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InTroDuCTIon

Chronic kidney disease (CKD) is a growing public health concern, which affects around 
13-14% of the global population.1 During the past decades, the prevalence of CKD has 
increased, particularly due to an increase in lifestyle-related diseases, including diabetes 
and hypertension, and the aging population.2 Progressive loss of renal function will 
eventually result in end-stage renal disease (ESRD), which necessitates renal replace-
ment therapy, i.e. renal transplantation or dialysis. Currently, renal transplantation is 
considered the preferred treatment, since it leads to better quality of life and survival 
at lower health expenses compared to dialysis.3,4 Furthermore, the survival rate in the 
acute phase after renal transplantation has markedly improved during the past decades, 
mainly due to improved techniques for organ preservation, ameliorated surgical tech-
niques, and better immunosuppressive medication. Despite the major advances in short 
term outcomes after renal transplantation, graft failure and complications continue to 
limit long-term graft and patient outcomes.5,6 In fact, approximately half of the cadaveric 
renal allografts fail within a timeframe of 10 years.7 Hence, it is of crucial importance to 
identify factors that contribute to diminished graft and patient survival, in order to be 
able to counterbalance these factors and improve outcomes.

Post-transplant anemia
One of the factors that has been shown to be associated with increased graft failure 
and death after renal transplantation is post-transplant anemia.8 Post-transplant anemia 
is highly prevalent in renal transplant recipients (RTRs), both in the short- and long-
term phase after transplantation. In large US cohort studies, almost half of the included 
population was found to be anemic at time of transplantation. This high prevalence 
of anemia dropped to around 12% at 1 year after renal transplantation.9 However, at 5 
years after transplantation, the prevalence had again risen to 26%. In line with this find-
ing, the prevalence of anemia at the Brigham and Women’s Hospital has been estimated 
to be nearly half of the population in a cohort of 374 RTRs at a mean of 7.7 years after 
transplantation.10

Shortly after transplantation, post-transplant anemia is mainly attributable to blood 
loss – and subsequent iron deficiency – due to the surgical procedure, as well as the 
inflammatory response related to surgery. In addition, delayed graft function, immuno-
suppressive induction therapy, and abrupt cessation of EPO treatment contribute to the 
high prevalence of early post-transplant anemia.11 On the long-term, multiple causes 
may contribute to post-transplant anemia, such as poor renal function with concomi-
tant low erythropoietin (EPO) levels,9 chronic inflammatory state, use of angiotensin-
converting enzyme inhibitors or angiotensin receptor blockers (blocking the direct 
effect of angiotensin-II on erythropoiesis),10 use of immunosuppressive medication 
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(especially proliferation inhibitors causing bone marrow suppression),12 hyperparathy-
roidism, and iron deficiency. The latter has been shown to be highly prevalent after renal 
transplantation.13

Most of the times, iron deficiency is considered only relevant for the production of 
hemoglobin and development of anemia. However, iron deficient anemia is the end 
phase of iron store depletion, and besides for erythropoiesis, iron is an essential co-
factor for many processes in living mammals (for more information see paragraph below 
on iron homeostasis).14 Hence, it is relevant to identify iron deficiency in an early stage, 
ideally prior to occurrence of anemia.

Iron homeostasis
Iron deficiency is the most common nutritional deficiency worldwide, and one of the 
main causes for morbidity and mortality.15 Iron is an essential nutrient, but it is also a 
potentially severely toxic agent to cells, which necessitates an optimal balance to, on the 
one hand,  fulfill daily demands, and on the other hand, to prevent excess iron accumula-
tion and toxicity. In living mammals, iron is primarily found in one of two oxidation states, 
namely in the ferrous (Fe2+, reduced state) and the ferric (Fe3+, oxidized state) form.16 
The interconversion between these iron oxidation states is pivotal for electron transfer, 
making iron a suitable component of oxygen-binding molecules (i.e. hemoglobin and 
myoglobin),17 cytochromes (e.g. cytochrome P450),18 respiratory chain enzymes,19 and 
many other enzymes involved in DNA synthesis and repair mechanisms.20 In fact, 33% of 
the enzymes in the human body are metalloproteins, of which 70% have an iron center 
as oxidoreductase. While, in keeping with this, evidence is mounting in favor of correc-
tion of iron deficiency if present, iron can also induce damage to tissues by catalyzing 
the conversion of hydrogen peroxide to free-radical ions, the so-called Fenton reaction: 
Fe2+ + H2O2 → Fe3+ + HO• (hydroxyl radical) + OH-. This Fenton reaction together with 
the equation: Fe3+ + O2

- → Fe2+ + O2 form the basis for the iron-catalyzed Haber-Weiss 
reaction: O2

- + H2O2 → O2 + HO• +OH- generating in vivo toxic radicals from less reactive 
superoxide and hydrogen peroxide.21 These free radicals are highly reactive and can 
induce damage to cellular membranes, organelles and DNA. In mammals, this threat is 
to a large extent confined by proteins (e.g. transferrin, ferritin, lactoferrin) that sequester 
iron and thereby prevent iron-induced catalysis of hydrogen peroxide.

Thus, as pointed out earlier, achieving an optimal iron balance is of utmost impor-
tance. However, human beings are unable to actively excrete iron. The body iron content 
and circulating concentrations are therefore dependent on regulation at the site of iron 
absorption, which takes place in the proximal small intestine. For a detailed explanation 
of iron absorption at the enterocytes, please see box 1.
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Box 1. Iron absorption

Diet contains two types of iron forms, namely heme and non-heme iron. Heme iron is mainly 
present in animal-based foods, such as meat and fish, whereas non-heme iron is found in plant-
based foods, such as vegetables and seaweed.22 Both heme and non-heme iron are absorbed at 
the apical brush border membrane of the duodenum. Iron absorption from heme iron (rate of 
15-35%) is known to be superior to non-heme iron (rate of less than 10%).23 Iron must pass the 
apical and basolateral membranes of the duodenal enterocytes to reach the plasma. The low pH 
of gastric acid aids in dissolving dietary iron and provides a proton-rich environment, which helps 
enzymatic reduction of ferric iron (the form in which most dietary iron presents itself ) to its ferrous 
form by duodenal ferrireductase cytochrome B (dcytb). In order to be absorbed, non-heme iron 
needs to be in its ferrous form.24 Non-heme iron absorption is known to be enhanced by ascorbic 
acid (as reductase of ferric iron to ferrous iron) and red meat, and is being inhibited by phytates 
polyphenols, and calcium.22 After reduction by dcytb, iron as Fe2+ is being transported by the 
divalent metal transporter 1 (DMT1) through the apical membrane of the duodenal enterocyte.25 
Inside the enterocyte, iron can be stored as ferritin or be directly transferred to the circulation 
which occurs through ferroportin, the major iron exporter at the basolateral membrane.26 
Ferrous iron transported through ferroportin is rapidly re-oxidized to ferric iron by hephaestin, 
the membrane-associated multicopper ferroxidase, or by ceruloplasmin, its soluble homologue.27 
Heme iron absorption ensues through a different mechanism, namely through the heme carrier 
proteins at the apical membrane of the enterocytes, i.e. heme carrier protein 1 (HCP1) or through 
heme responsive gene 1 (HRG-1) protein.28,29 Then, heme is degraded by heme oxygenase-1, 
which generates ferrous iron whereafter the same pathway is being followed as non-heme iron.

After being absorbed into the circulation and re-oxidized to Fe3+, circulating iron is 
mainly being bound to transferrin, which binds up to two Fe3+ atoms with high affinity.30 
Under physiological circumstances, only 30% of transferrin is saturated with iron. The 
relative amount of iron bound to transferrin, the transferrin saturation, is a reflection of 
iron available for utilization by hematopoietic and non-hematopoetic target cells. Iron-
loaded transferrin delivers iron to erythroid precursors and other tissues, by binding 
to transferrin receptor 1, which is ubiquitously expressed. This receptor can bind two 
transferrin molecules, and engulfs iron into target cells, e.g. the erythroid cells, where 
it is incorporated into protoporphyrin IX to form heme. Iron-loaded transferrin can also 
bind to transferrin receptor 2, which is primarily expressed on liver hepatocytes. The 
subsequently formed ligand-receptor complex regulates the expression of hepcidin 
(which will be discussed later).31

The primary storage of iron is in the form of ferritin in hepatocytes and in macro-
phages in the liver, bone marrow and spleen. This storage form takes away catalytic 
activity of iron and thereby makes this storage form non-toxic (Figure 1). Ferritin is an 
intracellular protein primarily synthesized by the liver, and consisting of H and L chains. 
The H chains function specifically as ferroxidase to convert cytosolic Fe2+ to Fe3+. In total 
one ferritin molecule can bind up to 4500 Fe3+ ions. Serum ferritin concentrations often 
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provide a reliable surrogate of iron storage, as it has been shown that these concentra-
tions closely correlate with body iron stores.32 However, ferritin is also an acute phase 
reactant, implying that serum ferritin levels increase in response to infl ammation, which 
– to a moderate degree - is also the case in chronic infl ammatory diseases, including 
CKD.33-35

Figure 1. A scheme of systemic iron metabolism, with emphasis on the prominent place of hepcidin as 
master regulator of iron metabolism (Adapted with permission from Pantopoulos K et al. Biochemistry; 
2012 Jul 24;51(29):5705-24).36

A liver-derived peptide, called hepcidin, plays a central role in regulating systemic iron 
homeostasis.37 Hepcidin regulates iron homeostasis by binding directly to ferroportin, 
the iron transporter on the duodenal enterocytes and macrophages. This binding 
causes subsequently internalization and degradation of the hepcidin-ferroportin com-
plex, and as such it regulates iron absorption from the gut and iron release from already 
existing stores in the reticuloendothelial system.37 Hepcidin production is primarily 
being upregulated by iron overload and infl ammation, whereas hepcidin expression is 
being downregulated by diminished iron stores, hypoxia, and ineff ective erythropoi-
esis.38 Both tissue iron and circulating iron infl uence hepcidin secretion from the liver. 
Iron stores in the liver regulate hepcidin secretion primarily through upregulation of 
bone morphogenic protein 6 (BMP6) by liver sinusoidal cells, whereas circulating iron 
regulates hepcidin expression through the previously described binding of diferric-
transferrin to transferrin receptor 2. This ensues through a pathway including human 
hemochromatosis protein (HFE) and transferrin receptor 2. HFE and transferrin receptor 
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2 form a signaling complex that leads to hepcidin activation. During iron deficiency 
signaling to hepcidin is blocked by transferrin receptor 1, which sequesters HFE and 
prevents its interaction with transferrin receptor 2. In contrast, during high plasma iron 
levels, diferric-transferrin displaces HFE from transferrin receptor 1, allowing formation 
of transferrin-receptor 2-HFE complex and subsequent hepcidin activation.36

Iron deficiency in chronic kidney disease and after renal transplantation
Clinically, iron deficiency presents with symptoms similar to anemia, e.g. fatigue, short-
ness of breath on exertion, reduced exercise endurance, lack of concentration and cold 
intolerance. In CKD and in RTRs, augmented generalized inflammation and concomitant 
activation and production of inflammatory cytokines is invariably present.39 Central in 
this inflammatory activation is interleukin-6 (IL-6), which is the primary inducer of serum 
hepcidin, with serum hepcidin subsequently being responsible for a reticulo-endothelial 
“block” of existing iron stores and reduced iron absorption.40  Besides this direct effect 
of IL-6 on serum hepcidin, IL-6 and other pro-inflammatory cytokines can also indirectly 
affect iron homeostasis. Tumor necrosis factor (TNF), IL-1, and IL-6 upregulate the ex-
pression of DMT1 in macrophages, induce ferritin expression, and decrease ferroportin 
expression.41,42 Furthermore, several cytokines are known to stimulate an increase in 
transferrin-receptor-mediated absorption of transferrin-bound iron into macrophages. 
In addition, TNF and IL-1 damage erythrocytes and stimulate erythrophagocytosis.42 All 
these processes play a role in CKD and RTRs, together leading to an accumulation of 
intracellular iron with a decrease in plasma iron concentration. Next to this functional 
iron deficiency, also a high frequency of absolute iron deficiency exits in patients with 
CKD. The difference between functional and absolute iron deficiency is explained in box 
2.

Box 2. Absolute and functional iron deficiency

It is important to differentiate between absolute and functional iron deficiency. In absolute iron 
deficiency, iron stores are depleted, e.g. due to gastrointestinal bleeding. Generally, absolute iron 
deficiency in chronic inflammatory diseases is being defined as a serum ferritin level of <100 µg/L 
rather than the level of <30 µg/L which is used for the general population. Reason for this is to 
account for the acute phase reactant properties of ferritin, which lead to higher levels independent 
of iron stores in circumstances of chronic inflammation. In functional iron deficiency, reduced iron 
availability occurs despite adequate iron stores due to sequestration of iron within the storage 
sites. There is no consensus on what the definition of functional iron deficiency in chronic disease 
should be used except for the field of chronic heart failure, where functional iron deficiency is 
defined as ferritin 100-299 µg/L combined with TSAT<20%.43 Using these same cut offs, we will 
evaluate in this thesis the impact of iron deficiency, with and without anemia, on prospective 
outcomes after renal transplantation.
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Erythropoietin
Erythropoietin (EPO) is a hormone which is primarily produced by peritubular fi broblasts 
in the renal cortex.44 EPO mRNA is also detectable in brain, liver, spleen, lung and testes. 
However, production from these sites cannot compensate for reduced renal EPO pro-
duction in CKD.45,46 EPO is essential for normal erythropoiesis in the bone marrow. EPO 
is incorporated in the early colony-forming units (CFU) erythroids47 and iron is utilized 
in the more advanced stage of erythroblasts (Figure 2). On binding of EPO to the EPO-
receptor dimer, cytoplasmic Janus Kinase type 2 (JAK2) catalyze the phosphorylation 
of the EPO-receptor, which leads to a variety of signal transduction pathways and gene 
expression, necessary for survival, proliferation, and terminal diff erentiation. Erythro-
poiesis is a process that ensues slowly, because it generally takes 3 to 4 days before 
reticulocytosis develops after a rise in plasma EPO.

The primary stimulus for EPO production is tissue hypoxia, which can increase cir-
culating EPO levels up to a 1000-fold. During hypoxia, EPO transcription is increased in 
peritubular fi broblasts by binding of hypoxia-inducible factor (HIF) 2-α to the EPO gene 
promotor. In normoxic conditions, this process is attenuated due to the fact that prolyl 
hydroxylases (PHD) hydroxylate HIF-1α and HIF-2α, which subsequently bind to the Von 
Hippel-Lindau tumor suppression protein, leading to the proteosomal degradation of 
the HIFs.48 Hypoxia reduces PHD activity, resulting in accumulation of HIF-1α and HIF-2α, 
whereby the latter mainly stimulates erythropoiesis.49-51

In fact, HIF-PHD inhibitors have been introduced during recent years as new 
therapeutic agents, that mimic mild hypoxia, and result in an erythropoetic response.52 
Elevated levels of EPO or use of exogenous EPO increase the need for iron by stimulat-
ing erythropoiesis. This is eff ectuated by the production of erythroferrone (ERFE) by 
erythroblasts. This ERFE inhibits serum hepcidin, thereby increasing the amount of iron 

Figure 2. Incorporation of erythropoietin and iron in the erythropoiesis (Adapted from: Besarab et al. On-
cologist 2009; 14 Suppl 1:22-33).54
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available for erythropoiesis.53 In clinical practice, measurement of serum EPO levels 
is currently mainly advised in patients with erythrocytosis (an elevated hemoglobin/
hematocrit level) to distinguish between primary and secondary erythrocytosis. Poly-
cythemia vera, as primary form of erythrocytosis, presents with suppressed EPO levels, 
whereas secondary erythrocytosis is allegedly assumed to present with elevated EPO 
levels. In this thesis, we will evaluate the latter association for the most frequent cause 
of secondary erythrocytosis, namely smoking.

Erythropoietin, chronic kidney disease, and renal transplantation
It has been established in RTRs that elevated circulating levels of EPO are associated with 
increased risk of cardiovascular and all-cause mortality. An exact mechanism underlying 
this strong association has, however, not yet been identified.55,56 In line with this finding, 
large randomized controlled trials in CKD patients have revealed that exogenous EPO is 
associated with an increased risk of adverse events when normal hemoglobin levels are 
targeted for. Four major trials need to be discussed in this respect. First, in the Normal 
Hematocrit Study (NHS), hemodialysis patients with clinical evidence of congestive heart 
failure or ischemic heart disease were randomized to epoetin alpha aiming to achieve and 
maintain a target hematocrit of 42% or 30% (besarab NEJM 1998). The primary endpoints 
were length of time to death or first nonfatal myocardial infarction. The study was halted 
prematurely due to increased number of deaths in the high hematocrit arm of the trial al-
though the prespecified statistical stopping boundary was not reached. Second, in the Car-
diovascular Risk Reduction by Early Anemia Treatment with Epoetin Beta (CREATE) study, 
complete correction of anemia with epoetin beta resulted in a higher necessity for initiating 
dialysis in the high-target hemoglobin group compared to the control group, while there 
was no difference in primary cardiovascular endpoints between the two groups.57 Third, in 
the Correction of Hemoglobin and Outcomes in Renal Insufficiency (CHOIR) study, a target 
level of 13.5 g/dL to be attained by treatment with epoetin alfa, resulted in an increased 
risk of mortality, myocardial infarction, and cardiovascular events, including congestive 
heart failure and cerebral infarction compared to the control group.58 Fourth, in the Trial to 
Reduce Cardiovascular Events with Aranesp therapy (TREAT) study, stroke events occurred 
more frequently in pre-dialysis patients with type 2 diabetes assigned to darbepoetin 
alfa than in patients assigned to placebo, while there was no difference in other primary 
cardiovascular endpoints between the groups.59 Similar results have been obtained in 
chronic heart failure patients.60 Like with the association of elevated levels of EPO with 
poor outcome, the potential mechanism underlying the adverse effects of treatment with 
erythropoietin stimulating agents (ESAs) on outcome has also not been elucidated. It has 
been hypothesized that the increased risk is attributable to increased hemoglobin levels, 
to an effect of ESA therapy itself, or to the dose of ESAs which is being used. However, a 
clear mechanistic explanation for this increased risk has not been elucidated.
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Fibroblast Growth Factor 23
Fibroblast growth factor 23 (FGF23) is an osteocyte-derived hormone, which is essential 
in bone and mineral metabolism. FGF23 has four known main actions. The first is to 
increase phosphaturia by inhibiting tubular phosphate reabsorption.61 The second is to 
block renal 1-alfa-hydroxylase which converts inactive 25-hydroxy vitamin D3 (storage 
form) into the active form of 1,25-dihydroxy-vitamin D3 (calcitriol). The latter is known 
to increase serum calcium and phosphate levels by increasing gastrointestinal and renal 
tubular absorption.62 The third is to stimulate the degrading enzyme, CYP24, that breaks 
down vitamin D.63-65 Hence, FGF23 not only lowers production of active vitamin D, it also 
accelerates its degradation. The fourth is to inhibit PTH secretion. PTH is known to be the 
main regulator of serum calcium by stimulating renal tubular calcium reabsorption and 
bone resorption.63 FGF23 reduces calcitriol levels both directly and indirectly by lower-
ing PTH levels (Figure 3). Lowering of PTH levels, will decrease renal 1-alfa-hydroxylase, 
which will lead to decreased levels of calcitriol, and subsequently lowering of intestinal 
calcium absorption and bone turnover.

Figure 3. Overview of the different actions of fibroblast growth factor 23 (With permission from Farrow EG 
and White KE Nat Rev Nephrol 2010 Apr; 6(4): 207-17).66

FGF23 in CKD and renal transplantation
Elevated levels of total FGF23 have been associated with an increased risk of mortal-
ity in various patient populations, including RTRs, post-operative acute kidney injury, 
non-dialysis CKD, and ESRD.67-72 The same is true for patients with chronic heart failure 
and even in the general population.73,74 In patients with preserved renal function, FGF23 
levels are generally considered to be normal, with levels <100 RU/mL.75 As glomerular fil-
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tration rate declines, FGF23 levels invariably increase. High levels of FGF23 already occur 
early in the course of CKD, long before hyperphosphatemia and hyperparathyroidism 
are apparent, as depicted in Figure 4.76 Hence, FGF23 is an early disturbance in bone and 
mineral metabolism in CKD and a key signal allowing phosphate excretion in the light of 
decreased excretory capacity due to declining renal function. In ESRD, very high levels 
of cFGF23 – even above 300.000 RU/mL – have been reported, but in this circumstance 
it is usually accompanied by hyperphosphataemia.77,78

Figure 4. Prevalence of FGF23 excess according to eGFR levels (With permission from Isakova T et al. Kidney 
Int 2011; Jun;79(12):1370-8)76

Higher FGF23 levels are associated with an increased risk of mortality, allegedly due 
to ‘’off-target’’ effects of FGF23 on the heart and other organs. Importantly, it has been 
shown that FGF23 can induce left ventricular hypertrophy, possibly by stimulation of the 
FGF-receptor 4 in the cardiac myocytes.79,80 Furthermore, elevated plasma FGF23 levels 
have been implicated in the pathogenesis of immune dysfunction and inflammation in 
CKD.81,82 Clearly, this emphasizes the importance to fully identify factors that influence 
FGF23 levels.

Several determinants of circulating concentrations of FGF23 have been identified. 
These include diminished renal function, elevated PTH, elevated 1,25 (OH)2 vitamin D, 
and circulating concentrations of phosphate and calcium.83-86 In recent years, iron defi-
ciency has also been identified as a cause of elevated FGF23 levels, especially C-terminal 
FGF23 (cFGF23) and less so of intact FGF23 (iFGF23).87-89 It is therefore important to 
distinguish between cFGF23, which is a split fragment of iFGF23, and iFGF23 measure-
ments. Unfortunately, currently, there is no assay available that allows for sole detection 
of cFGF23. The assay that is able to detect cFGF23 also detects iFGF23 (Box 3). So, in this 
thesis we combine the assays for assessment of cFGF23 and iFGF23 to estimate cFGF23.
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Box 3. C-terminal FGF23 assay versus intact FGF23 assay

The immunometric assay for measurement of cFGF23 uses 2 antibodies directed against different 
epitopes within the C-terminal portion of FGF23 and thus the cFGF23 assay measures both the 
intact and the C-terminal cleavage products. In contrast, the iFGF23 assay measures only the intact 
molecule.77

The association between iron deficiency and FGF23 was first discovered in patients suf-
fering from autosomal dominant hereditary rickets (ADHR), a rare phosphate wasting 
disease with hypophosphatemia due to gain-of-function mutation in the FGF23 gene 
that prevents its cleavage, leading to elevated FGF23 levels.90 In these patients, episodes 
of hypophosphatemia coincided with onset of menses and following pregnancy, which 
both are situations in which iron deficiency is common.90 In ADHR mice that were fed 
an iron deficient diet, an increased bone expression of FGF23 mRNA and protein was 
encountered as compared to those consuming a normal diet.91 Wild-type mice consum-
ing a low-iron diet maintained normal intact FGF23 (iFGF23) and phosphate concen-
trations, but had markedly increased cFGF23 levels, which suggested an upregulated 
production of iFGF23, with concomitantly increased cleavage to cFGF23. In vitro, UMR-
106 cells treated with iron chelation in the form of deferoxamine exhibited a 20-fold 
increased FGF23 mRNA expression with stabilization of HIF1-α.91 Hereafter, Wolf et al. 
demonstrated that women with iron deficiency anemia due to heavy uterine blood loss 
had normal levels of serum phosphate, calcium, 1,25 (OH)2 vitamin D, PTH, and iFGF23, 
but markedly increased levels of cFGF23.92 Further evidence was provided with the no-
tion that correction of iron deficiency with intravenous iron supplementation rapidly 
lowered cFGF23 levels. Interestingly, the effect of intravenous iron supplementation on 
iFGF23 levels seemed to depend on the iron supplementation compound that was used. 
Wolf et al. reported no significant change in iFGF23 following iron dextran supplementa-
tion, whereas ferric carboxymaltose induced a transient, but marked increase in iFGF23 
levels, with functional consequence as reflected by induction of phosphaturia, hypo-
phosphatemia, lowering of 1,25 (OH)2 vitamin D and calcium levels, together resulting 
in a transient increase in PTH.92,93 Currently, it is unknown why this specifically occurs 
when supplying iron in the form of ferric carboxymaltose. It has been hypothesized that 
this may be due to specific carbohydrate moieties in the shell of the intravenous iron 
compound.

Due to its high prevalence, CKD is the most common cause of chronically elevated 
cFGF23 and iFGF23 levels.94 In animal models, it has been shown that in mice with 
CKD, FGF23 production and cleavage due to iron deficiency occur in a similar way as 
in patients with preserved kidney function.95 Till now, it seems only as CKD progresses 
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that iFGF23, rather than cFGF23, becomes more prominent and it has been shown 
that in ESRD virtually all FGF23 that is present is iFGF23.96 Hence, in ESRD the ratio of 
iFGF23/cFGF23 as assessed by currently available assays will approximate 1:1, because 
the iFGF23 assay measures only iFGF23 and the cFGF23 assay measures both iFGF23 
and cFGF23, with in circumstances of CKD virtually all circulating FGF23 being present 
in the form of iFGF23. This would suggest that in ESRD an increased production with 
decreased cleavage occurs.96 It is pivotal to keep in mind that iFGF23 is the biologically 
active hormone, and that the C-terminal fragments of FGF23 are supposed to be inac-
tive. This allegation is refuted by observations made by Goetz et al., in which it was found 
that C-terminal fragments compete with iFGF23 for binding to its receptor complex and 
function as competitive inhibitor, which may impair phosphaturia and aggravate soft 
tissue calcification.97 Furthermore, it has been shown, at least in vitro, that C-terminal 
FGF23 fragments by themselves can increase ventricular cardiomyocyte size by binding 
to the FGF receptor on cardiomyocytes in the absence of alpha-klotho.98

aims of the thesis
The general aim of this thesis is to assess whether iron deficiency, independently of 
anemia, is associated with adverse outcomes in RTRs and whether we therefore need 
to focus on iron deficiency in this patient setting, irrespective of the occurrence of 
anemia. Furthermore, we aim to investigate whether putative associations between iron 
deficiency and adverse outcomes might be related to changes in FGF23 production and 
cleavage. Additionally, we aim to assess whether the established detrimental effects of 
both endogenous and exogenous EPO might be related to changes in FGF23 production 
and cleavage. The basis for the latter investigation was that the previously mentioned 
studies linking iron deficiency and FGF23 showed that iron deficiency resulted in a sta-
bilization of HIF-1α with upregulated FGF23 levels. Since HIF-1α is both iron and hypoxia 
dependent, we speculated that possibly the adverse consequences of EPO excess might 
be also due to HIF stabilization with subsequently increased FGF23 levels.

The first part of this thesis investigates the role of iron deficiency in CKD. Iron defi-
ciency is known to be a strong independent risk factor for adverse outcomes in patient 
populations such as patients with chronic heart failure,99 and in elderly subjects.100 It is, 
however, unknown whether this also holds true for CKD, and specifically RTRs. Therefore 
in Chapter 2, we assess the association between iron deficiency, both with and without 
anemia, with the risk of all-cause mortality in the patient setting of RTRs. In Chapter 
3, we explore whether a putative association between iron deficiency and iron status 
parameters and mortality in RTRs is attributable to an increase in cFGF23 or iFGF23, 
since it has previously been shown in experimental animal models and other human 
populations that iron deficiency leads to upregulated levels of cFGF23 levels. Although 
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the main goal of this thesis is to unravel the importance of iron deficiency in CKD, no 
clear definition of iron deficiency is currently retained to characterize iron deficiency in 
CKD. Hence, in Chapter 4 we aim to assess by means of the two most used iron status 
parameters in daily practice, i.e. TSAT and ferritin, optimal cutoffs with respect to out-
come in CKD patients. We conclude the iron in CKD part of the thesis by investigating 
hepcidin, the master regulator of iron homeostasis. Therefore, in Chapter 5 we aim to 
assess whether measurement of serum hepcidin in RTRs is associated with worse out-
comes in this patient setting.

The second part of this thesis investigates the role of EPO in CKD. It is known that hy-
poxia can stimulate FGF23 production, independently of iron.101 Therefore, Chapter 6 
investigates in murine models and human studies whether EPO levels, as reflection of 
tissue hypoxia, and administration of exogenous EPO are associated with an increase 
in cFGF23 levels. Chapter 7 describes subsequently whether the previously identified 
link between elevated EPO levels and adverse outcomes in RTRs might be attributable 
to higher cFGF23 levels. This crosstalk between EPO and FGF23 is being followed up in 
Chapter 8 with assessment of, whether besides endogenous EPO levels, administration 
of exogenous EPO is also associated with higher cFGF23 levels, and possibly that this 
could explain the at present mechanistically unknown link between ESAs and detrimen-
tal outcomes in patients with CKD and chronic heart failure.

The third and final part of this thesis focusses on the role of iron deficiency and eryth-
ropoietin beyond CKD. In Chapter 9 we bring the topic of iron deficiency, EPO, FGF23, 
and outcome from disease populations to the general population. In Chapter 10, we 
question the role of EPO measurement in another setting than with respect to FGF23 
or outcome. In this chapter, we assess whether EPO levels are reliable in distinguishing 
between a primary and a secondary form of erythrocytosis in the general population by 
assessing the association between smoking, both as questionnaire and as 24-hour uri-
nary cotinine excretion, and EPO levels. Finally, Chapter 11 provides an overview of the 
design of the TransplantLines study. TransplantLines is a large biobank and cohort study 
among all type of solid organ transplant recipients transplanted in the University Medi-
cal Center Groningen. By means of TransplantLines, we aim to unravel in the upcoming 
years many questions regarding iron deficiency, EPO, and FGF23 in transplant recipients.
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