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Abstract
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Disturbances in mineral metabolism contribute to vascular calcification and mortality risk in
chronic kidney disease (CKD). Serum levels of fibroblast growth factor (FGF)23, a bone
derived, phosphaturic peptide, are associated with cardiovascular mortality in CKD. Membrane
bound klotho(KL) is an obligate co receptor for FGF23 signaling in the kidney. To study aspects
of FGF23 in mild to moderate impairment of renal function we have analyzed FGF23, estimated
glomerular filtration rate (eGFR), parathyroid hormone(PTH), 1,25 (OH)2 vitamin D (1,25D),

calcium and phosphate in one patient with a FGF23 producing tumor, before and after tumor
removal (study 1), in 72 CKD patients with varying degree of renal dysfunction (study 2), in
9 healthy kidney donors, before and after nephrectomy (study 3). We also analyzed FGF23
(study 4), and performed genotyping of 27 single nucleotide polymorphisms (SNP) of the KL
gene (study 5) in 2838 elderly Swedish men (MrOs study) and examined the association with
mortality.

FGF23 normalizes in 30-45 minutes after removal of a FGF23 producing tumor (study
1). 1,25D increases in hours and remains elevated months, even when the other parameters
have normalized. FGF23 increase early in CKD, initially slowly, in correlation with PTH, but
exponentially when hyperphosphatemia ensues (study 2). After unilateral nephrectomy (study
3) mineral homeostasis remain stable, initially due to a rise in PTH and later to an increase in
FGF23.

FGF23 levels are not correlated with mortality in elderly men after adjustment for eGFR,
but with mortality due to cardiovascular disease, even in persons with normal eGFR (study 4).
Polymorphism of the KL gene do not correlate with increased mortality risk in elderly men
(study 5), but there is a modulating effect on FGF23 levels.

FGF23 is of importance in maintaining phosphate homeostasis as renal function declines. It is
co regulated with PTH until advanced renal dysfunction, and adjust the 1,25D to the actual GFR.
FGF23 is associated with cardiovascular mortality. Further studies are needed to determine the
mechanism, and if reduction of FGF23 by reducing phosphate intake may be beneficial even in
persons with mild to moderate renal function.
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"Fate has terrible power. You cannot escape it 
by wealth or war. No fort will keep it out, 
no ships outrun it.”  
 
Sophocles 
 
 
 
 
 

"We are not permitted to choose the frame of our destiny.
 But what we put into it is ours."

Dag Hammarskjöld
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Abbreviations 

1,25(OH)2D 1,25 dihydroxy vitamin D, calcitriol 
25(OH)D 25 hydroxy vitamin D, calcidiol 
ADHR Autosomal dominant hypophosphatemic rickets 
ATP Adenosine triphosphate 
cAMP Cyclic adenosine monophosphate 
CaSR Calcium sensing receptor 
CKD Chronic kidney disease 
CVD Cardiovascular disease 
CYP Human cytochrome P450 
DBP D vitamin binding protein 
DCT Distal convoluted tubule 
DMP1 Dentin matrix protein 
eGFR estimated Glomerular filtration rate 
ENNP1 Ectonucleotide pyrophosphate/phosphodiesterase 1  
ESRD End stage renal disease 
FE Fractional excretion 
FGF Fibroblast growth factor 
GFR Glomerular filtration rate 
KDIGO Kidney disease improving global outcome 
MAPK Mitogen-activated protein kinas  
MBD Mineral/bone disorder 
NaPi Sodium phosphate co-transporter 
NCX Sodium calcium exchanger 
OOM Oncogenic osteomalacia 
PCT Proximal convoluted tubule 
PHEX Phosphate-regulating gene with homology to

endopeptidases on the X chromosome  
Pi Phosphate 
PMT-MCT Phosphaturic mesenchymal tumor, mixed connective tissue

variant 
PPi Pyrophosphate 
PTH Parathyroid hormone 
RANK-L Receptor activator of nuclear factor κβ-ligand  
SLC Solute carrier 
SNP Single nucleotide polymorphism 
TAL Thick ascending limb 



 

TRPV Transient receptor potential cation channel subfamily V 
VDR Vitamin D receptor 
VDRA Vitamin D receptor agonist 
VSMC Vascular smooth muscle cell 
XLH X linked hypophosphatemic rickets 
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Introduction 

The burden of cardiovascular disease (CVD) is high in chronic kidney dis-
ease (CKD). The mortality risk due to CVD is 10-100 times higher in per-
sons with end stage renal disease (ESRD) compared to persons of the same 
age with normal renal function [1]. Traditional risk factors, age, hyperten-
sion, diabetes, dyslipidemia and hereditary factors, as well as uremia specific 
factors like activation of the renin-angiotensin-aldosteron system, oxidative 
stress, accumulation of uremia specific metabolites, inflammation and dis-
turbed mineral metabolism contribute to the dismal outcome. 

Aberrant mineral metabolism is a universal consequence of CKD. Hyper-
plasia of the parathyroid glands and renal osteodystrophy used to be a com-
mon complication of advanced CKD. When it became clear that 
hyperphosphatemia and vitamin D deficiency contributed to the condition 
treatment regimes based on dietary phosphate restriction, per oral phosphate 
binders and vitamin D receptor agonists (VDRA) were introduced. They are 
effective in improving biochemical parameters and mitigating skeletal ab-
normalities, but also may have drawbacks. It turned out that aluminum-based 
phosphate binders caused osteomalacia and dementia. VDRA tend to induce 
hypercalcemia, especially when combined with calcium based phosphate 
binders. The abundance of vascular calcification, and its association with 
CVD in CKD, made the issue even more complex, as treatment of aberrant 
biochemical parameters actually may worsen the clinical outcome. The term 
chronic kidney disease-mineral bone disorder (CKD-MBD) was minted in 
2005 and defined as: a systemic disorder of mineral and bone metabolism, 
due to CKD, manifested by abnormalities in calcium, phosphate, parathyroid 
hormone (PTH) or vitamin D; abnormalities in bone structure or mineraliza-
tion in bone biopsies or presence of vascular or other soft tissue calcification, 
either alone or in combination [2]. In 2009 a working group, the Kidney 
disease improving global outcome (KDIGO) published guidelines concern-
ing treatment of CKD-MBD based on available evidence, and also pointed at 
many unresolved questions due to the scarcity of randomized studies with 
hard endpoints [3].  

Vascular arterial media calcification is common in patients with renal 
failure, and is associated with decreased elasticity of the large arteries, high-
er pulse wave velocity and increased risk of heart failure and death [4]. The 
condition differs from, but may coexist with, and worsen obstructing arterial 
disease.  
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The exact causes of vascular calcification are not fully understood, but ev-
idence for a connection with disturbed mineral metabolism, especially 
hyperphosphatemia, have accumulated during the last years. Vascular 
smooth muscle cells (VSMC) in the media layer of the arterial wall 
redifferentiate into cells with traits of mineralizing bone cells when exposed 
to high phosphate concentration [5, 6]. Experimental hyperphosphatemic 
animals develop severe vascular calcification, which can be prevented by 
phosphate restriction, or other manipulations that lower phosphate concen-
tration [7, 8]. Hyperphosphatemia in CKD patients is associated with vascu-
lar calcification and CVD morbidity and mortality. In manifest coronary 
heart disease there is an association between serum phosphate level and mor-
tality, even in non-CKD patients [9]. 

Mild and moderate renal dysfunction precedes advanced renal failure by 
years or decades. Glomerular filtration rate (GFR) below 60-70 ml/min/1.73 
m2 is a risk factor for CVD even after adjustment for traditional risk factors 
[10, 11]. Biochemical disturbances in mineral metabolism occur early in 
CKD and are potential targets of treatment to slow the negative effect on the 
vasculature. In an aging population, with increasing prevalence of obesity 
and diabetes, there are a growing number of individuals with mild to moder-
ate renal dysfunction [12, 13].  

The discovery of fibroblast growth factor (FGF) 23 has shed new light on 
normal phosphate and calcium homeostasis and given us a tool to explore 
the impact of phosphate homeostasis on vascular health in different patient 
categories. Identification of its membrane bound co-receptor α-klotho has 
linked phosphate metabolism with senescence, and opened a novel field of 
research into the relationship between renal function, phosphate metabolism 
and cardiovascular health.  

In this thesis I examine aspects of FGF23 and phosphate regulation in one 
patient with acquired hypophosphatemia, 72 patients with varying degree of 
renal dysfunction and 9 healthy persons before and after kidney donation. 
Further, I examine the association between mortality and FGF23, and genet-
ic variation of the klotho gene, in a cohort of elderly men. 
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Mineral metabolism 
By definition a mineral is a naturally occurring, homogeneous inorganic 
solid substance having a definite chemical composition and characteristic 
crystalline structure, color, and hardness. 

Hydroxyapatite (Ca10(PO4)6(OH)2) constitutes the mineral phase of bone 
and teeth. Incorporation of hydroxyapatite in bone is an active, precisely 
regulated cellular process. Osteoblasts, cells of mesenchymal origin, build a 
collagen rich matrix called osteoid. The extracellular fluid is supersaturated 
with calcium and phosphate ions in relation to hydroxyapatite-
crystallization, which means that the crystals will not dissolve, and would 
grow spontaneously if it was not for the presence of specific inhibitors. Py-
rophosphate (PPi) has a key position as regulator of mineralization. The os-
teoblasts degrade PPi, by alkaline phosphatases to two phosphate ions, 
thereby removing the inhibitor of mineralization and at the same time in-
creasing the local concentration of phosphate. Some osteoblasts become 
enclosed in the mineralized tissue and develop into osteocytes, which are 
interconnected in a three dimensional network of importance for 
mechanosensing and regulation of bone remodeling.  

In childhood and youth about 2.5 mmol calcium and 1.5 mmol phosphate 
are deposited in the growing skeleton each day. There is a continuous 
resorption of mineral by osteoclasts, which are specialized multinuclear cells 
of hematopoietic origin. Their activity is directed by osteoblasts. The osteo-
blasts then produce new osteoid to be mineralized. 

Bone mineral also has a metabolic function, constituting a source of cal-
cium, phosphate and alkali to maintain extracellular homeostasis. Mineral 
homeostasis and balance are regulated by hormones acting on bone cells, 
kidney and intestine. The main parameters of mineral metabolism and ap-
proximate reference ranges are listed in table 1.  

Table 1. Parameters of mineral metabolism  

Parameter MW  
Concentration in serum 
SI Units 

 
Metric Units

Calcium 
Calcium++ 

40.1 
40.1

2.2-2.6 mmol/L 
1.10-1.30 mmol/L

8.8-10.4 mg/dL 
4.4-5.2 mg/dL 

Phosphate ( H(1-2)PO(- --)
4) 95.0 0.75-1.40 mmol/L 2.3-4.4 mg/dL 

Phosphorus, P 31.0
1,25 (OH)2 D 417 40-130 pmol/L 17-54 pg/mL
Intact parathyroid hormone ≈9500 1.1-6.9 pmol/L 10-63 pg/mL
Parathyroid hormone (1-84) ≈9500 0.73- 4.2 pmol/L 6.6-38.4 pg/mL 
Fibroblast growth factor 23 32 000 10-50 ng/L
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Calcium 
An average adult contains 1-2 kg calcium, whereof 99% is in mineralized 
tissues and 1% in the extracellular space. About 40% of plasma calcium is 
protein-bound, mainly to albumin. The remaining, filterable calcium consists 
of free, ionized calcium (50%) and complexes (10%) with anions as phos-
phate and sulfate. It is the ionized fraction that is physiologically relevant 
and strictly regulated. The fraction of ionized calcium varies with the pH and 
albumin content of plasma. The intracellular calcium concentration is low, 
0.1-1 μmol/L, and maintained by Ca++-ATPas. The steep intra-extra-cellular 
calcium gradient is utilized to regulate neuromuscular functions and release 
of endocrine signals.  

Calcium intake, mostly from dairy products, is 15-20 mmol/day. Intesti-
nal uptake, normally 3-5 mmol/day, is strictly regulated via specific trans-
porters. About 7 mmol is sequestered in the skeleton each day, and the same 
amount released by remodeling. The kidneys excrete about 3-5 mmol calci-
um/day in neutral calcium balance.  

Of the filtered load of calcium 98-99% is reabsorbed by the tubules, 50-
60% in the proximal convoluted tubules (PCT) by passive mechanisms, 15% 
in thick ascending limb (TAL) by both passive and active transport, and 10-
15% in distal convoluted tubules (DCT) and collecting tubules in a regulated 
transcellular manner. In DCT calcium enters the epithelial cells via Ca++-
channels, the most important one being TRPV5. Maintaining a low intracel-
lular calcium concentration is necessary also for calcium transporting cells. 
They contain calbindin, a calcium binding protein in intestinal and DCT-
cells that binds and buffers intracellular calcium, which increases the capaci-
ty for transcellular calcium flux. Basolateral calcium extrusion occurs main-
ly via sodium-calcium exchangers (NCX), driven by the inward sodium gra-
dient generated by NaK-ATPase.  

The concentration of ionized calcium is strictly maintained by PTH, cal-
citriol (1,25(OH)2D), calcitonin, and by its own effects on many cellular 
functions. Calcium ions act as an agonist on the G-protein coupled calcium-
sensing receptors (CaSR) on the parathyroid glands' chief cells. That activate 
intracellular phospholipase, lead to increased inositol 3,4,5-triphosphate, 
release of intracellular calcium stores, and reduction of intracellular cyclic 
adenine monophosphate (cAMP), with the compound effect of withholding 
PTH release [14-16]. A minuscule fall in Ca++-concentration causes immedi-
ate PTH secretion. PTH interacts with the PTH-1 receptor PTH1R on osteo-
blasts, which are stimulated to release receptor activator of nuclear factor-
kappa B ligand (RANK-L) [17], which is key regulator of osteoclast re-
cruitment, maturation and activity. In the DCT PTH increases calcium reab-
sorption via TRPV5. PTH also stimulates cyclo oxygenase P450 (CYP) 
27B1 in the PCT, which catalyzes 1-α-hydroxylation of calcidiol (25(OH)D) 
to 1,25(OH)2D.  
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GFR affects renal calcium handling. An increase in GFR is compensated 
by increased DCT-reabsorption. A mild to moderate decrease in GFR de-
creases the fractional excretion of calcium (FE-Ca) meaning that a relatively 
larger fraction of filtered calcium is reabsorbed. In advanced renal failure 
there is a low absolute calcium excretion, but an increase in FE contributing 
to normo or hypocalcaemia.  
 

Phosphate 
Phosphorus exists in solutions as anions of phosphoric acid: hydrogen phos-
phate (HPO4)

2- and dihydrogen phosphate (H2PO4)
-, jointly referred to as 

phosphate (Pi). Pi has multiple essential electrochemical and structural func-
tions in living organisms, as part of high-energy compounds, like ATP, nu-
cleic acids and phospholipids. Phosphorylation is an important way of regu-
lating enzyme-functions. The ratio (HPO4)

2- to (H2PO4)
 - is dependent on the 

pH in the solution and Pi functions as a buffer of hydrogen ion concentration 
in extracellular fluid and urine.  

A 70-kg individual contains about 700 g Pi, 85% in skeletal mineral, 14% 
in the intracellular compartment and less than 1% in the extracellular fluid. 
About 25% of circulating Pi is bound to proteins. Forty percent of the filter-
able Pi is in complex with calcium, magnesium and sodium. Hypercalcemia 
decreases the filterable fraction of Pi due to formation of protein-calcium-
phosphate complexes. The majority of the intracellular Pi is incorporated in 
organic compounds and polyphosphates so the free cytosolic concentration is 
about 1 mM.  

The daily intake of Pi is 25 to 45 mmol. It is naturally abundant in dairy 
products, meat and cereal grains. Besides, inorganic Pi compounds used as 
food additives are sources of surplus Pi intake. Approximately 65% (15-30 
mmol) of consumed Pi is absorbed in the duodenum and jejunum. Intestinal 
uptake is proportional to Pi intake. It is further stimulated by 1,25(OH)2D 
which increases regulated Pi absorption. Formation of complexes to calcium, 
magnesium, aluminum or phytates decreases the bioavailability. The skele-
ton incorporates 7 mmol of Pi daily and the same amount is freed in the re-
modeling process. The kidneys excrete the excess of absorbed phosphate, 
about 30 mmol/day.  

The tubular reabsorption of filtered Pi is the rate limiting step of Pi home-
ostasis. The fractional excretion of Pi (FE-Pi), the fraction of filtered Pi that 
actually is excreted in the urine, can be estimated by the formula: ([Pi]urine x 
[creatinine]serum) / ([Pi]serum x [creatinine]urine).  

Tubular reabsorption of Pi (TRP) is (1-(FE-Pi)). Pi reabsorption is a satu-
rable process, meaning that if the serum concentration increases over a cer-
tain threshold, the urinary Pi increases proportionally. The maximal TRP in 
relation to GFR (TmP/GFR) can be estimated from the nomogram by 
Bijvoet (figure 1) and represents the serum Pi concentration below which 
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most Pi is reabsorbed and above which there is a proportional increase in 
FE-Pi. 

 
Figure 1. Nomogram of Bijvoet. Calculate TRP, draw a line from Pi concentration 
through TRP and read TmP/GFR on the right y-axis [18] 

 
 

The identification and characterization of selective Pi transporters in have 
increased the understanding of Pi homeostasis. There are three types of sodi-
um phosphate co-transporters schematically listed in table 2, and reviewed in 
[19]. Type 1 is expressed in tubular cells, but also in liver and brain. Its role 
in regulation of Pi homeostasis is unclear. Type III transporters (Pit1, Pit2) 
are ubiquitously expressed, housekeeping proteins responsible for Pi uptake 
according to the metabolic need of the cell.  

The type II NaPi-co-transporters are essential for regulation of Pi homeo-
stasis and balance. NaPi-2a and NaPi-2c are active in the apical brush border 
of the PCT [20]. 
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Table 2. Sodium phosphate co-transporters 

Sodium phosphate 
co-transporters 

gene function 

Type I   

NaPi-1 SLC17A1 Polyspecific anion (Pi, urate) transporter in PCT  

Type II 
NaPi-2a SLC34A1 Na:HPO4

2- (3:1) co-transport in PCT. Key transporter 
in Pi metabolism.  
Knock-out mice: hypophosphatemia, increased 
1,25(OH)2D

NaPi-2c SLC34A3 Na:HPO4
2- (2:1).co-transport in PCT. Key transporter 

in Pi metabolism. 
Knock-out mice: normal serum Pi, increased 
1,25(OH)2D 

NaPi-2b SLC34A2 Na:HPO4
2- (3:1) co-transport in intestine and lung. 

Mutation causes pulmonary alveolar microlithiasis in 
humans.

Type III 
PiT-1 SLC20A1 Ubiquitously expressed, of importance for bone and 

vascular biology, regulated by Pi, adrenaline, IGF-I 
and BMP-2. Regulates osteoblast differentiation and 
parathyroid gland sensitivity to Pi.

PiT-2 SLC20A2 Ubiquitously expressed, minor role in renal Pi reab-
sorption

 
NaPi-2a has to interact with the intracellular molecules PDZk1 and Na-H 
exchanger-regulatory factor 1 (NHERF1) to exert its functions and respond 
to signaling [21][22]. In humans NaPi-2c deficiency, due to homozygous 
mutation, causes hereditary hypophosphatemic rickets with hypercalciuria 
(HHRH), a syndrome of Pi wasting and a compensatory rise in 1,25(OH)2D 
[23]. Recently a homozygous mutation in SLC34A1, which is coding for 
NaPi-2a, was shown to cause similar clinical manifestations [24]. NaPi-2b is 
expressed in enterocytes and pneumocytes [19]. 

Tubular Pi reabsorption is affected by the Pi concentration in the circula-
tion. PTH has phosphaturic activity and integrates Pi and calcium homeosta-
sis. An acute increase in Pi decreases the free fraction of calcium ions, which 
via the CaSR lead to PTH secretion. High Pi intake induces hypertrophy of 
the parathyroid glands, by up-regulating transforming growth factor (TGF) α 
and Pi restriction counteracts growth by inducing cyclin-dependent kinas 
inhibitor p2 [25]. 

Pi loading decreases Pi reabsorption by down-regulation of NaPi-2a/c 
while depletion has the opposite effect [26]. Chronic acidosis decreases re-
absorption, while alkalosis increases it.  

PTH is the major phosphaturic hormone [27]. It causes endocytosis and 
lysosomal degradation of NaPi-2a/c. 1,25(OH)2D has complex interactions 
with Pi transport in the kidney inducing an acute increase in expression and 
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activity of Pi transporters, but prolonged stimulation leads to their down-
regulation.  

Hyperphosphatemia decreases CYP27B1 activity and 1,25(OH)2D which 
decreases intestinal Pi absorption, while Pi depletion increases 1,25(OH)2D 
independently of PTH. 

Phospahtonins are circulating phosphaturic factors originally identified 
from phosphaturic mesenchymal tumors. FGF23 is the best known and prob-
ably most important phosphatonin. Also matrix extracellular 
phosphoglycoprotein (MEPE), secreted frizzled related protein-4 (FRP-4) 
and FGF7 are phosphaturic. The existence of an intestinal phosphatonin has 
been postulated to explain the immediate decrease in renal Pi reabsorption 
by increased Pi concentration in the intestinal lumen [28].  

 
 

Vitamin D 
Vitamin D was discovered 1920 by Adolf Windaus [29] and 1,25(OH)2D 
was identified 1971 [30, 31]. Vitamin D is synthesized in the skin from 7-
dehydrocholesterol, which is metabolized to vitamin D3 (cholecalciferol) 
under the influence of ultraviolet light (UV-B, wavelength 290-315 nm). 
Cholecalciferol, as well as the plant derived vitamin D2 (ergocalciferol), are 
hydroxylated in the liver by CYP27A1 to calcidiol (25(OH)D), which is 
transported by Vitamin D binding protein (DBP). 25(OH)D is 1α-
hydroxylated in the kidney by CYP27B1 to 1,25(OH)2D. The 24-
hydroxylase (CYP24) hydoxylates 1,25(OH)2D and 25(OH)D to inactive 
metabolites. CYP27B1 and CYP24 activity are located mainly in the epithe-
lia of the PCT. During vitamin D sufficiency an important part of vitamin D 
metabolism also take place in the distal nephron [32]. Unregulated extra 
renal activation of vitamin D takes place in macrophages and can, in granu-
lomatous diseases, lead to hypercalcemia.  

Endocytosis of the DPB-vitamin D complex is mediated by megalin on 
the surface of cells participating in vitamin D metabolism [33]. In the cyto-
plasm vitamin D binds the vitamin D receptor (VDR), which heterodimerize 
with the retinoid X receptor (RXR) in the nucleus. This complex interacts 
with VDR-responsive elements on the genome modulating the functions of 
300-400 genes. Apart from mineral metabolism, vitamin D, modulates cell 
differentiation, immunological processes and the renin-angiotensin system 
for instance. 

The 25(OH)D level represents the measurable ‘vitamin D status’ of the 
individual. A level below 25 nmol/L represents deficiency and is associated 
with rickets in children and osteomalacia in adults. The optimal level is de-
bated [34]. In 25(OH)D deficiency the PTH level is increased and the 
1,25(OH)2D is maintained in the normal range. With increasing 25(OH)D 
level PTH decreases until the 25(OH)D level is 70-75 nmol/L. If that repre-
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sents the optimal level of 25(OH)D, then insufficiency is very common, 
especially among elderly, chronically ill persons, nursing home residents and 
those with albuminuria, obesity, dark skin and low exposure to UV-B. Many 
types of morbidity and mortality are associated with lower levels of 
25(OH)D, but a beneficial effect of treatment with cholecalciferol or 
ergocalciferol has so far been demonstrated only on skeletal health. 

 The serum level of 1,25(OH)2D is a pro mille of 25(OH)D and the rate of 
1,25(OH)2D synthesis in the kidney is strictly regulated. CYP27B1activity is 
stimulated by PTH, hypocalcaemia, hypophosphatemia, estrogen, prolactin 
and growth hormone, while it is inhibited by 1,25(OH)2D and FGF23. The 
activity of CYP24 is stimulated by its substrate 1,25(OH)2D, and by FGF23.  

In mild to moderate impairment of renal function factors as high age, de-
creased mobility, decreased synthesis in skin, restriction of dairy products 
and albuminuria contribute to lower levels of 25(OH)D, that may predispose 
to, or fasten the development of 1,25(OH)2D deficiency and secondary hy-
perparathyroidism. There is an early, gradual decrease in 1,25(OH)2D as 
renal function declines but the exact mechanism for that decrease is not 
completely understood. Traditionally it has been explained by destruction of 
renal parenchyma. There is also an active down-regulation of CYP27B1 
function due to increasing FGF23, despite normal calcium and Pi as well as 
increasing PTH [35, 36]. 

In mild to moderate renal dysfunction the 1,25(OH)2D is not correlated 
with 25(OH)D. In ESRD 1,25(OH)2D levels are low and they correlate with 
25(OH)D levels. Some activation, thus, may take place in non renal tissues 
[37]. 

 
 

FGF23 
Role in syndromes of aberrant Pi homeostasis. 
FGF23 was discovered as the mutated gene in autosomal dominant 
hypophosphatemic rickets (ADHR) [38], which is a syndrome of renal Pi 
wasting, hypophosphatemia, bone deformities and dental abscesses [39]. The 
identified mutations are located in a putative proteolytic cleavage site and 
cause increased circulatory FGF23 levels [40, 41]. The clinical manifesta-
tions of X-linked hypophosphatemia (XLH), autosomal recessive 
hypophosphatemic rickets type 1 and -2 (ARHR 1 and 2) are similar to 
ADHR. They are caused by mutations affecting proteins in mineralizing 
tissue. (See table 3) 
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Table 3. Hereditary hypophosphatemic syndromes with increased FGF23 

Clinical syndrome Mutated gene ref 

Autosomal dominant 
hypophosphatemic rickets ADHR 

Fibroblast growth factor 23 ( FGF23) 
(R176Q, R179Q, or R179W) [38, 39] 

X-linked hypophosphatemia (XLH) Phosphate-regulating gene with homology 
to endopeptidases on the X chromosome 
(PHEX)

[42, 43] 

Autosomal recessive 
hypophosphatemic rickets 1 
ARHR 1 

Dentin matrix protein1 (DMP1) [44, 45] 

Autosomal recessive 
hypophosphatemic rickets 2 
ARHR 2 

Ectonucleotide pyrophos-
phate/phosphodiesterase 1 (ENPP1) 

[46, 47]  

 
Oncogenic osteomalacia (OOM), also called tumor induced osteomalacia, is 
a rare, acquired, form of hypophosphatemic osteomalacia caused by renal 
wasting and inappropriate low or normal 1,25(OH)2D. The syndrome was 
first described in 1947 [48]. Since then a few hundred cases of OOM have 
been described, mostly related to benign mesenchymal tumors of soft tissue 
or bone, hemangiopericytoma, giant cell tumors or osteoblastoma [49]. The 
tumors have unique features described as a distinctive admixture of spindled 
cells, osteoclast like giant cells, microcysts, prominent blood vessels, carti-
lage-like matrix, and metaplastic bone; termed "phosphaturic mesenchymal 
tumor, mixed connective tissue variant" (PMT-MCT) [50]. 

FGF23 is produced in these tumors [51-54] causing increased levels of 
circulating FGF23 [55, 56]. On removal of the tumor the Pi homeostasis 
normalizes. The circulatory half-life of FGF23 has been established at 46-58 
minutes [57] and determination of a venous gradient for FGF23 may be 
helpful in localization of these small tumors [58, 59]. 

On the other hand, low FGF23 causes extra skeletal calcification. In fa-
milial tumoral calcinosis (TC) unstable FGF23 causes increased 
1,25(OH)2D, hyperphosphatemia and vascular calcification. TC is due to  
mutations in FGF23, which disrupts its secretion, or in GALNT3, which 
cause defective glycosylation of FGF23 and its accelerated degradation [60-
62].  

Structure and function. 
The FGF23 gene is located on chromosome 12p13 and encodes for a 251 
amino acid polypeptide carrying a signal sequence which predetermines it 
for secretion [51, 63]. Secreted FGF23 is glycosylated and has a molecular 
weight of 32 kDa. FGF23 was originally detected in the central nervous sys-
tem of mice [63], but the primary source of circulating FGF23 is osteoblasts 
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and osteocytes. It is also produced by amenoblasts, cementoblasts, chondro-
cytes and osteoclasts [64].  

 Most other members of the FGF family have high affinity for heparin 
sulfates present in extracellular matrix, which predisposes them to paracrine 
function. FGF23 belongs, together with FGF19 and -21, to a subfamily with 
endocrine features [65, 66].  

FGF23 is cleaved in the circulation to inactive N- and C-terminal frag-
ments. In healthy adults serum concentration of FGF23 is approximately 10-
50 ng/L (range 8.2-54.3 ng/L) [55] measured with an ELISA for intact 
FGF23. FGF23 levels with an immunoassay detecting both intact and inac-
tive C-terminal fragments are 55 ± 50 RU/ml in adults and somewhat higher 
in children: 69 ± 36 RU/ml [56].  

The physiological function of FGF23 has been extensively examined. 
Over-expression, or administration of FGF23 causes decreased tubular reab-
sorption of Pi in the proximal tubules by internalization of the specific sodi-
um-phosphate co-transporters NaPi2a and 2c by activation of the mitogen-
activated protein kinas (MAPK) pathway [67-70]. FGF23 inhibits CYP27B1 
and stimulates CYP24, and thereby slows the activation of and accelerates 
the degradation of 1,25(OH)2D, preventing its appropriate increase in re-
sponse to hypophosphatemia [71, 72]. FGF23 also has a direct effect inhibit-
ing expression and release of PTH via the MAPK pathway as demonstrated 
in experimental models [73, 74]. 

Knock out of FGF23, or inhibition with antibodies have the opposite ef-
fects, deleterious Pi retention and increased 1,25(OH)2D [75-77]. FGF23 
inhibition in vivo decreases PTH, due to an increase in calcium and 
1,25(OH)2D [77].  

Secretion of FGF23 is affected by Pi intake. The FGF23 level of healthy 
volunteers consuming a high Pi diet (70 mmol Pi daily) was 30.7±8.7 ng/l 
and decreased to 19.6±7.0 after switching to Pi restricted diet (20 mmol/d) 
[78]. In another Pi loading test on healthy males FGF23 increased signifi-
cantly from 30 to 37 ng/L in three days [79]. The FGF23 gene has a vitamin 
D responsive element in its promoter and 1,25(OH)2D stimulates the produc-
tion of FGF23 in cultivated osteoblasts and in vivo [80]. 1,25(OH)2D treat-
ment increases FGF23 in hemodialysis patients [81]. Ergocalciferol 50 000 
IU/week increased the 25(OH)D level from 45 to 100 nmol/L and FGF23 
from 43 to 74 ng/L in healthy individuals [82]. PTH stimulates FGF23 secre-
tion in bone cells [83]. PTH infusion increases FGF23 in healthy volunteers 
and in renal failure [84]. Also, the rise in FGF23 caused by renal failure in 
rodents is prevented by parathyroidectomy [83]. Growth hormone increases 
the FGF23 levels [85].  

FGF23 inhibits PTH secretion in vitro, and in animal experiments [73]. 
The parathyroid glands of uremic patients are insensitive to FGF23 signal-
ing..  
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It is unknown how FGF23 release is regulated. A Pi sensor has not been 
detected. The osteoblasts and osteocytes possibly react to changes in the 
mineralization front, where Pi is a necessary substrate but also modulates 
cell interactions. Clues to these mechanisms may come from unraveling the 
interactions of PHEX, DMP1, and ENNP1 in bone [86-88]. 

Fibroblast growth factor receptors 1-3 are expressed on most cells. FGF23 
requires a cofactor, namely klotho to bind and activate its receptors. 

 
Klotho 
The protein klotho was identified as the disrupted gene in a strain of mice 
exhibiting features of premature aging [89]. It was named after the one of the 
Fates in Greek mythology who spins the thread of life. Klotho-deficient mice 
suffer from vascular and renal calcification, decreased mineralization of 
bone, atrophy of the gonads and severely shortened lifespan. They also have 
hyperphosphatemia and increased 1,25(OH)2D levels [89]. In addition to 
disturbed mineral metabolism these mice have increased oxidative stress and 
increased insulin sensitivity. Over expression of Klotho extends the life span 
compared to wild type mice [90]. 

The human klotho gene codes a 1014 amino acid type 1 single-pass 
transmembrane polypeptide (130 kDa). The extracellular domain consists of 
two internal repeats homologous to 1 glycosidases [91] . 

Transmembrane klotho functions as an obligate co-receptor for FGF23 
signaling, and it is expressed mainly in DCT,  in parathyroid glands and in 
plexus choroideus. Mice lacking FGF23 have identical phenotype to klotho 
deficient mice. FGF23 has low affinity to FGF receptors (FGFR), but klotho 
interacts with FGFR-1c, -3c and 4 and increases their affinity for FGF23, 
and is obligate for FGF23 signaling [92, 93]. 

Most of the phenotype of accelerated aging is reversible with dietary Pi 
restriction, inhibition of vitamin D function or Pi reabsorption. 
Hyperphosphatemia also increase synthesis of reactive oxygen species and 
endothelial dysfunction. In other words, klotho links Pi and vitamin D me-
tabolism with aging phenotypes and longevity [94]. 

Transmembrane klotho are split by the proteases, ADAM10 and 17. Their 
activity is stimulated by insulin [95]. Secreted klotho has been detected in 
serum, cerebrospinal fluid and urine. It has enzymatic activity and can, by 
the removal of sialic acid, increase membrane affinity of TRPV5 and thereby 
calcium transport in DCT. In a similar way it modifies the renal outer medul-
lar K+channel (ROMK1) to increase potassium secretion [96, 97].  

Klotho is co-expressed with inducible NaK-ATPase and may facilitate its 
membrane localization in response to hypocalcaemia in parathyroid glands, 
DCT and plexus choroideus [98]. 

Recently, klotho expression was demonstrated in the arterial wall of 
healthy humans, which is the opposite of ESRD patients [99]. In animal ex-
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periments it protects vascular cells from Pi loading and calcification [100], 
and renal function from ischemia or toxin-induced injury [101]. 

The klotho gene (KL) spans 50 kb genomic DNA on chromosome 13q2. 
Two examples of genetic disease related to KL have been published to date,  

one patient with tumoral calcinosis and hyperparathyroidism due to a ho-
mozygous mutation leading to amino acid substitution 578A-G and de-
creased affinity for FGF23 [102], and one patient with hypophosphatemic 
rickets combined with hyperparathyroidism, caused by over expression of 
klotho due to a de novo translocation t(9;13)(q21.13;13.1) [103]. 

 A functional variant of KL, KL-VS, containing two amino acid changes 
F352V and C370S in exon 2, affects its secretion and enzymatic activity in 
vitro. In homozygous form KL-VS has been associated with reduced longev-
ity [104], and increased risk of silent coronary heart disease [105]. KL-VS 
was not associated with diabetes [106] or valvular calcification. One single 
nucleotide polymorphism (SNP) of KL has been linked with mortality risk in 
hemodialysis patients [107].  

Single nucleotide polymorphisms 
The human genome has an average nucleotide diversity of 0,08%, meaning 
that about 1 out of 1250 bases differs. Almost all of this variation is inherit-
ed, rather than de novo mutations. If a variant exists in more than 1% of 
individuals in a population it is defined as a polymorphism. A SNP may be 
functional if located in a promoter, exon or intron, by inducing a change in 
expression, amino acid sequence or splicing of the gene product. The vast 
majority of SNPs are silent, but can be used as markers of variation in a 
fixed region of the genome. SNPs are linked in blocks of alleles to haplo-
types. They can be analyzed on a large scale to associate variations in the 
genome with traits or clinical outcome. 

Vascular calcification 
Medial vascular calcification is associated with age, diabetes, hypertension, 
vascular damage and is accelerated in CKD by disturbances in mineral me-
tabolism. Vascular calcification is an active process involving down-
regulation of calcification inhibitors, and redifferentiation of VSMC into 
osteoblast like cells. Factors involved in regulation of calcification are listed 
in table 2 [108]. 

Mineralization starts with an initiation complex on which the hydroxyap-
atite crystal can grow. Formation of such complexes takes place in matrix 
vesicles inside osteoblast like cells in the same way as in the skeleton.  
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Nucleation complexes have also been suggested to be released into the 
circulation from remodeling bone and may constitute a link between de-
creasing bone mineral and increasing vascular calcification. Apoptotic bod-
ies and membranous debris in the arterial wall may also serve as nucleation 
centers.  

 
Table 4. Factors in vascular calcification (adapted from[108]) 

Factors  Expressed in Function  

Matrix Gla-
protein (MGP) 
osteocalcin 

VSMC, chondro-
cytes 

Block crystal for-
mation 

Vitamin K depend-
ent 

Bone morphogene-
tic protein(BMP) 7 

Collecting tubule of 
the kidney

Restores normal 
bone turnover

Development and 
repair of bone 

Osteoprotegerin 
(OPG) 

VSMC, endotehlial 
cells

Prevents RANK-L 
signaling

Inhibits osteoclast 
activation

Fetuin A Hepatocytes Block crystal for-
mation

Inhibits TGFβ1 and 
osteogenesis 

Osteopontin 
(OPN) 

Phosphoprotein in 
calcifying tissue

Inhibits crystal 
growth

Stimulates osteo-
clast function 

Pyrophosphate 
(PPi) 

Blood vessels, bone Inhibits crystal 
growth

Degraded by alka-
line phosphatase 

BMP-2 Vascular tissue, 
associated with 
bone formation

Induces calcifica-
tion 

Promotes VSMC s 
differentiation into 
osteoblasts

Receptor of nucle-
ar factor-κβ ligand 
(RANK-L) 

T-cells, osteoblasts Promotes calcifica-
tion 

Stimulated by calci-
um, vitamin D, 
PTH, inflammation 

Core binding 
factor α1/runt 
related transcrip-
tion factor 2 
(CBFA1/RUNX2) 

Transcription factor 
for osteoblast dif-
ferentiation 

Induces calcifica-
tion 

Phosphate induced 
redifferentiation of 
VSMC 

Phosphate  Regulated by renal 
function and vita-
min D metabolism

Promotes calcifica-
tion 

Osteochondrogenic 
differentiation of 
VSMC

1,25(OH)2D Proximal tubules, 
macrophages, 

Regulates calcium 
and Pi absorption.

Mineral balance 

FGF23 Osteocytes, osteo-
blasts

Decreases  Pi and 
vitamin D.

Stimulates 
phosphaturia 

Klotho Distal tubules, 
plexus choroideus, 
parathyroid glands, 
proximal tubules, 
endothelium

Co-receptor for 
FGF23, 
Phosphaturia 

FGF23 signaling,. 
Possibly renal and 
vascular protective 
properties. 

Indoxyl sulfate Metabolite of tryp-
tophan, made in 
intestinal bacteria. 
Accumulated in 
ESRD

Induces VSMC 
calcification. Serum 
concentration corre-
lates with calcifica-
tions. 
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VSMCs cultivated in hyperphosphatemic solutions up-regulate genes associ-
ated with bone differentiation, Runx2, osteocalcin and osteopontin. Pit1 is 
necessary for this process. Also hypercalcemia in the medium stimulates up-
regulation of Pit1 and calcification.  

Supra- physiological concentration of 1,25(OH)2D stimulates calcification 
by rising calcium and phosphorus absorption. 1,25(OH)2D deficiency on the 
other hand promotes vascular calcification by inducing smooth muscle cell 
apoptosis and down-regulation of protective factors. FGF23, or klotho defi-
ciency, leads to calcifications via supra-physiological 1,25(OH)2D and 
hyperphosphatemia. FGF23 levels are associated with the degree of athero-
sclerosis [109] and endothelial dysfunction [110] in observational studies but 
the causal relationship is obscure.  

Klotho has lately been demonstrated in the arterial walls of healthy hu-
mans. It is down-regulated in uremia and up-regulated by vitamin D, and is 
suggested to protect VSMC from Pi toxicity [99]. 

Phosphate, FGF23 and mortality 
Hyperphosphatemia in ESRD [111, 112] and CKD [113] is an established 
risk factor for mortality. A recent extensive meta-analysis found an inde-
pendent association between Pi and death in CKD. There was a consistent 
increase in risk of 18% (95% CI, 12-25%)/0.32 mmol/L increase in Pi [114].  
Higher Pi, even within the normal range, is a risk factor for mortality after 
myocardial infarction [9], and with coronary atherosclerosis in symptom free 
adults [115]. On the other hand, in a nested case control study of men, free 
of cardiovascular disease on inclusion, whereof 422 developed myocardial 
infarction, or death of coronary heart disease, there were no association be-
tween Pi or FGF23 at baseline and development of coronary artery disease 
[116].  

FGF23 levels on initiation of hemodialysis are associated with mortality 
risk the first year independently of Pi levels [117]. But in a study of 229 
patients on dialysis treatment there was no independent association between 
FGF23 and mortality risk when adjusted for gender and prevalent CVD 
[118]. 

In CKD FGF23 levels are associated with cardiovascular events, mortali-
ty and progression to ESRD [119, 120]. In a study of 833 patients with stable 
coronary disease, higher FGF23 levels were associated with mortality [121]. 
Furthermore, studies have lately demonstrated an increased risk for cardio-
vascular events, and death, associated with higher FGF23 in community 
derived populations [122, 123]. 

Circulating FGF23 levels may be an indicator of long term Pi exposure, at 
least in CKD. But FGF23 is also a sensitive marker of renal dysfunction, 
which actually may be caused by CVD.  
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In animal experiments extremely high levels of FGF23 have been shown 
to induce left ventricular hypertrophy by stimulating FGFR in 
cardiomyocytes, without the presence of klotho [124]. 

Klotho is down-regulated very early when GFR decreases. The rise in 
FGF23 and Pi has been suggested to mirror the severity of klotho deficiency 
in CKD. 

There is evidence for an association between serum Pi and mortality and 
CVD, and abundant data supporting an association between Pi and vascular 
calcification. But a causal relationship is not proved. Socioeconomic factors 
may confound the association, as Pi intake and serum levels vary with in-
come and educational level. People of lower socioeconomic status have gen-
erally higher Pi levels, possibly due to a higher intake of Pi in the form of Pi 
additives in less expensive, industrially processed food [125, 126].  
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Aims of the current investigation 

The aims of this thesis were to investigate the relationship between FGF23 
and other parameters of mineral metabolism as renal function declines, and 
to investigate the potential impact of FGF23 levels and Klotho gene poly-
morphisms on mortality in an elderly population. 

 
 

Aims for each paper 
 

I to investigate changes in parameters of mineral metabolism 
over time as a FGF23 producing tumor is removed. 
  

II  to investigate FGF23 in relation to other parameters of miner-
al metabolism in CKD patients with varying degree of renal 
dysfunction.  
  

III to investigate the change in FGF23 in relation to mineral me-
tabolism in healthy subjects after unilateral nephrectomy. 
  

IV to investigate the relation between FGF23 and mortality risk in 
elderly men in relation to renal function and other parameters 
of mineral metabolism.   
  

V to investigate the relation between genetic polymorphisms in 
the KLOTHO gene and mortality risk, and the relation be-
tween genetic polymorphisms in the KLOTHO gene and 
FGF23 levels. 

 



 28 

Subjects 

Study I 
A 73 year old woman with progressive skeletal pain, muscle weakness and 
low energy fractures of right hip, tibias, ribs and vertebrae was referred from 
another hospital for evaluation of hypophosphatemic osteomalacia. Bio-
chemical analyses revealed hypophosphatemia and TmP/GFR 0.6 mmol/L 
(normal range > 0.85 mmol/L).  
Treatment with phosphate capsules 1500 mg, thrice daily and 1-alfa-calcidol 
(Etalpha) 1.5 µg daily, was initiated 6 months before diagnostic work-up. 
On admission calcium was normal and PTH had increased slightly after the 
start of phosphate substitution. Her calcidiol level was sufficient: 88 nmol/L 
and eGFR 86 ml/min/1.73 m2 . There was no albuminuria and no monoclonal 
immunoglobulin or increase in light chains in serum or urine. Alkaline phos-
phatase was 3.7 µcat/L (reference range 0.6-1.8). FGF23 was 100 ng/L. 
Bone density measured by dual X-ray absorption revealed decreased bone 
mineral density: 0.603 g/cm2 (T score -3.3) at the left hip and 0.884 g/cm2 
(T-score -2.5) at lumbar spine. 
The clinical picture was compatible with OOM. 

An intravenous gradient of FGF23 was determined to limit the area to 
search for a small benign tumor [127]. There was a gradient from the right 
lower extremity (figure 2). Fluorodeoxy-glucose positron emission tomogra-
phy revealed a lesion in the sole of the right foot (figure 3). 

The tumor was extirpated in general anesthesia and empty blood field.  
On histopathological examination it had features of a mesenchymal tumor 

with abundant matrix with small spindle shaped cells and granular calcifica-
tions and a cell rich component of irregular cells with foci of multinucleated 
osteoclast like cells in accordance with a phosphaturic mesenchymal tumor 
of the mixed connective tissue type (figure 4). It was positive for FGF23 on 
immune-staining. 
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Figure 2. Venous catheterization. Each letter corresponds to a sampling 
localization and the FGF23 levels are presented in the diagram. 

 
Figure 3. FDG-PET CT Arrow: tumor in sole of  right foot. Arrow head: 

metatarsal fracture in left foot. 

Figure 4. Phosphaturic mesenchymal tumor. Hematoxylin and eosin (20X)  
Immunofluoroscense for FGF23 (40X). 
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Study II 
Seventy two consecutive adult CKD outpatients, not on dialysis or trans-
planted, were included at their regular visits to the Nephrology clinic at the 
University Hospital in Uppsala. Thirty six (53%) were males. The mean age 
was 59.6±18 years and body mass index (BMI) 26.1±4.9 kg/m2. eGFR 
ranged between 4 and 96 ml/min/1.73 m2 . Twenty one were in CKD stage 1-
2, 20 in CKD 3, 16 in CKD 4 and 15 in CKD 5. The etiology of CKD was 
diabetes in 15% of the subjects, glomerulonephritis in 30%, polycystic kid-
ney disease in 6%, and other renal disease in 24% and unknown in 25%. 

Study III 
Nine healthy kidney donors attending the department of liver and transplan-
tation surgery at Uppsala University Hospital were included. They were 
between 38 and 69 years old, 3 were males, BMI 23.2±2.6 kg/m2, blood 
pressure 125(±15)/82(±6) mmHg and the iohexol clearance 95.3±12.6 
mL/min/m2. 

The participants underwent hand assisted laparoscopic nephrectomy for 
the purpose of kidney donation [128]. They received 5-6 liters of intravenous 
fluids and 20 mg furosemide on the day of surgery to stimulate diuresis. 
They were mobilized in one day and there were no complications related to 
surgery or postoperative care. 

Study IV and V 
MrOS Sweden. 
MrOS is an international multicenter cohort study aiming to study aspects of 
male osteoporosis. Participants in MrOS Sweden were used for examinations 
presented in paper IV and V. Men aged 69–81 years were randomly selected 
from the national population register and invited by letter. Eligibility re-
quired the ability to walk unassisted, provide self-reported data and to under-
stand and sign informed consent. 45% of those contacted participated 
(n=3014), constituting three sub cohorts in three cities: Malmoe (n=1005), 
Gothenburg (n=1010), and Uppsala (n=999).  

At inclusion serum was collected after at least 10 hours of fasting and 
stored in -80ºC until analysis. EDTA-blood was collected for subsequent 
DNA isolation. 

2838 subjects with available data of FGF23 levels were included in study 
IV and 2924 with data on Klotho genotyping in study V.  
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Assessment of covariates. A questionnaire was used to gather information 
about smoking and medical diagnoses (hypertension, diabetes, cancer, myo-
cardial infarction, angina pectoris and stroke). Prevalent CVD was defined 
as a history of myocardial infarction, angina pectoris or stroke. Hypertension 
was defined as self-reported anti-hypertensive treatment or a systolic blood 
pressure above 140 mmHg (supine blood pressure, measured after 10 min-
utes rest). Body mass index (BMI) was calculated as weight/height² (kg/m²). 
 
Assessment of Mortality. Mortality data were collected from the population 
statistics at Statistics Sweden. Follow-up time was recorded as the period 
between the baseline visit, between 2001and 2004, and either the date of 
death or mortality data collection. Cause of death data were collected from 
the Swedish Cause of Death Register from evaluation of copies of death 
certificates based on the information from the register/death certificate, the 
underlying cause of death cause was determined for each participant CVD 
death was defined by ICD-10 codes I00 to I99.  
 
 
Ethics 
All studies were done with approval of the ethics committee at the Univer-
sity of Uppsala 2009/325, 2006/094 and (Ups 01-057), and at the Universi-
ties of Gothenburg (approval number Gbg M 014-01) and Malmoe (LU-693-
00) for study 4 and 5. All studies were done in accordance with the declara-
tion of Helsinki.  
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Table 5. Characteristics of participants in MrOS 

N=3014 Numbers with 

valid result 

Results 

Age (years) 3014 75.5±3.2 

Weight (kg) 3014 80.6±12.1 

BMI (kg/m2) 3014 26.4±3.6 

Smoking (%) 3014 8 

Diabetes (%) 3014 9 

Hypertension 
(%) 

3014 36 

Prevalent CVD 3014 19 

eGFR 
(ml/min/1.73 m2) 

2881 72.0±20 

PTH median   
IQR (pmol/L) 

2875 4.3 

(3.0-5.8) 

Pi (mmol/L) 2881 1.07±0.16 

Ca (mmol/L) 2878 2.36±0.16 

FGF23 Range 
(pg/ml) 

2838 1.5-800 

FGF23 median 
(IQR)(pg/ml) 

2838 43.5     

(32.4-57.5) 

Albumin (g/L) 2811 43.1±3.6 

25OHvitD 
(nmol/L) 

2871 69.8±23.6 

 
Mortality rate. 

/1000 py 

 

3014 

 

27.7 

 
Mortality rate, 
cardiovascular 

deaths  
Number/1000 py

 

3014 

 

10.3 
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Methods 

Study design  
I clinical case report of a case of OOM and serial measurement 

of biochemical parameters of mineral metabolism after remov-
al of the causative tumor 

II cross sectional study of FGF23 and its relation to other bio-
chemical parameters of mineral metabolism in CKD patients 

III observational study of FGF23 and mineral metabolism after 
nephrectomy 

IV cohort study of elderly men. Exposure: FGF23 serum level in 
quartiles and as a continuous variable. Outcome: death of all-
cause and death of CVD 

V genetic cross-sectional and cohort study. Exposure: allele in 
SNPs of the Klotho gene. Correlated to FGF23, Pi and eGFR. 
Outcome: death of all-causes and of CVD. 

Biochemical variables 
Pi, calcium and albumin were analyzed at respective hospitals department 
for clinical chemistry using standard methods. Calcium levels were adjusted 
for albumin according to the formula: [calcium] - (0.018*([albumin] - 42).  

eGFR was calculated from cystatin C (Cystatin C Immunoparticles,  
Dako A/S, Glostrup, Denmark) according to the formula 79.901* 
(Cyst C [mg/L])-1.4389 [129, 130]. TRP% was calculated according to the for-
mula 100x (1-(Purine x Creatinineserum/Pserum x Creatinineurine)). TmP/GFR was 
estimated using the nomogram of Bijvoet, see page 16. 

FGF23 was analyzed using a two-site monoclonal antibody based ELISA 
(Kainos Laboratories International; Tokyo, Japan) [55] according to the 
manufacturers instruction. The assay has a lower limit of detection of 3 
pg/ml and reported intra and inter-assay coefficients of variation of less than 
5%. 

PTH immunoabsorbent assays were used for analyses of biointact 1-84 
PTH (1-84) (Scantibodies, USA) in study I and III, and Nichols Advantage 
System for biointact PTH (1-84) in study II.  
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Intact PTH was measured by a second generation immunometric assay, 
Immulite 2000 (Los Angeles, USA) in study IV-V. Vitamin D analyses. 
25(OH)D levels were measured by Nichols Advantage automated assay sys-
tem (San Juan Capistrano, CA, USA) in study II and IV. 

Se figure 5 for comment on relationship between biointact PTH and intact 
PTH and between intact FGF23 and c-terminal FGF23. 

1,25(OH)2D and 24,25-vitamin D were measured using liquid chromatog-
raphy tandem mass spectrometry in study I [131]. 1,25(OH)2D was analyzed 
by immunoassays from Immundiagnostik Inc (Bensheim, Germany) in study 
II, and Diasorin, (USA) in study III. 

Serum were collected protected from light and stored in -80ºC until ana-
lyzed. 

 
 
 

 
Figure 5. Relation between intact PTH (Nichols) and biointact PTH (Nichols) (A), 
and their ratio in relation to eGFR (B). Relationship between C-terminal FGF23 
(Immunotopics) and intact FGF23 (Kainos) (C) and their ratio in relation to eGFR 
(D). Results from 80 CKD out patients at our clinic.  

p<0.001
R2=0.68

A

B

C

D
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Genotyping of the Klotho gene 
DNA was isolated from whole blood extracted at baseline from 2924 partici-
pants in MrOS. In total, 27 SNPs of the KL covering the gene including 
3UTR and 5 UTR were selected for genotyping using the Sequenom Mass 
ARRAY® iPLEX Gold technology (Sequenom Inc., Newton, MA) that in-
cluded single base primer extension and MALDI TOF Mass Spectrometry. 
Successful genotyping was obtained from 23 SNPs, with overall call rate of 
98.9%. Allele frequencies for these SNPs were calculated and found to be in 
Hardy-Weinberg (HW) equilibrium in the cohort for all SNP, except one 
(rs1888057) which was subsequently excluded from further analyses.  

Haplowiev 4.2 was used to generate linkage disequilibrium (LD) values 
and diagrams [132]. 

Statistical methods 

Study II.  
Variables are given as means ± SD and depicted as median and interquartile 
range (IQR). The Log10 of PTH and FGF23 were used in correlation analy-
sis due to skew distribution. Pearson correlation coefficient were calculated 
and multiple linear regression analysis between FGF23 and the other pa-
rameters were done in the whole cohort and in sub groups based on eGFR 
above or below 30 ml/min/1.73 m2. Standardized β-values are presented. 
Statistica (Statsoft Inc., Tulsa, USA) was used for statistical analyses. 

  

Study III  
Results are presented as means ± SD. Changes in variables over time were 
assessed by ANOVA for repeated measures and Fisher's protected least sig-
nificant difference method for post hoc analysis. Pearson's correlation coef-
ficients were calculated between the parameters at different points in time. 
StatWiev (Abacus, Concerts Inc, USA) was used for statistical analyses. 
 

Study IV 
The baseline variables are presented as mean ± SD for normally distributed 
variables and as median (IQR) for non-normally distributed variables. Mor-
tality rates are reported as deaths per 1000-person-years and 95% confidence 
interval (CI). The Log10 values of FGF23 and PTH were used in statistical 
analyses.  

Spearman correlation coefficients were calculated to describe univariate 
correlations between FGF23, BMI, calcium, Pi, PTH and FGF23. 
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Cox proportional hazards regression was used to study the association be-
tween mortality (all-causes and CVD-causes) and FGF23, in quartiles with 
the lowest quartile as referent and as a continuous variable. Results are given 
as Hazard ratio HR (95% CI). Proportional hazard assumptions were con-
firmed by inspecting Schoenfeld residuals and linearity assumptions by in-
specting Martingales residuals. Associations between mortality and 
Log10PTH and 25(OH)D as continuous variables were analyzed. 

Age was included as a covariate in the first Cox Regression model, eGFR 
and Pi in the second, and calcium, albumin, PTH, 25(OH)D, eGFR, BMI, 
smoking, prevalent diabetes mellitus, hypertension and CVD in the third 
model. All analyses were stratified for site. Further, sub cohorts with eGFR 
above 60 ml/min/1.73 m² and without prevalent CVD were analyzed sepa-
rately. Statistical analyses were performed using Statistica 10.0, (StatSoft 
Inc., Tulsa, USA). 
 
Study V. 
Descriptive statistics were used for description of the cohort. Complete data 
on vital statistics were available for all 3014 subjects, for KL genotyping in 
2924 and for FGF23, Pi and eGFR in 2741 subjects. Major and minor allele 
frequencies were calculated. Probability for deviation from Hardy Weinberg 
equilibrium (HWE) calculated using χ² test for HWE for biallelic markers 
[133]. 

Difference in relative mortality risk between alleles for tagging SNPs 
were compared by calculating HR (95% CI) with the homozygotes for the 
major allele as reference. Analyzes of all-cause and CVD related mortality, 
in additive and dominant models, were done. For SNPs with variation in HR 
between genotypes >5% we created Kaplan-Meier curves, and used Log 
rank test for differences between gene variants. 

 Differences in serum FGF23, Pi and eGFR were compared between tag-
ging SNPs alleles in additive and dominant analyses using ANOVA and 
Tukeys post hoc testing. P<0.05 were considered significant. Statistical 
analyses were performed by Statistica 64, (Statsoft Inc, Tulsa, USA) 



 37

Results and discussion 

Study I. Mineral metabolism after removal of a FGF23 
producing tumor. 
The FGF23 level decreased from 71.3 to 38.9 ng/l in 35 minutes after tumor 
removal and remained stable in the normal range thereafter. The 1,25(OH)2D 
level started to increase after 14 hours, and 24,25(OH)2D decreased some-
what later. The FE-Pi % decreased from 35 to 16% in 2 days and it took a 
few more days until serum Pi was normal. 1,25(OH)2D reached 267 pg/ml 
(300% of preoperative level) after one week, and it stayed increased even 
after 6 months, when calcium and PTH were normal. The pain and muscle 
weakness improved remarkably in 2-4 weeks after tumor removal, and the 
mineral bone density increased by 30% in 6 months. 

 

 
Figure 6. Development of parameters of mineral metabolism after tumor removal. 
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Study II. Regulation of FGF23 in CKD.  
Parameters of mineral metabolism grouped for stage of CKD are described 
by median values and interquartile ranges in figure 7. FGF23 increased from 
46 to 56 pg/ml between CKD1-2 and 3, but there was no distinct rise until 
CKD 4. Pi increased from CKD stage 3 and 4. Median PTH increased slight-
ly from 28 to 41pg/ml from CKD1-2 to CKD3, and distinctly in CKD 4. 
1,25(OH)2D decreased within its normal range already between CKD1-2 to 
3.  

 

 
Figure 7. Parameters of mineral metabolism grouped according to CKD stage. Me-
dian (IQR). Reference lines indicate upper reference range. 

In correlation analyses Log10FGF23 was associated with Pi and PTH, but 
not eGFR in multivariate analysis. FGF23 correlated independently with 
PTH (β=0.4, P<0.05). In the subgroup with eGFR >30ml/min/1,73 m2 , 
while it correlated independently with eGFR (β= -0,37, P>0.01), 25(OH)D 
(β=0.26, P<0.05) and Pi (β= 0.60, P<0.001).  
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Study III. FGF23 after nephrectomy 
Serum Pi remained stable at all points in time. Ionized calcium decreased 
significantly and PTH rose during the day of nephrectomy. Calcitriol de-
creased the first day and remained below baseline. FGF23 rose from 
24.6±11.4 before nephrectomy to 55.8±15.1 ng/L (P<0.01) at one week.  
At follow-up, eGFR was on average 35% lower than before the nephrecto-
my. 1,25(OH)2D was 22% lower and urinary calcium excretion had de-
creased. The calcium, Pi, PTH and FGF23 levels after 3-6 months did not 
differ from preoperative levels  
 

Figure 8. Proportional changes in parameters of mineral metabolism after unilateral 
nephrectomy, * indicates P<0,05 for difference between baseline and follow up. 
 
Univariate linear correlation analysis between FGF23 and the other parame-
ters at the different occasions were done. Before nephrectomy there were 
negative correlations between FGF23 and serum Pi (r=-0.75, P=0.02), and 
between FGF23 and 1,25(OH)2D (r=-0.86, P=0.003). The correlation be-
tween FGF23 and TmP/GFR was borderline significant in this small sample 
(r=0.65, P=0.06). After one week FGF23 did not correlate with any of the 
other parameters, while there was a distinct negative correlation between 
calcitriol and PTH (r=-0.89, P=0.02). On follow up FGF23 correlated with 
PTH (r=0.76, P=0.05). 
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Study IV. FGF23 and mortality in elderly men 
FGF23 is associated with decreasing eGFR, higher PTH and prevalence of 
CVD and hypertension. FGF23 and PTH are depicted in relation to eGFR in 
figure 9. 
  

 
Figure 9. LogFGF23 and LogPTH in relation to eGFR <30 (N=43), 30-<45 
(N=181), 45-<60 (N=539), 60-<75 (N=848), 75-<90 (N=740) and 90- (N=487). 
Reference lines indicate 50 pg/ml for FGF23 and 65 pg/ml for PTH.  

Kaplan-Meier curves demonstrating the proportion surviving all-cause death 
and CVD death in each quartile of FGF23 are shown in figure 10.  

In Cox regression the HR (95% CI) for all-cause death comparing Q4 to 
Q1, after adjustment for eGFR and Pi, was 0.99 (0.71-1.3), and 1.01 (0.89-
1.14)/(1-SD) increase in Log10FGF23.  

The HR for death due to CVD increased by 26% (-1-59%)/SD increase in 
log10 FGF23 after adjustment for age, Pi, eGFR, PTH, calcium, hyperten-
sion, diabetes and CVD.  

Cox regression analyses for the sub cohort with eGFR> 60 ml/min/1.73 
m2 demonstrated a HR (95% CI) for death due to CVD of 55% (13-
211%)/SD increase in Log10FGF23 in the multiadjusted model.  
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Figure 10. Kaplan-Meier curves of proportion surviving in quartiles of FGF23. Q1 
reference, P indicates probability for non-difference examined by log-rank test. 

Study V. KLOTHO polymorphisms, FGF23 and 
mortality 
The median follow up time was 6.0±1.4 years, 584 deaths occurred and the 
overall mortality rate was (95% CI) 33.0 (30.2-35.8)/1000 py for all-cause 
mortality and 12.0 (10.3-13.7)/1000 py for CVD death.  

 The SNP localisations in the KL gene and their degree of linkage (D’), 
and frequencies of different haplotypes are presented in figure 11. There are 
three major haplotype blocks covering 48.6 kb of the gene. Haplotype-
tagging SNPs were derived for each block. This resulted in the 11 tagging 
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SNPs: rs9536314, rs211234, rs9527029, rs577912, rs2320762, rs499091, 
rs385564, rs563925, rs398655, rs495392 and rs562020. 

There were no differences between genotypes for all-cause mortality rate 
or HR in tagging SNPs in additive or dominant analyses. One SNP 
rs398655, in the promoter region, had a HR (95% CI) of 41% (3-94%) 
(P=0.030) for CVD related death in dominant analysis. LogFGF23 varied in 
rs563925 (P=0.019) and rs2320762 (P=0.03). The Pi level varied in 
rs2320762 (P=0.019). eGFR varied for rs495392 (P=0.017), rs499091 
(P=0.006) and rs563925 (P= 0.010) figure 12. 

 

 
Figure 11. Localization of the SNPs on KL and their linkage. 
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Figure 12. Kaplan-Meier curves proportional survival due to all-cause death and 
cardiovascular death for variants of KL SNP rs398655 and variation in FGF23, Pi 
and eGFR for rs563925.  
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Discussion.  
 
FGF23 in mild to moderate renal dysfunction. Study I-III  
In study I we observed Pi wasting and absence of a rise in 1,25(OH)2D in 
response to hypophosphatemia. When the source of FGF23 was removed the 
Pi reabsorption increased. The 1,25(OH)2D level increased in hours, and 
24,25(OH)2D decreased which is in accordance with the physiological func-
tion of FGF23. It induces internalization of NaPi-2a/c, inhibits CYP27B1 
and stimulates CYP24 [68, 75]. FGF23 decreased in less than one hour in 
accordance with reported circulatory elimination half-life [57]. There was an 
early decrease in PTH, the opposite to expected as FGF23 suppresses PTH 
secretion in vitro via FGFR-klotho signaling. In renal failure Klotho is 
down-regulated, which renders the parathyroid glands resistant to FGF23.  

 In renal dysfunction Pi and calcium levels are maintained by increasing 
the FE-Pi and decreasing the intestinal calcium absorption. In our small 
cross sectional study we saw a slow, early increase in both FGF23 and PTH. 
When hyperphosphatemia had developed FGF23 was exponentially in-
creased and no longer correlated to PTH. These findings are in accordance 
with larger studies of patients with varying degrees of renal dysfunction 
[134].  

II. There was a mild to moderate renal dysfunction 3-6 months after ne-
phrectomy (eGFR 69,9±14 ml/min/1,73 m2). There was also a slight increase 
in FGF23, from 31,8±12,3 to 36,3±13,7 ng/L, but not in PTH. The amount 
of Pi was unchanged while the calcium excretion had decreased, together 
with 1,25(OH)2D. This, we believe is the crucial mechanism of early CKD-
MBD. The renal parenchyma is reduced, but may be stimulated to activate 
more 1,25(OH)2D, if needed. If unopposed that would lead to Pi accumula-
tion. Now FGF23 comes in, increasing Pi excretion and decreasing 
1,25(OH)2D. Another study demonstrated that PTH raises after a meal, in 
response to decreasing calcium ion concentration in moderate CKD, the 
opposite in healthy individuals [135]. Thus, calcium malabsorption seems a 
plausible contributing mechanism to the development of renal secondary 
hyperparathyroidism. 

III. After nephrectomy PTH increased, to increase the calcium ion level, 
and at the same time prevented Pi accumulation. After one week when calci-
um and food intake had resumed, FGF23 had increased to adjust the 
1,25(OH)2D concentration to the actual eGFR. Blocking antibodies to 
FGF23 in experimental renal failure improves secondary hyperparathyroid-
ism [136] but increase mortality and calcification, indicating a beneficial role 
of FGF23 in renal dysfunction [137]. Bone cells sense the relation between 
Pi and eGFR and saves us from hyperphosphatemia, while the parathyroid 
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tries to prevent hypocalcemia in an escalating tug of war, adapting 
1,25(OH)2D to renal function. 

 
FGF23, klotho polymorphism and mortality Study IV-V. 
IV. FGF23 and mortality. We did not detect an association between FGF23 
levels and mortality in our study in contrast with other studies [116, 117, 
119, 122, 123, 138], that consistently report an association between FGF23 
and all-cause mortality, dominated by CVD caused deaths. We found an 
increased HR for CVD death of 26% (-1-59%)/SD increase in Log10 FGF23 
after adjustments and of 55% (13-211%)/SD increase in Log10 FGF23 in 
those with eGFR >60 ml/min/1.73m2. 

There are several explanations to the discrepancies, the method of meas-
uring FGF23, composition of the cohort and the reason for varying eGFR, 
which probably mostly were caused by prevalent CVD morbidity rather than 
CKD in our study. 

Intact FGF23 may be unstable in the test tube [139, 140]. We do not be-
lieve that affected the validity of our FGF23 results, as the serum levels were 
in the expected range and distribution in the whole cohort.  

The cohort consisted of voluntary, rather healthy elderly men. Prevalent 
malignancy was not a reason for exclusion. Nineteen percent had CVD, and 
the mortality rate to CVD was one third of all-cause mortality.  

If FGF23 is related to CVD, but not other causes of death, that would ex-
plain the discrepancy. Also, if FGF23 is related to Pi toxicity, vascular calci-
fication and heart insufficiency, then other causes of CVD would not be 
associated with FGF23. A study showed an association between FGF23 and 
both heart failure and stroke, but not myocardial infarction [121]. A limita-
tion of our study is lack of more specific data on cause of death.  

FGF23 in high concentrations are able to induce myocardial hypertrophy 
via FGF-receptors without klotho [124], but the FGF23 levels in our study 
were not in that range. FGF23 may also have a direct on the vasculature, as 
the presence of klotho in arteries recently has been demonstrated. The puta-
tive effect of FGF23 signalling in arteries has suggested being protective 
against vascular calcification [99].  

When stratified for eGFR above 60ml/min/1.73m2 FGF23 was associated 
with risk for CVD death. There was a gradual increase in median FGF23 
when stratified for eGFR (figure 9). A slight increase in FGF23 in the nor-
mal range may be related to mild renal dysfunction or damage. Regretfully 
we did not measure albuminuria, or markers of tubular damage, which may 
have casted light on the mechanism.  

 A lower FGF23 may indicate a lower risk profile for CVD, due to health-
ier lifestyle in general and absence of co morbidities. A higher FGF23 indi-
cates renal damage and prevalent CVD. 
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V. Klotho polymorphisms In the same cohort we did not find association 
between polymorphisms in the klotho gene and all-cause mortality, in con-
trast to other studies [104, 107]. A variation in the promoter region was as-
sociated with variation in risk of CVD death. Case control studies of Asian 
populations have shown an association with a variant in the promoter region 
[141-143] and CVD.  

An important variation in KL expression, or function, would affect the 
level of FGF23 [144]. Two SNPs had a slight variation in mean of FGF23. 
Interestingly, in both these SNPs there was also a variation in eGFR, which 
actually had a stronger significance in statistical testing. A variation in eGFR 
is in line with the potential mechanisms of a functional polymorphism of 
klotho, since it is protective against acute renal damage in rodents [101], and 
may be protective against vascular stiffening and calcification [99]. Howev-
er, the variation in biochemistry did not translate into a variation in mortality 
risk. 

Even if the significances are modest, and would disappear if adjusted for 
repeated testing, the fact that the three parameters vary in the same allele 
indicate some functionality. If the findings are repeated in other cohorts they 
deserve further examination 
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Conclusions 

FGF23 is central for Pi balance in humans. Measurement of circulating 
FGF23 is useful in the evaluation and care of patients with chronic hypo-
phosphatemia. 

 
In mild to moderate renal dysfunction FGF23 and PTH are subject to in-

terdependent co-regulation, but it is not until CKD4-5 that FGF23 increases 
significantly, in response to hyperphosphatemia and decreased renal clear-
ance. FGF23 does not increase strongly as long as it possible to maintain 
normal Pi levels by increasing FE-Pi.  

  
After unilateral nephrectomy Pi homeostasis is maintained by an increase 

in PTH initially, followed by an increase in FGF23 when the level of ionized 
calcium is stable. FGF23 does not increase in response to an isolated de-
crease in GFR, without Pi intake. FGF23 modulate the 1,25(OH)2D to be 
optimal for the actual GFR and Pi intake. There is a persistent relative de-
crease in 1,25(OH)2D after nephrectomy. 
 

In an elderly population, mild to moderate renal dysfunction is common 
and associated with higher FGF23 levels. Serum FGF23 level is not associ-
ated with mortality risk of all-cause after adjustment for renal function, but is 
associated relative risk for CVD death. Higher FGF23 is due to renal dys-
function. A low FGF23 level may indicate lower risk for CVD death.  
 
Polymorphisms in the KL gene do not correlate with mortality rate or rela-
tive risk of death in elderly men. Genetic variation in the promoter of klotho 
may have an effect on risk of CVD death. Variations in an intron region of 
the KL gene have effect on FGF23 levels, but the results need to be verified 
in other cohorts due to possible variation by chance when multiple compari-
sons are made. 
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Future perspectives 

Since the discovery of FGF23 and its relationship to Pi homeostasis it has 
been subject to intensive investigation, but there is still much to learn about 
the physiology and function of FGF23. 

The nature of the Pi-sensor, or Pi sensing mechanisms, are unknown. 
They are likely to be one, or several intracellular processes, involved in Pi 
linked energy metabolism, or a Pi transporting process. 

The osteocyte is central for directing bone remodeling in response to 
mechanosensing. Factors affecting the mineralization process are linked to 
Pi homeostasis, exemplified by genetic disruption of bone expressed pep-
tides. It may turn out that it is in the mineralization front Pi sensing resides. 

The mechanism of how FGF23 signaling in DCT is transferred to the 
PCT is incompletely understood.  

Besides, FGF23 was originally detected in the central nervous system, 
klotho is expressed in the choroid plexus and many symptoms related to 
renal disease, as fatigue, decreased appetite and impaired cognition may be 
connected with Pi homeostasis in the brain, or cerebrospinal fluid. That is a 
subject unexamined so far. 

The physiological roles of the multitude of functions observed in secreted 
klotho are also only just beginning to be unraveled. 

 
The discovery of FGF23, some ten years ago, has hitherto gained re-

searchers more than CKD patients, but there is much hope that the new 
knowledge will eventually lead to improved treatments. 

Is there a therapeutic application? In mild renal dysfunction FGF23 in-
creases Pi excretion and lowers 1,25(OH)2D. Excess leads to Pi wasting and 
osteomalacia. In advanced renal disease FGF23 resistance prevails. Remov-
al, or inhibition, of FGF23 would lead to higher Pi and calcifications. It is 
hard to see in what situation direct manipulation of FGF23 would be benefi-
cial in CKD. Unless it will be proved that FGF23 actually is harmful in it-
self. 

Is FGF23 a useful marker of increased risk for CVD? FGF23 is associated 
with worse outcome in CKD, but it is hard to tell how much it adds to tradi-
tional markers, or if the association holds true in non CKD populations. The 
mechanisms need to be further elucidated. 

FGF23 may become a useful marker of Pi load over time in patients with 
moderate renal dysfunction and normal serum Pi. It may be of help in indi-
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cating when it is time to restrict Pi intake, and stimulating compliance with 
diet and Pi binders. 

 The discovery of FGF23 has lead to a better understanding of the early 
development of CKD-MBD, but it is necessary to make studies of Pi-
restriction, its effect on FGF23 and clinical outcome before it can be used in 
routine health care.  

FGF23 signals worse outcome in CKD. It may be an indicator of need for 
more active treatments, also other than Pi restriction, and possibly be used as 
an indicator of when renal replacement treatment not should be postponed. 

FGF23 reacts differently to different kinds of renal damage. It has been 
shown to increase earlier, in relation to eGFR, in patients with polycystic 
kidney disease than other renal diseases. It is possible that it is more 
'sensitive' to tubulo-interstitial damage than glomerular, which could explain 
why it is associated with prognosis in CKD independent of eGFR and albu-
minuria. 

Ferrous substances induce an increase in FGF23. There is a link between 
mineral and metal metabolism that needs to be further examined. 

1,25(OH)2D affects hundreds of genes, klotho and FGF23 included. 
1,25(OH)2D treatment has been shown to be beneficial in observational stud-
ies of CKD patients, but it increases FGF23. It is possible that the positive 
effects of VDRA treatment, via induction of klotho and other protective fac-
tors, dominate. If, as some think, renal failure primary is a state of klotho 
deficiency, reflected by increasing FGF23, then early VDRA treatment, to 
increase 1,25(OH)2D to the level seen in healthy persons could be beneficial. 
That is a hypothesis that needs to be tested  
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