined, using an antibody against total PLN (Badrilla, A010-14; dilution 1:1000).29
Cardiac TnI (Thermo fischer scientific # MA 122700; dilution 1:100,000) phosphorylation
status of frozen heart tissue samples was analyzed, using one-dimensional sodium dodecyl
sulfate polyacrylamide-bound Mn2+-phos-tag gel electrophoresis and western blotting, as
described before.30
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Cardiac function measurement by MRI
Cardiac systolic and diastolic function were measured by MRI using a 9.4 T horizontal bore
MR scanner (Bruker, Germany), and a 35-mm quadrature birdcage coil (Bruker, Germany)
for both signal reception and transmission, as described before.31 Before the experiment,
animals were sedated with 3% isoflurane in medical air at a flow rate of 0.4 L/min. During
the MRI experiment, anesthesia was maintained at 1–2% isoflurane through a customized
anesthesia mask, and body temperature was maintained at 36–37°C with a heating
pad. Rectal temperature, ECG signal and breathing rate were monitored throughout the
measurements. All measurements were performed with respiratory gating and cardiac
triggering.
Systolic function was measured from cine movies covering the whole left ventricle
(15–18 frames/cardiac cycle) using prospectively cardiac-triggered gradient echo imaging
of 5–6 contiguous short-axis and 2 long-axis slices (slice thickness: 1 mm). The following
imaging parameters were used for imaging: repetition time: 7 msec, echo time: 1.8 msec, flip
angle: 15°, matrix: 192 x 192, and field of view: 30 x 30 mm2. For diastolic function, only the
midventricular slice was acquired using retrospectively triggered gradient echo imaging,
which allowed data reconstruction with a much higher temporal resolution (50–60 frames/
cardiac cycle). The following imaging parameters were used for imaging: repetition time:
4.7 msec, echo time: 2.35 msec, flip angle: 15°, matrix: 128 x 128, field of view: 30 x 30 mm2,
effective time resolution: 2 ms. Image segmentation and data analysis were performed
using CAAS MRV 2.0 (Pie Medical, Maastricht, The Netherlands) or Segment (version 1.8
R1145, http://segment/heiberg.se).
Measurement of arterial blood pressure
After induction of anesthesia, the left carotid artery was cannulated with a polyethylene
tubing line with an outer diameter of 0.61 mm. For measurements of arterial blood pressure,
the tubing line was connected to a transducer filled with phosphate-buffered physiological
saline solution containing 100 U/mL of heparin (Safedraw Transducer Blood Sampling Set,
Argon Medical Devices, Texas, USA). Arterial blood pressure was continuously recorded
using PowerLab software (PowerLab 8/35, Chart 7.0; ADInstruments Pty, Ltd., Castle Hill,
Australia). Mean arterial blood pressure (MAP) was calculated after induction of anesthesia,
but before MCE.
Statistical analysis
Data are presented as mean ± SEM. The number of mice in individual experiments is shown
in figure legends. Differences between groups were assessed by Mann-Whitney and time
effects within groups was done by a two-way ANOVA. Two-tailed P values of less than
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0.05 were considered statistically significant. Outliers were removed from data sets when
samples were more than three times the interquartile range. Tests were performed using
IBM® SPSS® Statistics version 22.0 (Chicago, USA).

Results
5/6 nephrectomy surgery increases plasma FGF23 levels
Plasma FGF23 concentrations three weeks after 5/6 nephrectomy surgery (5/6Nx) were
higher compared to sham surgery (656 ± 37 vs. 253 ± 19 pg/ml respectively, P = 0.011,
Fig. 1A) and this differences sustained six weeks after surgery (720 ± 31 vs. 256 ± 3 pg/ml,
P = 0.034). ). Sham surgery did not induce an increase in plasma FGF23 concentrations.
There was a statistically significant interaction between the effects of time and surgery (e.g.,
5/6Nx or sham) on FGF23 concentration (P < 0.001, Fig. 1A). Sham surgery did not induce
an increase in plasma FGF23 concentrations. There was a statistically significant interaction
between the effects of time and surgery (e.g., 5/6Nx or sham) on FGF23 concentration (P <
0.001, Fig. 1A). Plasma urea concentrations 3 weeks after 5/6 nephrectomy surgery (5/6Nx)
were higher compared to sham surgery (25.2 ± 1.5 vs. 14.9 ± 0.9 mmol/L respectively,
P = 0.008, Fig. 1B) and these differences sustained six weeks after surgery (21.7 ± 1.0 vs.
12.6 ± 0.6 mmol/L, P < 0.001). There was a statistically significant interaction between the
effects of time and surgery (e.g. 5/6Nx or sham) on plasma urea concentration (P < 0.001,
Fig. 1B). Plasma creatinine concentrations 3 weeks after 5/6 nephrectomy surgery (5/6Nx)
were higher compared to sham surgery (30.7 ± 2.2 vs. 17.8 ± 1.4 µmol/L, respectively, P =
0.008, Fig. 1C) and these differences sustained 6 weeks after surgery (27.5 ± 1.7 vs. 15.0 ± 1.5
µmol/L, P < 0.001). There was a statistically significant interaction between the effects of time
and surgery (e.g., 5/6Nx or sham) on plasma creatinine concentration (P < 0.001, Fig. 1C).
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Figure 1. 5/6Nx increases plasma FGF23 levels.
(A) Sham surgery did not increase plasma FGF23 levels over time. 5/6Nx surgery increased plasma FGF23 levels 3
and 6 weeks after surgery by 2.7 and 2.8 fold, respectively, compared to sham mice. (B) 5/6Nx surgery increased
plasma urea concentrations 3 and 6 weeks after surgery by 3.0 and 2.6 fold, respectively, which was significantly
higher compared to sham mice. (C) 5/6Nx surgery increased plasma creatinine concentrations 3 and 6 weeks after
surgery by 3.0 and 2.7 fold, respectively, which was significantly higher compared to sham mice.
Data are mean ± SEM, * P ≤ 0.05 between groups performed by Mann-Whitney, *** P ≤ 0.001 for time effects
performed by a two-way ANOVA. For Figure 1A n = 3-4 for sham and n = 4-8 for 5/6Nx, for figures 1B and 1C n = 12
for both groups for t = 0 and t = 3 and n = 4 for sham and n = 7 for 5/6Nx for t = 2.

Calcium fluxes in cardiomyocytes are disturbed both after 5/6Nx and FGF23 injections
To assess whether 5/6Nx or FGF23 injections directly affect cardiomyocyte contractility and
calcium handling, cardiomyocytes from 5/6Nx mice, FGF23 injected mice and control mice
were isolated. After stimulation by 1 Hz to induce contraction, diastolic sarcomere length
and fractional shortening in 5/6Nx and FGF23 injected mice were not different compared
to control mice, and in addition, shortening and relaxation velocities were not changed
after 5/6Nx or FGF23 injections (Table 1). Time to peak shortening was longer in 5/6Nx mice
compared to sham (2.77 ± 0.19 vs. 2.41 ± 0.16 msec, respectively, P = 0.001), but was not
different between PBS and FGF23 injected mice.
Cytosolic calcium content during diastole was equal between sham and 5/6Nx mice,
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but lower in FGF23 mice compared to PBS mice (-9.4%, P = 0.009, Fig. 2A). Peak systolic
calcium was lower in both 5/6Nx mice (-5.4%, P = 0.006, Fig. 2B) and FGF23 injected mice
(-11.3%, P < 0.001) compared to control mice, and in addition, relative calcium increase
during systole was lower in 5/ 6Nx mice compared to sham (39.7 ± 1.5 vs. 47.1 ± 1.7 %,
respectively, P = 0.001, Fig. 2C), but not different between FGF23 and PBS injected mice.
Maximal systolic calcium increase velocity was lower in both 5/6Nx mice (-13.2%, P =
0.002, Fig. 2D) and FGF23 injected mice (-18.7%, P = 0.025) compared to controls, although
total time to peak systolic calcium was comparable between groups (Fig. 2E). Diastolic
calcium decrease velocity was lower in both 5/6Nx mice (-14.8%, P = 0.003, Fig. 2F) and FGF23
injected mice (-20.9%, P = 0.005) compared to controls. Tau (time constant of relaxation)
was only decreased in 5/6Nx mice (-18.3%, P < 0.001, Fig. 2G) and not in FGF23 mice.
Table 1. 5/6Nx and FGF23 injections do not change shortening parameters.
Sham

5/6Nx

Diastolic SL (µm)

1.764 ± 0.004 1.761 ± 0.003

Systolic SL (µm)

1.654 ± 0.006 1.640 ± 0.006

Sarcomere shortening (%)

6.23 ± 0.30

Shortening velocity (µm/sec)

- 4.10 ± 0.20 - 4.23 ± 0.18

6.86 ± 0.30

P-value

PBS

FGF23

0.358

1.858 ± 0.009 1.851 ± 0.007

0.063

1.709 ± 0.011 1.702 ± 0.011

0.148

7.98 ± 0.46

8.01 ± 0.54

0.499

- 5.92 ± 0.39 - 5.76 ± 0.39

P-value
0.634
0.735
0.967
0.793

Time to peak shortening (msec)

52.5 ± 0.9

56.6 ± 0.9

0.001

46.9 ± 1.9

48.7 ± 1.3

0.417

Relaxation velocity (µm/sec)

2.41 ± 0.16

2.77 ± 0.19

0.367

4.64 ± 0.37

4.47 ± 0.34

0.847

Diastolic and systolic sarcomere length, sarcomere shortening (%), shortening velocity and relaxation velocity were
not changed after 5/6Nx or FGF23 injections. Only time to peak shortening was increased after 5/6Nx, while this
was not changed in FGF23 injected mice.
Data are mean ± SEM. N = 87-88 for sham, n = 99-100 for 5/6Nx, n = 34 for PBS, except for sarcomere shortening
(%) where n = 30, and n = 29 for FGF23.
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Figure 2. 5/6Nx and FGF23 injections change cytosolic calcium content and calcium fluxes in
cardiomyocytes.
(A) Diastolic calcium content is decreased after FGF23 injections (-9.4%, P = 0.009) compared to control, but
unchanged after 5/6Nx. (B) Cytosolic calcium content during systole is decreased after both 5/6Nx (-5.4%, P =
0.006) and FGF23 injections (-11.3%, P < 0.001) compared to control mice. (C) Relative calcium increase during
systole is decreased in 5/6Nx mice compared to sham mice (39.7 ± 1.5 vs. 47.1 ± 1.7%, respectively, P = 0.001), but
unchanged after FGF23 injections. (D) Calcium increase velocity during systole is decreased after 5/6Nx (-13.2%,
P = 0.002) and after FGF23 injections (-18.7%, P = 0.025) compared to controls. (E) Time to peak calcium content
during systole is unchanged after both 5/6Nx and FGF23 injections compared to controls. (F) Calcium decrease
velocity during diastole is decreased in both 5/6Nx mice (-14.8%, P = 0.003) and in FGF23 injected mice (-20.9%, P
= 0.005), compared to control mice. (G) Tau is decreased after 5/6Nx (-18.3%, P < 0.001) compared to control, but
unchanged after FGF23 injections.
Data are mean ± SEM. N = 87–88 for sham, n = 99–100 for 5/6Nx, n = 34 for PBS and n = 29 for FGF23. * P ≤ 0.05, **
P ≤ 0.01, *** P ≤ 0.001. Statistical testing was done by Mann-Whitney for all figures.

5/6Nx and FGF23 injections do not change SERCA2a protein expression and
phosphorylation status of PLN and cTnI.
To explore the observed changes in calcium transients, we determined SERCA2a protein
expression, the key calcium channel responsible for calcium reuptake in sarcoplasmic
reticulum. No difference was observed after 5/6Nx surgery or FGF23 injections, compared
to controls (Fig. 3A). Phosphorylation of PLN, the activator of SERCA2a, was also not changed
between groups (Fig. 3B). Additionally, total PLN expression was not different between
groups (data not shown).
Phosphorylation of cardiac troponin I (cTnI), the major determinant of myofilament
calcium sensitivity of force development, was determined by Phos tag analysis. No
differences between groups were observed for bisphosphorylated, monophosphorylated,
and unphosphorylated cTnI between groups (Fig. 3C).
5/6Nx surgery and exogenous FGF23 concentrations do not induce left ventricular
hypertrophy.
Heart weight over tibia length ratio was not increased in 5/6Nx mice compared to sham
mice (6.43 ± 0.20 vs. 6.28 ± 0.28 mg:mm, respectively, Fig. 4A) after 6 weeks. Also, FGF23
injections did not induce LVH compared to PBS injected mice (7.07 ± 0.30 vs. 6.86 ± 0.13
mg:mm, respectively, Fig. 4B). In addition, left ventricular mass measured by MRI was not
increased in 5/6Nx mice 6 weeks after surgery compared to sham mice (91.5 ± 2.9 vs. 90.2
± 3.3 mg, respectively, Fig. 4C), nor was the observed end-diastolic volume, as a marker of
ventricular diastolic function, different between groups (Table 2).
To confirm the absence of structural changes compatible with LVH, mRNA expression of
α-myosin heavy chain (α-MHC), β-myosin heavy chain (β-MHC), and atrial natriuretic peptide
(ANF) were determined in cardiac tissue. α-MHC/β-MHC mRNA expression ratio was not
altered after 5/6Nx, nor after FGF23 injections (Fig. 4D). Also both total α-MHC mRNA and
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total β-MHC mRNA expression were not different between groups (data not shown). Finally,
ANF mRNA expression was not altered in cardiac tissue of 5/6Nx and FGF23 injected mice
compared to control groups (Fig. 4E).
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Figure 3. 5/6Nx and FGF23 injections do not change SERCA protein expression, and PLN and
cTnI phosphorylation.
(A) No difference was observed after 5/6Nx surgery or FGF23 injections, compared to controls for SERCA protein
expression. (B) Protein expression ratio of phosphorylated phospholamban (PLN Ser-16) over total PLN was not
changed after 5/6Nx or FGF23 injections compared to control groups. (B) Cardiac troponin I (cTnI) phosphorylation
was determined by Phos tag analysis. No differences between groups were observed for bisphosphorylated (2p),
monophosphorylated (1p) and unphosphorylated (0p) cTnI between groups.
Data are mean ± SEM. N = 4-5 for all groups. Statistical testing was done by Mann-Whitney for all figures.
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Figure 4. 5/6Nx or FGF23 injections do not induce LVH and molecular markers of LVH.
(A) Six weeks after sham or 5/6Nx surgery heart weight:tibia length was not different between groups. (B) One
week after PBS or FGF23 i.p. injections no difference between groups was observed for heart weight:tibia length.
(C) Left ventricular mass measured by MRI was not increased after 5/6Nx compared to sham. (D) mRNA expression
of α-myosin heavy chain (α-MHC) over β-myosin heavy chain (β-MHC) ratio was not different between sham and
5/6Nx mice, or between PBS and FGF23 injected mice. (E) mRNA expression of atrial natriuretic peptide (ANF) was
not different between sham and 5/6Nx mice, or between PBS and FGF23 injected mice.
Data are mean ± SEM. Figure 5A-C; n = 6–7 for sham and 5/6Nx, n = 15 for PBS and n = 13 for FGF23. Figure 5D+E;
n = 3 for sham, n = 4–5 for 5/6Nx, n = 5 for PBS and n = 4 for FGF23. Statistical testing was done by Mann-Whitney
for all figures.
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Table 2. Cardiac function is unchanged after 5/6Nx surgery.
Sham

5/6Nx

P-value

Cardiac output (L/min)

4.80 ± 0.39

4.76 ± 0.25

0.886

Ejection fraction (%)

73.3 ± 1.6

72.4 ± 0.9

0.886

Stroke volume (µL)

43.9 ± 2.6

43.5 ± 1.9

1.000

End-systolic volume (µL)

16.4 ± 2.1

16.7 ± 1.1

0.886

End-diastolic volume (µL)

60.2 ± 4.6

60.2 ± 2.9

0.886

E/A ratio

1.88 ± 0.29

1.83 ± 0.18

1.000

MRI was used to assess cardiac function in mice. Systolic function parameters, that is, cardiac output, ejection
fraction, stroke volume and end-systolic volume were not different between sham and 5/6Nx mice. Also diastolic
function parameters, that is, end-diastolic volume and E/A ratio were not changed between groups.
Data are mean ± SEM. N = 6 for sham and n = 7 for 5/6Nx, except for E/A ratio where n = 5 for 5/6Nx.

5/6Nx does not impair cardiac function in vivo.
To test whether kidney failure impairs cardiac function in vivo, we used magnetic resonance
imaging (MRI) to sham and 5/6Nx mice (Fig. 5). Six weeks after 5/6Nx surgery, cardiac
function was not different compared to sham mice (Table 2). Systolic function, measured as
cardiac output, ejection fraction and stroke volume was not different between groups. Also
diastolic function, measured as E/A ratio was not different between sham and 5/6Nx mice,
and blood pressure was similar between the two groups (Fig. 6). Based on the absence of
effect of 5/6Nx, the isolated effect of exogenous FGF23 was not assessed.
A

B

Figure 5. Cine cardiac MRI images of a mouse heart.
(A) Short axis view of right ventricle and left ventricle. (B) Four chamber long axis view.
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Figure 6. 5/6Nx does not increase mean arterial blood pressure.
Mean arterial blood pressure was not different between groups 6 weeks after sham or 5/6Nx surgery. N = 5 for
sham and n = 6 for 5/6Nx. Statistical testing was done by Mann-Whitney.

Discussion
This study shows that CKD and increased FGF23 in isolation disturb kinetics of both
systolic and diastolic calcium fluxes in cardiomyocytes, in the absence of changes in
cardiomyocyte contractility and hypertrophy. These disturbances consist of decreased
calcium influx and efflux velocities. In addition, CKD and FGF23 lower systolic calcium
content in cardiomyocytes. Despite these changes in cardiomyocyte calcium handling,
sarcomere length and contractility were unchanged, indicating an increased contraction
propensity and early molecular markers of functional stiffness. We explored several potential
underlying mechanisms including SERCA abundance, phosphorylation of PLN and cTnI, but
none differed between groups. We postulate that either increased calcium sensitivity or
an increased maximal force-generating capacity may exist in CKD and FGF23. The calcium
handling abnormalities were accompanied by an increase in plasma FGF23 in CKD, and
could be mimicked in mice with normal kidney function by raising FGF23 concentrations.
This suggests that the abnormalities in cardiomyocytes found in CKD could be ascribed at
least in part to FGF23. The lack of change in sarcomere shortening and lengthening, despite
abnormal calcium kinetics, was confirmed by realtime in vivo measurements of parameters
of cardiac function using MRI.
The lack of development of LVH and molecular markers of its development in our
study, which seemingly contrasts with previous findings,21 can most likely be explained
by the different setup of experiments. Faul et al. performed 5/6Nx in rats resulting in high
blood pressure, while we used mice that were normotensive. In addition, the serum FGF23
concentration in rats was 13-fold higher as compared to control, while we only observed
3-fold increases in serum FGF23 concentrations. Faul et al. injected lower concentrations of
recombinant FGF23 (80 vs. 160 µg/kg/day) and duration of injections was 2 days shorter
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compared to our study, but recombinant FGF23 was injected intravenously in mice, while
we injected intraperitoneally. Overall, our models most likely had insufficient exposure
to FGF23 for LVH development. Due to this, however, we were able to establish the early
phenomena of cardiomyocyte dysfunction.
The effect of experimental renal failure on cardiac function and cardiomyocyte calcium
handling varies among studies. While in one study cardiac dysfunction in the absence
of cardiomyocyte calcium disturbances was observed,32 others showed that cardiac
dysfunction was accompanied by altered calcium channel expression.33, 34 In contrast, we
found calcium disturbances in the absence of cardiac dysfunction. The use of different
species and genetic backgrounds might explain the differences between these studies.
Also, disturbed calcium handling was observed in the presence of hypertension and LVH in
these previous studies, and therefore it cannot be excluded that LVH itself, once established,
contributed to disturbed calcium handling. However, in our models, LVH did not develop,
possibly due to the short duration of the study, the relative low concentrations of FGF23
and mouse strain used. The absence of LVH or cardiac dysfunction indicates that disturbed
calcium handling might be an early feature in cardiomyocytes, potentially preceding the
development of LVH and cardiac dysfunction in CKD. Alternatively these abnormalities
occur in parallel with more pronounced increases of FGF23, but then the independent
subtle effects on calcium fluxes as we found here, cannot be distinguished from LVH.
We found that the velocity of calcium decay was reduced in both 5/6Nx mice and mice
receiving FGF23 i.p. injections, which has been observed before in failing human hearts.35-37
SERCA2a is the protein responsible for calcium reuptake into the sarcoplasmic reticulum
(SR), and in both animal models of heart failure and human heart failure samples, SERCA2a
protein expression was decreased.38-40 Phosphorylation of PLN increases the activity of
SERCA2a, and thereby increases calcium decay velocity.41 In contrast, unphosphorylated
PLN acts as an inhibitor on the SERCA2a pump. While levels of the PLN protein mostly
remain unchanged in heart failure, the phosphorylation status of PLN is often decreased,42, 43
and results in a decreased calcium uptake velocity by the SR.
In our model of renal failure, both SERCA2a protein expression and phosphorylation
status of PLN were not changed, indicating that these cannot explain the declined velocity
of calcium reuptake into the SR. This points to a more complex dysregulation. Since we
did not observe quantitative changes in protein expression, alternatively calcium channel
function might be affected by posttranslational modification in our models. The observed
altered calcium fluxes with increased exogenous FGF23 concentrations may be caused
by increased production of reactive oxygen species (ROS), as a recent study showed that
FGF23 increases ROS formation in endothelial cells.44 In cardiomyocytes, ROS increase
the open probability of RyRs, followed by its inactivation,45 and prolonged exposure of
cardiomyocytes to O2-. causes depletion of SR calcium as a result of PLN-independent
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inhibition of SERCA.46 Also, S-glutathionylation (protein modifications by oxidative stress)
of troponin I increases calcium sensitivity.47 FGF23-induced ROS formation might therefore
explain the observed changes in calcium fluxes in cardiomyocytes.
In contrast to our study, Touchberry et al.22 found that acute FGF23 treatment of
cardiomyocytes increased intracellular calcium and improved contractility. However, in that
study, the effect of increased FGF23 was examined ex vivo and thus showed acute effects
of FGF23 on cardiomyocyte function in concentrations (18,000 pg/ mL) that do not occur in
vivo. Moreover, the phenotype of the model used, that is, increased contractility, does seem
to correlate with clinical CKD only partially. In our study, we modeled physiological and
chronic increases of FGF23 in vivo to optimally represent the clinical situation of patients
with CKD. As FGF23 is chronically increased in patients with CKD, it is more likely that
increased FGF23 concentrations do not improve cardiomyocyte contractility, but rather
disturb calcium fluxes, possibly partly explaining early cardiac disease in CKD patients,
especially diastolic heart failure, also in the absence of overt hypertrophy.
Our study has some limitations. We did not determine all calcium channel abundances
and activities, for example, ryanodine receptor (RyR) expression or function. This calcium
pump is mainly responsible for the cytosolic calcium increase during systole, but the
decreased diastolic calcium content in our study indicates that there is no calcium leak
from the SR into the cytosol by leaky RyRs, as often observed in heart failure.48 It is therefore
unlikely that RyRs are functionally altered in our models. Another reason for the altered
calcium decrease velocity in our models could be a change in NCX1 expression, another
channel facilitating calcium reuptake by the SR, which we did not assess. However, a
mouse study showed that only ~10% of calcium is removed by NCX and ~90% by SERCA,
indicating that SERCA is mainly accountable for calcium removal from the cytosol in mice.49
On the other hand, we cannot exclude that NCX has a more prominent role in our models.
Moreover, this leaves the observation of attenuated calcium reuptake following 5/6Nx and
exogenous FGF23.
Another limitation of our study is the lack of MRI data of FGF23 injected mice. We cannot
rule out that these mice developed cardiac dysfunction, in contrast to 5/6Nx mice.
The strength of our study is that we used two mouse models in parallel; CKD mice, and
non-CKD mice with high exogenous FGF23 concentrations, both models with chronically
increased circulating FGF23 levels, therefore representing chronic clinical exposure to
FGF23 in a CKD setting or not. Also, we assessed the role of increased FGF23 concentrations
in vivo on cardiomyocytes, while most studies increased FGF23 concentrations ex vivo. In
addition, we used murine MRI to assess heart function in vivo and isolated cardiomyocytes
from animals exposed to the same experimental conditions as in the in vivo experiments.
Moreover, the concentrations of FGF23 we achieved may represent relative early clinical
CKD, a situation comparable to our experimental conditions in terms of absence of abnormal
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mineral concentrations.
The prevalence of any cardiovascular disease is doubled in patients with CKD compared
to those without CKD 50 and death from cardiovascular causes is more common in these
patients than progression to ESRD. Congestive heart failure (CHF) is the most common
cardiovascular condition among CKD patients, reaching nearly 30% of patients above the
age of 66 compared to 6% among patients of the same age-group but without CKD.50 Our
findings strengthen the assumption that CKD-induced increase in FGF23 may account for
an important part to this risk.
FGF23 is highly increased in CKD patients and showed to contribute to abnormalities in
cardiomyocyte structure and function.21, 22 Here we demonstrate that this hormone directly
affects cardiomyocyte function by disturbed calcium handling and is a key step in the
pathogenesis of diastolic heart failure.51 This disturbed calcium handling induced by high
FGF23 concentrations might therefore explain part of the increased incidence of heart failure
and cardiac mortality in CKD patients. Future therapies should therefore focus on decreasing
FGF23 concentrations or selectively block this effect of FGF23 on cardiomyocyte function
in patients with CKD 52 to reduce the risk of heart failure, even before the occurrence of LVH
and cardiac dysfunction, and possibly also before the onset of overt hyperphosphatemia.
In conclusion, we have shown for the first time that slightly increased FGF23 concentrations
in early stages of CKD induced disturbed calcium fluxes in cardiomyocytes that are
independent from left ventricular hypertrophy and global cardiac dysfunction. Therefore,
FGF23 might be a potential target to prevent cardiac disease in patients with CKD.
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General summary and conclusions

Patients with CKD are at high risk for cardiovascular diseases and usually die from
cardiovascular diseases (CVD) before reaching ESRD. There is a growing body of evidence
supporting a causal role for increased FGF23 concentrations in cardiovascular diseases.1 The
exact molecular changes that underlie cardiac dysfunction are incompletely understood
and whether the effect of FGF23 on the vasculature is direct or indirect is under debate.
The main aim of this thesis was to elucidate the underlying physiological processes and
molecular changes that could explain the increased cardiovascular risk in CKD patients with
high FGF23 levels.

Experimental models of CKD
The primary experimental mouse model we used to reflect renal disease throughout this
thesis is the 5/6 nephrectomy (5/6Nx) surgical ablation model, which mimics advanced
renal failure after loss of renal mass in humans. This model is the most used animal model
in both mice and rats to determine cardiovascular function in CKD.2, 3 In Chapter 3 we
used the 5/6Nx mouse model to assess effects of kidney failure on calcium and phosphate
homeostasis. Three weeks after 5/6Nx uremic parameters and FGF23 concentrations were
measured. Compared to sham operated mice, serum creatinine was increased 1.6 times,
serum urea was increased 2.1 times and serum FGF23 increased 2.3 times. Although
mice have an average life span of only two years, measuring outcome three weeks
after an intervention, e.g. 5/6Nx surgery, is relatively short, especially when the research
questions concern chronic kidney disease. Therefore, to better reflect chronic renal failure,
we increased the time after 5/6Nx surgery to six weeks for Chapter 4, 5 and 6. Serum
creatinine, urea and FGF23 did not further increase after three weeks. This was also shown
in chapter 6, were we measured serum creatinine, urea and FGF23 both three and six weeks
after 5/6Nx surgery. Although we increased time after surgery from three to six weeks, one
can still question whether this mouse model truly reflects chronic kidney disease or is still
an model of early renal failure. Since we did not detect hypertension or LVH in our models,
which are both typical features of CKD, we believe the mouse models used in this thesis
indeed still reflect an early model of renal failure. This early phase, which features early but
not late pathogenic processes, is particularly interesting to be able to distinguish between
causes and effect in cardiovascular diseases in CKD. Also, by detecting early alterations
in the cardiovascular system during CKD we might identify pathways suitable for early
intervention, in the development of cardiovascular diseases and thereby even prevent
cardiovascular pathophysiology in patients with CKD. For example, LVH might be induced
by increased FGF23 levels in prolonged CKD, but cardiomyocyte hypertrophy could also be
caused by functional alterations within cardiomyocytes that precede development or are
independent of LVH. This can only be distinguished if using experimental models of early
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CKD. By interfering in cardiomyocyte function in early stages of CKD one might thereby
prevent or postpone the development of LVH in these patients, if these early changes are
involved in the pathogenesis. Also, if FGF23 directly induces cardiovascular pathophysiology
and is increased in early stages of CKD, therapeutic interventions might focus on lowering
FGF23 levels in CKD patients as soon as FGF23 levels above normal are detected. We
therefore believe this model of early renal failure is not a limitation of our experimental
setup in, but rather a strength to detect early cardiovascular changes in CKD. In addition,
this experimental model can be used to test interventions in early CKD, in order to reduce
CKD progression and/or associated cardiovascular disease, since structural cardiovascular
and other organ damage have not developed yet.
On the other hand, the 5/6Nx mouse model has some disadvantages. First, due to
the small animal size, both the surgery and assessment of cardiovascular parameters are
challenging and somewhat variable. For example, measuring vascular function in resistance
arteries of mice, i.e. the gracilis artery, requires experience in order to obtain qualitative wellfunctioning arteries and consistent results. To solve this issue, one could consider using a
rat model if genetic alterations are not necessary to study the research question. Also, larger
blood volume samples and more tissues samples can be collected from rats allowing for
multiple measurements within one animal. Furthermore, the 5/6Nx mouse model does not
reflect all CKD features observed in humans. For example, calcification, atherosclerosis and
hypertension are rarely present in normal mice. Hypertension is also dependent on the
mouse strain used.4 Indeed, C57BL/6 mice, which we used throughout this thesis, appear to
be resistant against development of several renal disease features like glomerulosclerosis,
proteinuria and hypertension.5 Lastly, the induction of renal disease by 5/6Nx surgery is
abrupt and as CKD in human patients usually progresses gradually, 5/6Nx surgery induces
acute injury of the kidney and therefore might not be representative of the clinical situation.
Another mouse model we used in chapter 3 to assess calcium and phosphate homeostasis
in CKD is the adenine-enriched dietary (ADE) treatment. In this experimental model renal
disease is induced by the tubular toxicity of adenine metabolites, i.e. crystal are formed in
the proximal tubular epithelia leading to inflammation and subsequent tubulointerstitial
fibrosis.6 To circumvent the problem that mice avoid eating adenine, the compound usually
is mixed with a casein-containing diet that blunts the unattractive smell and taste.7 The
adenine-induced CKD animal model has gained attention due to its relative ease of use
since surgery is not needed. Four weeks after the adenine diet serum FGF23 was highly
increased compared to control and thus this mouse model can be used to assess FGF23induced alterations in vivo. On the other hand, this model primary reflects a tubulointerstitial
disease and thus tubular specific alterations might not be caused by CKD itself but rather by
local toxic effects of adenine metabolites.
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Unilateral ureteral obstruction (UUO) in mice is characterized by severe renal fibrosis in
the obstructed kidney while an unaffected contralateral kidney exists. Within two weeks the
obstructed kidney reaches end stage.8 The advantage of this model is good reproducibility,
short time-course, easy performance and the presence of the contralateral kidney as
a control, while disadvantages include lack of functional readouts, i.e. increased serum
creatinine and proteinuria are absent because the injured kidney is completely obstructed
and has no urine output.9 Also serum FGF23 levels are only mildly increased 3 and 7 days
after UUO.10
Another mouse model of spontaneous CKD is the Col4a3 null mouse model of human
autosomal-recessive Alport syndrome. This is an inherited genetic disease, caused by
mutations in the type IV collagen genes, e.g. COL4A3, and patients with mutations in these
genes develop ESRD early in life.11 Col4a3 null mice exhibit progressive glomerulonephritis,
declining 1,25(OH)2D levels, increments in PTH, late onset hypocalcemia and
hyperphosphatemia, high-turnover bone disease, increased mortality and at week 12
of age even show a 23 times increase of serum FGF23 levels as compared to wild-type
mice.12 Increased mortality already begins around 10-weeks-of-age, pointing to a rather
severe mouse model of CKD. Interestingly, when a different genetic background is used, i.e.
C57Bl6/J instead of 129X1/SvJ, a slower progression of CKD and longer survival is observed,
despite having the same gene mutated.13 At 10 weeks of age C57Bl6/J-Col4a3 null mice
have modest FGF23 elevations without other alterations of mineral metabolism, LVH or
hypertension, and would therefore qualify as model to assess the role of specifically FGF23
on cardiovascular function in vivo.

Method to assess myocardial vascular function in mice
FGF23 has been linked to impaired cardiac function, even in the absence of LVH.14 One
hypothesis could be that FGF23 alters myocardial perfusion leading to heart failure, the
second most prevalent cardiovascular disease among CKD patients after atherosclerotic
heart disease.15 Indeed, failure of the myocardial vasculature to respond to increased tissue
oxygen demand will eventually lead to cardiac hypoxia and dysfunction.16 Myocardial
perfusion derangements can therefore explain part of the increased cardiac mortality
in CKD patients, possibly caused by increased circulating FGF23 levels. In Chapter 2 we
describe different techniques to measure myocardial perfusion in mice.
A suitable technique to measure myocardial perfusion in detail in vivo in mice is
myocardial contrast echocardiography (MCE). The MCE technique uses contrast agents
(microbubbles) enabling visualization of the vasculature, including the microcirculation.
To test myocardial vascular function, vasoactive substances can be used while performing
MCE. Moreover, previous studies have shown that not basal myocardial blood flow but
rather the ability to increase flow, for instance after stimulation by specific agonists, are most
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strongly impaired in heart failure.16, 17 In chapter 4 and 5 we used this technique to assess
myocardial microvascular function in mice with CKD and increased FGF23 levels. While we
observed increased microvascular blood volume after acetylcholine infusion, we could
not detect significant differences between control mice and mice with increased FGF23
levels, either by injection or after 5/6Nx. Therefore, FGF23 might not play a major regulatory
role in myocardial perfusion. Also, the small size of mice, their physiological responses to
vasodilators and the anesthetics regimen can differ between mice and thereby result in
variable outcomes. It is therefore important that future studies take this into account by
choosing a sample size that is large enough and by minimizing factors that interfere with
cardiovascular physiology, or by varying the degree of uremia.

Electrolyte homeostasis in early CKD
A hallmark of CKD is disturbed mineral homeostasis, i.e. calcium and phosphate deregulation,
which can contribute to the development of cardiovascular disease.18 A complex interplay
between PTH, vitamin D, klotho and FGF23 regulates blood calcium and phosphate levels.
In CKD both PTH and FGF23 are increased, and vitamin D is decreased, and subsequently
disturb calcium and phosphate homeostasis. However, the consequences of CKD-induced
alterations in FGF23-klotho-vitamin-D signaling on renal tubular electrolyte regulatory
mechanisms are still unclear. In Chapter 3 we assessed the impact of renal failure on FGF23klotho-vitamin-D signaling and calcium and phosphate transport regulation using two
different mouse models. Both the 5/6Nx and the ADE induced model of renal failure show
disturbed levels of FGF23, klotho and vitamin D, and deregulated calcium and phosphate
homeostasis. As in the clinical setting, PTH was increased in both models. Unlike the clinical
setting however hypercalcemia in our models developed, possibly due to increased vitamin D
levels. Gene expression of Ca2+ transporters TRPV5 and calbindin-D28k was elevated upon CKD
and can therefore provide another explanation for hypercalcemia as observed in both models.
Phosphate metabolism was different between the two mouse models. While ADE mice
presented a rise in plasma phosphate, 5/6Nx did not increase plasma phosphate levels. In
the latter model, increased PTH and FGF23 concentrations might be sufficient to maintain
physiological plasma phosphate levels in this early model of CKD by promoting phosphate
excretion. Indeed, in CKD increases of FGF23 levels precede increases in plasma phosphate
levels.19 Another explanation for the discrepancy between these two experimental models
could be the intervention used to induce renal damage. While with 5/6 nephrectomy renal
tissue is removed and a small amount of otherwise normally functioning renal tissue is
maintained, with ADE induced renal damage oxidized adenine forms precipitates and
crystals in all tubules causing tubular injury, inflammation, obstruction and fibrosis. ADE
mice thus lack normal functioning nephrons to act upon PTH and FGF23, possibly by
downregulation of membrane-bound klotho inducing FGF23 resistance.
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On the other hand, expression of the renal phosphate transporters NaPi2a and PIT2 was
decreased in both mouse models and correlated with increased urinary phosphate excretion.
Vitamin D was also dysregulated in both mouse models. Unexpectedly, circulating vitamin
D was increased in both models, probably by the upregulation of the enzyme converting
inactive vitamin D to active vitamin D, and might be a consequence of increased PTH levels
seen in both mouse models. Why PTH was not lowered by the observed increased plasma
calcium, FGF23 and vitamin D levels remains to be determined.
Both models reflect renal failure, but also display different effects on the expression of
calcium and phosphate transporters and blood levels. Also not all parameters reflect the
clinical features of CKD, e.g. hypercalcemia and elevated vitamin D levels, which makes
interpretation of the model phenotype and clinical translation difficult. This might partly
be due to the short duration of both CKD-induced mouse models, but also by the different
methods used to induce renal damage. Calcium and phosphate homeostasis resulting from
the interplay of the klotho-FGF23-vitamin D axis remains complex and correcting these
factors in CKD patients is challenging.

Vascular effects of FGF23
Several studies showed that increased FGF23 levels are associated with increased arterial
stiffness and impaired vasoreactivity, both in experimental models of renal failure and CKD
patients.20-23 Whether FGF23 is a confounder or causes vascular dysfunction, and if vascular
dysfunction can be prevented in CKD by lowering FGF23 is described in Chapter 4. We
observed endothelial dysfunction both in mice with CKD and mice receiving exogenous
FGF23 in vivo, while vascular smooth muscle cell (VSMC) function was not changed. This
effect in CKD mice is caused by FGF23, since FGF23 blockade prevents this pathological
effect of FGF23 on endothelial cell function.
Others have also examined the effects of FGF23 on vascular function, yet the results
of these studies are conflicting. Col4a3-/- mice, known for their high FGF23 levels, showed
endothelial dysfunction of aortic rings ex vivo and no effect on VSMC function was
observed,22 which is in accordance with our study. In contrast, endothelium-dependent
and independent vasodilatory and contractile responses of mouse mesenteric arteries were
not affected by both acute and long-term exposure to FGF23 (6ng/ml), although long-term
exposure in this study was only three hours.24 These negative findings were confirmed by
others, who incubated mouse aortic rings with FGF23 (10 ng/ml) and also did not observe
an attenuated response to acetylcholine.25 These contradictory findings on effects of FGF23
on the vasculature, even in the same type of vessels, i.e. aorta, might be explained by the
use of different exposure times of the vasculature to FGF23. We observed endothelial
dysfunction after long-term, i.e. days or weeks, exposure to FGF23, and not in acute ex
vivo exposure where resistance arteries, i.e. gracilis arteries, were incubated with FGF23 for
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one hour. This is in accordance with Lindberg et al.24 who also used resistance arteries, i.e.
mesenteric arteries, and did not observe vascular dysfunction after short-term exposure,
i.e. 3 hours, to FGF23 ex vivo. Six et al.25 used aortic rings and incubated these vessels with
FGF23 to study vasodilator function (time of incubation was not reported). Endotheliumdependent vasodilation was not altered, but again, we consider this incubation with FGF23
as short-term exposure. Silswal et al.22 used aortic rings from Col4a3-/- mice and observed
endothelial dysfunction which can be explained by the long-term exposure of vessels to
high FGF23 levels in vivo. These studies, together with our results, thus suggest that longterm, but not short-term, exposure of the vasculature to high FGF23 concentrations induces
endothelial dysfunction.
As an explanation for the FGF23-induced endothelial dysfunction, we observed increased
levels of the endogenous competitive NO synthase inhibitor asymmetrical dimethyl
arginine (ADMA) in our mouse models with increased FGF23 levels, which was negatively
correlated with the maximum response of resistance arteries to acetylcholine. Previously,
an association between decreased NO levels and increased FGF23 levels was also shown
in CKD patients.21, 26 If however FGF23 does not have acute effects on endothelial cells,
it remains speculative how it induces endothelial dysfunction after long-term exposure.
One explanation could lie in the presence of dimethylarginine dimethylaminohydrolases
(DDAHs) in endothelial cells. ADMA is released by protein hydrolysis and mainly eliminated
by DDAH.27 Inhibition of DDAH is post-transcriptionally regulated by reactive oxygen species
(ROS) and oxidative stress in endothelial cells can therefore increase ADMA concentrations.
Two recent studies showed that FGF23 induces ROS production in endothelial cells,22, 28
which could link the increased ADMA levels observed with high FGF23 concentrations
(Figure 1). On the other hand, both studies assessed short-term effects of FGF23 ex vivo i.e.
maximum 30 minutes of incubation, and as explained above, it is questionable if short-term
exposure of increased FGF23 concentrations to endothelial cells induces endothelial cell
dysfunction. Also, our results indicate that ROS is not involved in endothelial dysfunction
in our study. Overproduction of ROS leads to oxidation of tetrahydrobiopterin (BH4) and
thereby promotes eNOS uncoupling. We did not find eNOS uncoupling, which indicates
that ROS production in endothelial cells was minimal, at least did not induce eNOS
uncoupling. Alternatively, chronic exposure of endothelial cells to FGF23, as in CKD, might
only generate small amounts of ROS, too low to induce eNOS uncoupling, but high and
long enough to decrease DDAH function. To test this hypothesis, simultaneous measures
of ROS production, DDAH function, eNOS uncoupling and endothelial function after acute
and chronic exposure to increased FGF23 levels should be performed in both ex vivo and
in vivo models.
Alternatively, ADMA is generated in the presence of protein arginine methyltransferase
(PRMT) and its increased expression in endothelial cells can induce increased ADMA levels.
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Indeed, in a 5/6Nx rat model expression of PRMT was increased,29 which might be explained
by increased circulating FGF23 levels in this experimental model (Figure 1) although this
was not formally tested in that study. To our knowledge, no studies addressed the interplay
between increased FGF23 levels in CKD and PRMT expression and we suggest to further
focus on the effect of FGF23 on both PRMT and DDAH expression and function in future
research.
Lastly, in chapter 3 we showed that inflammatory stimuli, i.e. Concanavalin A (ConA)
and Tumor Necrosis Factor (TNF), increase FGF23 expression. Vice versa, FGF23 has also
shown to increase inflammatory factors like TNF.30 In turn, TNF also is involved in endothelial
dysfunction31 and could thereby explain impaired endothelial function with increased
FGF23 levels (Figure 1). We have however not measured inflammatory markers in our mice
with endothelial dysfunction. Future research should therefore explore if increased FGF23
levels in CKD increase inflammatory cytokines and thereby induce endothelial dysfunction,
or if these processes are independent of each other.
Early CKD (e.g. 5/6Nx)

7

FGF23 excretion ↑

Chronic FGF23 exposure in vivo
cardiomyocyte

endothelial cell

Ca2+
NCX

RyR

3Na+

Ca2+
L-type Ca2+
channel

SR
Ca2+

PLN
[Ca2+]↓
FGF23↑

SERCA

?
FGF23↑

?
?

?

ROS↑
PRMT↑

?

inflammation↑

?

DDAH↓
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NO↓

endothelial-dependent vasodilation↓

Figure 1. Increased FGF23 levels in CKD disturb calcium handling in cardiomyocytes and
impairs endothelial function.
In an early model of experimental CKD (e.g. 5/6Nx) circulating FGF23 concentrations increase due to increased
excretion of FGF23 from bone. Chronic exposure of cardiomyocytes to high FGF23 levels in vivo lowers systolic
calcium content in the cytosol, decreases calcium influx velocities from the SR into the cytosol and decreases
calcium efflux velocities out of the cytosol. Chronic exposure of resistance arteries to high FGF23 levels in vivo
impairs endothelial-dependent vasodilation. ADMA levels are increased with increased FGF23 levels and might
explain this endothelial dysfunction. Possible explanations for increased ADMA levels could be increased ROS
production or increased PRMT expression. Alternatively, increased inflammation might explain endothelial
dysfunction caused by high FGF23 concentrations. Changes in both cardiac and vascular function after exposure
of high FGF23 levels might explain the increased cardiovascular morbidity in CKD patients.
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Solid line represents proven pathway; dotted line with question mark represents hypothetical
pathway. 5/6Nx: 5/6 nephrectomy; ADMA: asymmetrical dimethyl arginine; CKD: chronic
kidney disease; DDAH: dimethylarginine dimethylaminohydrolase; FGF23: fibroblast growth
factor 23; NCX: Na+- Ca2+ exchange channel; NO: nitric oxide; PLN: phospholamban; PRMT:
protein arginine methyltransferase; ROS: reactive oxygen species; RyR: Ryanodine receptor;
SERCA: sarcoplasmic reticulum Ca2+-ATPase; SR: sarcoplasmic reticulum.
In disease, e.g. heart failure, vasodilator reserve in resistance arteries in the myocardium is
decreased, consequently limiting perfusion reserve of the coronary microcirculation, which
is associated with heart failure.16, 17, 32 FGF23 is suggested to impair cardiac function, even
in the absence of LVH.14 Since we observed peripheral vascular dysfunction with increased
FGF23 levels as discussed above, this might also apply to the coronary circulation. In our
experimental CKD mouse model we did observe indeed a trend for myocardial endothelial
dysfunction, independent of LVH, but this was not explained by increased FGF23 levels, but
most likely by other metabolic features of CKD. Different properties of microvascular beds,
e.g. variation in receptor expression, release of neurotransmitters and signal transduction
pathways, but also different experimental setups or different DDAH activity in endothelial
cells could explain this discrepancy between peripheral and myocardial vascular responses
upon increased FGF23 concentrations.
Lowering FGF23 in CKD patients might qualify as a new target to combat cardiovascular
disease. In experimental studies FGF23 antibodies are used to lower circulating FGF23, but
unfortunately this cannot be used as a drug in CKD patients, since the consequent increase
in plasma phosphate concentrations did increase mortality, as was shown before in animal
models.33 Alternatively, lower FGF23 levels in CKD patients could be achieved by lowering
phosphate levels with phosphate binders. This was observed in dialysis patients treated
with the phosphate binder sevelamer and sucroferric oxyhydroxide.34, 35 Moreover, in
hyperphosphatemic patients with stage 4 CKD treatment with sevelamer leads to improved
FMD, proportional to the magnitude of FGF23 level changes and was independent of
phosphate levels.23 This was confirmed in another study that also showed an improved FMD
upon sevelamer treatment.36 Sevelamer could thus be a therapeutic option to improve or
maybe even prevent vascular dysfunction in CKD patients, but only in the presence of
high phosphate levels, and hence in more advanced CKD. Another alternative to lower
FGF23 levels in CKD patients would be the use of calcimimetics.37 Calcimimetics have
originally been developed to treat secondary hyperparathyroidism in dialysis-dependent
CKD by increasing the sensitivity of the calcium-sensing receptor on tissues, including the
parathyroid gland.
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In Chapter 5 we used the calcimimetic R568 to lower FGF23 concentrations in an
experimental CKD mouse model and assessed if this would improve vascular function. As
expected, R568 decreased circulating FGF23 concentrations in CKD mice, although only
modestly, but this did not improve peripheral and myocardial vascular function. These
results are not in line with what others have found in a clinical study using the calcimimetic
cinacalcet. In a posthoc analysis of the EVOLVE trial38 treatment-induced reductions in serum
FGF23 were associated with lower rates of cardiovascular death and major cardiovascular
events. Several factors can explain why we did not observe improved vascular function
with calcimimetic treatment. First, the observed endothelial dysfunction in CKD mice in this
study was less pronounced compared to our CKD mice described in chapter 4. Amelioration
of this small decrease in endothelial function by the calcimimentic is hard to detect. We
do not have a clear explanation why we observed different degree of disturbed vascular
responses between mice from chapter 4 and 5, since we used mice with the same genetic
background, the same surgery intervention, equal time after surgery to assess vascular
function, similar experimental set-ups and similar read-outs. Repeating these experiments
might confirm the observed results to rule out a time issue.
Another explanation for the lack of improved vascular function with calcimimetic
treatment might be ascribed to structural vascular changes. Indeed, calcimimetics treatment
in both experimental models and in hemodialysis patients reduced vascular calcification.39,
40
Since wild-type C57Bl/6 mice do not develop vascular calcification, it is possible that the
lack of improvements on vascular function upon R568 treatment is due to a lack of vascular
calcification in our mouse model. Future research should rule out or confirm calcification
as an explanation for the assumed improved vascular outcome when calcimimetics are
used in an experimental CKD model with high FGF23 levels. The role of phosphate, calcium,
FGF23 and vascular dysfunction in both larger and smaller vessels herein should be further
explored.

Cardiac effects of FGF23
Molecular changes within the myocardium that may underlie the increased prevalence of
heart failure and cardiac mortality in CKD are poorly understood. Therefore, we assessed
whether disturbed calcium fluxes in cardiomyocytes could explain the increased cardiac
mortality in CKD patients (chapter 6). We found disturbances of calcium kinetics in both
mice with CKD and in mice with increased FGF23 levels in isolation. During the cardiac
action potential L-type Ca2+ channels are activated and Ca2+ enters the cell via Ca2+ current
and via the Na+- Ca2+ exchange (NCX) channel.41 Ca2+ influx triggers Ca2+ release from the
sarcoplasmic reticulum (SR) through the Ryanodine receptor (RyR) and thereby raises
cytosolic free Ca2+. When Ca2+ binds to the thin-filament protein troponin C (TnC) it switches
on the myofilaments in a cooperative manner activating contraction. We showed that CKD
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mice and mice with increased FGF23 levels in isolation had decreased calcium influx velocities
and lower systolic calcium content (Figure 1). This was in the absence of altered sarcomere
length and contractility. For relaxation, free cytosolic Ca2+ declines and dissociates from TnC.
This removal of Ca2+ is mainly performed by the sarcoplasmic reticulum Ca2+-ATPase (SERCA)
and sarcolemmal NCX, facilitating reuptake into the sarcoplasmic reticulum. Again, in both
CKD mice and mice with increased FGF23 levels in isolation calcium efflux velocities out
of the cytosol were decreased (Figure 1). This could however not be explained by altered
protein expression of SERCA or phosphorylation status of phospholamban (PLN), which
regulates SERCA activity. A possible explanation could be posttranslational modification of
these calcium channels by increased reactive oxygen species (ROS) production by FGF23.
Indeed, a recent study showed that FGF23 increases ROS formation in endothelial cells.28
Others have also found that ROS induce disturbed calcium handling in cardiomyocytes.28,
42, 43
So whether FGF23 has a direct effect on calcium channels in cardiomyocytes or via
increased ROS production remains to be determined. Nonetheless, our data support that
FGF23 directly disturbs cardiomyocyte function, independently from LVH possibly by
increased sensitivity or an increased maximal force generating capacity. In contrast to our
study, Touchberry et al. found increased intracellular calcium and improved contractility
with acute FGF23 treatment, possibly by binding of FGF23 to calcium channels on the
cellular membrane of cardiomyocytes.44 One could speculate that FGF23 thus improves
cardiac function, but long-term treatment with increased FGF23 concentrations of these
cardiomyocytes could eventually be detrimental, by unexplored mechanisms. Importantly,
this acute exposure of FGF23 ex vivo might be different from the clinical setting, in which
cardiac tissue is exposed to high FGF23 concentrations in vivo for extended periods of time.
In our study we tried to mimic this clinical situation by exposing mice to high FGF23 levels
in vivo for a longer period, i.e. days to weeks, by using the 5/6Nx mouse model and chronic
FGF23 injections.
The question arises if these disturbances are caused by anatomical changes, i.e.
cardiomyocyte hypertrophy, or if altered calcium handling might be an early step in LVH
development. We assessed LVH both by heart weight over tibia length ratio and cardiac
MRI. Both CKD mice and mice receiving FGF23 injections did not show LVH and this was
confirmed by the lack of increased mRNA expression of LVH markers. This is contradiction
with others, who demonstrated that FGF23 can directly induce cardiomyocyte hypertrophy,1
which is likely meditated by the FGF receptor 4 (FGFR4) in a klotho-independent pathway.45,
46
Indeed, FGFR blockade reduced LV mass and improved cardiac function in CKD rats.47 A
reason for this contradiction with our results might be explained by different experimental
set-ups, i.e. ex vivo vs. in vivo, different animal use, i.e. mice vs. rats, or diet use, i.e. high vs.
normal phosphate diet. Since we did not observe cardiac dysfunction as assessed by MRI,
but only disturbed calcium handling by cardiomyocytes, it is unclear if these alterations
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also result in impaired cardiac function and LVH in CKD over time. Future research should
therefore explore if this disturbed calcium handling by cardiomyocytes precedes cardiac
dysfunction and/or LVH and if this can be ascribed to increased FGF23 concentrations. Also,
since congestive heart failure, in part induced by diastolic dysfunction, is the most common
cardiovascular complication among CKD patients,15 it would be interesting to explore if
lowering FGF23 in CKD can potentially prevent or at least delay development of cardiac
dysfunction.

Future perspectives
The results described in this thesis and many other studies have shown that FGF23 is deeply
involved in cardiovascular diseases in CKD patients. Still questions remain on what molecular
mechanism cause this increased cardiovascular risk by high FGF23 levels. Our results show
that chronic exposure of the vasculature to FGF23 causes endothelial dysfunction, but
question about the exact mechanism remain. Possibly ROS are involved in this process,
but data are conflicting. Richter et al.28 observed increased ROS in endothelial cells after
FGF23 exposure, but the lack of eNOS uncoupling in our experiments argues against this
hypothesis. On the other hand, we observed increased ADMA levels in mice with increased
FGF23 levels, which might point to involvement of ROS via DDAH in our mouse models.
Future research thus should address the interplay between chronic and acute exposure
to FGF23 on vessels, ROS and ADMA production, and vascular function. PRMT and DDAH
play an important role in ADMA concentrations and might explain the interplay between
increased FGF23 levels and endothelial dysfunction. Alternatively, inflammation plays a
role in the pathophysiological effect of FGF23 on endothelial function. Since data point
to an interplay between FGF23 and inflammation48, this might also explain endothelial
dysfunction with increased FGF23 levels. Future research should thus explore if FGF23
increases inflammatory cytokines, or other inflammatory processes and thereby disturbs
endothelial function.
Simultaneously, interventions to lower FGF23 in CKD should be explored to search for
proof of causality and subsequently to optimize care for patients. Possible interventions to
lower FGF23 in CKD that have been proven to be effective are reducing dietary phosphate
intake49 and use of phosphate binders.35, 50-55 Also calcimimetics are a pharmacological
option to lower FGF23 in hemodialysis patients.37, 38, 56 A posthoc analysis of the EVOLVE trial
showed that reductions in serum FGF23 after cinacalcet treatment were associated with
lower rates of cardiovascular death and major cardiovascular events, strongly suggesting
a beneficial effect of targeting FGF23. We also showed that the calcimimetic R568 lowers
FGF23 concentrations in an experimental CKD mouse model, but this did not improve
peripheral and myocardial vascular function. Future research on experimental models with
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and without calcification and increased FGF23 levels should shed some light on the role of
calcimimetics on cardiovascular function and how this improves outcome, when its use is
titrated to FGF23 reduction, instead of PTH control.
Lastly, FGF23 antibodies, or selective inhibition of FGF receptors might be a treatment
option to lower FGF23 levels in CKD patients. Burosumab, a monoclonal antibody against
FGF23, has been used in patients with X-linked hypophosphatemia, a condition with
increased secretion of FGF23.57 Although this is a different condition than CKD, the use of
FGF23 antibodies in the clinical setting are an interesting innovative treatment option. We
have also used FGF23 antibodies in our experimental CKD mouse models, although this
was in the presence of a low phosphate diet. Future research should determine if FGF23
antibodies can be used in patients with CKD and how serum phosphate levels should be
managed while under this treatment.

Conclusions
This thesis increases our understanding about the role of FGF23 on vascular and cardiac
function in CKD. Specifically, we showed that FGF23 impairs endothelial function already
early in the development of CKD and that this pathological effect of FGF23 can be prevented
by lowering circulating FGF23. Next to the effects of FGF23 on vascular function, we also
showed that FGF23 induces disturbances in calcium kinetics of cardiomyocytes. Previous
research already showed that FGF23 induces structural changes in the cardiovascular system,
e.g. LVH, while the studies in this thesis show the role of FGF23 on functional parameters
of the cardiovascular system. Thus, FGF23 induces pathophysiological mechanisms in both
vascular and cardiac function and support the concept of FGF23 as a therapeutic target to
prevent cardiovascular morbidity and mortality in CKD patients.
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Nederlandse samenvatting
Patiënten met chronische nierschade hebben een verhoogd risico op cardiovasculaire
ziekten en progressie naar nierfalen, een vorm van zeer ernstig verminderde nierfunctie
waarbij nierfunctievervangende behandeling, zoals dialyse of een niertransplantatie,
noodzakelijk is. Van deze patiënten met nierfalen en behandeld worden met dialyse overlijdt
nog eens ongeveer 50% door een cardiovasculaire oorzaak. Enkele cardiovasculaire ziekten
die vaak voorkomen bij patiënten met chronische nierschade zijn vasculaire calcificatie,
coronaire hartziekten, myocard infarct, linker ventrikel hypertrofie, boezemfibrilleren,
hartfalen en plotselinge hartdood. Naast de bekende risicofactoren die bij nierpatiënten
vaak voorkomen en die de kans op hart- en vaatziekten vergroten, zoals hypertensie, blijft
chronische nierschade zelf ook een belangrijke risicofactor. Dit suggereert dat andere nierspecifieke factoren bijdragen aan het risico op cardiovasculaire ziekten.

FGF23
Nieren spelen een belangrijke rol bij het uitscheiden van afvalstoffen via de urine en regelen
de balans van enkele belangrijke stoffen in het lichaam, zoals fosfaat, calcium en vitamine D. Bij
verslechtering van de nierfunctie neemt de fosfaat concentratie in het bloed toe. Als gevolg
hiervan wordt het hormoon fibroblast growth factor 23 (FGF23) door bot uitgescheiden in
de bloedcirculatie, waarna FGF23 bindt aan zijn receptor in de nieren en ervoor zorgt dat er
meer fosfaat in de urine terecht komt. Bij patiënten met chronische nierschade is de stijging
van FGF23 al vroeg te zien in het ziektebeeld en neemt vaak verder toe naarmate het
ziektebeeld verergert. Naast het in stand houden van normale fosfaat concentraties in het
bloed, is FGF23 ook geassocieerd met cardiovasculaire ziekten in patiënten met chronische
nierschade en met een verhoogde mortaliteit in dialyse patiënten. Studies laten zien dat
een toename van FGF23 concentraties gepaard gaat met een verslechtering van hartfunctie
en zou een verklaring kunnen zijn voor de hoge prevalentie van hartfalen in patiënten met
nierfalen. FGF23 lijkt ook direct de linker hartspier te vergroten (linker ventrikel hypertrofie),
een ongunstig effect dat op zijn beurt weer kan resulteren in hartfalen. De moleculaire
veranderingen die ten grondslag liggen aan het verhoogde risico op hartfalen en hartdood
bij patiënten met chronische nierschade en hoge FGF23 concentraties, zijn echter nog niet
voldoende bekend.
In dialyse en chronische nierschade patiënten is FGF23 ook geassocieerd met vaatcalcificatie.
Daarnaast is vaatfunctie, met name endotheelfunctie, verslechterd wanneer hoge FGF23
concentraties aanwezig zijn, in zowel patiënten als ook in experimentele diermodellen,
alhoewel niet alle studies hier een eenduidig beeld over geven. Of, en hoe FGF23 direct de
vaatfunctie verslechtert en of dit kan worden voorkomen door FGF23 te blokkeren is nog
onbekend.
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Elektrolyten huishouding
Calcium en fosfaat zijn beide in disbalans in patiënten met chronische nierschade, wat
kan resulteren in de ontwikkeling van hart- en vaatziekten. In hoofdstuk 3 hebben we in
twee verschillende muismodellen gekeken hoe nierschade de FGF23-klotho-vitamine
D signalering, en het calcium en fosfaat transport beïnvloedt. Beide muismodellen met
nierschade lieten een verstoring zien van de FGF23-klotho-vitamine D signalering, alhoewel
dit niet geheel overeen kwam met de klinische situatie. Zowel calcium als ook vitamine
D waren verhoogd, wat in patiënten met nierschade meestal is verlaagd. Ook was er
verschil tussen beide muismodellen; fosfaat concentraties in bloed waren verhoogd in
één muismodel, maar niet in het andere. FGF23 was wel verhoogd in beide muismodellen,
wat ook in de klinische situatie vaak voorkomt. Deze resultaten laten zien dat verschillende
muismodellen met nierschade ook verschillende resultaten laten zien wat betreft FGF23klotho-vitamine D levels en elektrolyten parameters, en kunnen verschillen van wat men
in de kliniek vindt. Het is dus belangrijk om hier rekening mee te houden alvorens een
hypothese te testen.

Vasculaire effecten van FGF23
Verschillende studies hebben laten zien dat FGF23 is geassocieerd met vaatstijfheid en
verminderde vaatfunctie in zowel experimentele modellen van nierschade als ook in
patiënten. In hoofdstuk 4 hebben we een verminderde endotheelfunctie gevonden in
muizen met nierschade en verhoogde FGF23 concentraties, terwijl de functie van gladde
spiercellen in vaten niet was veranderd. Onze resultaten en andere studies laten zien dat
deze verminderde endotheelfunctie vooral wordt veroorzaakt door langdurige blootstelling
van FGF23 aan vaten, vergelijkbaar met patiënten die chronische nierschade hebben. Een
verklaring voor de verslechterde vaatfunctie zou kunnen zijn dat FGF23 de aanmaak van
stikstofoxide (NO) vermindert in endotheelcellen, met als gevolg dat vaten minder goed
kunnen verwijden. De NO synthase remmer asymmetrical dimethyl arginine, kortweg
ADMA, was in onze studie gecorreleerd met de mate van verminderde endotheelfunctie
in muizen met verhoogde FGF23 concentraties en zou dus kunnen verklaren hoe FGF23
NO verlaagt. Hoe FGF23 op zijn beurt de levels van ADMA verhoogt is nog onbekend,
maar heeft mogelijk te maken met zuurstofradicalen. Een andere hypothese is dat FGF23
ontstekingsfactoren verhoogt en daarmee zorgt voor een verminderde endotheelfunctie.
Het blokkeren van FGF23 in muizen met nierschade voorkwam een verslechterde
vaatfunctie, maar de antilichamen die hiervoor zijn gebruikt, kunnen helaas niet in
patiënten worden toegepast. Dit zou resulteren in te hoge fosfaat concentraties in het
bloed. Een alternatief is het gebruik van een medicijn dat wordt gebruikt voor een ander
ziektebeeld, namelijk secondaire hyperparathyreoïdie in dialyse patiënten, en als bijkomend
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‘voordeel’ heeft dat het ook FGF23 concentraties verlaagt. In hoofdstuk 5 hebben we dit
medicijn (R568) gebruikt in muizen met nierschade om een verslechterde vaatfunctie te
voorkomen door de toename van FGF23 te remmen. FGF23 concentraties in deze muizen
waren inderdaad verlaagd door R568, alhoewel de afname maar klein was. Ook verbeterde
de vaatfunctie niet na toediening van R568 en er zal voor patiënten met nierschade verder
gezocht moeten worden naar betere alternatieven.

Effecten van FGF23 op het hart
Om beter te begrijpen waarom patiënten met nierschade een verhoogd risico hebben op
hartfalen en hartdood, hebben we in hoofdstuk 6 gekeken naar de calcium stromen in
hartspiercellen, ook wel cardiomyocyten genoemd. Doordat er calcium de cardiomyocyten
instroomt ontstaat er een samentrekking van het hart en dit zorgt er voor dat het hart bloed
het lichaam in pompt. Daarna wordt het calcium weer uit de cardiomyocyten gepompt
en komt het hart in rust, zodat het hart zich weer kan vullen met bloed. In muizen met
nierschade en verhoogde FGF23 concentraties, en in gezonde muizen met alleen verhoogde
FGF23 concentraties, vonden we een verstoorde calcium huishouding in cardiomyocyten,
vergeleken met controle muizen. Zowel tijdens de contractie van het hart, als tijdens
de ontspanning was de snelheid van de calcium stromen in en uit de cardiomyocyten
verminderd. De expressie van de belangrijkste calcium kanalen bleek niet veranderd in
deze muizen, dus het is nog onduidelijk hoe FGF23 de calcium stromen in cardiomyocyten
beïnvloedt. Een hypothese is dat zuurstofradicalen (ROS) vrijkomen bij verhoogde FGF23
concentraties en daarmee de functie van de calcium kanalen verminderen.
Alhoewel muizen met verhoogde FGF23 concentraties verstoorde calcium stromen
lieten zien in cardiomyocyten, was er geen verminderde hartfunctie geobserveerd. Ook
waren er geen indicaties dat er linker ventrikel hypertrofie aanwezig was in deze muizen.
Dit is in tegenspraak met andere studies, die wel een associatie hebben gevonden tussen
verhoogde FGF23 concentraties en linker ventrikel hypertrofie. Het is dus de vraag of
verstoorde calcium stromen voorafgaan aan linker ventrikel hypertrofie, of dat dit processen
zijn die onafhankelijk van elkaar optreden bij toegenomen FGF23 concentraties na
chronische nierschade.

Toekomstperspectieven
De resultaten in deze thesis, samen met vele andere studies, laten zien dat FGF23 nauw
betrokken is in cardiovasculaire aandoeningen bij patiënten met chronische nierschade.
Onze resultaten laten zien dat chronische blootstelling van FGF23 aan vaten zorgt voor
endotheeldysfunctie, maar het exacte mechanisme blijft nog onbekend. Het is waarschijnlijk
dat zuurstofradicalen hier een rol in spelen, maar verder onderzoek zal moeten uitwijzen
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hoe FGF23 de productie hiervan verhoogt. Daarnaast zullen studies moeten aantonen
in hoeverre inflammatie een rol speelt bij een verminderde vaatfunctie in patiënten met
nierschade en verhoogde FGF23 concentraties.
Interventies om FGF23 concentraties te verlagen in patiënten met chronische nierschade
zullen ook ontwikkeld moeten worden om zo het cardiovasculaire risico in deze patiënten te
verlagen. Opties hiervoor zijn het verlagen van de fosfaat inname via voeding, fosfaatbinders
of calcimimetica. Vooral calcimimetica lijken veelbelovend, maar het is nog onduidelijk of
deze medicijnen met name vaatcalcificatie verlagen of ook direct vaatfunctie verbeteren
via FGF23. Toekomstig onderzoek zal moeten uitwijzen wat het mechanisme hiervan
is in patiënten met verschillende FGF23 concentraties. Ook antilichamen tegen FGF23
zijn al eerder gebruikt in patiënten om FGF23 concentraties te verlagen, bijvoorbeeld bij
patiënten met X-gebonden hypofosfatemie, en bieden een interessante behandelingsoptie
voor patiënten met hoge FGF23 concentraties. Onderzoek zal moeten uitwijzen of dit ook
gebruikt kan worden in patiënten met chronische nierschade en hoe vervolgens fosfaat
levels in het bloed onder controle kunnen worden gehouden.
Conclusies
Het onderzoek beschreven in deze thesis heeft ons meer inzicht gegeven over de rol
van FGF23 op vaat- en hartfunctie in patiënten met chronische nierschade. We hebben
laten zien dat FGF23 endotheelfunctie vermindert en dat dit kan worden voorkomen
door FGF23 concentraties te verlagen. Ook hebben we laten zien dat FGF23 de calcium
stromen verandert in cardiomyocyten, zonder aanwijzingen te vinden voor linker ventrikel
hypertrofie. Kortom, FGF23 induceert pathofysiologische mechanismen in zowel vaat- en
hartfunctie en ondersteunt het concept dat FGF23 als een therapeutisch aangrijpingspunt
is om cardiovasculaire morbiditeit en mortaliteit bij patiënten met chronische nierschade
te voorkomen.
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Dankwoord
Het heeft langer geduurd dan gedacht, maar ook ik heb dan eindelijk mijn proefschrift af!
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you, I wouldn’t have got these fancy looking movies and pictures. Eelco, dank je wel dat je
mij de 5/6Nx operatie hebt geleerd en bij zoveel operaties hebt geholpen. Daardoor heb ik
een vliegende start gehad.
Heel veel dank aan het UPC waar ik heel wat uurtjes, ochtenden, avonden en weekenden
heb doorgebracht. Jullie waren altijd bereid me te helpen en mee te denken. Ik wil vooral
Rika en Jerry bedanken voor jullie inzet en hulp.
Ook wil ik een aantal vrienden bedanken, die vaak niet helemaal snapten waar ik in
hemelsnaam mee bezig was en waarom het zo lang duurde, maar me wel altijd hebben
gesteund.
Rianne, Fleur en Marlies, dank jullie wel dat we al zo lang vriendinnen zijn en jullie al mijn
frustraties in de afgelopen jaren hebben aangehoord. Alhoewel jullie niet helemaal snapten
waarom ik zo vaak bij die muizen was, hebben jullie altijd achter me gestaan, wat ik enorm
waardeer.
Stephanie, Laurianne en Suzanne, vriendinnen van de middelbare school en waarmee ik
zoveel mooie vakanties, feestjes en etentjes heb gevierd. Jullie verhalen zijn heerlijk om naar
te luisteren en bezorgen me vaak tranen van het lachen.
Lieve atletiekers, Thijs, Ivo, Sandra, Sander, José, Niels, Sanne, Edo, Michelle, Giovanni, wat
fijn dat we al zo lang vrienden zijn en al zo veel mooie verjaardagen, weekendjes weg en
kerstetentjes hebben meegemaakt. Lindy, wat een zegen om zo’n lieve, zorgzame vriendin
te hebben zoals jij. En wat leuk dat je mooie gezin wordt uitgebreid met nog een dochter.
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Alexander, Ileen, Noortje en Remie, eigenlijk begonnen als vrienden van Bart, maar inmiddels
net zo waardevol voor mij. Ik snap vaak niks van jullie geneeskunde gesprekken, maar ben
des te trotser op jullie mooie gezinnen.
Merel en Ilona, ook lieve vriendinnen overgehouden aan de middelbare school. Alhoewel
we niet meer bij elkaar in de buurt wonen of zelfs in het buitenland, ben ik blij om jullie toch
regelmatig te zien.
Mariska, ooit samen buurmeisjes, nu al jarenlang vriendinnen. Fijn om te zien dat het zo
goed gaat met je gezin en de zaak.
Ana, my wonderful Portuguese friend. We have met in Cambridge, but never let go of each
other, even though you moved several times. You are the most funny person I know and I
hope we will visit each other many more times, wherever that might be.
Stephanie, Bibi en Elvira, met z’n vieren begonnen als masterstudenten, daarna al dan niet
gepromoveerd en uiteindelijk allemaal een baan gevonden op medisch gebied. Zijn we
toch mooi allemaal goed terecht gekomen.
Jan, de douche techniek heb ik zelfs tijdens mijn PhD nog af en toe toegepast. We waren
een gouden duo tijdens de bachelor. Inmiddels heb je me ook behoorlijk ingehaald met al
je reizen en ben benieuwd naar je volgende plan.
Ravi, allebei onze frustraties gedeeld over ons promotieonderzoek en uiteindelijk
vergelijkbare carrières gekregen. Leuk dat we ook dit weer kunnen delen.
Jan, Saskia, Koen, Eva en Maaike, wat fijn om jullie als schoonfamilie te hebben. Ik ken
jullie natuurlijk al van jongs af aan via atletiek en voel me altijd helemaal thuis bij jullie. De
fantastische reizen die we hebben gemaakt zijn onbetaalbaar en ben jullie dankbaar dat
jullie altijd interesse hebben getoond in mijn promotieonderzoek.
Ook ben ik trots dat mijn beide opa’s erbij kunnen zijn en dit mogen meemaken.
Lieve papa, mama en Danny, dank jullie voor jullie eeuwige steun. Papa en mama,
zonder jullie had ik hier nooit gestaan. Ik heb altijd alles kunnen doen wat ik wilde en ben
uiteindelijk geworden wie ik nu ben door jullie. Alhoewel deze onderzoekswereld totaal
onbekend voor jullie is, hebben jullie me altijd gesteund en achter me gestaan. Dank jullie
wel voor alle kansen die ik heb gekregen en uiteindelijk hebben geleid tot dit proefschrift.
Danny, jij snapte er echt helemaal niks van waarom ik dit allemaal deed. Met plezier in het
ziekenhuis lopen, met muizen onnavolgbare experimenten doen, moeilijke artikelen lezen.
Maar desalniettemin heb je nooit onder stoelen of banken geschoven hoe trots je op me
bent. Je bent en blijft ook voor mij een broerTJE om trots op te zijn.
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Lieve Bart, toch een wat uitgebreider dankwoord dan alleen jouw vermelding. Ik ben onwijs
trots op je en heel blij dat ik je mijn man mag noemen. Je structuur, doorzettingsvermogen,
planning en motivatie om alles, maar dan ook echt alles, van tevoren goed uit te zoeken zijn
jaloersmakend. Je hebt me altijd gesteund tijdens mijn promotieonderzoek, ook als ik weer
eens een weekend niet thuis was om aan mijn PhD te werken. Ik kan me een leven zonder
jou niet voorstellen en je maakt me de gelukkigste persoon op aarde. Laten we samen nog
veel meer mooie avonturen aangaan.
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