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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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aBSTraCT

Anemia, iron deficiency anemia (IDA) and iron deficiency (ID) are highly prevalent in 
renal transplant recipients (RTR). Anemia is associated with poor outcome, but the role 
of ID is unknown. Therefore, we aimed to investigate the association of ID, irrespective 
of anemia, with all-cause mortality in RTR. Cox regression analyses were used to investi-
gate prospective associations. In 700 RTR, prevalences of anemia, IDA, and ID were 34%, 
13%, and 30%, respectively. During follow-up for 3.1 (2.7-3.9) years, 81 (12%) RTR died. 
In univariable analysis, anemia (HR, 1.72 [95%CI 1.11-2.66], p=0.02), IDA (2.44 [1.48-4.01], 
p<0.001), and ID (2.04 [1.31-3.16], p=0.001) were all associated with all-cause mortal-
ity. In multivariable analysis, the association of anemia with mortality became weaker 
after adjustment for ID (1.52 [0.97-2.39], p=0.07) and disappeared after adjustment for 
proteinuria and eGFR (1.09 [0.67-1.78], p=0.73). The association of IDA with mortality 
attenuated after adjustment for potential confounders. In contrast, the association of ID 
with mortality remained independent of potential confounders, including anemia (1.77 
[1.13-2.78], p=0.01). In conclusion, ID is highly prevalent among RTR and is associated 
with an increased risk of mortality, independent of anemia. Since ID is a modifiable fac-
tor, correction of ID could be a target to improve survival.
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InTroDuCTIon

Post-transplant anemia is associated with an increased risk for graft failure, cardiovascu-
lar mortality and all-cause mortality in renal transplant recipients (RTR).1-3 Iron deficiency 
(ID) is highly prevalent in RTR and is one of the main contributors to post-transplant 
anemia.4, 5 The decreased intestinal uptake of iron as a consequence of increased 
hepcidin and IL-6 concentrations, which exist as a result of the pro-inflammatory state 
that renal transplantation constitutes,6, 7 may contribute to a frequent occurrence of 
functional ID. In addition, increased consumption of iron as a consequence of enhance-
ment of erythropoesis after successful transplantation in response to recovery of renal 
function, may further augment the functional ID.8 Inadequate iron stores at the time of 
transplantation, blood loss during the surgical procedure, and frequent post- transplant 
venipunctures may also contribute to the occurrence of ID.8 It has indeed been shown 
that 60% of RTR without ID at the time of transplantation developed ID in a period of 6 
months after transplantation.9

Conventionally, ID is linked to anemia. However, in addition to its role in hemoglobin 
and oxygen transport, iron plays a pivotal role in enzyme activity of a number of enzymes 
linked to energy metabolism and in other oxygen-binding proteins such as myoglobin.10 
To date, potential consequences of ID (with and without anemia) in transplantation are 
unknown. The aim of this study was to validate the impact of anemia, and to assess the 
impact of iron deficiency anemia (IDA) and ID prospectively on all-cause mortality in 
RTR.

METhoDS

Study population
All RTR (aged ≥18 years) that were at least 1 year post transplantation were approached 
for participation during outpatient clinic visits between 2008 and 2011, as described 
previously.11 RTR were all transplanted at the University Medical Center Groningen, 
Groningen, the Netherlands and had no history of drug or alcohol abuse, as reported 
in the patient records. Written informed consent was obtained from 707 (87%) from 
the 817 initially invited RTR. For the analyses, we excluded patients with missing data 
on iron status parameters (n=7), resulting in 700 RTR eligible for analyses. The study 
protocol was approved by the institutional review board (METc 2008/186). The study 
protocol adhered to principles of the Declaration of Helsinki and was consistent with 
the Principles of the Declaration of Istanbul as outlined in the ‘Declaration of Istanbul on 
Organ Trafficking and Transplant Tourism’.
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Iron status parameters
Blood was drawn in the morning. Transferrin was measured using an immunoturbide-
metric assay (Cobas c analyzer, Modular P system, Roche diagnostics, Mannheim, Ger-
many). Serum ferritin concentrations were determined using the electrochemilumines-
cence immunoassay (Modular analytics E170, Roche diagnostics, Mannheim, Germany). 
Serum iron was measured using photometry (Modular P800 system; Roche diagnostics, 
Mannheim, Germany). Transferrin saturation (TSAT [%]) was calculated as 100 x serum 
iron (µmol/L)/ 25 x transferrin (g/L).12 ID was defined as TSAT <20% and ferritin <300 
µg/L. Anemia was defined as Hb<13 g/dL (M) or <12 g/dL (F).

Statistical analysis
Data were analyzed using IBM SPSS software, version 22.0 (SPSS Inc., Chicago, IL) and 
R version 3.0.1 (Vienna, Austria). Data were expressed as mean ± SD when normally 
distributed or as median with interquartile range (IQR) in the case of skewed distribu-
tion. The baseline characteristics of patients without anemia and ID, and patients with 
anemia, IDA or ID are shown in table 1.

Kaplan-Meier curves were used to demonstrate the effect of the presence of ID and/
or anemia, anemia, IDA, and ID on survival. Differences in survival rates were tested us-
ing the Cox-Mantel log-rank test.

Cox regression analyses were used to investigate prospective associations of anemia, 
IDA, and ID with all-cause mortality. Various models were built to adjust for potential 
confounders. Model 1 was considered as crude Cox regression analysis. In model 2 was 
adjusted for age and sex; model 3 was additionally adjusted for anemia in the case of ID or 
for ID in the case of anemia; model 4 was additionally adjusted for eGFR and proteinuria.

As secondary analyses for the association of anemia, IDA and ID with mortality, we 
adjusted for several potential confounders in multivariable Cox regression models (Table 
3). After adjustment for age, sex, eGFR and proteinuria, we adjusted in separate models 
for lifestyle factors and co-morbidities (model 2; diabetes mellitus, systolic blood pressure, 
BMI, alcohol use, and smoking), for medication use (model 3; ACE-inhibitors, diuretics, and 
CNI-inhibitors), for inflammation (model 4; hs-CRP), and for heart failure marker (model 5; 
NT-proBNP).

As sensitivity analysis, we assessed the association of hemoglobin as continuous 
variable with mortality in the multivariable analysis rather than anemia as a dichoto-
mous variable and by using another definition of ID, namely TSAT<20% and ferritin 
<200 µg/L.13 Regarding the specific iron status parameters, we assessed the association 
of serum ferritin, TSAT, and serum iron on all-cause mortality in univariable and multi-
variable Cox regression analyses. We used Cox regression analyses with restricted cubic 
splines with 3 knots to test for potential non-linearity of the prospective associations 
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of ln-transformed ferritin, TSAT and serum iron with all-cause mortality. All tests were 
two-sided, and a P-value of <0.05 was considered statistically signifi cant.

rESulTS

Baseline characteristics
We included 700 RTR (age 53±13 years; 57% males) with a median (interquartile range) 
duration after transplantation of 5.4 (1.9-12.0) years. Mean eGFR was 52.3±20.2 ml/
min/1.73m2. Mean hemoglobin concentration was 13.2±1.8 g/dL, serum iron concentra-
tion was 15.3±6.0 µmol/L, ferritin concentration was 118 (55-222) µg/L, and TSAT was 
25±11%. Anemia, iron defi ciency anemia (IDA), and ID occurred in 237 RTR (34%), 90 
RTR (13%), and 208 RTR (30%), respectively (fi gure 1). Mean corpuscular volume (MCV) 
was 90±7 fL in the anemic RTR, 87±7 fL in those with IDA, and 88±6 fL in those with 
ID. RTR with anemia were more often male, had the lowest eGFR, and used more ACE-
inhibitors compared to those with IDA and ID. RTR with IDA were at shorter duration 
after transplantation, had the highest systolic blood pressure, had higher concentrations 
of C-reactive protein and NT-proBNP levels, and had the highest prevalence of diabetes 
mellitus as comorbidity as compared to the other patients with anemia or with ID. In 
contrast, RTR with ID were more often female, and had a higher eGFR compared to the 
RTR with anemia and IDA (Table 1).
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Figure 1. Prevalences of anemia, IDA and ID in the RTR cohort
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Table 1. Baseline characteristics

Variables Patients without 
anemia

and without ID 
(n=344)

Patients with 
anemia

(n=237)

Patients with 
IDA

(n=90)

Patients with
ID

(n=208)

Demographics

Age (years) 53±12 53±14 55±13 54±12

Sex (male, %) 132 (38) 131 (55) 46 (51) 99 (48)

BMI (kg/m2) 27±5 26±5 27±5 28±5

Systolic blood pressure (mmHg) 135±16 138±19 140±18 137±17

Diastolic blood pressure (mmHg) 82±10 82±12 82±11 83±11

Never smoker (%) 41 38 36 36

Former smoker (%) 38 46 56 50

Current smoker (%) 13 11 7 9

Unknown smoking status(%) 8 4 2 5

No alcohol consumption (%) 9 10 12 9

Alcohol 0-10 g/day 52 59 64 68

Alcohol 10-30 g/day 22 19 18 15

Alcohol >30 g/day 6 3 0 2

renal parameters

Time since transplantation (years) 6.4 (3.0-12.8) 4.7 (1.2-11.2) 3.7 (1.0-9.3) 4.3 (1.1-10.0)

eGFR (ml/min/1.73m2) 58.5±19.2 42.1±17.8 44.6±18.6 50.4±19.6

Proteinuria (≥0.5g/24h) (%) 16 33 34 28

Comorbidities

Anemia (%) 0 100 100 43

Diabetes mellitus (%) 21 24 37 35

Treatment

ACE-inhibitor (%) 31 39 30 26

AII-antagonist (%) 13 18 20 18

Bèta-blocker (%) 62 65 67 66

Diuretic (%) 35 48 56 49

Calcineurin inhibitor (%) 49 68 72 66

Proliferation inhibitor (%) 82 84 84 86

Statin use (%) 54 55 54 49

mTOR inhibitor (%) 2 2 4 2

EPO-stimulating agents (%) 2 4 4 2

Iron supplements (%) 4 9 6 5
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anemia, IDa, ID, and mortality
During a median follow-up for 3.1 (2.7–3.9) years, 81 (12%) RTR died, of which 38 (47%) 
due to cardiovascular causes. Other causes of death were infection (24%), malignancy 
(16%), and miscellaneous and other causes (14%). Kaplan-Meier survival curves for RTR 
with or without ID and/or anemia, for RTR with and without anemia, for RTR with and 
without IDA and for RTR with and without ID are shown in figure 2. It appears that there 
is a marked difference in survival between RTR having anemia, IDA or ID compared to 
those without (log-rank test p=0.01 for anemia; p<0.001 for IDA, and p=0.001 for ID).

In univariable Cox regression analysis, anemia (HR, 1.72 (95%CI 1.11-2.66), p=0.02), 
IDA (2.44 [1.48-4.01], p<0.001), and ID (2.04 [1.31-3.16], p=0.001) were associated with 
mortality (Table 2).

In multivariable Cox regression analysis models, the association of anemia with mor-
tality remained significant after adjustment for age and sex (1.72 [1.11-2.66], p=0.02). 
However, the association of anemia with mortality lost statistical significance after 
adjustment for ID (1.52 [0.97-2.39], p=0.07). Moreover when additional adjustment was 
performed for eGFR and proteinuria, the association of anemia with mortality disap-
peared altogether (HR, 1.09 [0.67-1.78], p=0.73).

The association of IDA with mortality remained after adjustment for age and sex 
(2.09 [1.27-3.45], p=0.004). When additional adjustment was performed for eGFR and 
proteinuria, the association of IDA  with mortality lost significance (1.67 [0.99-2.82], 
p=0.05).

The association of ID with mortality remained after adjustment for age and sex 
(1.94 [1.25-3.01], p=0.003). Further adjustment for anemia did not materially affect the 

Table 1. Baseline characteristics (continued)

Variables Patients without 
anemia

and without ID 
(n=344)

Patients with 
anemia

(n=237)

Patients with 
IDA

(n=90)

Patients with
ID

(n=208)

laboratory measurements

Hb (g/dL) 14.3±1.1 11.4±1.0 11.1±1.0 12.7±1.8

MCV (fL) 91±5 90±7 87±7 88±6

Iron (µmol/L) 18±5 13±6 8±3 9±3

Ferritin (µg/L) 156 (86-257) 97 (43-203) 37 (21-69) 46 (27-97)

TSAT (%) 31±9 23±12 12±5 14±4

NT-pro-BNP (pg/mL) 159 (72-393) 425 (197-1090) 550 (245-2299) 350 (127-1069)

hs-CRP (mg/L) 1.3 (0.6-3.5) 1.7 (0.8-4.9) 2.9 (0.8-6.5) 2.5 (1.0-6.3)

Azathioprine and mycophenolate mofetil were considered as proliferation inhibitors; cyclosporine and ta-
crolimus as calcineurin inhibitors. Diabetes mellitus was defined as serum glucose >7 mmol/L or the use of 
antidiabetic drugs.
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association of ID with mortality (1.77 [1.13-2.78], p=0.01). When additional adjustment 
was performed for eGFR and proteinuria, the association of ID with mortality remained 
significant (1.74 [1.10-2.73], p=0.02; table 2).
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Figure 2. 

 

 

Figure 2. Kaplan-Meier curves for the difference in patient survival in (A) renal transplant recipients with or 
without ID and/or anemia (B) with or without anemia; (C) with or without iron-deficiency anemia (IDA); (D) 
with or without iron deficiency (ID)

Table 2 Cox proportional hazard analysis for anemia, IDa and ID in predicting all-cause mortality

Variable anemia IDa ID

hr (95% CI) P-value hr (95% CI) P-value hr (95% CI) P-value

Univariable 1.72 (1.11-2.66) 0.02 2.44 (1.48-4.01) <0.001 2.04 (1.31-3.16) 0.001

Model 1 1.72 (1.11-2.66) 0.02 2.09 (1.27-3.45) 0.004 1.94 (1.25-3.01) 0.003

Model 2 1.52 (0.97-2.39) 0.07 - - 1.77 (1.13-2.78) 0.01

Model 3 1.09 (0.67-1.78) 0.73 1.67 (0.99-2.82) 0.05 1.74 (1.10-2.73) 0.02

Model 1: Adjustment for age and sex
Model 2: Model 1 + adjustment for ID (outcome: anemia) or anemia (outcome: ID)
Model 3: Model 2 + adjustment for eGFR and proteinuria
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Secondary analyses of association with mortality
In secondary analyses, we aimed to investigate whether the association of anemia, IDA, 
and ID with mortality, is independent of other potential confounders (co-morbidities, 
medication use, inflammation, and heart failure; table 3).  In these analyses, in which we 
adjusted for these other potential confounders, the associations of anemia and ID with 
mortality remained materially unchanged, i.e. virtually absent for anemia and significant 
for ID, while that of IDA remained independent of adjustment for most of the potential 
confounders, but lost significance after adjustment for NT-proBNP (Table 3).

Definition of ID and individual ID definition components
As sensitivity analysis, after adjustment for age, sex, eGFR, and proteinuria, we adjusted 
the association of ID with mortality for hemoglobin as continuous variable rather than 
anemia as a dichotomous variable. The association became weaker after adjustment 
for hemoglobin as continuous variable (1.54 [0.97-2.45], p=0.07). In another sensitivity 
analysis, we assessed the association of ID with all-cause mortality by using an alterna-
tive definition of ID (TSAT<20% and ferritin <200 µg/L). The association of this definition 
of ID with mortality remained also materially unchanged after adjustment for age, sex, 
eGFR, proteinuria and anemia (1.66 [1.05-2.63], p=0.03).

Next to the definition of ID, we tested the individual iron status parameters, i.e. serum 
ferritin, TSAT and serum iron. In univariable analysis, ln serum ferritin as continuous vari-
able was not associated with risk of mortality (1.01 [0.81-1.26], p=0.95). This is likely the 
consequence of a non-linear relationship of ferritin with mortality. In figure 3A, a cubic 
restricted spline depicting the U-shaped association of ferritin with all-cause mortality 

Table 3 Secondary analysis for the association of anemia, IDa and ID with all-cause mortality

Variable anemia IDa ID

hr (95% CI) P-value hr (95% CI) P-value hr (95% CI) P-value

Model 1 1.19 (0.73-1.95) 0.48 1.67 (0.99-2.82) 0.05 1.76 (1.12-2.75) 0.01

Model 2 1.20 (0.74-1.96) 0.46 1.78 (1.04-3.05) 0.04 1.83 (1.16-2.89) 0.009

Model 3 1.29 (0.79-2.10) 0.31 1.86 (1.05-3.28) 0.03 1.75 (1.08-2.83) 0.02

Model 4 1.24 (0.76-2.01) 0.39 1.79 (1.03-3.11) 0.04 1.81 (1.13-2.90) 0.01

Model 5 1.22 (0.75-1.99) 0.42 1.74 (1.02-2.98) 0.04 1.76 (1.10-2.80) 0.02

Model 6 1.12 (0.68-1.85) 0.66 1.48 (0.83-2.65) 0.19 1.71 (1.06-2.76) 0.03

Model 1: Adjustment for age, sex, eGFR and proteinuria
Model 2: Model 1 + adjustment for time since transplantation
Model 3: Model 2 + adjustment for diabetes mellitus, SBP, BMI, alcohol and smoking
Model 4: Model 2 + adjustment for medication use (ACE-inhibitors, diuretics, CNI inhibitors, and iron sup-
plements)
Model 5: Model 2 + adjustment for inflammation (hs-CRP)
Model 6: Model 2 + adjustment for NT-pro-BNP
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is shown. Indeed, we found significant deviances from linear associations of ln ferritin 
with all-cause mortality (p=0.03), which lost statistical significance after adjustment for 
the potential confounders (p=0.07). When divided in quintiles, the lowest quintile (2.48 
[1.08-5.79], p=0.03) and the highest quintile of ferritin concentrations (2.61 [1.16-5.87], 
p=0.02) were associated with higher risk of mortality when compared with the fourth 
quintile, in a model in which we adjusted for potential confounders (age, sex, eGFR, 
proteinuria, and anemia). In further adjustment for hs-CRP, the strength of the relation-
ship in the lowest quintile (2.22 [0.95-5.18], p=0.07), and in the highest quintile of ferritin 
(2.35 [1.04-5.29], p=0.04) decreased moderately.

In univariable analysis, TSAT as a continuous variable was inversely associated with 
risk of mortality (0.97 [0.95-0.99], p=0.007) (Figure 3B). After adjustment for potential 
confounders (age, sex, eGFR, proteinuria, and anemia), a trend remains but statistical 
significance is lost (0.98 [0.96-1.00], p=0.06).
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Figure 3. Associations between serum ferritin (figure 3A), TSAT (figure 3B), and serum iron (figure 3C) and 
risk of all-cause mortality. The line in the graph represents the risk for all-cause mortality. The grey area 
represents the 95% CI of the HR.
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Serum iron as a continuous variable, was in univariable analysis inversely associated 
with risk of mortality (0.94; [0.90-0.98], p=0.003) (Figure 3C). After adjustment for poten-
tial confounders (age, sex, eGFR, proteinuria, and anemia), the association weakened 
(0.96 [0.92-1.00], p=0.08).

DISCuSSIon

The main finding of this study was that ID, independently of anemia, is prospectively 
associated with all-cause mortality in stable RTR. We confirmed previous reports that 
anemia is associated with an increased risk of mortality in RTR.2, 14 However, in our study, 
the association of anemia with all-cause mortality lost statistical significance after 
adjustment for ID. The association was lost altogether after additional adjustment for 
renal function, whereas the association of ID with mortality was not influenced by either 
anemia or renal function. The strong association of ID with all-cause mortality together 
with the high prevalence of ID in RTR identifies ID, even in the absence of anemia, as a 
possible target for treatment in these patients.

Anemia is common in RTR.15 In the present study, in keeping with earlier reports, one 
third of the population was anemic4, 16 and anemia was associated with mortality.14 How-
ever, when adjusted for ID, the magnitude of the association of anemia with mortality 
decreased and lost statistical significance, possibly implicating that ID is one of the main 
driving forces of the association of anemia with mortality. Furthermore, after further 
adjustment for kidney function parameters, the association of anemia with mortality 
disappeared. In contrast, ID remained strongly associated with mortality, independent 
of both anemia and kidney function.

Traditionally, ID is clinically linked mainly to anemia. However, in addition to hemo-
globin, iron is a key component of a number of cellular enzymes, e.g. oxidases, catalases 
and cytochromes, and other proteins such as myoglobin. As a result iron is not only 
essential for oxygen transport but also plays a pivotal role in, for instance, the synthesis 
of DNA, electron transport and cellular proliferation and differentiation.17, 18

Estimation of iron status is complex and the cut-offs for the clinical diagnosis of ID 
are arbitrarily defined.19 For ID, we used the definition commonly used (e.g. in CKD), 
TSAT<20% and ferritin <300 µg/L.20 This definition includes both functional and abso-
lute iron deficiency states and uses a combination of two frequently used iron markers, 
TSAT and ferritin.20-22 As a sensitivity analysis for the definition of ID, we used another 
frequently used definition,13 basically rendering identical results. Also the individual 
iron status components (serum ferritin, TSAT, and serum iron) were associated with 
mortality, although the relationship between ferritin and mortality was non-linear. 
When divided in quintiles both high and low ferritin concentrations were associated 



40 Chapter 2

with mortality. These findings are in concordance with studies in RTR and other patient 
groups.23, 24 These results point out to the possibility that both ID as iron overload may 
have deleterious effects on patient survival. It should be mentioned that, serum ferritin 
concentrations are, in addition to iron overload, also elevated in other conditions such 
as inflammation, cardiovascular disease and malignancies.23, 25 However, after adjust-
ment for hs-CRP the association of high serum ferritin with mortality remained more or 
less unchanged. Indeed, iron overload  is considered  potentially harmful in non-dialysis 
and dialysis patients receiving IV iron.26 Recently, the pros and cons of intravenous iron 
therapy were evaluated during the KDIGO ‘Controversies Conference on Iron Manage-
ment in Chronic Kidney Disease’.19

We did not investigate the mechanism(s) through which ID leads to increased mor-
tality risk and therefore the causative mechanism can only be matter of speculation. 
Clinically, ID is associated with reduced cardiac performance and pulmonary hyperten-
sion. Indeed, post-transplant anemia is associated with worse outcomes such as more 
fatigue, reduced exercise capacity, lower quality of life and higher incidence of conges-
tive heart failure.27 In agreement with this speculation adjusting for NT-proBNP (table 3) 
diminished the association between ID and mortality, possibly indicating that cardiac 
performance was one of the mediators between iron deficiency and all-cause mortality.

The strengths of our study is the cohort that was utilized for the analysis, a large 
cohort of well-characterized, stable RTR including extensive data on anthropometric 
and dietary factors, lifestyle, and medication use that allowed for adjustments for many 
confounders and without loss to follow-up.

One of the main limitations of our study is that a readily available clinical gold 
standard of functional and absolute ID does not exist. In some studies, in addition to 
markers of iron load (ferritin) and iron transport availability (TSAT), functional markers 
of iron incorporation in the red cell such as hypochromic red blood cells or reticulocyte 
hemoglobin content are used. However, these markers are difficult to use in clinical stud-
ies, are not routinely measured and superiority is not established over commonly used 
clinical definition. Another limitation is that we used a single baseline measurement of 
hemoglobin levels and iron status. However, most epidemiological studies use a single 
baseline measurement for studying the association of variables with outcomes, which as 
a consequence adversely affects the strength of the association of these variables with 
outcomes. In other studies it was shown that when intra-individual variability of these 
variables was taken into account, a strengthening of the association with outcome, i.e. 
coronary heart disease occurred as compared to the association of a single measure-
ment.28, 29 As a consequence, it is likely that when including multiple measurements, the 
association of iron deficiency with mortality would be even more pronounced. Finally, 
as with any observational study, there may be unmeasured or residual confounding de-
spite the substantial number of potentially confounding factors for which we adjusted.
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In conclusion, we are the first to show that ID, independently of anemia, is associ-
ated with a higher risk of all-cause mortality in RTR. Further research is needed to reveal 
the mechanisms through which ID leads to higher risk of all-cause mortality. Moreover, 
further investigation is needed to assess whether analogue to heart failure patients, 
achievement of an adequate iron status, irrespective of hemoglobin levels, can be a 
possible new therapeutic target in RTR. Since ID is a relatively easily modifiable factor, 
randomized controlled trials should focus on correction of ID in RTR in an effort to im-
prove patient survival after transplantation.

Disclosure
P.v.d.M. and C.A.J.M.G. received speaking fees and research funding from Vifor Pharma. 
The other authors have declared that no conflict of interest exists.

acknowledgements
The generation of the cohort was made possible by a grant from the Dutch Top Institute 
Food and Nutrition. Parts of this study were presented in abstract form at the American 
Society of Nephrology Kidney Week 2015, San Diego, CA, 5-8 November 2015.



42 Chapter 2

RefeRences
 1.  Imoagene-Oyedeji AE, Rosas SE, Doyle AM, Goral S, Bloom RD. Posttransplantation anemia at 12 

months in kidney recipients treated with mycophenolate mofetil: risk factors and implications for 
mortality. J Am Soc Nephrol. 2006;17(11):3240-3247. doi: ASN.2006010027 [pii].

 2.  Chhabra D, Grafals M, Skaro AI, Parker M, Gallon L. Impact of anemia after renal transplantation 
on patient and graft survival and on rate of acute rejection. Clin J Am Soc Nephrol. 2008;3(4):1168-
1174. doi: 10.2215/CJN.04641007 [doi].

 3.  Stoumpos S, Jardine AG, Mark PB. Cardiovascular morbidity and mortality after kidney transplan-
tation. Transpl Int. 2015;28(1):10-21. doi: 10.1111/tri.12413 [doi].

 4.  Lorenz M, Kletzmayr J, Perschl A, Furrer A, Horl WH, Sunder-Plassmann G. Anemia and iron defi-
ciencies among long-term renal transplant recipients. J Am Soc Nephrol. 2002;13(3):794-797.

 5.  Winkelmayer WC, Chandraker A. Pottransplantation anemia: management and rationale. Clin J 
Am Soc Nephrol. 2008;3 Suppl 2:S49-55. doi: 10.2215/CJN.03290807 [doi].

 6.  Abedini S, Holme I, Marz W, et al. Inflammation in renal transplantation. Clin J Am Soc Nephrol. 
2009;4(7):1246-1254. doi: 10.2215/CJN.00930209 [doi].

 7.  Schaefer B, Effenberger M, Zoller H. Iron metabolism in transplantation. Transpl Int. 
2014;27(11):1109-1117. doi: 10.1111/tri.12374 [doi].

 8.  Zheng S, Coyne DW, Joist H, et al. Iron deficiency anemia and iron losses after renal transplanta-
tion. Transpl Int. 2009;22(4):434-440. doi: 10.1111/j.1432-2277.2008.00814.x [doi].

 9.  Moore LW, Smith SO, Winsett RP, Acchiardo SR, Gaber AO. Factors affecting erythropoietin produc-
tion and correction of anemia in kidney transplant recipients. Clin Transplant. 1994;8(4):358-364.

 10.  Beard JL. Iron biology in immune function, muscle metabolism and neuronal functioning. J Nutr. 
2001;131(2S-2):568S-579S; discussion 580S.

 11.  van den Berg E, Engberink MF, Brink EJ, et al. Dietary acid load and metabolic acidosis in renal 
transplant recipients. Clin J Am Soc Nephrol. 2012;7(11):1811-1818. doi: 10.2215/CJN.04590512; 
10.2215/CJN.04590512.

 12.  Mercadal L, Metzger M, Haymann JP, et al. A 3-marker index improves the identification of iron 
disorders in CKD anaemia. PLoS One. 2014;9(2):e84144. doi: 10.1371/journal.pone.0084144 [doi].

 13.  Macdougall IC, Bock A, Carrera F, et al. The FIND-CKD study--a randomized controlled trial of 
intravenous iron versus oral iron in non-dialysis chronic kidney disease patients: background and 
rationale. Nephrol Dial Transplant. 2014;29(4):843-850. doi: 10.1093/ndt/gft424 [doi].

 14.  Molnar MZ, Czira M, Ambrus C, et al. Anemia is associated with mortality in kidney-transplanted 
patients--a prospective cohort study. Am J Transplant. 2007;7(4):818-824. doi: AJT1727 [pii].

 15.  Vanrenterghem Y, Ponticelli C, Morales JM, et al. Prevalence and management of anemia in renal 
transplant recipients: a European survey. Am J Transplant. 2003;3(7):835-845. doi: 133 [pii].

 16.  Winkelmayer WC, Lorenz M, Kramar R, Horl WH, Sunder-Plassmann G. Percentage of hypochromic 
red blood cells is an independent risk factor for mortality in kidney transplant recipients. Am J 
Transplant. 2004;4(12):2075-2081. doi: AJT604 [pii].

 17.  Lieu PT, Heiskala M, Peterson PA, Yang Y. The roles of iron in health and disease. Mol Aspects Med. 
2001;22(1-2):1-87. doi: S0098-2997(00)00006-6 [pii].

 18.  Jankowska EA, Rozentryt P, Witkowska A, et al. Iron deficiency: an ominous sign in patients with 
systolic chronic heart failure. Eur Heart J. 2010;31(15):1872-1880. doi: 10.1093/eurheartj/ehq158; 
10.1093/eurheartj/ehq158.



Iron Deficiency, Anemia, and Mortality in Renal Transplant Recipients 43

 19.  Macdougall IC, Bircher AJ, Eckardt KU, et al. Iron management in chronic kidney disease: conclu-
sions from a “Kidney Disease: Improving Global Outcomes” (KDIGO) Controversies Conference. 
Kidney Int. 2016;89(1):28-39. doi: 10.1016/j.kint.2015.10.002 [doi].

 20.  Charytan C, Levin N, Al-Saloum M, Hafeez T, Gagnon S, Van Wyck DB. Efficacy and safety of iron 
sucrose for iron deficiency in patients with dialysis-associated anemia: North American clinical 
trial. Am J Kidney Dis. 2001;37(2):300-307. doi: S0272-6386(01)55637-1 [pii].

 21.  Anker SD, Comin Colet J, Filippatos G, et al. Ferric carboxymaltose in patients with heart fail-
ure and iron deficiency. N Engl J Med. 2009;361(25):2436-2448. doi: 10.1056/NEJMoa0908355; 
10.1056/NEJMoa0908355.

 22.  McDonagh T, Macdougall IC. Iron therapy for the treatment of iron deficiency in chronic heart 
failure: intravenous or oral?. Eur J Heart Fail. 2015;17(3):248-262. doi: 10.1002/ejhf.236 [doi].

 23.  Herget-Rosenthal S, Gerken G, Philipp T, Holtmann G. Serum ferritin and survival of renal trans-
plant recipients: a prospective 10-year cohort study. Transpl Int. 2003;16(9):642-647. doi: 10.1007/
s00147-003-0568-4 [doi].

 24.  Ballas SK. Iron overload is a determinant of morbidity and mortality in adult patients with sickle 
cell disease. Semin Hematol. 2001;38(1 Suppl 1):30-36.

 25.  Gabay C, Kushner I. Acute-phase proteins and other systemic responses to inflammation. N Engl J 
Med. 1999;340(6):448-454. doi: 10.1056/NEJM199902113400607 [doi].

 26.  Rostoker G, Vaziri ND, Fishbane S. Iatrogenic Iron Overload in Dialysis Patients at the Beginning of 
the 21st Century. Drugs. 2016;76(7):741-757. doi: 10.1007/s40265-016-0569-0 [doi].

 27.  Kawada N, Moriyama T, Ichimaru N, et al. Negative effects of anemia on quality of life and its 
improvement by complete correction of anemia by administration of recombinant human 
erythropoietin in posttransplant patients. Clin Exp Nephrol. 2009;13(4):355-360. doi: 10.1007/
s10157-009-0170-x [doi].

 28.  Koenig W, Sund M, Frohlich M, Lowel H, Hutchinson WL, Pepys MB. Refinement of the associa-
tion of serum C-reactive protein concentration and coronary heart disease risk by correction for 
within-subject variation over time: the MONICA Augsburg studies, 1984 and 1987. Am J Epidemiol. 
2003;158(4):357-364.

 29.  Danesh J, Wheeler JG, Hirschfield GM, et al. C-reactive protein and other circulating markers of 
inflammation in the prediction of coronary heart disease. N Engl J Med. 2004;350(1):1387-1397. 
doi: 10.1056/NEJMoa032804 [doi].





3 
C-Terminal Fibroblast Growth Factor 23, Iron 
Defi ciency, and Mortality in Renal Transplant 
Recipients

Michele F. Eisenga1, Marco van Londen1, David E. Leaf2, Ilja M. Nolte3, Gerjan Navis1, 
Stephan J.L. Bakker1, Martin H. De Borst1*, Carlo A.J.M. Gaillard1*

*Co-senior authors

1 Division of Nephrology, Department of Internal Medicine, University of Groningen, 
University Medical Center Groningen, Groningen, the Netherlands

2 Division of Renal Medicine, Brigham and Women’s Hospital, Harvard Medical School, 
Boston, MA, USA

3 Department of Epidemiology, University of Groningen, University Medical Center 
Groningen, Groningen, the Netherlands

Journal of the American Society of Nephrology 2017 Dec;28(12):3639-3646.



46 Chapter 3

aBSTraCT

Iron deficiency (ID) is independently associated with an increased risk of death in renal 
transplant recipients (RTRs). ID promotes production and cleavage of intact fibroblast 
growth factor 23 (iFGF23) into C-terminal fibroblast growth factor 23 (cFGF23), elevated 
levels of which are also prospectively associated with adverse outcomes. We hypoth-
esized that in RTRs, the relationship between ID and mortality is mediated by FGF23. We 
measured plasma iFGF23 and cFGF23 levels in 700 stable RTRs at a median of 5.4 years 
following transplantation. Median cFGF23 concentrations were higher in iron deficient 
compared to non-iron deficient RTRs (223 [131 – 361] vs. 124 [88 – 180] RU/mL; P<0.001), 
whereas iFGF23 concentrations were similar between groups. In multivariable-adjusted 
Cox regression analyses, ID was associated with increased mortality (81 events; hazard 
ratio [HR], 1.95; 95% confidence interval [CI], 1.22-3.10; P=0.005). However, this asso-
ciation lost significance after additional adjustment for cFGF23 levels (HR, 1.45; 95%CI 
0.87-2.51; P=0.15). In further mediation analysis, we found that cFGF23 explained 46% 
of the association between ID and mortality, whereas iFGF23 did not mediate this as-
sociation. In conclusion, we found that cFGF23 levels are increased in iron-deficient RTRs 
and that most probably, the underlying biological process driving production and cleav-
age of iFGF23, or alternatively the increased level of cFGF23 fragments is an important 
mediator of the association between ID and mortality. Our results underline the strong 
relationship between iron and FGF23 physiology, and provide a potential mechanism 
explaining the relationship between ID and adverse outcome in RTRs.
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InTroDuCTIon

Iron deficiency (ID) is highly prevalent among renal transplant recipients (RTRs) and an 
important contributor to post-transplant anemia.1, 2 In addition to its role in hemoglobin 
synthesis, iron also plays a pivotal role in oxygen sensing, synthesis of DNA, electron 
transport and cellular proliferation and differentiation.3 Independent of anemia, ID is a 
known risk factor for mortality in RTRs, though the underlying mechanisms are unclear.4

Recent studies suggest that ID is crucially involved in fibroblast growth factor 23 
(FGF23) production and metabolism. FGF23 is an osteocyte-derived hormone, and an 
essential regulator of phosphate metabolism, among others by influencing vitamin D 
homeostasis. Higher plasma FGF23 levels are associated with an increased risk of mor-
tality in RTRs,5, 6 which may be explained, at least in part, by off-target effects of high 
FGF23 levels on the heart and other organs.7, 8 Experimental animal models revealed 
that ID stimulates FGF23 transcription accompanied by increased intracellular cleavage 
of FGF23, which results in elevated circulating C-terminal FGF23 (cFGF23) concentra-
tions, but relatively normal intact FGF23 (iFGF23) concentrations.9 Observational studies 
in humans have also demonstrated an inverse relationship between markers of iron sta-
tus and cFGF23 levels.10-13 Moreover, administration of intravenous iron in iron-deficient 
anemic women resulted in markedly decreased circulating cFGF23 concentrations,14 
consistent with the notion that ID is an important physiologic regulator of increased 
cFGF23 levels.

To date, it is unknown whether an association exists between FGF23 and ID in RTRs 
and whether FGF23 modulates the increased mortality risk observed in RTRs with ID. 
Therefore, the aim of the present study was to elucidate whether ID influences FGF23 
levels, and whether the association of ID with all-cause mortality is mediated by FGF23.

rESulTS

Baseline characteristics
We included 700 RTRs at a median of 5.4 (interquartile range [IQR], 1.9-12.0) years after 
transplantation. Mean age was 53±13 years; 57% of participants were male; mean body 
mass index (BMI) was 26.7±4.8 kg/m2. Additional baseline characteristics are shown in 
Table 1.

Median plasma iFGF23 and cFGF23 concentrations were 62 (IQR 43-99) pg/mL and 
140 (95-233) RU/ml, respectively. Mean hemoglobin concentration was 13.2±1.7 g/dL; 
median ferritin concentrations were 118 (54-222) µg/L; and mean TSAT was 25.4±10.8 
%. ID, defined as transferrin saturation (TSAT) <20% and ferritin <300 µg/L, was present 
in 208 (30%) patients. Significant differences in baseline characteristics between RTRs 
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with versus without ID were noted with respect to gender, BMI, smoking status, time 
since transplantation, diabetes mellitus, hemoglobin concentration, mean corpuscular 
volume (MCV), ferritin, TSAT, proteinuria, high-sensitivity C-reactive protein (hs-CRP), 
and use of angiotensin converting enzyme (ACE)-inhibitors and diuretics (Table 1). 
Increased cFGF23 levels were noted in the iron deficient compared to non-iron deficient 
RTRs (223 [131 – 361] vs. 124 [88 – 180] RU/mL; P<0.001), whereas iFGF23 levels were 
similar between groups (Table 1).

Table 1. Baseline characteristics of renal transplant recipients according to iron deficiency

Variables

Total 
population 

(n=700)

no iron 
deficiency 

(n=492)

Iron deficiency 
(n=208)

P-value

Age (yr) 53±13 53±13 54±12 0.37

Male sex (n, %) 398 (57) 299 (61) 99 (48) 0.001

Body mass index, kg/m2 26.7 ± 4.8 26.3 ± 4.6 27.5 ± 5.0 <0.001

Body surface area (m2) 1.9 (1.8 - 2.1) 1.9 (1.8-2.1) 2.0 (1.8-2.1) 0.15

Alcohol use (n, %) 569 (82) 393 (80) 176 (85) 0.16

Smoking status 0.02

  Never smoker (n, %) 317 (45) 232 (47) 85 (41)

  Former smoker (n, %) 299 (43) 194 (39) 105 (51)

  Current smoker (n, %) 84 (12) 66 (13) 18 (9)

Primary renal disease 0.24

  Primary glomerular disease (n, %) 197 (28) 132 (27) 65 (31)

  Glomerulonephritis (n, %) 53 (8) 40 (8) 13 (6)

  Tubulo-interstitial disease (n, %) 83 (12) 63 (13) 20 (10)

  Polycystic renal disease (n, %) 145 (21) 98 (20) 47 (23)

  Dysplasia and hypoplasia (n, %) 29 (4) 23 (5) 6 (3)

  Renovascular disease (n, %) 40 (6) 27 (6) 13 (6)

  Diabetic nephropathy (n, %) 35 (5) 20 (4) 15 (7)

  Other or unknown cause (n, %) 118 (17) 89 (18) 29 (14)

History of cardiovascular disease (%) 96 (14) 54 (11) 42 (20) 0.007

Time since transplantation (years) 5.4 (1.9 - 12.0) 6.2 (2.6-13.0) 4.3 (1.1-10.0) <0.001

Acute rejection (%) 186 (27) 130 (26) 56 (27) 0.89

Diabetes mellitus (n, %) 170 (24) 97 (20) 73 (35) <0.001

Systolic blood pressure (mmHg) 136 ± 17 135 ±17 137 ± 17 0.23

Diastolic blood pressure (mmHg) 83 ± 11 82 ± 11 83 ± 11 0.20
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ID, FGF23, and all-cause mortality
During a median follow-up of 3.1 (2.7–3.9) years, 81 (12%) RTRs died, of whom 38 (47%) 
died from cardiovascular causes. Other causes of death were infection (24%), malignancy 
(16%), and miscellaneous causes (14%).

In unadjusted Cox regression analysis, ID (hazard ratio [HR], 2.04 for present vs. ab-
sent; 95% confidence interval [CI], 1.31-3.16; p<0.001), cFGF23 (HR, 1.61 per SD; 95%CI 
1.35-1.91; P<0.001), and iFGF23 (HR, 1.33 per SD; 95%CI 1.11-1.60; P=0.002) were associ-
ated with all-cause mortality. The simulation study showed that this difference in HRs 
could not be explained by the differences in intra-assay coefficients of variation (CVs) 
(HR cFGF23, 1.60 per SD; 95% CI 1.35-1.90). We observed no effect modification of the 

Table 1. Baseline characteristics of renal transplant recipients according to iron deficiency (continued)

Variables

Total 
population 

(n=700)

no iron 
deficiency 

(n=492)

Iron deficiency 
(n=208)

P-value

laboratory measurements

iFGF23 (pg/mL) 62 (43-99) 62 (42-101) 62 (49-98) 0.29

cFGF23 (RU/mL) 140 (95 – 233) 124 (88 - 180) 223 (131 – 361) <0.001

Hemoglobin (g/dL) 13.2 ± 1.7 13.5 ± 1.7 12.7 ± 1.7 <0.001

MCV (fL) 90 ± 4 92 ± 6 88 ± 6 <0.001

Ferritin (µg/L) 118 (54 - 222) 158 (88 - 267) 46 (27- 93) <0.001

TSAT (%) 25.4 ± 10.8 30.2 ± 8.9 13.9 ± 4.2 <0.001

Total cholesterol (mmol/L) 5.1 ± 1.1 5.1 ± 1.1 5.2 ± 1.2 0.57

Phosphate (mmol/L) 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 0.50

Calcium (mmol/L) 2.40 ± 0.15 2.41 ± 0.15 2.39 ±0.16 0.33

PTH (pmol/L) 8.9 (5.9-14.7) 8.7 (6.1-14.4) 9.7 (5.5-15.6) 0.49

eGFR (ml/min/1.73m2) 52 ± 20 53.2 ± 20.4 50.4 ± 19.6 0.10

Creatinine (µmol/L) 138 ± 59 138 ± 59 138 ± 60 0.90

Proteinuria (>0.5g) (n, %) 158 (23) 100 (23) 58 (28) 0.03

hs-CRP (mg/L) 1.6 (0.7 - 4.6) 1.4 (0.6-3.5) 2.5 (1.0-6.3) <0.001

Treatment

ACE-inhibitors (n, %) 227 (32) 173 (35) 54 (26) 0.02

Bèta-blocker (n, %) 444 (63) 307 (62) 137 (66) 0.38

Calcium channel blockers (n, %) 171 (24) 118 (24) 53 (26) 0.67

Diuretic use (n, %) 284 (41) 183 (37) 101 (49) 0.005

Oral iron supplements (n, %) 41 (6) 30 (6) 11 (5) 0.68

Values are means ± standard deviation, medians (interquartile range) or numbers (%). ACE, angiotensin 
converting enzyme; eGFR, estimated glomerular filtration rate; cFGF23, C-terminal fibroblast growth fac-
tor-23; hs-CRP, high sensitivity C-reactive protein; iFGF23, intact fibroblast growth factor-23;  MCV, mean 
corpuscular volume; PTH, parathyroid hormone; TSAT, transferrin saturation.
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association between ID and mortality by age, sex, eGFR, proteinuria, history of cardio-
vascular disease, time since transplantation, smoking status, BMI, presence of diabetes, 
hs-CRP, serum calcium, phosphate, PTH, use of ACE-inhibitors, use of diuretics, cFGF23, 
and iFGF23 concentrations (Pinteraction  > 0.10 for all). In multivariable Cox regression analy-
sis, the association between ID and mortality remained significant after adjustment for 
age, sex, eGFR, proteinuria, time since transplantation, primary renal disease, history of 
cardiovascular disease, and smoking status (HR 1.95; 95% CI, 1.22-3.10; P<0.001). Further 
adjustment for iFGF23 did not affect the association between ID and mortality (HR 1.94; 
95% CI, 1.22-3.10; P=0.005). In contrast, adjustment for cFGF23 abolished the association 
between ID and mortality such that it was no longer significant (HR 1.45; 95% CI, 0.87-
2.51; P=0.15) (Table 2). The correlation coefficient of ID with cFGF23 levels was r=0.35, 
P<0.001 and the variance inflation factor (VIF) was 1.1, indicating absence of relevant 
co-linearity.

Table 2. Univariate and multivariate-adjusted associations between iron deficiency and all-cause mortality

Model hr (95% CI) P-value

Univariate 2.04 (1.31-3.16) 0.001

Model 1 1.94 (1.25-3.01) 0.003

Model 2 1.95 (1.22-3.10) 0.005

Model 3 1.94 (1.22-3.10) 0.005

Model 4 1.45 (0.87-2.51) 0.15

Model 1: Adjustment for age and sex; Model 2: Model 1 + adjustment for eGFR, proteinuria, time since 
transplantation, primary renal disease, history of cardiovascular disease, and smoking status; Model 3: 
Model 2 + adjustment for iFGF23; Model 4: Model 2 + adjustment for cFGF23; cFGF23, iFGF23, and time 
since transplantation were ln-transformed before adding to the Cox regression analysis due to skewed 
distribution; HR, hazard ratio; ID, iron deficiency.

Mediation analysis
In mediation analyses, iFGF23 was not found to be a significant mediator (P value for 
indirect effect >0.05) of the effect between ID and mortality. In contrast, cFGF23 was a 
significant mediator (P value for indirect effect <0.05; 46% of the association between ID 
and mortality was explained by cFGF23) (Table 3). Differences in intra-assay CVs could 
not explain this difference in mediation effects either (proportion of mediation from 
simulated data, 45.7%)

Sensitivity analyses
In sensitivity analyses, we first assessed the prospective association between ID and 
mortality using an alternative definition of ID: TSAT<20% and ferritin <200µg/L. The as-
sociation between ID and mortality remained significant independent of adjustment for 
age, sex, eGFR, proteinuria, time since transplantation, primary renal disease, history of 
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cardiovascular disease and smoking status (HR, 1.87; 95%CI, 1.16-3.01, P=0.01). Similar 
to the primarily used definition of ID, the association persisted after adjustment for 
iFGF23 (HR, 1.87; 95% CI, 1.16-3.02; P=0.01), whereas adjustment for cFGF23 abolished 
the association (HR, 1.40; 95%CI, 0.81-2.40, P=0.23).

Second, we assessed whether the association between ID and mortality remained 
independent of adjustment for markers related to mineral metabolism other than 
FGF23, i.e. serum calcium and serum PTH. In these analyses, the association between 
ID and mortality remained materially unchanged independent of further adjustment 
for serum calcium in addition to adjustment for age, sex, eGFR, proteinuria, time since 
transplantation, primary renal disease and smoking status (HR, 1.90; 95%CI 1.19-3.03; 
P=0.007). The same was true with further adjustment for serum PTH (HR, 1.96; 95%CI 
1.23-3.13; P=0.005 (see table 2, model 2 for comparison)).

Table 3. Mediation analysis of iron deficiency with all-cause mortality through iFGF23, cFGF23, and hs-CRP

Potential mediator outcome Effect (path)* Multivariable model**

Coefficient
(95% CI, bc)†

Proportion 
mediated***

iFGF23 all-cause 
mortality

Indirect effect (ab path) 0.002 (-0.002, 0.014) Not mediated

Total effect (ab + c’ path) 0.141 (0.038, 0.231)

Unstandardized total effect‡ 0.796 (0.262, 1.329)

cFGF23 all-cause 
mortality

Indirect effect (ab path) 0.061 (0.023, 0.105) 46%

Total effect (ab + c’ path) 0.134 (0.026, 0.224)

Unstandardized total effect‡ 0.483 (-0.101, 1.067)

hs-CrP all-cause 
mortality

Indirect effect (ab path) 0.013 (-0.008, 0.040) Not mediated

Total effect (ab + c’ path) 0.143 (0.032, 0.235)

Unstandardized total effect‡ 0.772 (0.223, 1.320)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard devia-
tions of the ID, cFGF23, iFGF23, and ratio of cFGF23 to iFGF23 and all-cause mortality.
** All coefficients are adjusted for age, sex, eGFR, proteinuria, time since transplantation, primary renal dis-
ease, history of cardiovascular disease, and smoking status
*** The size of the significant mediated effect is calculated as the standardized indirect effect divided by the 
standardized total effect multiplied by 100.
† 95% CIs for the indirect and total effects were bias-corrected confidence intervals after running 2000 
bootstrap samples.
‡ Odds ratios for risk of outcomes can be calculated by taking the exponent of the unstandardized total 
effect. For example, the unstandardized coefficient of the direct effect of ID on all-cause mortality while 
adjusting for ratio cFGF23 is 0.483, which can be calculated to an odds ratio by taking the exponent of this 
regression coefficient, i.e. e0.483=1.62, which comes near the HR of 1.45 (see Table 2). The difference between 
odds ratio and HR is explained that mediation analysis is based on logistic regression which does not take 
into account time to event.
Bc, bias corrected; cFGF23, C-terminal fibroblast growth factor 23; CI, confidence interval; hs-CRP, high-sen-
sitivity C-reactive protein; iFGF23, intact fibroblast growth factor 23
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Furthermore, we assessed whether the association between ID and mortality re-
mained independent of adjustment for angiotensin converting enzyme (ACE) inhibitors 
and angiotensin II (AII)-antagonists, hemoglobin levels, acute rejection, presence of 
diabetes, use of iron supplements, or hs-CRP. In these analyses, the association between 
ID and mortality remained materially unchanged independent of further adjustment for 
use of ACE-inhibitors and AII-antagonists (HR, 1.97; 95%CI 1.23-3.16; P=0.005 (see table 
2, model 2 for comparison)) in addition to adjustment for age, sex, eGFR, proteinuria, 
time since transplantation, primary renal disease and smoking status. The same was 
true with further adjustment for hemoglobin (HR, 1.76; 95%CI 1.09-2.84; P=0.02), acute 
rejection (HR, 1.93; 95%CI 1.21-3.09; P=0.006), presence of diabetes (HR, 1.83; 95%CI 
1.13-2.94; P=0.01), use of iron supplements (HR, 2.06; 95%CI 1.29-3.29; P=0.003), and 
hs-CRP (HR, 1.86; 95%CI 1.15-2.99; P=0.01).

Figure 1. associations of low serum ferritin and low transferrin saturation with all-cause mortality 
are abrogated by adjustment for C-terminal fi broblast growth factor 23. Data were fi t by a Cox pro-
portional hazard regression model based on restricted cubic splines. For both variables the median was 
utilized as reference (4.8 µg/L for naturally logarithmic ferritin, 24% for transferrin saturation). The black 
line represents the hazard ratio. The grey area the 95% confi dence interval. Panels a and C show univariate 
analyses between serum ferritin and TSAT and all-cause mortality. Models B and D show adjustment for 
cFGF23. Abbreviations: cFGF23, C-terminal fi broblast growth factor 23; TSAT, transferrin saturation.
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Finally, we assessed the associations between the individual iron status components 
and mortality. The relationship between serum ferritin and mortality demonstrated a 
non-linear relationship, as shown by cubic restricted splines (Figure 1A). When divided 
in quintiles and adjusted according to model 2, the lowest and the highest quintiles of 
serum ferritin were associated with an increased risk of mortality (HR, 2.82; 95%CI, 1.20-
6.63; P=0.02, and HR, 2.49; 95%CI 1.10-5.65; P=0.03, respectively), compared with the 
fourth quintile. Adjustment for iFGF23 did not materially alter the association of the low-
est quintile (HR, 2.79; 95%CI 1.19-6.59; P=0.02) and the highest quintile (HR, 2.54; 95%CI 
1.12-5.77; P=0.03) of ferritin with mortality. In contrast, after adjustment for cFGF23, the 
association of the lowest quintile with mortality was markedly weakened and no longer 
significant (HR, 1.67; 95%CI 0.66-4.22; P=0.27), but the highest quintile of ferritin was 
still significantly associated with mortality (HR, 2.78; 95%CI 1.22-6.37; P=0.02; Figure 1B).

TSAT was inversely associated with mortality (HR, per 5% increase 0.86, 95%CI 
0.77-0.96; P=0.007; Figure 1C). In multivariable analysis, TSAT remained significantly 
associated with mortality (HR, 0.87, 95% CI 0.78-0.98; P=0.02). Adjustment for iFGF23 
did not alter the association of TSAT with mortality (HR, 0.88, 95% CI 0.78-0.98; P=0.02). 
In contrast, further adjustment for cFGF23 abolished the association (HR, 0.96, 95%CI 
0.84-1.08; P=0.45; Figure 1D).

DISCuSSIon

In this study, we show that in RTRs, ID is accompanied by markedly higher cFGF23 levels 
than in RTRs without ID, whereas iFGF23 levels were similar in both groups. Importantly, 
variation in cFGF23 explained a considerable part of the association between ID and-
mortality. Similar findings were obtained in sensitivity analyses using an alternative 
definition of ID, and using TSAT and ferritin as individual components of ID. Thus, this 
study confirms earlier findings that iron plays an essential role in FGF23 production and 
metabolism, extends these findings to a novel patient setting (i.e. RTRs) and supports 
the notion that the biological process by which ID simultaneously upregulates FGF23 
production and its cleavage or alternatively the increased level of cFGF23 fragments, is 
an important mediator of the association between ID and mortality.

Post-transplantation anemia is highly prevalent in RTRs, affecting approximately 
one third of the population.2, 4 Furthermore, it has been widely documented that post-
transplant anemia is associated with poor outcomes.1, 15, 16 Recently, we showed that ID, 
independent of anemia, is associated with an increased risk of mortality, shifting the 
focus from anemia to ID.4 The etiology of ID-related risk of mortality is unknown. In 
the present study, we have shown that the association of ID with mortality is largely 
explained by cFGF23. The extent of this effect is illustrated by the restricted cubic 
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splines depicting the individual components of iron deficiency (Figure 1). The associa-
tion between low serum ferritin and low TSAT and mortality is abrogated by adjustment 
for cFGF23, whereas the association between high serum ferritin levels and mortality 
was not altered. In mediation analyses, cFGF23 was a prominent statistical mediator of 
the association between ID and mortality. Therefore, it seems that an ID-induced rise 
in cFGF23 levels plays an important role in the outcome of RTRs. Indeed, cFGF23 has 
been shown to be an independent risk factor for death in various patient groups, includ-
ing post-operative acute kidney injury, non-dialysis CKD, end-stage renal disease, and 
RTRs.5, 6, 17-20 It seems likely that a, so far unknown, underlying process driving FGF23 
production and cleavage plays a role in adverse outcomes of ID, but not iron overload 
or inflammation. The fact that adjustment for cFGF23 did not materially alter the up-
per part of the non-linear association that was present in sensitivity analyses on the 
association of serum ferritin with mortality is supportive of our hypothesis that inflam-
mation is not the driving force behind the association of ID and mortality. In line with 
this observation, the association of ID with mortality persisted upon adjustment for 
hs-CRP. Similarly, renal function in itself also does not seem to be the sole underlying 
factor, since adjustment for eGFR did not materially change the results neither in the 
current study nor in previous studies addressing the association between cFGF23 and 
mortality.5, 6 As an alternative to an underlying factor or process mediating both FGF23 
cleavage and adverse outcome, it may be that C-terminal fragments in themselves drive 
adverse outcome. Previously, C-terminal fragments have been found to compete with 
intact FGF23 for binding to its receptor complex and function as a competitive inhibitor, 
which may impair phosphaturia and aggravate soft tissue calcification.21

The present data confirm the concept that iron plays an important role in regulating 
FGF23 production and metabolism. FGF23 is regulated by a complex, partly unrevealed, 
interplay between local bone factors that modulate bone turnover and mineraliza-
tion, and systemic factors that regulate mineral metabolism.22 Parathyroid hormone, 
1,25-dihydroxyvitamin D, klotho, glucocorticoids, calcium, and phosphate are all 
known to regulate FGF23 production.23, 24 It has been established that systemic ID sta-
bilizes hypoxia-inducible factor 1-α (HIF-1α) which increases FGF23 transcription9, and 
simultaneously upregulates furin, which cleaves FGF23.25, 26 Normal osteocytes couple 
increased FGF23 production with commensurately increased FGF23 cleavage, which 
ensures normal phosphate homeostasis in the event of ID26 because the intact, biologi-
cally active iFGF23 levels remain relatively unchanged. In keeping with this hypothesis, 
in our iron deficient RTRs, cFGF23 levels were upregulated whereas the levels of iFGF23 
were similar in ID and non-ID patients.

To our knowledge, this is the first study to investigate the interplay between ID and 
FGF23 in RTRs. In animal models of chronic kidney disease (CKD), it has been shown 
that ID stimulates FGF23 production, but also upregulates cleavage, which leads to 
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increased levels of circulating cFGF23, but normal levels of iFGF23.9, 27, 28 In humans, Wolf 
and colleagues showed that iron deficiency anemia is associated with normal iFGF23 
but markedly elevated cFGF23 levels to an extent that is only seen in advanced CKD or 
in hereditary diseases of FGF23 overproduction.14 Moreover, rapid correction of ID with 
different intravenous iron preparations reduced cFGF23 levels by approximately 80% 
within 24 hours,14 consistent with ID as an important stimulus for elevated cFGF23 levels.

Our study has several strengths as well as limitations. The main strength is the large 
prospectively followed cohort of stable RTRs in which several markers of ID as well as 
both iFGF23 and cFGF23 levels were measured. Moreover, end-point evaluation was 
complete in all participants despite a considerable follow-up period. We also acknowl-
edge several limitations of this study. First, due to the observational status of our single 
center study, we cannot exclude the possibility of residual confounding. Second, a 
limitation is that no gold standard for the definition of ID exists.29 In the current study, 
the definition of ID was based on a combination of two commonly used and clinically 
relevant markers, namely ferritin (iron load) and TSAT (iron transport availability). To 
increase robustness of our findings, we performed sensitivity analyses where we used 
an alternative definition of ID and also assessed the association of the individual iron 
status parameters with mortality, and demonstrated similar results.

In conclusion, we identified that iron deficient RTRs have elevated levels of cFGF23, 
but not iFGF23, compared with non-iron-deficient RTRs. Importantly, ID was indepen-
dently associated with mortality, and this association was to a large extent explained by 
variation in cFGF23 levels. Future studies are needed to unravel the complex interplay 
between ID, FGF23, and adverse outcomes in RTRs and other populations.

Concise methods

Patient population
We approached all RTRs (aged ≥18 years) who were at least 1 year post transplantation 
for participation in the current study. RTRs were approached during outpatient clinic 
visits between 2008 and 2011, as described previously.30 All kidney transplantations 
took place in the University Medical Center Groningen (Groningen, the Netherlands). 
Among 817 RTRs who were approached, 707 (87%) chose to participate. We excluded 
patients with missing data on ID (n=7), resulting in 700 RTRs eligible for analyses. All 
patients provided written informed consent. All study protocols were approved by the 
institutional review board (METc 2008/186) and adhered to the principles of the Declara-
tion of Helsinki. The primary end point of this study was all-cause mortality. The continu-
ous surveillance system of the outpatient program ensures up-to-date information on 
patient status. General practitioners or referring nephrologists were contacted in case 
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the status of a patient was unknown. End points were recorded until the end of May 
2013 with no loss to follow-up.

Data collection
The measurement of clinical parameters has been described in detail previously.31 In 
brief, information on medical history and medication use was obtained from patient re-
cords. Participants’ height and weight were measured with participants wearing indoor 
clothing without shoes. Blood pressure was measured according to a strict protocol as 
previously described.31Information on alcohol consumption and smoking behavior was 
gathered using a questionnaire. Smoking behavior was classified as never, former, or 
current smoker.

Laboratory procedures
Blood was drawn in the morning after an 8-12h overnight fast. Plasma cFGF23 levels 
were measured with human FGF23 (C-terminal) enzyme-linked immunosorbent assay 
(ELISA; Immutopics, Inc., San Clemente, CA, USA) in stored plasma samples with intra-
assay CVs between 2.2 and 4.4%, and inter-assay CVs between 9 and 16%.32 Intact FGF23 
levels were measured in stored plasma samples by ELISA (Kainos Laboratories, Inc., 
Tokyo, Japan) with intra- assay CVs between 5.3 and 9.7%, and inter-assay CVs between 
5.7% and 14%.32 The cFGF23 immunometric assay uses two antibodies directed against 
different epitopes within the C-terminal part of FGF23 which therefore detects both the 
intact hormone and C-terminal cleavage products. In contrast, the iFGF23 assay detects 
only the intact molecule.26 Transferrin was measured using an immunoturbidemetric 
assay (Cobas c analyzer, Modular P system, Roche diagnostics, Mannheim, Germany). 
Serum ferritin concentrations were determined using the electrochemiluminescence 
immunoassay (Modular analytics E170, Roche diagnostics, Mannheim, Germany). Se-
rum iron was measured using photometry (Modular P800 system; Roche diagnostics, 
Mannheim, Germany). Serum creatinine was measured using an enzymatic, isotope 
dilution mass spectrometry (IDMS) traceable assay on a Roche P-Modular automated 
analyzer (Roche diagnostics, Mannheim, Germany). TSAT (%) was calculated as 100 x 
serum iron (µmol/L)/ 25 x transferrin (g/L).33 ID was defined as TSAT <20% and ferritin 
<300 µg/L.34 Renal function was determined by estimating GFR by applying the Chronic 
Kidney Disease Epidemiology Collaboration equation.35 Proteinuria was defined as 
urinary protein excretion ≥0.5 g/24 h.

Statistical analyses
Data were analyzed using IBM SPSS software, version 22.0 (SPSS Inc., Chicago, IL), R 
version 3.2.3 (Vienna, Austria) and STATA 14.1 (STATA Corp., College Station, TX). Data 
are expressed as mean ± SD for normally distributed variables and as median (25th-75th 
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interquartile range [IQR]) for variables with a skewed distribution. Categorical data are 
expressed as number (percentage). We evaluated between-group differences compar-
ing RTRs with versus without ID using Student t-test, Mann-Whitney U test, or Chi square 
test, as appropriate. To study the association between ID and all-cause mortality, we 
used Cox proportional hazards regression analysis. We performed analyses in which 
we first adjusted for age and sex (model 1); and additionally for eGFR, proteinuria, time 
since transplantation, primary renal disease, history of cardiovascular disease, and smok-
ing status (model 2). In further models, we adjusted for iFGF23 (model 3) and cFGF23 
(model 4). Due to skewed distribution, iFGF23, cFGF23, and time since transplantation 
were natural log-transformed. We tested for co-linearity between ID and cFGF23 by 
calculating a correlation coefficient and a VIF score. A correlation coefficient of <0.7 and 
a VIF<5 indicates no evidence for co-linearity.36 Potential effect modification by age, sex, 
eGFR, proteinuria, history of cardiovascular disease, time since transplantation, smoking 
status, BMI, presence of diabetes, hs-CRP, serum calcium, phosphate, PTH, use of ACE-
inhibitors, use of diuretics, cFGF23, and iFGF23 concentrations were tested by fitting 
models containing both main effects and their cross-product terms. In sensitivity analy-
ses, we repeated the Cox regression analysis by using an alternative, frequently used 
definition of ID: TSAT<20% and ferritin <200 µg/L.37 We also evaluated ID using the iron 
status components (i.e., TSAT and ferritin) individually. Splines of individual iron status 
components with all-cause mortality were fit using a Cox proportional hazards regres-
sion model based on restricted cubic splines in univariate analyses and after adjustment 
for cFGF23. As sensitivity analyses, we performed adjustments of the association of ID 
with mortality as in table 2, model 2, for serum calcium, serum PTH, use of ACE-inhibitors 
and AII-antagonists, hemoglobin levels, acute rejection events, presence of diabetes, 
use of iron supplements, and hs-CRP levels, each time in addition to existing adjustment 
for age, sex, eGFR, proteinuria, time since transplantation, primary renal disease and 
smoking status. Finally, we performed mediation analyses with the methods described 
by Preacher and Hayes, which is based on logistic regression. These analyses allow for 
testing significance and magnitude of mediation.38, 39 In all analyses, a two-sided p-value 
<0.05 was considered significant.

Simulation study
In order to investigate the effect of differences in intra-assay CVs between cFG23 and 
iFGF23 we simulated values of cFGF23 100 times. In each simulation normally distrib-
uted noise with a mean of 0 and an SD equal to 4.3% of the cFGF23 value was added to 
the original cFGF23 value in order to simulate an intra-assay CV between 9.5 and 10%, 
which is similar to that of iFGF23. The Cox regression and the mediation analyses were 
repeated for each of these simulated cFGF23 variables and the means of the HRs, their 
95%CI, and of the proportion of mediation were calculated.
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Background. Iron deficiency is highly prevalent in chronic kidney disease (CKD) patients. 
In clinical practice, iron deficiency is defined based on a combination of two commonly 
used markers, ferritin and transferrin saturation (TSAT). However, no consensus has been 
reached which cutoffs of these parameters should be applied to define iron deficiency. 
Hence, we aimed to assess prospectively which cutoffs of ferritin and TSAT performed 
optimally for outcomes in CKD patients.

Methods. We meticulously analyzed 975 CKD community dwelling patients of the 
Prevention of Renal and Vascular Endstage Disease prospective study based on an 
estimated glomerular filtration rate <60 ml/min/1.73m2, albuminuria >30 mg/24 hours, 
or albumin-to-creatinine ratio ≥ 30 mg/g. Cox proportional hazard regression analyses 
using different sets and combinations of cutoffs of ferritin and TSAT were performed to 
assess prospective associations with all-cause mortality, cardiovascular mortality, and 
development of anemia.

results. Of the included 975 CKD patients (62±12 years, 64% male with an estimated 
glomerular filtration rate of 77±23 ml/min/1.73m2), 173 CKD patients died during a me-
dian follow-up of 8.0 (interquartile range 7.5-8.7) years of which 70 from a cardiovascular 
cause. Furthermore, 164 CKD patients developed anemia. The highest risk for all-cause 
mortality (hazard ratio, 2.83; 95% confidence interval, 1.53-5.24), cardiovascular mortal-
ity (4.15; 1.78-9.66), and developing anemia (3.07; 1.69-5.57) was uniformly observed for 
a TSAT<10%, independent of serum ferritin level.

Conclusion. In this study, we have shown that of the traditionally used markers of iron 
status, reduced TSAT, especially TSAT<10%, is most strongly associated with the risk of 
adverse outcomes in CKD patients irrespective of serum ferritin level, suggesting that 
clinicians should focus more on TSAT rather than ferritin in this patient setting. Specific 
attention to iron levels below this cutoff seems warranted in CKD patients.
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InTroDuCTIon

Iron deficiency (ID) is the most common nutritional deficiency worldwide, affecting 
up to 25% of the population.1-3 A variety of causes are responsible for the depletion 
of iron stores, ranging from deficient dietary iron intake to increased blood loss (e.g. 
gastro-intestinal cancers, peptic ulcera).4, 5 In addition, in chronic disease populations, 
due to the pro-inflammatory state that chronic diseases constitutes, upregulation of 
serum hepcidin blocks iron absorption from the gut and iron release from the reticulo-
endothelial system leading to reduced iron availability despite adequate stores.6 Indeed, 
in these populations, such as chronic heart failure (CHF) and chronic kidney disease 
(CKD), it has been shown that ID is highly prevalent and associated with an increased risk 
of morbidity and mortality, independent of potential confounders, including anemia.7-9

The definition of ID is still a matter of debate.10,11 ID is generally divided into abso-
lute ID (low iron stores) and functional ID (insufficient iron supply to the bone marrow 
despite sufficient iron stores). Due to the existence of both absolute ID and functional 
ID and the absence of an unequivocal gold standard, it remains challenging to correctly 
identify ID.12 Clinicians and epidemiologists alike predominantly rely on two frequently 
used markers, namely ferritin (for iron load) and transferrin saturation (TSAT, for iron 
transport availability).13-15 However, to date, no consensus has been reached which 
cutoffs of these parameters should be utilized to define absolute and functional ID per 
population. Except perhaps in the cardiology field where absolute ID is defined as a 
ferritin level <100 µg/L, and functional ID as a TSAT<20% accompanied by ferritin levels 
between 100 and 299 µg/L.7, 16 Currently in nephrology, the Kidney Disease Improving 
Global Outcomes (KDIGO) committee recommends a trial of 1 to 3 months of oral iron 
therapy in non-dialysis CKD patients when TSAT levels are below 30% and ferritin below 
500 µg/L. However, it is not known which cutoffs of ferritin and/or TSAT perform best 
with respect to predicting anemia, response to iron treatment or outcome.17

Correctly defining which cutoffs of ferritin and TSAT associate with outcome would 
identify which patients are most at risk to develop these outcomes and thus in which 
patients correction of ID could potentially have the greatest benefit. Therefore, the pres-
ent study was performed to define which cutoffs of serum ferritin and TSAT perform 
optimally for the risk of all-cause mortality, cardiovascular mortality, and risk of develop-
ing anemia in CKD patients.
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METhoDS

Study population
Data was used from the Prevention of Renal and Vascular End-Stage Disease (PREVEND) 
study, of which details have been published elsewhere.18 In brief, from 1997 to 1998, all 
inhabitants of the city of Groningen, The Netherlands, ranging between 28 and 75 years 
of age, received a questionnaire to complete regarding demographics, disease history, 
smoking status, medication use, and a vial to collect a first morning urine sample (n = 
85,421). Eventually, 40,856 subjects responded on the request (47.8%). We excluded sub-
jects with type 1 diabetes mellitus (defined as the use of insulin) and pregnant women. 
After completion of the screening protocol, subjects with an urinary albumin excretion 
(UAE) ≥10 mg/L (n = 6,000) and a randomly selected control group with an UAE <10 
mg/L (n = 2,592) formed the baseline PREVEND cohort (n = 8,592). For current analyses, 
we used data from the second survey, which occurred between 2001 and 2003 (n = 
6,894), due to the availability of iron status parameters at this visit. Participants visited 
the outpatient clinic twice and were requested to collect two consecutive 24-hour urine 
specimens. We excluded 436 subjects due to missing values for serum ferritin or serum 
transferrin, resulting in the inclusion of 6,458 subjects. For current analyses, we selected 
all patients with CKD, based on an eGFR<60 ml/min/1.73m2 or albuminuria >30 mg/24 
hours or albumin-to-creatinine ratio ≥ 30 mg/g (n=975, flowchart depicted in Figure 1). 
As sensitivity analyses, we restricted the CKD patients group to patients with solitarily 
an eGFR<60 ml/min/1.73m2 (n=274). The PREVEND study protocol was approved by the 
institutional medical review board and was carried out in accordance with the Declara-
tion of Helsinki. Written informed consent was obtained from all participants.

Measurements
Fasting blood samples were drawn in the morning from all participants from 2001 to 
2003. All hematologic measurements were measured in fresh venous blood. Aliquots of 
these samples were stored immediately at −80 °C until further analysis. Measurements 
were performed at the central laboratory of the University Medical Center Groningen. 
Serum creatinine was measured using an enzymatic, IDMS-traceable method on a Roche 
Modular analyzer (Roche Diagnostics, Mannheim, Germany). For estimating glomerular 
filtration rate (eGFR), the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 
was applied.19 In the PREVEND study, serum iron (µmol/L), ferritin (µg/L), and transferrin 
(g/L) were measured using a colorimetric assay, immunoassay, and immunoturbidimet-
ric assay, respectively (Roche Diagnostics).
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Main outcomes
We assessed the association of ferritin and TSAT with all-cause mortality, cardiovascular 
mortality and risk of developing anemia. In the PREVEND cohort, data on mortality were 
received through the municipal register. Cause of death was gathered by combining the 
number reported on the death certificate with the primary cause of death as classified 
by the Dutch Central Bureau of Statistics. Anemia was defined as a hemoglobin level 
lower than 7.5 mmol/L (12 g/dL) for women, and a hemoglobin level lower than 8.1 
mmol/L (13 g/dL) for men.20 Follow-up was performed until the 1st of January 2011 in 
the PREVEND study.

Figure 1. Flowchart of the participants in the study
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Statistical analyses
Baseline variables are described by means with SD when variables are continuous and 
normally distributed, by medians with interquartile range when the distribution is 
skewed, or as numbers and corresponding percentages for categorical data. Differences 
between groups were assessed with a Student’s t-test for normally distributed variables, 
a Mann-Whitney U-test for skewed variables, and a Chi-square test for categorical 
variables. We evaluated the presence of high ferritin levels (suggestive of iron trapping) 
despite a functional iron deficiency by calculating the percentage of CKD patients with 
ferritin levels higher than 500 µg/L in combination with a TSAT<20%. Cox regression 
analyses were performed to investigate the hazard rates of the individual cutoffs of fer-
ritin and TSAT and all combinations of serum ferritin (i.e. <20, <50, <100, <200, <300, 
and <500 µg/L) and TSAT (i.e. <10, <15, <20, <25, and <30%) for the respective outcomes 
while adjusting for age and sex. Separately, we also assessed conditional definitions as 
defined in the Ferinject Assessment in Patients with Iron Deficiency and Chronic Heart 
Failure (FAIR-HF) study, i.e. ferritin<100 µg/L or TSAT<20% with ferritin <300 µg/L, and 
in the Ferinject in patients with Iron deficiency anemia and Non-Dialysis-dependent 
Chronic Kidney Disease (FIND-CKD) study, i.e. ferritin<100 µg/L or TSAT<20% with 
ferritin <200 µg/L.7, 21 Based on these two conditional definitions, we extended the pos-
sibilities of conditional definitions with a TSAT lower than 10% and lower than 15% in 
combination with a ferritin level <200 µg/L or <300 µg/L. To really allow identification 
of the group with the highest risk based on cutoffs, in each analysis the reference group 
is defined as the group above the studied cutoff, as a result the reference group in the 
Cox regression analyses is variable, e.g. when the combined definition of TSAT<20% with 
ferritin <300µg/L was analyzed, the reference group was TSAT>20% with ferritin>300 
µg/L. Cutoffs were chosen as rounded numbers rather than subdividing TSAT and fer-
ritin levels in quartiles or quintiles to allow comparison with cutoffs generally chosen in 
clinical practice and research studies. As sensitivity analyses, we performed subanalyses 
in 274 CKD patients with solitarily an eGFR lower than 60 ml/min/1.73m2, and in 717 CKD 
patients with data available on hs-CRP, as inflammation marker, and on serum albumin, 
as proxy for malnutrition. Finally, we made splines of ferritin and TSAT with all-cause 
mortality using restricted cubic splines based on Cox regression proportional hazard 
analyses. Data were analyzed using IBM SPSS software, version 23.0 (SPSS Inc., Chicago, 
IL), and R version 3.2.3 (Vienna, Austria).
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rESulTS

Patient characteristics
We included 975 CKD patients (62±12 years, 64% male) with a mean eGFR of 77±23 ml/
min/1.73m2. Further demographics and clinical characteristics of the CKD patients, di-
chotomized according to survival status at the end of the follow-up are shown in Table 1. 
High ferritin levels of >500 µg/L (representing possibly iron overload) in combination with 
functional iron deficiency (TSAT<20%) was present in 6 (0.6%) of the 975 CKD patients.

First, we assessed the impact of using different cutoffs for ferritin or TSAT as indi-
vidual markers on the association with all-cause mortality. During a median follow-up 
of 8.0 (interquartile range 7.5-8.7) years, 173 CKD patients died. The highest age- and 
sex-adjusted risk of mortality (HR, 2.83; 95%CI 1.53-5.24) was observed for TSAT<10%. 
Ferritin, as individual continuous marker, was not associated with increased risk of mor-
tality. When assessing the impact of using a different combination of ferritin and TSAT 
on mortality, the highest risk of mortality (HR, 2.56; 95%CI 1.35-4.87) was observed for 
TSAT<10% in combination with ferritin cutoffs of either <200, 300, or 500 µg/L (Figure 
2). Full analyses are shown in Table 2. Using a conditional definition did not improve the 
observed maximal HR. In restricted cubic splines, these findings are further illustrated 
as the same pattern was observed for continuous variables of ferritin (Figure 3a) and 
TSAT (Figure 3B).

Second, we assessed the impact of using different cutoffs for ferritin or TSAT as in-
dividual markers on the association with cardiovascular mortality. Of the 173 deceased 
CKD patients, 70 were due to cardiovascular cause. The highest risk of cardiovascular 
mortality (HR, 4.15; 95%CI 1.78-9.66) was observed for TSAT<10%. Ferritin, as individual 
continuous marker, was not associated with increased risk of cardiovascular mortality. 
When assessing the impact of using a different combination of ferritin and TSAT on 
mortality, the highest risk of cardiovascular mortality (HR, 4.17; 95%CI 1.79-9.70) was 
identified for TSAT<10% in combination with a ferritin cutoff of <100, 200, 300, or 500 
µg/L (additional file 1).

Third, we examined the impact of using different cutoffs for ferritin or TSAT as 
individual markers for the risk of developing anemia. During median follow-up of 6.2 
(2.4-7.5) years, 164 CKD patients developed anemia. The highest risk of developing 
anemia (HR, 3.07; 95%CI 1.69-5.57) was observed for TSAT <10%. Ferritin as individual 
continuous marker had the highest risk of anemia with a cutoff of ferritin<20 µg/L (HR, 
2.95; 95%CI 1.75-4.98). In the various combinations of ferritin with TSAT, the highest 
risk of developing anemia (HR, 3.07; 95%CI 1.69-5.57) was identified for TSAT<10% in 
combination with a ferritin cutoff of <100, 200, 300, or 500 µg/L. All the other combina-
tions were also positively associated with development of anemia albeit less significant 
(additional file 2).
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As sensitivity analyses, we restricted the group of 975 CKD patients to 274 CKD 
patients with an eGFR lower than 60 ml/min/1.73m2. We repeated the analyses of the 
different cutoffs of ferritin and/or TSAT with all-cause mortality, cardiovascular mortality, 
and risk of anemia. In these analyses, we identified the same pattern that the highest risk 
was particularly observed for a TSAT<10% (additional file 3).

Furthermore, we performed sensitivity analyses in 717 CKD patients of the included 
975 CKD patients with data available on hs-CRP and serum albumin. We repeated all 
the previous analyses on the impact of using different cutoffs for ferritin and/or TSAT 
on the association with all-cause mortality, cardiovascular mortality, and risk of anemia. 
In these analyses, we identified again the same pattern, i.e. that the highest risk was 
particularly observed for a TSAT<10% (additional file 4).

DISCuSSIon

In this study, consisting of a large cohort of CKD patients, we show the impact of using 
different cutoffs for ferritin and/or TSAT on the association with all-cause mortality, car-
diovascular mortality, and the subsequent development of anemia. Remarkably, in CKD 
patients the highest risk to develop adverse outcomes was uniformly observed at a low 
TSAT level, i.e. lower than 10%, largely independent of the level of ferritin. The current 
results are of importance for defining ID in CKD patients and may aid clinicians to focus 
on these specific cutoffs for TSAT in order to improve outcome.

Figure 2. Hazard ratio of mortality risk by different cutoff values of ferritin and TSAT in chronic kidney 
disease patients
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To date, there is no consensus in the field of CKD which cutoffs of ferritin and TSAT 
should be retained to define ID. Multiple important studies in CKD patients have utilized 
different definitions for ID. For example, the FIND-CKD study used serum ferritin < 100 
µg/L or TSAT < 20% in combination with serum ferritin of < 200 µg/L to identify patients 
as iron deficient, whereas Qunibi and colleagues defined ID as TSAT ≤ 25% with ferritin ≤ 
300 µg/L and Fishbane and colleagues utilized TSAT ≤ 25% in combination with ferritin ≤ 
200 µg/L to determine ID.21-23 Currently, the plethora of ID definitions impedes compara-
bility among iron studies. As a result, translation to clinical practice is difficult. Therefore, 
it is important to identify optimal cutoffs for CKD patients. Accordingly, in the present 
study, we assessed prospectively which cutoffs for ferritin and TSAT performed optimally 
for the association with adverse outcomes, implicating that, at least in terms of survival 
and development of anemia, these selected cutoffs are clinically most relevant.

Previously, few studies have evaluated the accuracy of serum ferritin and TSAT cut-
offs to define ID in CKD patients in terms of sensitivity and specificity. Fishbane et al. 
determined in hemodialysis (HD) patients which levels of serum ferritin and TSAT were 
most predictive for ID. The authors concluded that in erythropoietin-responsive patients 
ferritin level of lower than 100 µg/L or TSAT< 18% are indicative of inadequate iron status, 
whereas in erythropoietin-resistant patients a serum ferritin < 300 µg/L or a TSAT < 27% 
should be utilized.24 Also in HD patients, Kalantar-Zadeh et al. identified high specificity 
for a cutoff of serum ferritin < 200 ng/mL and high sensitivity for a TSAT< 20%.25 As far as 
we know, we are the first in CKD patients to assess the performance of different cutoffs 
for ferritin and/or TSAT in terms of prospective associations with adverse outcomes.

Figure 3. Associations of TSAT and ferritin as continuous variables on all-cause mortality in chronic kidney 
disease patients. Data were fit by a Cox proportional hazard regression model based on restricted cubic 
splines. Knots were placed on at 10th, 50th, and 90th percentile of ferritin and TSAT, respectively. Panel A 
shows the association between ferritin, adjusted for age and sex, and all-cause mortality. Panel B shows the 
association between TSAT, adjusted for age and sex, and all-cause mortality. The black line represents the 
hazard ratio. The grey area the 95% confidence interval. 
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Our results identified TSAT lower than 10% to be the optimal cutoff associated with 
increased risk of detrimental outcomes in the CKD population. In our population of early 
stage CKD patients, i.e. CKD stadia one to three, the importance of adequate iron status 
is evident, in view of the increased hazard ratios for development of adverse outcomes. 
When carefully assessing the hazard ratios for all-cause mortality, cardiovascular mortal-
ity, and risk of anemia, it is clear that the highest risk is observed for TSAT<10%, however, 
also for TSAT<15% a significant increased risk in adverse outcomes is observed. It should 
be noted that the cardiovascular mortality risk associated with ID is markedly higher 
(nearly double) than the risk for all-cause mortality. For a cutoff value of TSAT <20 and 
<30% the observed hazard ratios for all-cause mortality and cardiovascular mortality 
are less impressive, whereas the risk for anemia decreases steadily with increasing cutoff 
levels. Conditional definitions as those used previously in the FAIR-HF and FIND-CKD did 
not improve the association with increased risk. This suggests that in CKD patients the 
main focus should be on low TSAT, especially TSAT lower than 10%. Based on these re-
sults, it may be speculated that failure to correct these low TSAT levels might jeopardize 
the survival of CKD patients.

Currently, ferritin and TSAT are the most commonly used markers in clinical setting 
to evaluate iron stores and iron availability. However, there are important drawbacks on 
the use of ferritin and TSAT as iron status parameters. Serum ferritin is an acute-phase 
reactant and therefore in chronic disease populations serum ferritin levels will be el-
evated.26, 27 TSAT also has acute-phase reactivity as transferrin is elevated in the setting 
of acute inflammation which will lower TSAT when circulating iron remains constant.28 
However, other markers, such as soluble transferrin receptor, percentage hypochromic 
red blood cells, and reticulocyte hemoglobin content, are not readily available in clinical 
practice, less well studied, or not used for other reasons.

Our study has strengths and limitations. Strengths are that it comprises a large co-
hort of CKD patients with availability of data on iron status and that it is the first study to 
assess all combinations of cutoffs with respect to “hard” clinical endpoints. Limitations 
of the current study include its observational design, that it comprises a single center 
study and that measurement of iron parameters were performed at a single time point, 
which precludes our ability to discern the impact of changes in iron parameters over 
time on clinical outcomes. Furthermore, the current study is only valid for early CKD, and 
precludes us to discern whether similar results apply for more advanced CKD stages. 
Another limitation might be that we did not adjust for several potential confounders in 
the different associations between ID and outcomes, however, the primary aim of this 
study is to study the prospective associations of ID with adverse outcomes using several 
cutoffs for ferritin and TSAT, not to investigate the mechanisms involved.
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Conclusion
In this study, we show that in CKD patients the highest risk for adverse outcomes with ID 
is observed when for the definition of ID a TSAT cutoff level lower than 10% is used. The 
use of the TSAT cutoff is largely independent of the level of serum ferritin. This suggests 
that emphasis should be placed on a low TSAT rather than ferritin levels in early stage 
CKD patients. Further research is needed to validate our results in terms of the effect of 
iron treatment on outcomes.

additional files
additional file 1: Supplemental Table 1, association of different cutoff values of ferritin 
and TSAT, adjusted for age and sex, with respect to risk of cardiovascular mortality in 
CKD patients (based on eGFR<60 ml/min/1.73m2 or albuminuria >30 mg/24 hours or 
albumin-to-creatinine ratio ≥ 30 mg/g)
additional file 2: Supplemental Table 2, association of different cutoff values of ferritin 
and TSAT, adjusted for age and sex, with respect to risk of anemia in CKD patients (based 
on eGFR<60 ml/min/1.73m2 or albuminuria >30 mg/24 hours or albumin-to-creatinine 
ratio ≥ 30 mg/g)
additional file 3: Supplemental Table 3, 4, and 5, showing the association of different 
cutoff values of ferritin and TSAT, adjusted for age and sex, in CKD patients with eGFR<60 
ml/min/1.73m2 with respect to risk of all-cause mortality, cardiovascular mortality, and 
anemia, respectively.
additional file 4: Supplemental Table 6, 7, and 8, showing the association of different 
cutoff values of ferritin and TSAT, adjusted for sex, hs-CRP, and albumin, in 717 CKD pa-
tients (based on eGFR<60 ml/min/1.73m2 or albuminuria >30 mg/24 hours or albumin-
to-creatinine ratio ≥ 30 mg/g) with respect to risk of all-cause mortality, cardiovascular 
mortality, and anemia, respectively.

list of abbreviations
CI, confidence interval; CKD, chronic kidney disease; CKD-EPI, Chronic Kidney Disease 
Epidemiology Collaboration; eGFR, estimated glomerular filtration rate; HD, hemodialy-
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Supplemental Table 1. Different cutoff values of ferritin and TSAT, adjusted for age and sex, with respect 
to risk of cardiovascular mortality in CKD patients (based on eGFR<60 ml/min/1.73m2 or albuminuria >30 
mg/24 hours or albumin-to-creatinine ratio ≥ 30 mg/g)

TSaT (%) hr (95%CI)

<10 4.15 (1.78-9.66)

<15 1.79 (0.98-3.27)

<20 1.28 (0.78-2.10)

<25 1.10 (0.69-1.78)

<30 1.88 (1.01-3.51)

Ferritin (µg/l) hr (95%CI)

<20 0.52 (0.07-3.77)

<50 1.09 (0.54-2.21)

<100 1.12 (0.69-1.81)

<200 1.55 (0.88-2.72)

<300 1.53 (0.73-3.20)

<500 3.51 (0.49-25.28)

anD FErrITIn
TSaT

<20 <50 <100 <200 <300 <500

<10 1.09 (0.15-7.99) 3.31 (1.20-9.20) 4.17 (1.79-9.70) 4.16 (1.79-9.69) 4.16 (1.79-9.69) 4.16 (1.79-9.69)

<15 0.76 (0.10-5.84) 2.08 (0.90-4.81) 2.07 (1.03-4.18) 1.85 (0.99-3.45) 1.81 (0.97-3.37) 1.81 (0.99-3.31)

<20 0.60 (0.08-4.33) 1.39 (0.63-3.05) 1.14 (0.61-2.13) 1.57 (0.95-2.58) 1.40 (0.85-2.30) 1.32 (0.81-2.16)

<25 0.55 (0.08-4.01) 1.27 (0.59-2.61) 1.07 (0.63-1.81) 1.17 (0.73-1.88) 1.26 (0.79-2.03) 1.15 (0.71-1.85)

<30 0.52 (0.07-3.87) 1.18 (0.58-2.40) 1.36 (0.84-2.22) 1.74 (1.06-2.86) 1.75 (1.02-3.00) 2.05 (1.10-3.82)

Conditional definitions:

Ferritin <100 µg/L or TSAT <10% with ferritin 100-199 µg/L 1.09 (0.75-1.58)

Ferritin <100 µg/L or TSAT <10% with ferritin 100-299 µg/L 1.09 (0.75-1.58)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-199 µg/L 1.12 (0.77-1.63)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-299 µg/L 1.11 (0.77-1.61)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-199 µg/L (FIND-CKD) 1.33 (0.92-1.92)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-299 µg/L (FAIR-HF) 1.38 (0.86-2.22)
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Supplemental Table 2. Different cutoff values of ferritin and TSAT, adjusted for age and sex, with respect 
to risk of anemia in CKD patients (based on eGFR<60 ml/min/1.73m2 or albuminuria >30 mg/24 hours or 
albumin-to-creatinine ratio ≥ 30 mg/g)

TSaT (%) hr (95%CI)

<10 3.07 (1.69-5.57)

<15 2.09 (1.43-3.04)

<20 1.62 (1.18-2.21)

<25 1.60 (1.16-2.23)

<30 1.69 (1.14-2.51)

Ferritin (µg/l) hr (95%CI)

<20 2.95 (1.75-4.98)

<50 1.83 (1.24-2.69)

<100 1.83 (1.34-2.50)

<200 1.59 (1.09-2.32)

<300 1.67 (0.96-2.91)

<500 6.94 (0.97-49.59)

anD FErrITIn
TSaT

<20 <50 <100 <200 <300 <500

<10 2.04 (0.94-4.39) 2.64 (1.38-5.04) 3.07 (1.69-5.57) 3.07 (1.69-5.57) 3.07 (1.69-5.57) 3.07 (1.69-5.57)

<15 2.51 (1.34-4.70) 2.42 (1.49-3.94) 2.53 (1.64-3.91) 2.23 (1.52-3.28) 2.14 (1.46-3.12) 2.13 (1.46-3.10)

<20 2.51 (1.40-4.50) 2.00 (1.29-3.10) 1.92 (1.34-2.78) 1.80 (1.30-2.48) 1.67 (1.22-2.30) 1.61 (1.18-2.21)

<25 2.96 (1.73-5.04) 2.06 (1.37-3.09) 1.83 (1.32-2.52) 1.93 (1.40-2.65) 1.64 (1.19-2.27) 1.63 (1.17-2.25)

<30 2.87 (1.68-4.90) 1.89 (1.27-2.80) 1.86 (1.36-2.56) 1.90 (1.36-2.65) 1.69 (1.18-2.42) 1.76 (1.19-2.60)

Conditional definitions:

Ferritin <100 µg/L or TSAT <10% with ferritin 100-199 µg/L 2.33 (1.99-2.73)

Ferritin <100 µg/L or TSAT <10% with ferritin 100-299 µg/L 2.33 (1.99-2.73)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-199 µg/L 2.39 (2.04-2.80)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-299 µg/L 2.37 (2.02-2.78)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-199 µg/L (FIND-CKD) 2.35 (1.99-2.77)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-299 µg/L (FAIR-HF) 1.92 (1.38-2.66)
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Supplemental Table 3. Different cutoff values of ferritin and TSAT, adjusted for age and sex, with risk of 
all-cause mortality in CKD patients with eGFR<60 ml/min/1.73m2

TSaT (%) hr (95%CI)

<10 3.23 (1.39-7.51)

<15 1.84 (1.03-3.30)

<20 1.29 (0.80-2.06)

<25 1.39 (0.86-2.23)

<30 3.39 (1.63-7.05)

Ferritin (µg/l) hr (95%CI)

<20 0.92 (0.23-3.76)

<50 1.48 (0.79-2.76)

<100 1.35 (0.86-2.11)

<200 1.63 (0.95-2.80)

<300 2.32 (1.06-5.06)

<500 2.20 (0.54-8.98)

anD FErrITIn
TSaT

<20 <50 <100 <200 <300 <500

<10 1.21 (0.17-8.81) 2.37 (0.74-7.56) 2.11 (0.77-5.82) 2.67 (1.07-6.66) 2.67 (1.07-6.66) 2.67 (1.07-6.66)

<15 0.74 (0.10-5.31) 1.58 (0.76-3.29) 1.92 (1.05-3.49) 1.92 (1.05-3.47) 1.91 (1.05-3.47) 1.69 (0.93-3.07)

<20 0.92 (0.23-3.76) 0.92 (0.40-2.12) 1.16 (0.65-2.08) 1.64 (1.01-2.64) 1.49 (0.92-2.40) 1.28 (0.79-2.06)

<25 0.92 (0.23-3.76) 1.16 (0.57-2.34) 1.23 (0.76-1.99) 1.65 (1.05-2.59) 1.73 (1.08-2.75) 1.39 (0.87-2.23)

<30 0.92 (0.23-3.76) 1.48 (0.79-2.76) 1.52 (0.97-2.39) 2.29 (1.39-3.75) 2.93 (1.64-5.23) 2.90 (1.49-5.63)

Conditional definitions:

Ferritin <100 µg/L or TSAT <10% with ferritin 100-199 µg/L 1.42 (0.91-2.22)

Ferritin <100 µg/L or TSAT <10% with ferritin 100-299 µg/L 1.42 (0.91-2.22)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-199 µg/L 1.55 (0.97-2.42)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-299 µg/L 1.55 (0.99-2.41)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-199 µg/L (FIND-CKD) 1.82 (1.16-2.86)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-299 µg/L (FAIR-HF) 1.70 (1.08-2.67)
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Supplemental Table 4. Different cutoff values of ferritin and TSAT, adjusted for age and sex, with risk of 
cardiovascular mortality in CKD patients with eGFR<60 ml/min/1.73m2.

TSaT (%) hr (95%CI)

<10 5.35 (1.85-15.48)

<15 2.21 (0.96-5.11)

<20 1.83 (0.92-3.66)

<25 1.80 (0.84-3.87)

<30 6.20 (1.48-25.94)

Ferritin (µg/l) hr (95%CI)

<20 1.08 (0.15-7.89)

<50 1.53 (0.58-4.00)

<100 2.06 (1.05-4.05)

<200 1.77 (0.77-4.09)

<300 2.46 (0.75-8.12)

<500 -

anD FErrITIn
TSaT

<20 <50 <100 <200 <300 <500

<10 3.27 (0.43-24.68) 6.09 (1.83-20.24) 5.37 (1.86-15.58) 5.37 (1.86-15.53) 5.37 (1.86-15.53) 5.37 (1.86-15.53)

<15 1.80 (0.25-13.15) 2.61 (0.79-8.61) 2.45 (0.94-6.34) 2.55 (1.10-5.91) 2.54 (1.09-5.89) 2.21 (0.96-5.12)

<20 1.08 (0.15-7.89) 1.55 (0.55-4.42) 1.78 (0.80-3.99) 2.49 (1.24-4.98) 2.28 (1.14-4.57) 1.93 (0.97-3.86)

<25 1.08 (0.15-7.89) 1.30 (0.45-3.73) 1.71 (0.85-3.43) 1.97 (0.98-3.95) 2.21 (1.05-4.64) 1.92 (0.90-4.12)

<30 1.08 (0.15-7.89) 1.53 (0.58-4.00) 2.30 (1.17-4.52) 2.96 (1.33-6.56) 3.79 (1.46-9.82) 6.79 (1.62-28.37)

Conditional definitions:

Ferritin <100 µg/L or TSAT <10% with ferritin 100-199 µg/L 2.06 (1.05-4.05)

Ferritin <100 µg/L or TSAT <10% with ferritin 100-299 µg/L 2.06 (1.05-4.05)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-199 µg/L 2.32 (1.17-4.61)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-299 µg/L 2.32 (1.17-4.60)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-199 µg/L (FIND-CKD) 3.27 (1.54-6.77)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-299 µg/L (FAIR-HF) 3.04 (1.44-6.38)
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Supplemental Table 5. Different cutoff values of ferritin and TSAT, adjusted for age and sex, with risk of 
anemia in CKD patients with eGFR<60 ml/min/1.73m2.

TSaT (%) hr (95%CI)

<10 4.80 (1.87-12.31)

<15 2.43 (1.29-4.58)

<20 1.38 (0.82-2.32)

<25 1.17 (0.68-2.00)

<30 1.40 (0.75-2.59)

Ferritin (µg/l) hr (95%CI)

<20 1.97 (0.61-6.36)

<50 1.32 (0.64-2.72)

<100 1.57 (0.95-2.60)

<200 1.52 (0.82-2.83)

<300 2.39 (0.86-6.62)

<500 2.76 (0.38-19.89)

anD FErrITIn
TSaT

<20 <50 <100 <200 <300 <500

<10 3.07 (0.71-13.37) 3.14 (0.96-10.29) 4.80 (1.87-12.31) 4.80 (1.87-12.31) 4.80 (1.87-12.31) 4.80 (1.87-12.31)

<15 3.81 (1.15-12.59) 3.80 (1.62-8.94) 5.25 (2.68-10.29) 2.96 (1.59-5.50) 2.74 (1.46-5.16) 2.43 (1.29-4.58)

<20 1.97 (0.61-6.36) 1.52 (0.69-3.35) 2.05 (1.16-3.59) 1.61 (0.95-2.74) 1.42 (0.84-2.40) 1.32 (0.78-2.23)

<25 1.97 (0.61-6.36) 1.26 (0.59-2.67) 1.46 (0.86-2.48) 1.47 (0.88-2.47) 1.20 (0.71-2.02) 1.15 (0.68-1.96)

<30 1.97 (0.61-6.36) 1.32 (0.64-2.72) 1.49 (0.89-2.51) 1.50 (0.88-2.55) 1.44 (0.82-2.53) 1.39 (0.76-2.53)

Conditional definitions:

Ferritin <100 µg/L or TSAT <10% with ferritin 100-199 µg/L 1.58 (0.95-2.60)

Ferritin <100 µg/L or TSAT <10% with ferritin 100-299 µg/L 1.58 (0.95-2.60)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-199 µg/L 1.49 (0.90-2.54)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-299 µg/L 1.44 (0.88-2.37)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-199 µg/L (FIND-CKD) 1.44 (0.87-2.38)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-299 µg/L (FAIR-HF) 1.30 (0.79-2.15)
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Supplemental Table 6. Different cutoff values of ferritin and TSAT, adjusted for sex, hs-CRP, and albumin, 
with risk of all-cause mortality in 717 CKD patients (based on eGFR<60 ml/min/1.73m2 or albuminuria >30 
mg/24 hours or albumin-to-creatinine ratio ≥ 30 mg/g)

TSaT (%) hr (95%CI)

<10 2.87 (1.45-5.68)

<15 1.40 (0.87-2.26)

<20 1.24 (0.85-1.81)

<25 1.37 (0.95-1.96)

<30 2.17 (1.33-3.53)

Ferritin (µg/l) hr (95%CI)

<20 0.61 (0.15-2.48)

<50 1.47 (0.91-2.38)

<100 1.08 (0.75-1.55)

<200 1.36 (0.91-2.02)

<300 1.64 (0.92-2.92)

<500 2.87 (0.71-11.62)

anD FErrITIn
TSaT

<20 <50 <100 <200 <300 <500

<10 1.16 (0.28-4.77) 2.38 (1.04-5.44) 2.54 (1.24-5.20) 2.87 (1.45-5.68) 2.87 (1.45-5.68) 2.87 (1.45-5.68)

<15 0.72 (0.18-2.90) 1.81 (0.94-3.47) 1.64 (0.95-2.84) 1.57 (0.96-2.55) 1.49 (0.91-2.43) 1.43 (0.88-2.30)

<20 0.65 (0.16-2.62) 1.34 (0.72-2.49) 1.01 (0.63-1.64) 1.44 (0.98-2.01) 1.34 (0.92-1.95) 1.29 (0.89-1.88)

<25 0.61 (0.15-2.49) 1.52 (0.89-2.59) 1.11 (0.75-1.64) 1.41 (0.99-1.99) 1.52 (1.07-2.17) 1.44 (1.00-2.06)

<30 0.61 (0.15-2.49) 1.56 (0.96-2.52) 1.26 (0.88-1.81) 1.69 (1.18-2.43) 2.04 (1.35-3.08) 2.11 (1.32-3.38)

Conditional definitions:

Ferritin <100 µg/L or TSAT <10% with ferritin 100-199 µg/L 1.12 (0.78-1.60)

Ferritin <100 µg/L or TSAT <10% with ferritin 100-299 µg/L 1.12 (0.78-1.60)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-199 µg/L 1.11 (0.78-1.58)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-299 µg/L 1.09 (0.77-1.55)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-199 µg/L (FIND-CKD) 1.41 (1.00-2.00)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-299 µg/L (FAIR-HF) 1.32 (0.93-1.87)
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Supplemental Table 7. Different cutoff values of ferritin and TSAT, adjusted for age, sex, hs-CRP, and albu-
min, with risk of cardiovascular mortality in CKD patients (based on eGFR<60 ml/min/1.73m2 or albumin-
uria >30 mg/24 hours or albumin-to-creatinine ratio ≥ 30 mg/g)

TSaT (%) hr (95%CI)

<10 5.50 (2.32-12.99)

<15 2.41 (1.23-4.74)

<20 1.80 (1.00-3.23)

<25 1.31 (0.74-2.33)

<30 2.38 (1.07-5.31)

Ferritin (µg/l) hr (95%CI)

<20 0.88 (0.12-6.41)

<50 1.51 (0.70-3.25)

<100 1.21 (0.69-2.14)

<200 2.11 (1.01-4.38)

<300 4.16 (1.00-17.21)

<500 -

anD FErrITIn
TSaT

<20 <50 <100 <200 <300 <500

<10 1.90 (0.26-14.05) 4.81 (1.70-13.59) 5.51 (2.33-13.01) 5.50 (2.33-12.99) 5.50 (2.33-12.99) 5.50 (2.33-12.99)

<15 1.09 (0.15-7.94) 3.20 (1.34-7.63) 3.02 (1.45-6.28) 2.57 (1.28-5.15) 2.46 (1.23-4.94) 2.46 (1.25-4.83)

<20 0.93 (0.13-6.78) 2.04 (0.86-4.84) 1.25 (0.60-2.58) 2.19 (1.22-3.91) 1.92 (1.07-3.43) 1.88 (1.05-3.35)

<25 0.88 (0.12-6.44) 1.74 (0.77-3.94) 1.08 (0.58-2.02) 1.41 (0.81-2.47) 1.55 (0.88-2.73) 1.38 (0.77-2.44)

<30 0.88 (0.12-6.44) 1.60 (0.74-3.45) 1.47 (0.83-2.59) 2.38 (1.28-4.43) 2.69 (1.30-5.54) 2.61 (1.17-5.80)

Conditional definitions:

Ferritin <100 µg/L or TSAT <10% with ferritin 100-199 µg/L 1.21 (0.69-2.14)

Ferritin <100 µg/L or TSAT <10% with ferritin 100-299 µg/L 1.21 (0.69-2.14)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-199 µg/L 1.22 (0.70-2.14)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-299 µg/L 1.20 (0.69-2.10)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-199 µg/L (FIND-CKD) 2.04 (1.15-3.63)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-299 µg/L (FAIR-HF) 1.87 (1.05-3.33)
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Supplemental Table 8. Different cutoff values of ferritin and TSAT, adjusted for age, sex, hs-CRP, and al-
bumin, with risk of anemia in CKD patients (based on eGFR<60 ml/min/1.73m2 or albuminuria >30 mg/24 
hours or albumin-to-creatinine ratio ≥ 30 mg/g)

TSaT (%) hr (95%CI)

<10 2.82 (1.29-6.19)

<15 2.31 (1.44-3.69)

<20 1.57 (1.06-2.33)

<25 1.75 (1.17-2.62)

<30 1.78 (1.10-2.87)

Ferritin (µg/l) hr (95%CI)

<20 2.81 (1.37-5.76)

<50 1.91 (1.19-3.06)

<100 1.52 (1.03-2.25)

<200 1.24 (0.79-1.94)

<300 1.17 (0.63-2.15)

<500 4.32 (0.60-30.79)

anD FErrITIn
TSaT

<20 <50 <100 <200 <300 <500

<10 2.02 (0.72-5.64) 2.17 (0.87-5.42) 2.82 (1.29-6.19) 2.82 (1.29-6.19) 2.82 (1.29-6.19) 2.82 (1.29-6.19)

<15 2.62 (1.12-6.11) 2.59 (1.37-4.91) 2.48 (1.42-4.32) 2.45 (1.51-3.99) 2.36 (1.46-3.82) 2.38 (1.49-3.82)

<20 2.06 (0.89-4.80) 1.82 (1.02-3.23) 1.50 (0.95-2.38) 1.61 (1.08-2.42) 1.52 (1.02-2.23) 1.54 (1.04-2.23)

<25 2.59 (1.22-5.48) 2.02 (1.21-3.38) 1.51 (1.02-2.26) 1.81 (1.23-2.65) 1.60 (1.08-2.35) 1.73 (1.16-2.58)

<30 2.59 (1.22-5.48) 1.93 (1.19-3.14) 1.55 (1.05-2.29) 1.72 (1.15-2.57) 1.53 (1.00-2.35) 1.80 (1.22-2.88)

Conditional definitions:

Ferritin <100 µg/L or TSAT <10% with ferritin 100-199 µg/L 1.52 (1.03-2.25)

Ferritin <100 µg/L or TSAT <10% with ferritin 100-299 µg/L 1.52 (1.03-2.25)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-199 µg/L 1.68 (1.14-2.47)

Ferritin <100 µg/L or TSAT <15% with ferritin 100-299 µg/L 1.68 (1.14-2.47)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-199 µg/L (FIND-CKD) 1.74 (1.18-2.58)

Ferritin <100 µg/L or TSAT <20% with ferritin 100-299 µg/L (FAIR-HF) 1.71 (1.15-2.55)
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aBSTraCT

Background
Hepcidin is considered the master regulator of iron homeostasis. Novel hepcidin 
antagonists have recently been introduced as potential treatment for iron-restricted 
anemia. Meanwhile, serum hepcidin has been shown to be positively associated with 
cardiovascular disease and inversely with acute kidney injury. These properties may lead 
to contrasting effects, especially in renal transplant recipients (RTR) which are prone to 
cardiovascular diseases and graft failure. To date, the role of serum hepcidin in RTR is 
unknown. We, therefore, prospectively determined the association of serum hepcidin 
with risk of graft failure, cardiovascular mortality, and all-cause mortality in RTR.

Methods
Serum hepcidin was assessed in an extensively phenotyped RTR cohort by dual-
monoclonal sandwich ELISA specific immunoassay. Statistical analyses were performed 
using univariate linear regression followed by stepwise backward linear regression. Cox 
proportional hazard regression models were performed to determine prospective as-
sociations.

results
We included 561 RTR (age 51±12 years). Mean hemoglobin (Hb) was 8.6 ±1.0 mmol/l. 
Median [IQR] serum hepcidin was 7.2 [3.2-13.4] ng/mL. Mean eGFR was 47±16 ml/
min/1.73m2. In univariate Cox regression analyses, serum hepcidin was not associated 
with risk of graft failure, cardiovascular mortality or all-cause mortality. Notably, after 
adjustment for hs-CRP and ferritin, serum hepcidin became negatively associated with 
all-cause mortality (HR 0.89; 95%CI 0.80-0.99, p=0.03).

Conclusions
In this study, we did not find an association between serum hepcidin and outcomes, 
i.e. graft failure, cardiovascular mortality or all-cause mortality. Based on our results, it 
is questionable whether serum hepcidin may be used to predict a beneficial effect of 
hepcidin antagonists.
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InTroDuCTIon

In renal transplant recipients (RTR), post-transplant anemia is associated with an 
increased risk for graft failure, cardiovascular mortality and all-cause mortality. Iron 
deficiency is one of the main contributors to post-transplant anemia.1, 2

Hepcidin is known to be the master regulator of iron homeostasis.3, 4 The biologically 
active 25-amino acid form of hepcidin (hepcidin-25) is mainly synthesized and secreted 
by the liver and regulates the amount of iron absorbed from the intestines and the iron 
release of the reticulo-endothelial system.5, 6 Hepcidin-25 regulates iron homeostasis 
by binding directly and causing internalization and degradation of ferroportin, the iron 
transporter on the duodenal enterocytes and macrophages.7, 8

In addition, serum hepcidin has been shown to be a potential important biomarker 
for cardiovascular disease, since in animals and humans an association between serum 
hepcidin and atherosclerotic disease and clinical events was found, possibly mediated 
via iron sequestration.9 Especially in chronic hemodialysis patients, serum hepcidin-25 
has been shown to be associated with fatal and non-fatal cardiovascular events.10

Currently, hepcidin antagonists are being introduced as potential treatment to 
improve iron-restrictive anemia, such as anemia of inflammation, cancer or chronic 
kidney disease.11-13 Hepcidin antagonists may act on several pathways, i.e. neutralize 
hepcidin-stimulating cytokines (e.g. IL-6), target the cytokine-signaling pathways, 
bind and neutralize the hepcidin peptide (e.g. antibodies), prevent hepcidin binding 
to ferroportin or interfere with ferroportin-internalizing pathways.14 As a consequence, 
hepcidin antagonists may interfere with post-transplant anemia and beneficially influ-
ence graft and patient survival.

Hepcidin production is increased in response to high body iron stores and inflamma-
tory processes, and decreased by low circulatory iron and low iron body stores, via higher 
erythropoietin (EPO) activity and hypoxia.15 In chronic kidney disease (CKD) patients, 
it is well established that serum hepcidin levels are elevated as result of inflammation 
and possibly also due to diminished renal clearance.16, 17 Moreover, it has been shown 
recently that serum hepcidin is directly regulated by fasting insulin levels.18 To date, it is 
unknown in RTR to which degree markers of iron availability (serum ferritin), inflamma-
tion (high-sensitivity C-reactive protein (hs-CRP)), and insulin sensitivity (fasting insulin 
levels) determine the serum hepcidin level.

In the absence of prospective studies, we aimed to elucidate the main determinants 
of serum hepcidin in RTR and to assess the association of serum hepcidin with graft 
failure, cardiovascular mortality and all-cause mortality in RTR.
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MaTErIalS & METhoDS

Study design
All adult RTR who survived with a functioning allograft beyond the first year after 
transplantation (1-year post transplantation was considered baseline) were eligible to 
participate in the current study during their next visit to the outpatient clinic. Baseline 
data of the RTR were collected between August 2001 and July 2003 at a median 6.0 
(interquartile range (IQR): 2-11) years after transplantation. Combined transplant recipi-
ents (i.e. kidney/pancreas or kidney/liver) were also invited to participate at the study. 
Patients with known or apparent systemic illnesses (i.e. malignancies, opportunistic 
infections) were excluded from participation. A total of 606 out of 847 (72%) eligible RTR 
gave informed consent for the study. For the analyses, we excluded patients with miss-
ing data on hepcidin (n=45), resulting in 561 RTR eligible for analyses. Informed consent 
was obtained in all participants and approval for this study has been obtained by the 
institutional review board (METc 2001/039). Relevant donor, recipient, and transplant 
characteristics were extracted from the Groningen Renal Transplant Database, which 
has been described in detail before.19

Measurements
Blood was drawn in the morning after an 8-12h overnight fasting period to determine 
serum creatinine and plasma glucose concentrations. Serum creatinine concentrations 
were determined using the Jaffé-method (MEGA AU510, Merck Diagnostica, Darmstadt, 
Germany). Plasma glucose was measured by the glucose-oxidase method (YSI 2300 Stat 
plus, Yellow Springs, OH). Serum hepcidin was assessed by dual-monoclonal sandwich 
ELISA immunoassay, as described in detail previously.20 Renal function was assessed 
by estimating glomerular filtration rate (eGFR) applying the Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) equation.21 Proteinuria was defined as ≥0.5 gram 
protein/24 hour urine. Blood pressure was measured as the average of three automated 
(Omron M4; Omron Europe B.V., Hoofddorp, The Netherlands) measurements with 
1-minute intervals after a 6-minute rest in supine position. The primary end points of 
this study were death-censored transplant failure, defined as return to dialysis therapy 
or re-transplantation, cardiovascular mortality and all-cause mortality. The continuous 
surveillance system of the outpatient program ensures up-to-date information on pa-
tient status. Follow-up was performed for a median of nearly seven years. There was no 
loss due to follow-up for the primary end points.

Statistical analyses
Data were analyzed using IBM SPSS software, version 22.0 (SPSS Inc., Chicago, IL). Data 
are expressed as mean ± SD normally distributed variables and as median (interquar-
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tile range) for variables with a skewed distribution e.g. hepcidin-25. In cross-sectional 
analysis, one-way ANOVA was used for normally distributed data, and Kruskal-Wallis test 
for skewed distributed data. Multinomial chi-square test was used for dichotomous or 
categorical data. Furthermore, univariate linear regression analysis was performed to 
assess the determinants of serum hepcidin, which was followed by multivariate linear 
regression analysis with a stepwise backward procedure. For inclusion and exclusion in 
the multivariate linear regression analysis, p-values were set at 0.2 and 0.1, respectively. 
The natural logarithm of hepcidin-25 was used as the dependent variable in all regres-
sion models due to the skewed distribution. Other skewed distributed variables were 
also ln-transformed for inclusion in regression analysis. To assess the possible interac-
tion and modification of a specific determinant by another determinant, an interaction 
term was computed and added to the univariate model and to the multivariate model.

To study whether serum hepcidin was associated with risk of graft failure, cardio-
vascular mortality and all-cause mortality, Cox proportional hazards regression analyses 
were performed. We performed analyses in which we adjusted for age and sex (model 
1); additionally for eGFR (model 2); and additionally for hs-CRP and ferritin (model 3). 
Serum hepcidin was used as categorical variable (tertiles) and as continuous variable 
to obtain the best fitting model; a 2 base of log transformed values was used to allow 
for expression of the hazard ratios per doubling of serum hepcidin. Splines were fit by 
a Cox proportional hazards regression model based on restricted cubic splines and 
adjustments as in model 3. In all analyses, a two-sided p-value <0.05 was considered 
significant.

Plasma glucose was determined by the glucose-oxidase method (YSI 2300 Stat plus, 
Yellow Springs, OH).

rESulTS

Baseline characteristics
We included 561 stable RTR. Mean age was 51±12 years; 55% of participants were male 
and their body mass index (BMI) averaged 26.0±4.3 kg/m2. Patients were included at 
6.0 (2.6-11.5) years after transplantation. Serum hepcidin-25 concentrations were 7.2 
(3.2-13.4) ng/mL, hemoglobin concentrations were 8.6±1.0 mmol/l, CRP concentrations 
were 2.0 (0.8-4.8) mg/L, and ferritin concentrations were 156.0 (78.0-283.0) µg/L. Across 
tertiles of serum hepcidin, significant differences were noted in hs-CRP, serum albumin, 
serum creatinine, eGFR, hemoglobin, mean corpuscular volume (MCV), ferritin, and EPO 
concentrations (Table 1).
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Table 1: Baseline characteristics of renal transplant recipients over tertiles of serum hepcidin

Variables

Tertiles of serum hepcidin

1st tertile 2nd tertile 3rd tertile P-value

Age (yr) 51±12 50±13 53±11 0.03

Male sex (%) 51 57 56 0.52

Body mass index, kg/m2 25.9±4.5 25.9±4.1 26.4±4.4 0.39

Body surface area (m2) 1.86±0.19 1.87±0.19 1.88±0.19 0.55

Never smoker (%) 36 37 34

Former smoker (%) 44 41 42 0.45

Current smoker (%) 19 22 23

Time since transplantation (years) 6.1 (2.8-10.9) 6.0 (3.3-11.8) 5.9 (2.3-11.9) 0.80

Alcohol use (%) 48 56 54 0.31

Diabetes (%) 18 18 16 0.73

Systolic blood pressure (mmHg) 156±23 151±22 152±23 0.11

Diastolic blood pressure (mmHg) 91±10 90±9 89±10 0.05

laboratory measurements

Hepcidin (ng/mL) 2.1 (0.9-3.3) 7.3 (5.8-8.9) 16.5 (13.4-25.3) -

CRP (mg/L) 1.5 (0.7-3.9) 1.8 (0.6-4.2) 2.8 (1.2-7.4) <0.001

Albumin (g/L) 40.4±3.0 41.2±3.0 40.4±3.3 0.02

Total protein (g/L) 67.0±4.4 67.6±4.5 67.1±5.1 0.43

Total cholesterol (mmol/L) 5.5±1.0 5.6±0.9 5.7±1.3 0.20

Creatinine (µmol/l) 129 (109-157) 133 (114-155) 139 (115-192) 0.01

eGFR (ml/min/1.73m2) 48.5±15.8 49.2±14.6 43.3±16.3 <0.001

HbA1c (mmol/mol) 46.8±12.0 47.0±11.5 48.8±11.1 0.19

Insulin (uU/ml) 12.0 (8.5-17.5) 12.2 (8.0-14.7) 10.8 (7.6-16.8) 0.06

Hb (mmol/l ) 8.7±1.0 8.7±0.9 8.4±1.0 <0.001

MCV (fL) 90.2±7.0 92.3±5.6 91.0±6.9 0.007

Ferritin (µg/L) 70 (38-112) 171 (108-258) 291 (177-452) <0.001

NT-pro-BNP (pg/mL) 291 (144-683) 268 (104-544) 354 (139-706) 0.06

EPO (IU/L) 20 (13-28) 17 (12-23) 16  (11-23) 0.01

eGFR, estimated glomerular filtration rate; EPO, erythropoietin; HbA1c, hemoglobin A1c; hs-CRP, high sen-
sitivity C-reactive protein; MCV, mean corpuscular volume; NT-pro-BNP, N-terminal prohormone of brian 
natriuretic peptide.
A p-value across tertiles of serum hepcidin were calculated with an one-way ANOVA for normally distrib-
uted data, and with a Kruskal-Wallis test for skewed distributed data. Chi-square test was used for dichoto-
mous or categorical data. Alcohol use was defined as alcohol consumers versus abstainers.
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Determinants of serum hepcidin
In univariate regression analysis, ferritin (ß=0.69, p<0.001, fi gure 1), hs-CRP (ß=0.24, 
p<0.001), eGFR (ß=-0.14, p=0.001), Hb (ß=-0.12, p=0.006), EPO (ß= -0.12, p=0.006), 
fasting insulin (ß=-0.09, p=0.03), and age (ß=0.09, p=0.03) were associated with serum 
hepcidin.

In multivariate regression analysis, ferritin (ß=0.66, p<0.001), hs-CRP (ß=0.19, 
p<0.001), EPO (ß=-0.13, p<0.001), fasting insulin (ß=-0.08, p=0.01) and Hb (ß=-0.06, 
p=0.06) (total model R2=0.53) were identifi ed as independent determinants of serum 
hepcidin, while the univariate association of eGFR was lost (Table 2). To assess spe-
cifi cally which additional determinant caused that eGFR lost the association with serum 
hepcidin, we analyzed adding all separate determinants of the multivariate model in 
combination with eGFR. The association of eGFR with serum hepcidin disappeared after 
inclusion of serum ferritin in the model (ß=-0.05, p=0.11).

a B

Figure 1. Determinants of serum hepcidin. (A) The interaction between hs-C reactive protein (hs-CRP) and 
serum ferritin on hepcidin is shown. hs-CRP and ferritin levels were divided in tertiles. (B) The interaction 
between serum insulin levels and serum ferritin on serum hepcidin is shown. Insulin and ferritin levels were 
divided in tertiles.

Figure 2. Association between serum hepcidin and risk of graft failure (A) of cardiovascular (B) and all-
cause mortality (C) according to model 3, Table 3. The line in the graph represents the hazard ratio (HR). The 
grey area represents the 95% confi dence interval of the hazard ratio.
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An interaction term between hs-CRP and serum ferritin was noted to be significant 
on serum hepcidin concentrations (p=0.01). When adding the interaction to the multi-
variate model, still a significant interaction was present (p=0.02). The relation between 
serum ferritin and serum hepcidin was present irrespective of inflammation reflected 
by hs-CRP concentration (figure 1A). Moreover, the higher the hs-CRP concentration at 
lower levels of serum ferritin, the higher the serum hepcidin levels. Also an interaction 
between insulin concentrations and serum ferritin concentrations was noted (p=0.005). 
When adding the interaction term to the multivariate model, the interaction remained a 
determinant of serum hepcidin (Figure 1b; p=0.02).

Table 2: Determinants of serum hepcidin values in rTr

Parameter univariate analysis Multivariate analysis

std. ß p-value std.  ß p-value

Age (yrs) 0.09 0.03 .

Male sex (yes vs. no) 0.01 0.77

BMI (kg/m2) 0.07 0.10

Time since transplantion (yrs) -0.02 0.72

Albumin (g/L) -0.02 0.65

HbA1c (mmol/mol) 0.07 0.10

Insulin (uU/mL) -0.09 0.03 -0.08 0.01

Glucose (mmol/L) 0.07 0.10

Smoking (yes vs. no) 0.03 0.49

Alcohol use (yes vs. no) 0.01 0.78

hs-CRP (mg/L) 0.24 <0.001 0.19 <0.001

Creatinine (µmol/l) 0.13 0.003

eGFR (ml/min/1.73m2) -0.14 0.001

Ferritin (µg/L) 0.69 <0.001 0.66 <0.001

Hemoglobin (mmol/L) -0.12 0.006 -0.06 0.06

EPO (IU/L) -0.12 0.006 -0.13 <0.001

NT-pro-BNP (pg/mL) 0.05 0.27

Total cholesterol (mmol/L) 0.11 0.007

Total protein (g/L) 0.009 0.83

eGFR, estimated glomerular filtration rate; EPO, erythropoietin; HbA1c, hemoglobin A1c; hs-CRP, high sensi-
tivity C-reactive protein; NT-pro-BNP, N-terminal prohormone of brian natriuretic peptide.
Univariate and multivariate linear regression analyses of potential determinants of serum hepcidin concen-
trations. Smoking was defined as current use of cigarettes.
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Prospective analyses
During a median follow-up of 6.9 (IQR: 6.2-7.2) years, 50 RTR experienced graft failure, 61 
died due to a cardiovascular event and in total 119 RTR died. Next to the 61 cardiovas-
cular deaths (51%), other causes of death were 19 infection (16%), 26 malignancy (22%), 
and 12 miscellaneous and other causes (10%).

In Cox regression analysis, serum hepcidin as continuous variable was not signifi-
cantly associated with graft failure, cardiovascular mortality, and all-cause mortality in 
age-and sex adjusted analysis (Table 3). However, after adjustment for ferritin and hs-
CRP, the association of serum hepcidin as continuous variable with all-cause mortality 
became inversely significant (HR 0.84; 95%CI 0.72-0.98, p=0.03), whereas the associa-
tion of serum hepcidin with cardiovascular mortality and graft failure remained non-
significant (Figure 2).

When divided in tertiles, serum hepcidin was not significantly associated with graft 
failure, cardiovascular mortality, and all-cause mortality in age-and sex adjusted analy-
sis. However, after adjustment for ferritin and hs-CRP, the upper tertile of serum hepcidin 
was strongly associated with a decreased risk of cardiovascular mortality (HR 0.36; 95%CI 
0.18-0.73, p=0.005) and all-cause mortality (HR 0.48; 95%CI 0.29-0.79, p=0.004) (Table 3).

Table 3: Prospective analysis serum hepcidin on cardiovascular mortality and all-cause mortality in 
rTr

 Tertiles of hepcidin, ng/mL Serum hepcidin as  
continuous variable

(per 2log doubling), ng/mL

Reference HR (95% CI) HR (95% CI) HR (95% CI) P value

<4.44 4.44-10.76 >10.76

Graft failure

Model 1 1.00 0.68 (0.31-1.48) 1.77 (0.92-3.39) 1.20 (1.00-1.44) 0.05

Model 2 1.00 0.80 (0.37-1.77) 0.91 (0.46-1.79) 1.01 (0.86-1.18) 0.96

Model 3 1.00 0.79 (0.35-1.76) 0.81 (0.40-1.63) 0.99 (0.84-1.17) 0.88

CV mortality

Model 1 1.00 0.75 (0.40-1.39) 0.72 (0.39-1.33) 1.04 (0.90-1.19) 0.63

Model 2 1.00 0.77 (0.41-1.42) 0.62 (0.34-1.16) 1.00 (0.87-1.15) 0.99

Model 3 1.00 0.59 (0.31-1.14) 0.36 (0.18-0.74) 0.89 (0.77-1.03) 0.11

all-cause mortality

Model 1 1.00 0.67 (0.43-1.05) 0.75 (0.49-1.15) 1.00 (0.91-1.10) 0.94

Model 2 1.00 0.69 (0.44-1.08) 0.64 (0.41-0.98) 0.95 (0.87-1.05) 0.33

Model 3 1.00 0.63 (0.39-1.01) 0.48 (0.29-0.79) 0.89 (0.80-0.99) 0.03

Model 1: Adjustment for age and sex
Model 2: Model 1 + additional adjustment for eGFR
Model 3: Model 2 + additional adjustment for hs-CRP and ferritin
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DISCuSSIon

This study, in stable RTR patients with a large variation in kidney function, did not show an 
association of serum hepcidin with graft failure, cardiovascular mortality, and all-cause 
mortality in age- and sex-adjusted analysis. This is in contrast with results from other 
populations where serum hepcidin has been shown to be associated with increased risk 
for cardiovascular events as well as all-cause mortality, and with a protective effect on 
kidney function.9, 22-25

As expected, serum hepcidin-25 levels were mainly determined by iron stores (as 
reflected by serum ferritin), inflammation (as reflected by hs-CRP levels), tissue hypoxia 
(which is the primary stimulus for and reflected by increased EPO levels), insulin sen-
sitivity (as reflected by fasting insulin levels), and serum hemoglobin. These factors 
accounted for 53% of the variance in the level of serum hepcidin in the present study.

Since hepcidin antagonists are currently introduced as potential treatment for 
iron-restricted anemia,13 we deemed it clinically relevant to assess whether increased 
serum hepcidin levels were associated with renal graft failure, cardiovascular mortality 
and all-cause mortality. Hepcidin-25 has been shown to predict cardiovascular events 
in chronic haemodialysis patients.10 It has been postulated that increased hepcidin con-
centrations are associated with arteriosclerotic disease by retaining iron in macrophages 
in the vascular wall. This intracellular iron sequestration may result in pro-atherogenic 
environment mediated by oxidative stress, inflammatory responses, and macrophage 
apoptosis.9, 15 Moreover, it has been shown that hepcidin-25 in diabetic CKD patients 
is associated with mortality.22 We found no such relationship in RTR. However, after 
adjustment for serum ferritin and hs-CRP, serum hepcidin was inversely associated with 
cardiovascular mortality and all-cause mortality. As a consequence it may be speculated 
that under circumstances where hepcidin reflects mainly lack-of-hypoxia or lack-of-
anemia (since it is corrected for iron load (serum ferritin) and inflammation (hs-CRP)), it 
may convey a protective effect.18, 23, 26

Next to the association with cardiovascular mortality and all-cause mortality, we as-
sessed the association of serum hepcidin with renal risk. Wagner et al. found elevated hep-
cidin-25 levels to be predictive of progression of CKD,22 whereas van Swelm et al. recently 
suggested that hepcidin protects against hemoglobin-induced acute kidney injury.23 In 
our study, we did not find an association of serum hepcidin with risk of graft failure.

With respect to the determinants of serum hepcidin in our cohort of RTR, as ex-
pected, serum ferritin was the strongest determinant of serum hepcidin. Serum ferritin 
has already been acknowledged to be a major determinant of serum hepcidin in other 
populations, e.g. healthy controls, chronic kidney disease (CKD) and hemodialysis (HD) 
patients.16, 27-29 In RTR, serum ferritin has been shown to be an important determinant of 
serum hepcidin in smaller cohorts.30 Since serum ferritin is also an acute phase reactant, 
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inflammation can elevate serum ferritin which could be a cause of high correlation with 
serum hepcidin in RTR. However, after inclusion of hs-CRP in the model the associa-
tion with serum ferritin remained. Taken the results of the models in table 2 together, 
it seems that serum hepcidin levels in RTR are mainly determined by inflammation and 
iron status. Additionally, we found that serum hepcidin concentrations are inversely as-
sociated with fasting insulin levels since in the interaction at low serum ferritin, higher 
serum insulin levels are associated with lower serum hepcidin levels.18 This findings 
underline the close relationship of markers of iron metabolism and insulin resistance 
which has been recently been evaluated by Krisai et al.31

The present study has several limitations. We used serum ferritin as a marker of 
iron availability. Although ferritin is the most frequently used marker of iron status 
both experimentally and clinically, it is also upregulated by inflammation.32 Possibly, 
a combination with transferrin saturation or percentage hypochromic red blood cells 
would reflect better iron status than serum ferritin alone.33 However these data are not 
available. Another limitation is that our study is a single center experience.

The most important strength of our study is that as far as we know, we are to date the 
first who assessed the prospective association of serum hepcidin in RTR with outcomes, 
i.e. graft failure, cardiovascular mortality, and all-cause mortality. Moreover, our study 
comprises the largest cohort of RTR where serum hepcidin levels have been determined 
so far.34, 35 Another strength of this study is the dual-monoclonal sandwich ELISA that 
has been used to determine serum hepcidin, which has been shown to be highly spe-
cific and to correlate robustly well with the gold standard, liquid chromatography-mass 
spectrometry (LC-MS) assay for serum hepcidin-25.20

In conclusion, we did not find an association between serum hepcidin and prospec-
tive outcomes, i.e. graft failure, cardiovascular mortality or all-cause mortality with serum 
hepcidin concentrations in RTR being mainly determined by iron status and inflamma-
tion. Taken these findings together it is questionable that serum hepcidin levels may be 
used to predict the potential beneficial effect of hepcidin antagonists in RTR.  Further 
studies are needed to validate these results and to evaluate whether there is a potential 
role for hepcidin antagonists to improve iron deficiency, anemia, and outcome in RTR.
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aBSTraCT

Background
Erythropoietin (EPO) has been reported as a novel determinant of fibroblast growth 
factor 23 (FGF23) production; however, it is unknown whether FGF23 is stimulated by 
chronic exposure to EPO or by EPO administration in non-polycystic chronic kidney 
disease (CKD) models.

Methods
We analyzed the effects of chronic EPO on FGF23 in murine models with chronically 
high EPO levels and normal kidney function. We studied the effects of exogenous EPO 
on FGF23 in wild type mice, with and without CKD, injected with EPO. Also, in four inde-
pendent human CKD cohorts, we evaluated associations between FGF23 and serum EPO 
levels or exogenous EPO dose.

results
Mice with high endogenous EPO have elevated circulating total FGF23, increased dis-
proportionately to intact FGF23, suggesting coupling of increased FGF23 production 
with increased proteolytic cleavage. Similarly, in wild type mice with and without CKD, a 
single exogenous EPO dose acutely increases circulating total FGF23 out of proportion 
to intact FGF23. In these murine models, the bone marrow is shown to be a novel source 
of EPO-stimulated FGF23 production. In humans, serum EPO levels and rhEPO dose are 
positively and independently associated with total FGF23 levels across the spectrum of 
CKD and after kidney transplantation. In our largest cohort of 680 renal transplant recipi-
ents, serum EPO levels are associated with total FGF23, but not intact FGF23, consistent 
with the effects of EPO on FGF23 production and metabolism observed in our murine 
models.

Conclusion
EPO affects FGF23 production and metabolism, which may have important implications 
for EPO-treated CKD patients.
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InTroDuCTIon

The development of anemia1 and elevated fibroblast growth factor 23 (FGF23) levels2 
are among the earliest changes observed in chronic kidney disease (CKD), and complex 
relationships among FGF23, anemia, and anemia-related factors are emerging. It has 
recently been demonstrated that iron deficiency3-6 and erythropoietin7-10 are previously 
unrecognized non-mineral determinants of FGF23 production. Characterization of the 
relationships among these factors is important as, in CKD, both elevated FGF23 levels 
and anemia are associated with disease progression,11-15 cardiovascular morbidity,16-20 
and all-cause mortality.12,21,22 Furthermore, higher EPO dosing is itself associated with 
cardiovascular morbidity and mortality in CKD.23,24

A critically important hormone in CKD-mineral bone disorder (CKD-MBD), FGF23 
is secreted by osteocytes, induces phosphaturia, and decreases renal 1α-hydroxylase 
expression,25 physiologically functioning as a homeostatic regulator of phosphate and a 
counterregulatory hormone to 1,25-dihydroxyvitamin D. FGF23 levels increase early in 
the course of CKD and continue to rise as the glomerular filtration rate decreases.2,26-28 
Regulation of FGF23 in CKD remains incompletely understood. Several factors may 
increase FGF23 production, including phosphate,29,30 1,25-dihydroxyvitamin D,29,31 para-
thyroid hormone (PTH),32,33 calcium,34 inflammation,5 and iron deficiency.3-6

In murine models demonstrating the effect of iron deficiency on FGF23, the iron defi-
ciency is accompanied by anemia, raising the question of whether other anemia-related 
factors, such as EPO, may also affect FGF23 metabolism. Indeed, recombinant human 
EPO (rhEPO) acutely increases circulating FGF23 levels in rodents with normal kidney 
function,7-10 mice with CKD (Jck model of polycystic kidney disease),7 and humans with 
normal kidney function.7 The effect of EPO on FGF23 production may be relevant for 
patients with impaired kidney function, both during early and late stages of CKD. Early 
on, endogenous serum EPO levels increase as hemoglobin declines.35 As CKD progresses 
and increased serum EPO concentrations become insufficient to maintain adequate 
hemoglobin levels, exogenous rhEPO is administered to bolster erythropoiesis.

In order to further investigate links between EPO and FGF23, we characterized mu-
rine models with high endogenous EPO levels; assessed the effects of a single rhEPO 
dose in a (non-polycystic) murine CKD model; and evaluated associations between 
endogenous serum EPO levels and FGF23 in non-dialysis, pre- and post-transplant hu-
man CKD cohorts, and between exogenous rhEPO dose and FGF23 in dialysis patients.

Concise methods
Full methods are detailed in the Supplemental Material. To assess the effects of en-
dogenous EPO on FGF23, we characterized murine models with chronically high EPO 
levels: transgenic mice overexpressing human EPO (Tg6 mice, which develop relative 
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iron deficiency), transgenic EPO mice supplemented with iron, and beta thalassemia in-
termedia mice (Hbbth3/+ mice, which are iron loaded). To assess the effects of exogenous 
EPO on FGF23, we injected wild type C57BL/6 mice, with and without 0.2% adenine diet-
induced CKD, with a single intraperitoneal rhEPO dose (~67 units/gram) and assessed 
FGF23 parameters 6 and 24 hours post-injection. At the time of euthanasia, we collected 
whole blood, plasma, serum, livers, and tibias, from which we flushed the bone marrow 
with saline solution and 28G syringes. We assessed bone Fgf23 mRNA expression, mar-
row Fgf23 mRNA expression, plasma C-terminal (total) FGF23, and plasma intact FGF23 
(iFGF23), among other parameters. Whereas the C-terminal (total) FGF23 assay detects 
both intact FGF23 and C-terminal FGF23 fragments, thus functioning as a surrogate 
measure of all translated FGF23, the intact FGF23 assay detects only full-length, bioac-
tive FGF23.

To assess associations between serum EPO levels or rhEPO dose and FGF23 levels in 
humans with CKD, we characterized multiple human cohorts across the spectrum of CKD, 
including pre-dialysis, dialysis-dependent, and post-kidney transplant CKD patients. The 
non-transplant CKD patients were from the University of California Los Angeles (UCLA). 
The post-transplant CKD patients were from the University Medical Center Groningen 
(UMCG). The post-transplant patients comprised the largest cohort, numbering 680 
subjects. Multiple linear regression models were developed to investigate EPO-FGF23 
associations. Models were adjusted for age, sex, estimated glomerular filtration rate 
(GFR), time since transplantation (in the post-transplant cohort), calcium, phosphate, 
parathyroid hormone (PTH), hemoglobin, ferritin, and C-reactive protein (CRP) levels. 
Mediation analysis was performed to assess whether hemoglobin mediated the associa-
tion between EPO and FGF23 independent of adjustment for potential confounders.

rESulTS

Characterization of transgenic EPo-overexpressing mice
To assess the effects of chronically high endogenous EPO levels on FGF23, we character-
ized 7 to 11-week-old transgenic mice overexpressing human EPO (Tg6 mice36). Whereas 
the wild type littermates had undetectable plasma human EPO, the Tg6 mice had in-
creased human EPO concentrations (mean 295 ± 69 mIU/mL). Compared to their wild 
type littermates, the Tg6 mice were polycythemic (Fig. 1a), had similar kidney function 
(Fig. 1b), had similar phosphate levels (Fig. 1c), and were relatively iron deficient, as 
indicated by significantly lower liver iron and hepcidin (Figs. 1e-f). The Tg6 mice had 
evidence of increased FGF23 production, with significantly elevated bone Fgf23 mRNA 
expression, marrow Fgf23 mRNA expression, and circulating total FGF23 levels (mean 
(SD): 3175 (1271) vs. 340 (40) pg/ml, p<0.001) (Figs. 1g-i). Circulating intact FGF23 levels 



Effect of Erythropoietin on Fibroblast Growth Factor 23 in Mice and Humans 109

Figure 1. Characterization of FGF23 in transgenic erythropoietin overexpressing mice and beta thal-
assemia intermedia mice. Groups included are wild type mice (WT), transgenic erythropoietin overex-
pressing mice (TG EPO), transgenic erythropoietin overexpressing mice treated with a single intraperito-
neal dose of 10 mg iron dextran 24 hours prior to euthanasia (TG EPO + Iron Dextran), and beta thalassemia 
intermedia mice. Parameters were measured at 7-11 weeks of age for the WT and TG EPO mice, and at 
9-28 weeks of age for the beta thalassemia intermedia mice, and include (a) hemoglobin, (b) serum urea 
nitrogen, (c) serum phosphate, (d) serum iron, (e) liver iron, (f ) hepcidin, (g) bone Fgf23 mRNA expression, 
(h) marrow Fgf23 mRNA expression, (i) plasma C-terminal (total) FGF23, (j) plasma intact FGF23, and (k) 
percentage intact FGF23. * denotes a statistically significant pairwise comparison versus the WT group 
(p<0.05, with subsequent Benjamini-Hochberg correction for multiple comparisons). # denotes a statisti-
cally significant pairwise comparison of TG EPO versus TG EPO + Iron Dextran (p<0.05). Data are presented 
as means and standard deviations. n = 7-12 mice per group.
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were also significantly increased (589 (100) vs. 317 (36) pg/ml, p<0.001; Fig. 1j), but 
to a much lesser extent than total FGF23 levels. Indeed, the percentage of circulating 
FGF23 that was intact was very low (Fig. 1k), suggesting that, in this model, increased 
FGF23 production is coupled, albeit incompletely, with increased proteolytic cleavage 
of FGF23.

The Tg6 mice were relatively iron deficient, which may increase FGF23 levels.3-6 Iron 
dextran treatment of Tg6 mice improved iron parameters (Figs. 1d-f). However, iron dex-
tran treatment only partially decreased bone Fgf23 mRNA expression (Fig. 1g), did not 
change circulating total FGF23 levels (Fig. 1i), and only partially decreased circulating 
iFGF23 levels (Fig. 1j). Therefore, high EPO levels, as opposed to relative iron deficiency, 
predominantly drive increased FGF23 production in this model.

Characterization of beta thalassemia intermedia mice
To assess the effects of chronically high endogenous EPO levels on FGF23 in a contrast-
ing murine model, we characterized beta thalassemia intermedia mice (Th3/+). Like the 
Tg6 mice, the Th3/+ mice had high EPO levels (mean serum mouse EPO 1690 ± 620 pg/
ml), but they differed in their hemoglobin and iron status. Whereas the Tg6 mice were 
polycythemic and relatively iron deficient, the Th3/+ mice were anemic and iron loaded 
(Figs. 1a,d-f). Despite differences in iron status, FGF23 production was similarly elevated 
in the two models, correlating with high endogenous EPO levels. The Th3/+ mice had 
significantly increased bone Fgf23 mRNA expression, marrow Fgf23 mRNA expression, 
and circulating total FGF23 levels (3129 (1256) vs. 340 (40) pg/ml, p<0.001) (Figs. 1g-i). 
Circulating intact FGF23 levels were also significantly increased (436 (52) vs. 317 (36) pg/
ml, p<0.001; Fig. 1j), but to a much lesser extent than total FGF23 levels, again suggest-
ing coupling of increased FGF23 production with increased FGF23 proteolytic cleavage.

administration of rhEPo to mice with normal and impaired kidney function
To evaluate the effects of exogenous EPO administration on FGF23, we analyzed wild 
type mice, with and without CKD, 6h and 24h after a single intraperitoneal injection 
of rhEPO. Urea nitrogen concentrations in the EPO-treated non-CKD and CKD groups 
did not differ from baseline or compared to saline-treated time point controls (Fig. 
2a). In the EPO-treated non-CKD and CKD groups, serum phosphate did not differ from 
baseline or relative to saline-treated time point controls (Fig. 2b). Serum iron decreased 
only at the 24h time point in the EPO-treated non-CKD group, and did not differ from 
baseline in the EPO-treated CKD group (Fig. 2c). In the EPO-treated non-CKD and CKD 
groups, at the 6h time point, there were large increases in bone Fgf23 mRNA (Fig. 2d), 
marrow Fgf23 mRNA (Fig. 2e), and circulating total FGF23 levels vs. baseline (non-CKD: 
geometric mean (95% confidence interval) of 3289 (2305, 4692) vs. 207 (182, 236) pg/ml, 
p<0.001; CKD: 9376 (2280, 38,559) vs. 2056 (1282, 3297) pg/ml, p = 0.007; Fig. 2f), dem-
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onstrating EPO-induced increased FGF23 production. In the non-CKD group, circulating 
intact FGF23 levels also significantly increased at the 6h time point (385 (322, 461) vs. 
187 (171, 203) pg/ml, p<0.001; Fig. 2g), but to a lesser extent than total FGF23 levels. In 
the CKD group, changes in intact FGF23 did not reach statistical significance (4046 (653, 
25,079) vs. 1648 (741, 3665) pg/ml, p = 0.17). The calculated percentage intact FGF23 
in the EPO-treated CKD and non-CKD groups at the 6h time point was decreased (Fig. 
2h), consistent with a coupling of FGF23 production with proteolytic cleavage. At the 
24h time point, the effect of EPO on FGF23 parameters was diminished, more so in the 
non-CKD group than in the CKD group.

Figure 2. acute effects of rhEPo on FGF23 in wild type mice with and without CKD. Groups included 
are wild type mice, with and without adenine diet-induced CKD; intraperitoneally injected with a single 
dose of ~67 units/gram rhEPO or saline vehicle; at baseline (BL), 6 hours post-injection, and 24 hours post-
injection. Parameters shown are (a) serum urea nitrogen, (b) serum phosphate, (c) serum iron, (d) bone 
Fgf23 mRNA expression, (e) marrow Fgf23 mRNA expression, (f ) plasma C-terminal (total) FGF23, (g) plasma 
intact FGF23, and (h) percentage intact FGF23. * denotes a statistically significant pairwise comparison of 
an EPO-treated group versus baseline (p<0.05, with subsequent Benjamini-Hochberg correction for mul-
tiple comparisons). # denotes a statistically significant pairwise comparison of an EPO-treated group versus 
the saline-treated group at the same time point (p<0.05, with subsequent Benjamini-Hochberg correction 
for multiple comparisons). Data are presented as means and standard deviations. n = 4-6 mice per group, 
with the exception of the baseline non-CKD group, which contained 8-20 mice, depending on the param-
eter measured.
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Expression of enzymes involved in FGF23 cleavage
In our mice with high endogenous EPO levels, and in our mice injected with rhEPO, we 
assessed bone and marrow mRNA expression of enzymes involved in FGF23 cleavage, 
including N-acetylgalactosaminyltransferase 3 (GALNT3), FAM20C, Furin, and PC5/6 
(Pcsk5).37,38 In our high endogenous EPO models, we observed significantly decreased 
bone and marrow Galnt3 mRNA expression, no difference in Fam20c mRNA expression, 
no difference in Furin mRNA expression, and significantly decreased bone and marrow 
Pcsk5 mRNA expression (Supplemental Figure 1). In our CKD and non-CKD mice injected 
with rhEPO, at 6h post-injection, we observed no significant differences in bone or mar-
row Galnt3, Fam20c, or Furin mRNA expression (Supplemental Figure 2). We observed 
no changes in bone Pcsk5 mRNA expression; however, marrow Pcsk5 mRNA expression 
was significantly decreased in the EPO-treated non-CKD mice (Supplemental Figure 2).

associations between serum EPo and circulating FGF23 levels in non-
dialysis CKD patients
We next assessed associations between serum EPO and circulating FGF23 levels in a co-
hort of non-dialysis CKD patients. Characteristics of this cohort are listed in Supplemen-
tal Table 1. This cohort of 42 CKD patients included both adult and pediatric subjects. 
The mean eGFR was 34±18 ml/min/1.73m2, and no patient received rhEPO. In multiple 
linear regression modeling, after adjusting for age, eGFR, calcium, phosphate, PTH, TSAT, 
ferritin, hemoglobin, and CRP, serum EPO was positively associated with Log cFGF23 (β 
= 0.48, p = 0.001; model adjusted R2 = 0.51). However, the association was attenuated 
when Log iFGF23 was substituted for Log cFGF23 in the fully adjusted model as the de-
pendent variable (EPO β = 0.28, p = 0.07; model adjusted R2 = 0.41). Qualitatively similar 
results were obtained when iFGF23 was measured with the Kainos assay (EPO β = 0.27, 
p = 0.06). In the fully adjusted model, Log cFGF23 was not associated with hemoglobin 
(p = 0.22) and, in a model adjusted for the aforementioned covariables, hemoglobin was 
not associated with serum EPO (p = 0.35).

associations between rhEPo dose and circulating FGF23 levels in dialysis 
patients
We next assessed associations between rhEPO dose and circulating FGF23 levels in a 
cohort of dialysis patients. Characteristics of this cohort are listed in Supplemental 
Table 1. This cohort of 79 dialysis patients included both adult and pediatric subjects. 
In multiple linear regression modeling, after adjusting for age, calcium, phosphate, PTH, 
TSAT, ferritin, hemoglobin, and CRP, rhEPO/kg was positively associated with Log cFGF23 
(β = 0.22, p = 0.033; model adjusted R2 = 0.43). However, the association was attenu-
ated when Log iFGF23 was substituted into the fully adjusted model as the dependent 
variable (rhEPO/kg β = 0.13, p = 0.21; model adjusted R2 = 0.41). In a model adjusted 
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for Log age, Log cFGF23, calcium, phosphate, Log PTH, TSAT, Log ferritin, and Log CRP, 
hemoglobin was inversely associated with Log rhEPO/kg (β = -0.24, p = 0.038). Log 
cFGF23 was not associated with hemoglobin (p = 0.54) in the previously described fully 
adjusted model.

associations between serum EPo and circulating FGF23 levels in kidney 
transplant recipients
We next assessed associations between serum EPO and circulating FGF23 levels in a 
large cohort of adult kidney transplant patients. Characteristics of this cohort are listed 
in Table 1. In this cohort of 680 stable kidney transplant recipients, the mean age was 
53±13 years, the mean eGFR was 52±19 ml/min/1.73m2, and assessment occurred at 
a median of 5.4 (1.9 – 12.1) years post-transplant. In univariable analysis, Log EPO was 
associated with Log cFGF23 levels (β = 0.24, p <0.001), but not Log iFGF23 levels (β = 
0.04, p = 0.35). In multivariable analysis, after adjusting for age, sex, eGFR, time since 
transplantation, calcium, phosphate, Log PTH, hemoglobin, Log ferritin, and Log CRP, 
Log EPO remained positively and significantly associated with Log cFGF23 (β = 0.14, 
p <0.001). Further, in a multivariable stepwise backward regression analysis, Log EPO 
remained one of the major determinants of Log cFGF23 as shown in Table 2. Total FGF23 
was also independently and inversely associated with hemoglobin (β = -0.20, p <0.001), 
and hemoglobin was independently and inversely associated with Log EPO (β = -0.16, 
p <0.001), both after adjustment for age, sex, eGFR, time since transplantation, serum 
phosphate, and Log CRP levels. Mediation analysis was performed to quantify how 
much of the association between total FGF23 and EPO was explained by variation in 
hemoglobin. In a multivariable model adjusted for age, sex, eGFR, time since transplan-
tation, serum phosphate, and Log CRP levels, hemoglobin mediated only 8.3% of the 
association between Log EPO and Log cFGF23 (Supplemental Table 2). In a sensitivity 
analysis, we excluded kidney transplant patients on erythropoiesis stimulating agents 
(ESA, n=15), and repeated the multivariable model. Log EPO remained independently 
and positively associated with Log cFGF23 (β = 0.13, p <0.001).

DISCuSSIon

FGF23 is a key hormone in CKD pathophysiology, contributing to the maintenance 
of normophosphatemia until late-stage CKD,2,28 but likely at the expense of adverse, 
“off-target” effects such as CKD progression11-13 and cardiac hypertrophy.17 Studies from 
our group and others have demonstrated that EPO stimulates FGF23 production, but 
couples increased transcription with increased post-translational cleavage, thus attenu-
ating effects on bioactive intact FGF23 levels.7-10
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Table 1. Baseline characteristics of the post-transplant CKD cohort consisting of 680 RTRs.

Tertiles of erythropoietin (Iu/l)

all patients 
(n=680)

T1 (n=226)
[1.0-5.0]

T2 (n=226)
[5.1-9.4]

T3 (n=228)
[9.5-539]

P value

Age (years) 53±13 50±13 54±13 56±12 <0.001

Male sex (n, %) 383 (56) 132 (58) 131 (58) 120 (53) 0.37

Body mass index, kg/m2 26.6±4.8 25.8±4.2 27.1±5.1 27.1±4.9 0.006

Body surface area (m2) 1.9±0.2 1.9±0.2 2.0±0.2 1.9±0.2 0.12

Alcohol use (n, %) 551 (81) 182 (81) 179 (79) 190 (83) 0.50

Smoking status 0.14

  Never smoker (n, %) 306 (45) 110 (49) 104 (46) 92 (40)

  Former smoker (n, %) 293 (43) 85 (38) 93 (41) 112 (49)

  Current smoker (n, %) 81 (12) 31 (14) 27 (12) 23 (10)

Time since transplantation (yrs) 5.4 (1.9-12.1) 5.1 (1.8-12.1) 5.6 (1.8-11.0) 5.8 (2.2-13.7) 0.46

Diabetes mellitusa (n, %) 161 (24) 37 (16) 58 (26) 66 (29) 0.005

Systolic blood pressure (mmHg) 136±17 135±17 135±18 137±17 0.51

Diastolic blood pressure (mmHg) 82±11 83±12 82±11 83±10 0.63

laboratory measurements

iFGF23 (pg/mL) 61 (43-100) 61 (46-103) 59 (42-92) 63 (47-106) 0.18

cFGF23 (RU/mL) 140 (95-234) 131 (91-184) 137 (94-204) 172 (107-323) <0.001

Hemoglobin (g/dL) 13.2±1.7 13.3±1.6 13.4±1.7 13.0±1.9 0.03

MCV (fL) 91±6 91±5 91±6 90±7 0.94

Ferritin (µg/L) 118 (54-222) 141 (80-238) 115 (52-242) 92 (42-184) <0.001

TSAT (%) 25.4±10.6 28.1±10.2 25.2±9.8 22.8±11.1 <0.001

Total cholesterol (mmol/L) 5.1±1.1 5.2±1.2 5.1±1.0 5.1±1.2 0.76

Phosphate (mmol/L) 1.0±0.2 1.0±0.2 1.0±0.2 1.0±0.2 0.98

Calcium (mmol/L) 2.40±0.15 2.42±0.15 2.39±0.16 2.40±0.14 0.24

PTH (pmol/L) 8.9 (5.9-14.8) 8.5 (5.5-13.8) 9.1 (6.2-14.5) 9.2 (6.3-16.8) 0.16

eGFRb (ml/min/1.73m2) 52±19 50±19 52±19 52±19 0.33

Creatinine (µmol/L) 138±59 146±69 135±55 133±51 0.03

Proteinuriac (n, %) 154 (23) 51 (23) 41 (18) 62 (27) 0.07

hs-CRP (mg/L) 1.6 (0.7-4.6) 1.4 (0.6-3.1) 1.7 (0.8-4.9) 1.8 (0.8-5.3) 0.01

Treatment

ACE-inhibitors (n, %) 220 (34) 89 (39) 72 (32) 59 (26) 0.009

Bèta-blocker (n, %) 428 (63) 138 (61) 138 (61) 152 (67) 0.38

Calcium channel blockers (n, %) 165 (24) 47 (21) 67 (30) 51 (22) 0.06

Diuretic use (n, %) 275 (40) 76 (34) 88 (39) 111 (49) 0.004

ESA use (n, %) 15 (2) 7 (3) 1 (0) 7 (3) 0.09

Iron supplements (n, %) 41 (6) 14 (6) 11 (5) 16 (7) 0.63

Values are means ± standard deviation, medians (interquartile range) or proportions (%). Abbreviations: 
ACE, Angiotensin Converting Enzyme; cFGF23, C-Terminal Fibroblast Growth Factor 23; CKD, chronic kidney 
disease; hs-CRP, high-sensitivity C-reactive protein; iFGF23, intact fibroblast growth factor 23; PTH, parathy-
roid hormone; RTRs, renal transplant recipients; TSAT, transferrin saturation.
a Diabetes was defined as the use of antidiabetic medication or a fasting plasma glucose ≥7.0 mmol/L.
b eGFR was determined using the MDRD equation
c Proteinuria was defined as urinary protein excretion ≥0.5 g/24 h
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In the current study, we extend the evidence that EPO, both endogenous and exog-
enous, affects FGF23 production and metabolism to the settings of chronically increased 
circulating EPO levels and CKD, both pre- and post-transplant. In our murine models 
with high endogenous EPO concentrations—the transgenic EPO overexpressing mice 
and the beta thalassemia mice, circulating total FGF23 levels are markedly elevated and 
increased out of proportion to intact FGF23 levels, demonstrating that increased FGF23 
production is coupled, albeit incompletely, with increased FGF23 cleavage. Importantly, 
these effects are observed independent of iron status, which is another factor that affects 
both FGF23 production and metabolism.3-6,22 In our wild type mice injected with a single 
dose of rhEPO, similar effects were observed: large increases in circulating total FGF23 
levels, with much less of an effect on intact FGF23 concentrations. Important to note is 
that, in the CKD model, changes in intact FGF23 did not reach statistical significance. Our 
human data is consistent with the observations made in the murine models. Across the 
spectrum of CKD, serum EPO levels or rhEPO doses are independently associated with 
total FGF23, but not intact FGF23, suggesting a coupling of increased production with 
increased cleavage.

Our results provide further evidence that EPO-stimulated bone marrow represents 
a novel source of FGF23 production. Our high endogenous EPO murine models and our 
wild type mice treated with rhEPO had increased marrow Fgf23 mRNA expression. This 
was not caused by contaminating bone fragments within the marrow, as the flushed 

Table 2. Univariable and multivariable linear regression modeling of determinants of circulating total 
FGF23.

Parameter univariable analysis Multivariable analysis

std. ß P value std. ß P value

EPO (IU/L) 0.24 <0.001 0.14 <0.001

Age (years) 0.08 0.05

Male sex (yes vs. no) 0.05 0.18 -0.09 0.01

Time since transplantation (yrs) -0.04 0.36

eGFR (ml/min/1.73m2) -0.50 <0.001 -0.38 <0.001

Calcium (mmol/L) 0.01 0.78

Phosphate (mmol/L) 0.34 <0.001 0.20 <0.001

PTH (pmol/L) 0.17 <0.001 0.12 <0.001

Ferritin (µg/L) -0.34 <0.001 -0.33 <0.001

Hemoglobin (g/dL) -0.37 <0.001 -0.09 0.005

hs-CRP (mg/dL) 0.19 <0.001 0.14 <0.001

Univariable linear regression analysis follow by multivariable stepwise backward linear regression analysis. 
cFGF23, EPO, ferritin, hs-CRP, and PTH levels have been log transformed due to skewed distribution. 
Abbreviations: eGFR, estimated glomerular filtration rate; EPO, erythropoietin; FGF23, fibroblast growth 
factor 23; hs-CRP, high-sensitivity C-reactive protein; PTH, parathyroid hormone.
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marrow samples had little Col1a1 mRNA expression, suggesting the presence of very 
few residual bone cells (Supplemental Figure 3). We have previously demonstrated 
that mice with pharmacologically ablated bone marrow have attenuated increases 
in circulating total FGF23 levels (with no change in bone Fgf23 mRNA expression) in 
response to EPO.7 Furthermore, isolated murine bone marrow cells treated ex vivo with 
EPO demonstrate acute increases in Fgf23 mRNA expression.7 Although it is unknown 
which bone marrow cell subpopulation produces FGF23 in response to EPO, it has been 
shown that EPO markedly increases Fgf23 mRNA expression in Ter119+ cells (erythroid 
lineage);8 in lineage negative, Sca1 positive, c-kit positive (LSK) cells, a hematopoietic 
progenitor cell subset;7 but not in common myeloid progenitor (CMP) cells.7

Since in our murine models, total FGF23 is increased out of proportion to intact 
FGF23, elevations in total FGF23 levels represent mostly increased C-terminal frag-
ments, the biological activity of which is uncertain. Previously, it has been reported that 
C-terminal FGF23 may function as an FGF23 antagonist, competing with intact FGF23 
for binding to the FGF receptor.39 Additionally, it has been shown in vitro that treatment 
with C-terminal FGF23 increases the cell surface area of adult rat ventricular myocytes.40 
In further studies, the biological relevance of elevated concentrations of C-terminal 
FGF23 fragments needs to be delineated in more detail.

The mechanism by which EPO increases bone and marrow FGF23 transcription is 
currently unknown. Furthermore, it is unknown how EPO increases FGF23 post-trans-
lational cleavage. Regulation of FGF23 post-translational cleavage is a complex process 
involving several enzymes, including N-acetylgalactosaminyltransferase 3 (GALNT3), 
FAM20C, Furin, and PC5/6 (Pcsk5).37,38 Furin and PC5/6 are proprotein convertases that 
can cleave FGF23; GALNT3 glycosylates FGF23 at its cleavage site, inhibiting proteolysis; 
and FAM20C phosphorylates FGF23 at its cleavage site, inhibiting GALNT3-mediated 
glycosylation. In the current study, we assessed bone and marrow Galnt3, Fam20c, Furin, 
and Pcsk5 mRNA expression. In the mice with chronically elevated endogenous EPO 
levels, we observed decreased bone and marrow Galnt3 mRNA expression, which may 
allow for increased FGF23 cleavage.41 In these mice, there were no changes in Fam20c or 
Furin mRNA expression, but we did observe decreased bone and marrow Pcsk5 mRNA 
expression, despite increased FGF23 cleavage. Further studies are needed to elucidate 
the mechanisms by which EPO may directly or indirectly affect FGF23 cleavage.

Interestingly, recent studies have also described a converse direct relationship 
between FGF23 and EPO. In wild type mice, the administration of recombinant human 
FGF23 decreases serum EPO concentrations,42 and the administration of an FGF23 block-
ing peptide increases serum EPO concentrations.43 These data suggest that FGF23 may 
have negative regulatory effects on erythropoiesis. In human CKD patients, elevated 
circulating total FGF23 levels are associated with both prevalent and incident anemia.54 
We observed a similar inverse relationship between total FGF23 and hemoglobin in our 
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post-transplant CKD cohort. Given the inverse association between circulating total 
FGF23 and hemoglobin, and the inverse association between hemoglobin and serum 
EPO levels,35 the observed positive association between serum EPO and total FGF23 may 
be bidirectional in nature. As supported by our murine studies, EPO may directly increase 
total FGF23 levels. Conversely, higher total FGF23 may be indirectly associated with 
higher serum EPO via lower hemoglobin concentrations. However, mediation analysis 
in the post-transplant CKD cohort revealed that variation in hemoglobin concentra-
tions explained relatively little of the positive association between serum EPO and total 
FGF23, supporting the possibility of a direct effect of EPO to increase total FGF23 levels.

In summary, the current results demonstrate that FGF23 production and cleavage 
are increased irrespective of iron status in murine models with high endogenous EPO 
concentrations and in wild type mice with and without CKD treated with a single rhEPO 
dose. In addition, we have shown in human studies across the spectrum of CKD and 
post-renal transplantation that serum EPO and rhEPO dose, independently of iron status 
and hemoglobin, are positively associated with circulating total FGF23 levels, but not 
intact FGF23. Again, this suggests that EPO leads to an upregulated production and 
concomitantly increased cleavage of FGF23. Further studies are needed to identify the 
mechanisms by which EPO increases FGF23 expression, as well as the mechanisms by 
which EPO may affect regulation of FGF23 cleavage. In the setting of elevated endoge-
nous EPO levels or exogenous EPO administration, the degree to which increased FGF23 
proteolytic cleavage offsets increased FGF23 production determines the amount of 
circulating bioactive intact FGF23. As such, there may be important implications in CKD, 
as endogenous EPO levels are increased in early CKD,35 exogenous EPO is used almost 
universally in late CKD, and FGF23 cleavage may be impaired as CKD progresses.55,56 The 
current study underscores the complex interrelationships among aspects of CKD-related 
anemia, CKD-MBD, and their respective treatment modalities.
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Supplemental results
Associations between serum EPO and circulating FGF23 levels in kidney transplant recipients
As presented in the main text, we assessed associations between serum EPO and circu-
lating FGF23 levels in a large cohort of adult renal transplant recipients (RTR, n=680). We 
observed that Log EPO was independently and positively associated with Log cFGF23. 
We repeated the analyses in an independent replication cohort consisting of 592 RTRs, 
whose baseline characteristics are described in Supplemental Table 3. In this cohort, 
Log EPO was univariately associated with Log cFGF23 levels (β = 0.32, p <0.001). In 
multivariable analysis, Log EPO remained a major determinant of Log cFGF23 levels, in-
dependent of adjustment for age, sex, eGFR, time since transplantation, phosphate, Log 
PTH, hemoglobin, and Log CRP levels (β = 0.21, p <0.001). Mediation analysis showed 
only 14.6% mediation by hemoglobin on the association between total FGF23 and EPO, 
independent of potential confounders (Supplemental Table 4). In a sensitivity analysis, 
we excluded kidney transplant patients on ESA (n=13), and repeated the multivariable 
model. Again, Log EPO remained independently and positively associated with Log 
cFGF23 (β = 0.22, p <0.001).
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Supplemental Table 1. Baseline characteristics of UCLA non-dialysis CKD and dialysis cohort

uCla non-dialysis CKD Cohort uCla Dialysis Cohort
Number 42 79

Sex 40% male, 60% female 70% male, 30% female

Age Group 57% pediatric, 43% adult 48% pediatric, 52% adult

Dialysis Modality n/a 85% HD, 15% PD

Age (years) 37 ± 28 40 ± 27

eGFR (ml/min/1.73m2) 34 ± 18 n/a

C-terminal (total) FGF23 (RU/ml) 119 (92, 205) 1648 (467, 4812)

Intact FGF23 (pg/ml) 105 (70, 165) 1054 (302, 3934)

Erythropoietin (U/l) 9.7 (7.1, 15.7) n/a

Weekly rhEPO dose/kg n/a 214 (116, 367)

Calcium (mg/dl) 9.1 ± 0.6 8.9 ± 0.8

Phosphate (mg/dl) 4.0 ± 1.0 5.5 ± 1.6

Parathyroid hormone (pg/ml) 97 (54, 152) 304 (157, 611)

Transferrin saturation (%) 23 ± 10 35 ± 17

Ferritin (ng/ml) 60 (31, 128) 562 (252, 895)

Hemoglobin (g/dl) 12.1 ± 1.7 12.0 ± 1.5

C-reactive protein (mg/l) 1.4 (0.6, 5.3) 3.3 (0.9, 7.4)

Data are presented as mean ± standard deviation, or median (interquartile range). CKD: chronic kidney dis-
ease, HD: hemodialysis, PD: peritoneal dialysis, eGFR: estimated glomerular filtration rate, FGF23: fibroblast 
growth factor 23; rhEPO: recombinant human erythropoietin.

Supplemental Table 2. Mediation analysis of hemoglobin in the association between erythropoietin and 
C-terminal FGF23 in 680 RTRs

Potential mediator outcome Effect (path)* Multivariable model**

Coefficient
(95% CI)†

Proportion 
mediated§

hemoglobin cFGF23 Indirect effect (ab path) 0.02 (0.006; 0.04) 8.3%

Total effect (ab + c’ path) 0.23 (0.14; 0.32)

Unstandardized total effect 0.19 (0.14; 0.26)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard devia-
tions of the potential mediator, erythropoietin, and outcome.
**All coefficients are adjusted for age, sex, eGFR, time since transplantation, serum phosphate, and hs-CRP 
levels
§The size of the significant mediated effect is calculated as the standardized indirect effect divided by the 
standardized total effect multiplied by 100.
†95% CIs for the indirect and total effects were bias-corrected confidence intervals after running 2000 boot-
strap samples.
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Supplemental Table 3. Baseline characteristics of 592 renal transplant recipients (RTRs) across tertiles of 
erythropoietin levels

Tertiles of erythropoietin (Iu/l)

all patients
(n=592)

T1 (n=197)
[4.0-13.7]

T2 (n=199)
[13.8-21.5]

T3 (n=196)
[21.6-195.0]

P value

Age (years) 51±12 48±12 52±12 55±11 <0.001

Male sex (n, %) 325 (55) 113 (57) 111 (56) 101 (52) 0.49

Body mass index, kg/m2 26±4 26±4 26±4 27±4 0.009

Alcohol use (n, %) 295 (50) 102 (52) 94 (47) 99 (51) 0.47

Smoking status 0.24

  Never smoker (n, %) 211 (36) 65 (33) 80 (40) 66 (34)

  Former smoker (n, %) 249 (42) 83 (42) 85 (43) 81 (41)

  Current smoker (n, %) 130 (22) 48 (24) 34 (17) 48 (25)

Time since transplantation (yrs) 6.0 (2.6-11.5) 4.7 (2.2-9.3) 6.5 (3.5-11.6) 6.6 (2.7-13.8) 0.002

Diabetes mellitus (n, %) 104 (18) 37 (19) 27 (14) 40 (20) 0.18

Systolic blood pressure (mmHg) 153±23 151±21 151±21 157±25 0.02

Diastolic blood pressure (mmHg) 90±10 90±10 90±9 90±11 0.79

laboratory measurements

cFGF23 (RU/mL) 139 (94-218) 119 (79-169) 138 (89-204) 194 (115-356) <0.001

Hemoglobin (mmol/L) 8.6±1.0 8.8±1.0 8.6±1.0 8.4±1.0 <0.001

MCV (fL) 91±6 90±5 91±6 92±8 <0.001

Ferritin (µg/L) 155 (76-283) 151 (82-321) 166 (98-283) 135 (64-256) 0.07

Total cholesterol (mmol/L) 5.6±1.1 5.7±0.9 5.6±1.2 5.5±1.1 0.39

Phosphate (mmol/L) 1.1±0.2 1.1±0.2 1.1±0.2 1.1±0.2 0.34

eGFR (ml/min/1.73m2) 46±15 48±15 47±14 44±15 0.02

Creatinine (µmol/L) 147±58 145±55 143±53 154±65 0.13

Proteinuria (>0.5g) (n, %) 161 (27) 46 (23) 55 (28) 60 (31) 0.24

hs-CRP (mg/L) 2.0 (0.8-4.8) 1.5 (0.6-4.0) 1.9 (0.8-3.9) 3.0 (1.2-7.5) <0.001

Treatment

ACE-inhibitors (n, %) 199 (34) 83 (42) 57 (29) 59 (30) 0.008

Bèta-blocker (n, %) 365 (62) 120 (61) 127 (64) 118 (60) 0.74

Calcium channel blockers (n, %) 225 (38) 78 (40) 68 (34) 79 (40) 0.54

Diuretic use (n, %) 261 (44) 77 (39) 76 (38) 108 (55) 0.001

Values are means ± standard deviation, medians (interquartile range) or proportions (%). Abbreviations: 
ACE, angiotensin converting enzyme; cFGF23, C-Terminal fibroblast growth factor 23; eGFR, estimated glo-
merular filtration rate; hs-CRP, high-sensitivity C-reactive protein; MCV, mean corpuscular volume.
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Supplemental Table 4. Mediation analysis of hemoglobin in the association between erythropoietin and 
C-terminal FGF23 in replication cohort of 592 renal transplant recipients (RTRs)

Potential mediator outcome Effect (path)* Multivariable model**

Coefficient
(95% CI)†

Proportion 
mediated§

hemoglobin cFGF23 Indirect effect (ab path) 0.04 (0.01-0.07) 14.6%

Total effect (ab + c’ path) 0.25 (0.16-0.32)

Unstandardized total effect 0.29 (0.18-0.40)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard devia-
tions of the potential mediator, erythropoietin, and outcome.
**All coefficients are adjusted for age, sex, eGFR, time since transplantation, serum phosphate, and hs-CRP levels
§The size of the significant mediated effect is calculated as the standardized indirect effect divided by the 
standardized total effect multiplied by 100.
†95% CIs for the indirect and total effects were bias-corrected confidence intervals after running 2000 boot-
strap samples.
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Supplemental Figure 1: Bone and 

marrow Galnt3, Fam20c, Furin, and 

Pcsk5 mRNA expression in high 

endogenous erythropoietin (EPO) models. 

Bone and marrow from wild type mice 

(WT), transgenic erythropoietin 

overexpressing mice (TG EPO), and beta 

thalassemia intermedia mice were assessed 

for (a) Galnt3, (b) Fam20c, (c) Furin, and 

(d) Pcsk5 mRNA expression. * denotes a 

statistically significant pairwise comparison 

versus the WT group (p<0.05, with 

subsequent Benjamini-Hochberg correction 

for multiple comparisons). Data are 

presented as means and standard deviations. 

n = 7-9 mice per group.
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Supplemental Figure 1: Bone and marrow Galnt3, Fam20c, Furin, and Pcsk5 mrna expression in 
high endogenous erythropoietin (EPo) models. Bone and marrow from wild type mice (WT), transgenic 
erythropoietin overexpressing mice (TG EPO), and beta thalassemia intermedia mice were assessed for (a) 
Galnt3, (b) Fam20c, (c) Furin, and (d) Pcsk5 mRNA expression. * denotes a statistically significant pairwise 
comparison versus the WT group (p<0.05, with subsequent Benjamini-Hochberg correction for multiple 
comparisons). Data are presented as means and standard deviations. n = 7-9 mice per group.
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Supplemental Figure 2: Bone and 

marrow Galnt3, Fam20c, Furin, and 

Pcsk5 mRNA expression in high 

exogenous erythropoietin (EPO) models. 

Bone and marrow from wild type mice with 

and without chronic kidney disease (CKD) 

were assessed for (a) Galnt3, (b) Fam20c, 

(c) Furin, and (d) Pcsk5 mRNA expression 

at 6h post-EPO or saline injection. * denotes 

a statistically significant pairwise 

comparison versus the respective saline-

injected group (p<0.05, with subsequent 

Benjamini-Hochberg correction for multiple 

comparisons). Data are presented as means 

and standard deviations. n = 4 mice per 

group.
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Supplemental Figure 2: Bone and marrow Galnt3, Fam20c, Furin, and Pcsk5 mrna expression in 
high exogenous erythropoietin (EPo) models. Bone and marrow from wild type mice with and without 
chronic kidney disease (CKD) were assessed for (a) Galnt3, (b) Fam20c, (c) Furin, and (d) Pcsk5 mRNA ex-
pression at 6h post-EPO or saline injection. * denotes a statistically significant pairwise comparison versus 
the respective saline-injected group (p<0.05, with subsequent Benjamini-Hochberg correction for multiple 
comparisons). Data are presented as means and standard deviations. n = 4 mice per group.
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Supplemental Figure 3. Bone and marrow Col1a1 mRNA expression. Bone and marrow 

from high endogenous/exogenous EPO groups (transgenic EPO, beta thalassemia intermedia, 

wild type mice without CKD 6h post-EPO injection, and wild type mice with CKD 6h post-

EPO injection) were assessed for Col1a1 mRNA expression, a bone marker. *p<0.05 for 

pairwise comparison of marrow versus bone. Data are presented as means and standard 

deviations. n = 4-7 mice per group. 
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Supplemental Figure 3. Bone and marrow Col1a1 mrna expression. Bone and marrow from high en-
dogenous/exogenous EPO groups (transgenic EPO, beta thalassemia intermedia, wild type mice without 
CKD 6h post-EPO injection, and wild type mice with CKD 6h post-EPO injection) were assessed for Col1a1 
mRNA expression, a bone marker. *p<0.05 for pairwise comparison of marrow versus bone. Data are pre-
sented as means and standard deviations. n = 4-7 mice per group.
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CoMPlETE METhoDS

animal studies

Mouse experiments
Experiments were conducted in accordance with UCLA Division of Laboratory Animal 
Medicine guidelines, and the study protocol was approved by the UCLA Office of Animal 
Research Oversight. Mice were housed at UCLA, in standard cages with wood chip 
bedding that was changed twice weekly. Animal housing rooms were temperature and 
humidity controlled, with a 12-hour light cycle.

Transgenic EPO-overexpressing mice
Transgenic C57BL/6 mice overexpressing human EPO (Tg6 mice)1 were maintained on 
diets containing standard iron concentrations. We compared transgenic EPO mice to 
their wild type littermates, at the age of 7-11 weeks. A subset of transgenic EPO mice 
received a single intraperitoneal dose of 10 mg iron dextran (Sigma-Aldrich, St. Louis, 
MO) 24 hours prior to euthanasia. At the time of euthanasia, we collected whole blood, 
plasma, serum, livers, and tibias, from which we flushed the bone marrow with saline 
solution and 28G syringes.

Beta thalassemia intermedia mice
Beta thalassemia intermedia mice (Hbbth3/+;2 The Jackson Laboratory, Bar Harbor, ME; JAX 
stock #003253) were maintained on diets containing standard iron concentrations. Mice 
were euthanized at a median age of 17 weeks (range 9-28 weeks), and we collected 
whole blood, plasma, serum, livers, and tibias, from which we flushed the bone marrow 
with saline solution and 28G syringes.

Wild type mouse models, diets, and treatments
Wild type C57BL/6 mice (Jackson Laboratories) were used for experiments assessing 
the effects of a single rhEPO dose on FGF23. Mouse diets were obtained from Harlan 
Teklad (Indianapolis, IN), and contained sufficient iron (50 ppm) and standard phosphate 
concentrations. For groups of mice in which CKD was induced, the diets also contained 
0.2% w/w adenine, as previously described.3-7 Diets were started at 4-6 weeks of age, and 
provided ad libitum. Mice remained on the diets for ~5 weeks, then the experiments were 
conducted. Groups of mice, with and without CKD, received a single intraperitoneal dose 
of ~67 units/gram rhEPO (BioLegend, San Diego, CA) or saline (vehicle) and were eutha-
nized 6 or 24 hours post-injection. Separate groups that received no injections provided 
baseline data. At the time of euthanasia, we collected whole blood, plasma, serum, and 
tibias, from which we flushed the bone marrow with saline solution and 28G syringes.
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Mouse biochemical parameters
Complete blood counts were measured by the Hemavet® 950 automated processor 
(Drew Scientific, Oxford, CT). Colorimetric methods were used to assay serum urea 
nitrogen (BioAssay Systems, Hayward, CA), phosphate (for Tg6 and Th3/+ mice, Stanbio 
Laboratory, Boerne, TX; for wild type mice treated with EPO, Alfa-Wassermann ACE® Alera 
and Axcel Systems, West Caldwell, NJ), and iron (Genzyme, Cambridge, MA). Plasma hu-
man EPO (in the Tg6 mice) and serum mouse EPO (in the Th3/+ mice) were assayed us-
ing enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN). 
Plasma C-terminal (total) FGF23 (cFGF23) and intact FGF23 (iFGF23) concentrations were 
assayed using rodent-specific ELISA kits (Immutopics, San Clemente, CA and Quidel, San 
Diego, CA). Whereas the cFGF23 assay detects both the full-length, intact hormone and 
its inactive C-terminal proteolytic fragments, thus functioning as a surrogate measure 
of overall FGF23 production, the iFGF23 assay detects only the full-length, biologically 
active form. Percentage iFGF23 was calculated by dividing the iFGF23 values (measured 
in pg/ml) by the cFGF23 values (also measured in pg/ml) and multiplying by 100, as 
previously described.7

Quantitative hepatic iron concentration
Harvested livers were snap-frozen in liquid nitrogen and stored at -80°C. Small pieces 
of the livers (~100 mg) were weighed and homogenized. Protein precipitation solution 
(0.53N HCl and 5.3% trichloroacetic acid in ddH2O) was added, and the samples were 
boiled and centrifuged. Iron concentrations in the supernatants were measured by a 
colorimetric assay (Genzyme), then normalized to the weights of the original samples to 
yield liver iron concentration.

Quantitative real-time PCR
Flushed tibias and isolated bone marrow were homogenized in Trizol (Invitrogen, Life 
Technologies, CA) immediately after tissue collection. RNA was then isolated according 
to the manufacturer’s protocol. We performed quantitative RT-PCR using the iScript RT-
PCR kit (Bio-Rad, Hercules, CA) and primers specific for mouse Fgf23, Galnt3, Fam20c, 
Furin, Pcsk5, and Col1a1. Collagen 1a1 (Col1a1) mRNA expression was evaluated to assess 
for residual bone-derived cells in the marrow samples. We used the following PCR condi-
tions: initial denaturation at 95°C for 2 minutes, followed by 40 cycles of denaturation 
at 94°C for 30 seconds, annealing at 58°C for 30 seconds, extension at 72°C for 1 minute, 
and final extension at 72°C for 10 minutes. Gene expression was normalized to that of 
hypoxanthine-guanine phosphoribosyltransferase (Hprt),8 and each RNA sample was 
analyzed in duplicate.
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Mouse primer sequences used were:
Fgf23 forward: 5’-ACAGGAGCCATGACTCGAAG-3’;
Fgf23 reverse: 5’-GCAATTCTCTGGGCTGAAGT-3’;
Galnt3 forward: 5’-ACCAGGGAGGCAAACCATTG-3’;
Galnt3 reverse: 5’-TCCTTCTGGATGTTGTGCCG-3’;
Fam20c forward: 5’-AACCCATGAAGCAGACGAGAG-3’;
Fam20c reverse: 5’-GGAGGGACTCTGCGGAAATC-3’;
Furin forward: 5’-GCGCTCGTCCGGAAAAGTT-3’;
Furin reverse: 5’-GGACAGGGTAAGGGCCAGAT-3’;
Pcsk5 forward: 5’- ACTGCTTACACTACTACTAC-3’;
Pcsk5 reverse: 5’- GCCATATTTACAGGAGAGG-3’;
Col1a1 forward: 5-CCTCAGGGTATTGCTGGACAAC-3’;
Col1a1 reverse: 5-CAGAAGACCTTGTTTGCCAGG-3’;
Hprt forward: 5’-CTGGTTAAGCAGTACAGCCCCAA-3’;
Hprt reverse: 5’-CAGGAGGTCCTTTTCACCAGC-3’.

Statistical analysis
Statistical analysis was performed using SigmaPlot 12.5 (San Jose, CA). Mouse data are 
presented as means ± standard deviations.

For the mouse studies involving high endogenous EPO models presented in Figure 1, 
the following four t-tests were performed: (1) wild type (WT) group vs. transgenic EPO 
group, (2) WT group vs. transgenic EPO group treated with iron dextran, (3) WT group 
vs. beta thalassemia intermedia group, and (4) transgenic EPO group vs. transgenic EPO 
group treated with iron dextran. A p-value of <0.05 was considered to be statistically 
significant; however, given multiple comparison testing, Benjamini-Hochberg correc-
tion was used.

For the mouse studies involving high endogenous EPO models presented in Supple-
mental Figure 1, the following four t-tests were performed: (1) bone samples, WT group 
vs. transgenic EPO group, (2) bone samples, WT group vs. beta thalassemia intermedia 
group, (3) marrow samples, WT group vs. transgenic EPO group, (4) marrow samples, 
WT group vs. beta thalassemia intermedia group. A p-value of <0.05 was considered 
to be statistically significant; however, given multiple comparison testing, Benjamini-
Hochberg correction was used.

For the mouse studies involving rhEPO injection presented in Figure 2, within the CKD 
and non-CKD cohorts, the following four t-tests were performed: (1) baseline group vs. 
EPO-treated 6-hour time point group, (2) baseline group vs. EPO-treated 24-hour time 
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point group, (3) EPO-treated 6-hour time point group vs. saline-treated 6-hour time point 
group, and (4) EPO-treated 24-hour time point group vs. saline-treated 24-hour time 
point group. A p-value of <0.05 was considered to be statistically significant; however, 
given multiple comparison testing, Benjamini-Hochberg correction was used. For the 
mouse studies involving rhEPO injection, given non-normal data distributions, plasma 
FGF23 levels were log-transformed prior to statistical analysis.

For the mouse studies involving rhEPO injection presented in Supplemental Figure 2, 
the following four t-tests were performed: (1) bone samples from non-CKD mice, EPO-
treated group vs. saline-treated group, (2) bone samples from CKD mice, EPO-treated 
group vs. saline-treated group, (3) marrow samples from non-CKD mice, EPO-treated 
group vs. saline-treated group, (4) marrow samples from CKD mice, EPO-treated group 
vs. saline-treated group. A p-value of <0.05 was considered to be statistically significant; 
however, given multiple comparison testing, Benjamini-Hochberg correction was used.

human studies

UCLA human studies
The study cohort was comprised of adults and children receiving outpatient care for 
CKD stages 2–5 (estimated glomerular filtration rate (eGFR) <90 ml/min/1.73m2) and 5D 
(dialysis-dependent). We recruited adult and pediatric non-dialysis CKD patients from 
UCLA general nephrology clinics. We recruited adult and pediatric dialysis patients from 
UCLA-affiliated Davita dialysis centers. The study was approved by the UCLA Institu-
tional Review Board; informed consent was obtained from adult patients; and informed 
consent and assent were obtained from parents and pediatric patients, respectively.

Exclusion criteria were: (1) previously diagnosed non-renal cause of anemia; (2) 
evidence of active bleeding; (3) blood transfusion within four months of enrollment; (4) 
history of malignancy, end-stage liver disease, or chronic hypoxia; and (5) hospitaliza-
tion or infection requiring antibiotics within four weeks of enrollment.

Following inclusion, we obtained demographic data and medication history from 
the medical records. Patients receiving rhEPO were on stable doses for at least four 
weeks prior to study enrollment, and all rhEPO administered was epoetin alfa (Epogen®, 
Amgen, Thousand Oaks, CA). We collected whole blood, plasma, and serum from all 
enrolled patients. In the dialysis patients, blood was obtained at the initiation of the 
hemodialysis session. This cohort was first assembled and characterized as part of a 
cross-sectional assessment of circulating hepcidin levels across the CKD spectrum.9
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University Medical Center Groningen human studies
Further, we analyzed data from a cohort of post-transplant CKD patients. All kidney 
transplantations took place at the University Medical Center Groningen (Groningen, the 
Netherlands). Renal transplant recipients (RTRs) that were more than 1 year post-trans-
plantation were approached for participation during outpatient clinic visits between 
2008 and 2011, as described previously.10 Written informed consent was obtained from 
707 (87%) of the 817 initially invited RTRs. For current analyses, we excluded RTRs with 
missing data on EPO levels (n=27), resulting in 680 RTRs eligible for analysis.

As an independent replication cohort, we repeated the analyses in another RTR 
cohort with data available on EPO and cFGF23 levels. The replication cohort consisted 
of 606 RTRs, also all with a functional graft for more than 1 year post-transplant, which 
had been recruited between 2001 and 2003 at the University Medical Center Groningen. 
The study has been described in detail previously.11 For current analyses, we excluded 
RTRs with missing data on EPO levels (n=14), resulting in 592 RTRs eligible for analysis.

Both studies have been approved by the institutional review board (METC 2008/186 and 
2001/039, respectively), and adhered to the principles of the WMA declaration of Helsinki.

UCLA human biochemical parameters
Complete blood counts, including hemoglobin measurements (Sysmex automated 
hematology analyzer), were performed. In the serum samples, we measured the follow-
ing parameters: EPO (ELISA, R&D Systems, Minneapolis, MN), creatinine (Roche cobas® 
8000 analyzer enzymatic assay, Switzerland), phosphate (Roche cobas® 8000 analyzer 
ammonium phosphomolybdate photometric assay, Switzerland), calcium (Roche cobas® 
8000 analyzer 5-nitro-5’-methyl-BAPTA (NM-BAPTA) photometric assay, Switzerland), 
intact parathyroid hormone (PTH; first generation Immutopics assay, San Clemente, CA), 
iron and total iron binding capacity (Roche cobas® 8000 analyzer Ferrozine colorimetric 
assay, Switzerland), ferritin (Roche cobas® 8000 analyzer electrochemiluminescence 
assay, Switzerland), and high sensitivity C-reactive protein (CRP; CardioPhase® hsCRP as-
say, Dade Behring, Deerfield, IL). Transferrin saturation (TSAT, %) was calculated by iron 
divided by total iron binding capacity. In the plasma samples, we measured total FGF23 
(cFGF23; Immutopics/Quidel) and intact FGF23 (iFGF23; Immutopics/Quidel) concentra-
tions. In the non-dialysis CKD patients, we also measured iFGF23 levels using both the 
Kainos Laboratories (Tokyo, Japan) assay. In adult patients, eGFR was calculated with 
the Modification of Diet in Renal Disease (MDRD) Study equation.12 In pediatric patients, 
eGFR was calculated with the revised Schwartz equation.13

University Medical Center Groningen human biochemical parameters
Blood was drawn in the morning after an 8-12h overnight fast. Total (cFGF23) levels 
were measured in stored plasma samples using the human FGF23 (C-terminal) ELISA 
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(Immutopics/Quidel). Intact FGF23 levels were measured in stored plasma samples by 
ELISA (Kainos Laboratories). cFGF23 data were available in both cohorts, but iFGF23 
data were available only in the larger cohort of 680 RTRs. In both studies, EPO levels 
were measured using an immunoassay based on chemiluminescence (Immulite EPO 
assay, Los Angeles, CA). Further, we measured transferrin (Cobas c analyzer, Modular 
P system, Roche diagnostics, Mannheim, Germany), ferritin (Modular analytics E170, 
Roche diagnostics), and serum iron (Modular P800 system; Roche diagnostics). Transfer-
rin saturation (%) was calculated as 100 x serum iron (µmol/L) / 25 x transferrin (g/L). 
Renal function was determined by estimating GFR by applying the Modification of Diet 
in Renal Disease (MDRD) Study equation.12

UCLA statistical analysis
Statistical analysis was performed using SigmaPlot 12.5 (San Jose, CA). Normally dis-
tributed data are presented as means ± standard deviation, skewed distributed data 
are presented as medians with interquartile range, and categorical data are presented 
as numbers (percentage). Multiple linear regression models, adjusted for demographic, 
anemia-related, and mineral metabolism covariables (age, eGFR, calcium, phosphate, 
PTH, TSAT, ferritin, hemoglobin, and CRP), were developed to investigate the associa-
tion between serum EPO levels and FGF23 in the non-dialysis CKD cohort, and between 
rhEPO dose and FGF23 in the dialysis cohort.

University Medical Center Groningen statistical analysis
Statistical analysis was performed using IBM SPSS software, version 23.0 (SPSS Inc., 
Chicago, IL) and STATA 14.1 (STATA Corp., College Station, TX). Normally distributed data 
are presented as means ± standard deviation, skewed distributed data are presented 
as medians with interquartile range, and categorical data are presented as numbers 
(percentage). Differences in baseline characteristics across EPO tertiles were evalu-
ated with one-way ANOVA, Kruskal-Wallis test, or Chi-square test, as appropriate. Linear 
regression analysis was performed to assess whether EPO is a major determinant of 
cFGF23 or iFGF23 levels after adjustment for age, sex, eGFR, time since transplantation, 
calcium, phosphate, PTH, hemoglobin, ferritin, and CRP levels. In addition, we performed 
multivariable stepwise backward linear regression analysis to determine whether EPO 
remained a determinant of cFGF23 levels alongside known determinants. Finally, we 
determined in mediation analysis according to Preacher and Hayes,14,15 based on logistic 
regression, whether hemoglobin mediated the association between EPO and cFGF23 
independent of adjustment for potential confounders. In all analyses, a two-sided p-
value <0.05 was considered significant.
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aBSTraCT

Background and objectives. Elevated circulating levels of erythropoietin (EPO) are 
associated with an increased risk of cardiovascular and all-cause mortality in renal trans-
plant recipients (RTRs), but the underlying mechanisms remain unclear. Emerging data 
suggest that EPO stimulates production of the phosphaturic hormone fibroblast growth 
factor 23 (FGF23), another strong risk factor for mortality in RTRs. In the current study, 
we aimed to investigate whether FGF23 mediates EPO-associated mortality risk in RTRs.

Design, setting, participants, & measurements. In a large prospectively followed 
cohort of 592 stable RTRs with a functional graft for more than 1 year post transplant, we 
measured fasting circulating EPO and FGF23 levels. Co-primary outcomes were all-cause 
mortality and cardiovascular mortality.

results. During a median follow-up of 7.0 years, 126 RTRs died, of which 64 due to car-
diovascular cause. In univariate analysis, EPO was significantly associated with all-cause 
mortality (HR, 1.87; 95% CI 1.41-2.48; P<0.001) and cardiovascular mortality (HR, 1.91; 
95%CI 1.29-2.83; P=0.001). After adjustment for potential confounders, EPO remained 
associated with all-cause (HR, 1.65; 95% CI, 1.18-2.31; P=0.003) and cardiovascular 
mortality (HR, 1.89; 95% CI, 1.18-3.04; P=0.008). However, the associations of EPO with 
all-cause and cardiovascular mortality were abrogated following adjustment for FGF23 
(HR, 1.29; 95%CI, 0.90-1.84; P=0.17, and HR, 1.49; 95%CI 0.90-2.48; P=0.12, respectively). 
In mediation analysis, FGF23 mediated 56% of the association between EPO and all-
cause mortality, and 35% of the association between EPO and cardiovascular mortality 
in this patient setting.

Conclusions. EPO-associated increased mortality risk in RTRs appears largely related to 
increased FGF23 levels.
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InTroDuCTIon

Renal transplant recipients (RTRs) have a high residual risk of premature all-cause and 
cardiovascular mortality, compared with the general population.1 Previous studies 
demonstrated an independent association between higher circulating endogenous 
erythropoietin (EPO) levels and risk of cardiovascular and all-cause mortality among 
RTRs, similar to other patient populations such as chronic heart failure patients and 
the elderly.2-4 In addition, administration of exogenous EPO may increase the risk of 
cardiovascular events in patients with chronic kidney disease (CKD) and end stage renal 
disease (ESRD).5, 6 However, the underlying mechanism responsible for the link between 
endogenous and exogenous EPO and adverse outcome is unknown.

Studies from our group and others suggest that EPO is prominently involved in fibro-
blast growth factor-23 (FGF23) physiology.7-10 FGF23 is an osteocyte-derived hormone 
that plays an essential role in regulating phosphate and vitamin D metabolism. In RTRs, 
increased FGF23 levels post-transplant are independently associated with an increased 
risk of graft failure and death.11, 12 Hypoxia, the main stimulus for EPO synthesis, stabi-
lizes hypoxia-inducible factor (HIF)-1α, which is a heterodimeric transcription factor that 
regulates oxygen homeostasis.13, 14 Subsequently, stabilized HIF1-α upregulates FGF23 
production while concomitantly increasing FGF23 cleavage into inactive fragments, 
resulting in elevated total FGF23 levels but normal levels of intact, bioactive FGF23.15-18

In the current study, we hypothesized that the previously established, but hitherto 
unexplained association between EPO levels and adverse outcomes may be mediated 
by increased levels of FGF23. Therefore, we investigated the associations between EPO 
and FGF23 levels and prospective outcomes in our RTRs cohort.

METhoDS

Patient population
All RTRs (aged ≥18 years) who were at least 1 year post transplantation were approached 
for participation in the current study during outpatient clinic visits between 2001 and 
2003. All RTRs were transplanted in the University Medical Center Groningen (Gronin-
gen, the Netherlands). The study has been described in detail previously.19 Among 847 
RTRs approached for participation, 606 RTRs agreed to participate and were included. 
All patients provided written informed consent and the study protocol was approved 
by the local medical ethical committee (METc 2001/039). The study protocol adhered 
to principles of the Declaration of Helsinki and the Declaration of Istanbul. The co-
primary endpoints of the study were all-cause mortality and cardiovascular mortality. 
Cardiovascular death was defined as deaths in which the principal cause of death was 
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cardiovascular in nature, using ICD-9 codes 410 to 447. Secondary endpoint consti-
tuted death-censored graft failure (DCGF). DCGF was defined as return to dialysis or 
re-transplantation. For the current analyses, we excluded RTRs who did not have plasma 
samples available for measuring EPO levels (n=14), resulting in 592 RTRs eligible for 
analysis. Median follow-up was 7.0 years (interquartile range, 6.2 to 7.4). Data on the 
co-primary and secondary endpoints was available in all 592 participants. There was no 
loss-to-follow-up in current study.

Data collection
Relevant donor, recipient, and transplant characteristics at baseline (i.e. cross-section-
ally) were extracted from the Groningen Renal Transplant Database, as described in 
detail previously.19 Information on medical history and medication use was obtained 
from patient records. Participants’ height and weight were measured with participants 
wearing light indoor clothing without shoes. Blood pressure was measured according to 
a strict protocol as previously described.19 Alcohol consumption and smoking behavior 
were recorded using a self-reported questionnaire. Smoking behavior was classified as 
never, former, or current smoker.

laboratory procedures
Blood was drawn in the morning after an 8-12h overnight fast, and all measurements 
were performed in samples of the same timepoint. In plasma EDTA samples frozen at 
-80°C, we measured plasma EPO levels using an immunoassay based on chemilumi-
nescence (Immulite, Los Angeles, CA).20 We measured plasma total FGF23 levels with a 
human FGF23 (C-terminal) enzyme-linked immunosorbent assay (ELISA; Quidel Corp., 
San Diego, CA, USA) with intra-assay and interassay coefficients (CVs) of variation of <5% 
and <16% in blinded replicated samples, respectively.21 The total FGF23 immunometric 
assay uses two antibodies directed against different epitopes within the C-terminal part 
of FGF23, and therefore detects both the intact hormone as well as C-terminal cleavage 
products, and therefore measures total FGF23 levels. We measured plasma ferritin levels 
using an electrochemiluminescence immunoassay (Modular analytics E170, Roche 
diagnostics, Mannheim, Germany). Serum hepcidin was assessed by dual-monoclonal 
sandwich ELISA immunoassay, as described in detail previously.22 Renal function was 
determined by estimating GFR by applying the Chronic Kidney Disease Epidemiology 
Collaboration equation.23 Proteinuria was defined as urinary protein excretion ≥0.5 g/24 
h in 24-hour urine collection. Serum cholesterol was measured using standard labora-
tory procedures. Serum creatinine was assessed using a modified version of the Jaffé 
method (MEGA AU 510; Merck Diagnostica, Darmstadt, Germany). Erythrocytosis was 
defined as hemoglobin level higher than 16.0 g/dL for women, and higher than 16.5 g/
dL for men.24
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Statistical analyses
Data were analyzed using IBM SPSS software, version 23.0 (SPSS Inc., Chicago, IL), R 
version 3.2.3 (Vienna, Austria) and STATA 14.1 (STATA Corp., College Station, TX). Data 
are expressed as mean ± SD for normally distributed variables and as median (25th-75th 
interquartile range [IQR]) for variables with a skewed distribution. Categorical data are 
expressed as number (percentage). Co-linearity was tested by means of variance infla-
tion factor (VIF) calculation, with a VIF score of lower than 5 indicating no evidence for 
co-linearity. To study the association between EPO levels and prospective outcomes, we 
used proportional hazards regression analysis where Cox proportional hazards models 
for all-cause mortality and cause-specific hazards models for cardiovascular death and 
DCGF were applied. We performed analyses in which we adjusted for potential con-
founders based on univariate associations or for factors of known biologic importance. 
We adjusted for age, sex, eGFR, proteinuria, time since transplantation, presence of 
diabetes, systolic blood pressure (SBP), total cholesterol, and use of calcineurin inhibi-
tors, proliferation inhibitors, and angiotensin-converting enzyme (ACE)-inhibitors and 
angiotensin II-receptor blockers (ARBs) (model 1); for hemoglobin levels (model 2); for 
ferritin (model 3), high-sensitive C-reactive protein (hs-CRP) (model 4), and finally for 
total FGF23 (model 5). Due to skewed distribution, EPO, ferritin, hs-CRP, and total FGF23 
were natural log-transformed. To visualize the association of EPO with mortality and car-
diovascular mortality, we made splines of EPO with prospective outcomes. Splines were 
fit using a Cox proportional hazards regression model based on restricted cubic splines 
in univariate analyses and after adjustment for total FGF23. Knots are placed on the 10th, 
50th, and 90th percentile of natural log transformed EPO levels, with the 50% percentile 
serving as the reference level. As sensitivity analyses, we performed adjustments of the 
association of EPO with mortality and cardiovascular mortality as in Table 2, model 4, 
for serum hepcidin, diuretics, and erythropoietin-stimulating agents (ESA), each time 
in addition to the potential confounders of model 4. Finally, we performed mediation 
analyses with the methods described by Preacher and Hayes, which is based on logistic 
regression. These analyses allow for testing significance and magnitude of mediation 
of total FGF23 on the association between EPO and outcomes.25, 26 Furthermore, we 
evaluated mediation by hemoglobin, ferritin, and hs-CRP on the association between 
EPO and outcomes. In all analyses, a two-sided p-value <0.05 was considered significant.
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rESulTS

Baseline characteristics
We included 592 RTRs (mean±SD age, 51±12 years; 55% male) at a median of 6.0 (2.6-
11.5) years after transplantation. Further demographics and clinical characteristics 
according to tertiles of EPO are presented in Table 1.

Median plasma EPO levels were 17.4 (11.9-24.4) IU/L and median FGF23 levels 
were 139 (94-218) RU/mL. Erythrocytosis was present in 27 (5%) of the included RTRs. 
Increased FGF23 levels were noted across EPO tertiles (119 [79-169] RU/mL, 138 [89-
204] RU/mL, 194 [115-356] RU/mL, respectively). FGF23 levels were positively correlated 
with EPO levels (r=0.29, P<0.001), with a VIF of 1.42, indicating very minimal co-linearity. 
Hemoglobin levels were inversely correlated (r=-0.17, P<0.001) with VIF of 1.32, again 
indicating no evidence for co-linearity.

EPo, FGF23, and Mortality
During a median follow-up of 7.0 (6.2 – 7.4) years, 126 RTRs died. Of the 126 deceased 
RTRs, 64 RTRs (51%) died from cardiovascular causes. Other causes of death were infec-
tion (18%), malignancy (24%), and miscellaneous causes (8%).

In unadjusted Cox regression analyses, higher EPO levels were associated with 
increased all-cause mortality (hazard ratio [HR] per 1 ln IU/L increase, 1.87; 95% con-
fidence interval [CI], 1.41-2.48; P<0.001; Figure 1a). In multivariable analyses adjusted 
for age, sex, eGFR, proteinuria, time since transplantation, presence of diabetes, SBP, 
total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, ACE-inhibitors 
or ARB, hemoglobin, ferritin, and hs-CRP (model 4), the association between EPO and 
mortality remained significant (HR, 1.65; 95% CI, 1.18-2.31; P=0.003). Further adjustment 
for plasma FGF23 levels attenuated the association between EPO and mortality such 
that the association no longer remained significant (HR, 1.29; 95% CI, 0.90-1.84; P=0.17) 
(Table 2 and Figure 1B). FGF23 levels per se were strongly associated with mortality 
independent of adjustment for all confounders present in model 4 and after adjustment 
for EPO (HR, 2.06; 95% CI, 1.52-2.80; P<0.001).

When we assessed the associations between EPO and cardiovascular mortality, we 
found similar findings. Higher EPO levels were associated with increased cardiovascular 
mortality in unadjusted analyses and in models 2, 3 and 4 (Table 2 and Figure 1C). How-
ever, after further adjustment for FGF23 the association no longer remained significant 
(Table 2 and Figure 1D). FGF23 levels per se were strongly associated with cardiovascu-
lar mortality independent of adjustment for potential confounders including EPO (HR, 
2.11; 95% CI, 1.37-3.25; P=0.001).
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Table 1. Baseline characteristics of the 592 RTRs across tertiles of erythropoietin levels

Tertiles of EPo (Iu/l)

all patients
(n=592)

T1 (n=197)
[4.0-13.7]

T2 (n=199)
[13.8-21.5]

T3 (n=196)
[21.6-195.0]

Age (years) 51±12 48±12 52±12 55±11

Male sex (n, %) 325 (55) 113 (57) 111 (56) 101 (52)

Body mass index, kg/m2 26±4 26±4 26±4 27±4

Alcohol use (n, %) 295 (50) 102 (52) 94 (47) 99 (51)

Smoking status

  Never smoker (n, %) 211 (36) 65 (33) 80 (40) 66 (34)

  Former smoker (n, %) 249 (42) 83 (42) 85 (43) 81 (41)

  Current smoker (n, %) 130 (22) 48 (24) 34 (17) 48 (25)

Time since transplantation (yrs) 6.0 (2.6-11.5) 4.7 (2.2-9.3) 6.5 (3.5-11.6) 6.6 (2.7-13.8)

Diabetes mellitus (n, %) 104 (18) 37 (19) 27 (14) 40 (20)

Systolic blood pressure (mmHg) 153±23 151±21 151±21 157±25

Diastolic blood pressure (mmHg) 90±10 90±10 90±9 90±11

laboratory measurements

FGF23 (RU/mL) 139 (94-218) 119 (79-169) 138 (89-204) 194 (115-356)

Hemoglobin (mmol/L) 8.6±1.0 8.8±1.0 8.6±1.0 8.4±1.0

MCV (fL) 91±6 90±5 91±6 92±8

Ferritin (µg/L) 155 (76-283) 151 (82-321) 166 (98-283) 135 (64-256)

Hepcidin (ng/mL) 7.2 (33-13.5) 8.6 (4.2-14.2) 7.3 (3.1-12.2) 5.7 (2.2-13.9)

Total cholesterol (mmol/L) 5.6±1.1 5.7±0.9 5.6±1.2 5.5±1.1

Phosphate (mmol/L) 1.1±0.2 1.1±0.2 1.1±0.2 1.1±0.2

Calcium (mmol/L) 2.39±0.16 2.39±0.14 2.37±0.18 2.40±0.15

PTH (pmol/L) 9.1 (6.0-13.7) 8.8 (6.0-12.7) 9.5 (6.0-14.1) 9.4 (6.4-14.9)

eGFR (ml/min/1.73m2) 47±16 49±16 48±15 44±16

Creatinine (µmol/L) 147±58 145±55 143±53 154±65

Proteinuria (>0.5g) (n, %) 161 (27) 46 (23) 55 (28) 60 (31)

hs-CRP (mg/L) 2.0 (0.8-4.8) 1.5 (0.6-4.0) 1.9 (0.8-3.9) 3.0 (1.2-7.5)

Treatment

ACE-inhibitors or AII-antagonists (n, %) 199 (34) 83 (42) 57 (29) 59 (30)

Bèta-blocker (n, %) 365 (62) 120 (61) 127 (64) 118 (60)

Calcium channel blockers (n, %) 225 (38) 78 (40) 68 (34) 79 (40)

Diuretic use (n, %) 261 (44) 77 (39) 76 (38) 108 (55)

Erythropoietin-stimulating agents (n, %) 13 (3) 2 (1) 3 (2) 8 (4)

  Proliferation inhibitor (n, %) 437 (74) 132 (67) 147 (74) 158 (81)

  Calcineurin inhibitor (n, %) 465 (79) 174 (88) 150 (75) 141 (72)

Values are means ± standard deviation, medians (interquartile range) or proportions (%). Azathioprine and 
mycophenolate mofetil were considered as proliferation inhibitors; cyclosporine and tacrolimus as calci-
neurin inhibitors. Diabetes mellitus was defined as serum glucose >7 mmol/L or the use of antidiabetic 
drugs. Abbreviations: ACE, angiotensin converting enzyme; FGF23, fibroblast growth factor 23; eGFR, esti-
mated glomerular filtration rate; hs-CRP, high-sensitivity C-reactive protein; MCV, mean corpuscular volume
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EPo, FGF23, and Graft Failure
During a median follow-up of 6.9 (6.1 – 7.4) years, 52 RTRs developed DCGF. When we 
assessed the associations between EPO and DCGF, we did not fi nd an association (HR, 
0.90; 95% CI, 0.55-1.47; P=0.66). Further adjustment for potential confounders did not 
ameliorate the association between EPO and DCGF. In contrast, FGF23 levels were uni-
variately associated with DCGF (HR, 3.28; 95% CI, 2.48-4.34; P<0.001). After adjustment 
for potential confounders including EPO, FGF23 remained associated with DCGF (HR, 
1.74; 95% CI, 1.08-2.81; P=0.02).

Mediation analyses
In mediation analyses, FGF23 was found to be a signifi cant mediator of the association 
between EPO and all-cause mortality (P value for indirect eff ect <0.05; 56% of the as-
sociation was explained by FGF23; Table 3). Similarly, FGF23 explained 35% of the as-
sociation between EPO and cardiovascular mortality. In contrast, no evidence was found 
for mediation by hemoglobin, ferritin, or hs-CRP on the association between EPO and 
all-cause mortality nor between EPO and cardiovascular mortality (P value for indirect 
eff ect >0.05; Supplemental Table 1).

Figure 1. Restricted cubic splines depicting the hazard ratio between erythropoietin (EPO) and mortality 
risk (shaded areas indicate the 95% confi dence interval). Knots are placed on the 10th, 50th, and 90th percen-
tile of natural log transformed EPO levels, with the 50% percentile serving as the reference level. Panel A 
shows the unadjusted association between natural log transformed EPO and mortality risk. Panel B shows 
adjustment for FGF23. Panel C shows the unadjusted association between natural log transformed EPO and 
cardiovascular mortality risk. Panel D shows subsequent adjustment for FGF23. FGF23, fi broblast Growth 
Factor 23; EPO, erythropoietin
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Table 2. Univariable and multivariable-adjusted associations between erythropoietin levels and all-cause 
mortality and cardiovascular mortality

Model

all-cause mortality
(n=126)

Cardiovascular mortality
(n=64)

hr (95% CI)* P-value hr (95% CI)* P-value

Univariable 1.87 (1.41-2.48) <0.001 1.91 (1.29-2.83) 0.001

Model 1 1.56 (1.13-2.17) 0.007 1.81 (1.15-2.84) 0.01

Model 2 1.60 (1.15-2.22) 0.005 1.84 (1.17-2.89) 0.009

Model 3 1.69 (1.21-2.37) 0.002 1.93 (1.20-3.09) 0.006

Model 4 1.65 (1.18-2.31) 0.003 1.89 (1.18-3.04) 0.008

Model 5 1.29 (0.90-1.84) 0.17 1.49 (0.90-2.48) 0.12

*Hazard ratios are shown per 1 ln IU/L increase in EPO levels
Model 1: Adjusted for age, sex, eGFR, proteinuria, time since transplantation, presence of diabetes, systolic 
blood pressure, total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, and ACE-inhibitors 
or ARB; Model 2: Model 1 + adjustment for hemoglobin; Model 3: Model 2 + adjustment for ferritin; Model 
4: Model 3 + adjustment for hs-CRP; Model 5: Model 4 + adjustment for FGF23. FGF23, ferritin, and hs-CRP 
were ln-transformed before adding to the Cox regression analysis due to skewed distribution. Abbrevia-
tions: ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blockers; FGF23, fibroblast growth 
factor 23; CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; hs-CRP, high-
sensitive C-reactive protein.

Table 3. Mediation analysis of FGF23 on the association between EPO and all-cause and cardiovascular 
mortality in renal transplant recipients

Potential 
mediator

outcome Effect (path)* Multivariable model**

Coefficient
(95% CI, bc)†

Proportion 
mediated***

FGF23 all-cause 
mortality

Indirect effect (ab path) 0.077 (0.038; 0.132) 56%

Total effect (ab + c’ path) 0.137 (-0.006; 0.275)

Unstandardized total effect 0.203 (-0.287; 0.694)

FGF23 Cardiovascular 
mortality

Indirect effect (ab path) 0.057 (0.016; 0.110) 35%

Total effect (ab + c’ path) 0.162 (-0.013; 0.320)

Unstandardized total effect 0.349 (-0.241; 0.940)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard devia-
tions of EPO, FGF23, all-cause and cardiovascular mortality.
** All coefficients are adjusted for age, sex, eGFR, proteinuria, time since transplantation, presence of dia-
betes, systolic blood pressure, total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, ACE-
inhibitors or ARB, hemoglobin, ferritin, and hs-CRP.
*** The size of the significant mediated effect is calculated as the standardized indirect effect divided by the 
standardized total effect multiplied by 100
† 95% CIs for the indirect and total effects were bias-corrected confidence intervals after running 2000 
bootstrap samples.
Abbreviations: Bc, bias corrected; FGF23, fibroblast growth factor 23; CI, confidence interval.
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Sensitivity analyses
In sensitivity analyses, we first aimed to assess whether the master regulator of iron 
homeostasis, serum hepcidin, diminished the association between EPO and mortal-
ity. The association between EPO and mortality (HR, 1.74; 95% CI, 1.26-2.56; P=0.001) 
and between EPO and cardiovascular mortality (HR, 2.00; 95%CI 1.22-3.26; P=0.006) 
remained significant independent of adjustment for serum hepcidin levels in addition 
to adjustment for the model 4 covariates.

In further sensitivity analyses, we assessed whether the identified associations be-
tween EPO levels and all-cause mortality remained independent of adjustment for use 
of diuretics and ESA. We found similar findings after adjusting for use of diuretics (HR, 
1.59; 95% CI 1.12-2.25; P=0.009) and ESA (HR, 1.68; 95% CI 1.18-2.38; P=0.004). Similar to 
all-cause mortality, the association between EPO and cardiovascular mortality remained 
materially unchanged independent of adjustment for diuretics (HR, 1.84; 95% CI 1.14-
3.00; P=0.01) and ESA (HR, 1.89; 95% CI 1.16-3.07; P=0.01).

DISCuSSIon

In this study, we show that higher endogenous EPO levels are associated with an 
increased risk of all-cause and cardiovascular mortality in RTRs, and that these asso-
ciations are largely explained by variation in FGF23 levels. This study confirms recent 
studies about the essential role of EPO in FGF23 physiology in experimental and hu-
man models,7-10 and extends these findings to RTRs. Furthermore, the current results 
provide a rationale to investigate whether the detrimental effect of exogenous EPO on 
cardiovascular morbidity in patients with CKD and ESRD might be related to increased 
FGF23 levels or the underlying biological process that upregulates FGF23 and to assess 
subsequently whether strong inducers of EPO, e.g. HIF-proline hydroxylase inhibitors 
should be used cautiously in this patient setting. To our knowledge, this is the first study 
that indicates that high EPO-associated risks of all-cause and cardiovascular mortality in 
RTRs seem related to increased FGF23 levels.

EPO, a hormone mainly produced in the kidney in response to hypoxia, is essential 
for erythropoiesis.27 EPO controls proliferation, maturation, and also survival of erythroid 
progenitor cells.28 However, in the setting of CKD and ESRD, correction of anemia with 
recombinant EPO leads to an increased risk of cardiovascular morbidity and mortality,5, 6 
including increased risk of stroke. The mechanisms responsible for these associations are 
unknown. In the Correction of Hemoglobin and Outcomes in Renal Insufficiency (CHOIR) 
trial, the highest risk of cardiovascular mortality was seen in patients with the highest 
EPO dose, suggesting that EPO resistance through inflammation and/or functional iron 
deficiency might be a possible link between EPO administration and cardiovascular 
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morbidity.6 However, in the current study the association between endogenous EPO 
levels and mortality was independent of adjustment for the pro-inflammatory marker, 
hs-CRP, as well as independent of iron parameters, renal function, and standard classical 
cardiovascular risk factors including SBP and cholesterol levels. In contrast, adjustment 
for FGF23 markedly attenuated the association between EPO and mortality.

Elevated total FGF23 levels have previously been shown to be associated with in-
creased risk of mortality in RTRs, as well as in various other patients groups including 
post-operative acute kidney injury, non-dialysis CKD, and ESRD.29-33 FGF23 regulation is 
determined by a complex interplay between parathyroid hormone, 1,25-dihydroxyvita-
min D, klotho, glucocorticoids, calcium, and phosphate.34, 35 In recent years, iron deficien-
cy has been identified as an important regulator of FGF23.36-38 In addition, recent studies 
demonstrated that EPO stimulates murine and human FGF23.7, 8 Clinkenbeard and col-
leagues reported increased FGF23 mRNA expression in vitro, ex vivo, and in vivo due to 
EPO treatment in UMR-106 cells, in isolated bone marrow cells, and in marrow from mice, 
respectively.7 The authors concluded that EPO directly upregulates FGF23 production 
in hematopoietic progenitor cell subsets and cortical bone.7 In addition, Rabadi et al. 
have shown in experimental animal models that an acute loss of 10% blood volume led 
to an increase in total FGF23 and EPO levels within six hours. Furthermore, exogenous 
administration of EPO led to an acute increase in plasma total FGF23 levels similar to 
those seen in acute blood loss.8 Similarly, Flamme et al. described in animal models an 
increase in plasma total FGF23 both after injection of recombinant human EPO and after 
HIF-proline hydroxylase inhibitor.39 The present findings in our study underscore these 
observations and emphasize the important role of EPO in FGF23 physiology. Moreover, 
the current study is the first to show that prospective associations between EPO and 
adverse outcomes seem to be related to increased levels of total FGF23.

The mechanisms through which EPO, a reflection of tissue hypoxia, lead to increased 
circulating total FGF23 levels could not be answered by the current observational study 
and require additional investigation. However, it has previously been demonstrated that 
hypoxia stabilizes hypoxia-inducible factor 1-α (HIF-1α), which subsequently upregu-
lates FGF23 production and cleavage.15-17 In our cohort, we measured total FGF23 levels 
with an immunometric assay of FGF23 which uses antibodies within the C-Terminal por-
tion of FGF23 and therefore detects both intact FGF23 as C-terminal cleavage products. 
Hence, it is difficult to discriminate whether higher total FGF23 levels are the result 
of upregulated FGF23 in isolation versus upregulated production with concomitantly 
enhanced cleavage. The latter is known to occur in patients with acute kidney injury,31 
in iron deficiency,36 and would be expected to ensue also due to EPO treatment in line 
with recent studies where EPO treatment did not augment iFGF23 levels, but solitarily 
total FGF23 levels implicating an increase in C-Terminal cleavage products.8, 9 Notably, 
we found that the association between higher EPO levels and increased mortality was 
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independent of serum ferritin and hepcidin levels, suggesting an iron-independent 
mechanism.

The exact mechanism through which FGF23 connects with an excess mortality risk 
remains unclear. Previously, it has been shown in experimental models that elevated 
plasma FGF23 levels may be directly involved in the development of left ventricular 
hypertrophy.40, 41 In addition, recent papers have unraveled the role of FGF23 in the 
pathogenesis of immune dysfunction and inflammation.42, 43 Therefore, the associations 
between elevated FGF23 levels and mortality risk are likely to be explained, at least in 
part, by off-target effects of high FGF23 levels on the heart and other organs.

 Contrary to previous reports about an positive effect of exogenous EPO on graft 
survival, both in humans and in mice,44, 45 we did not detect an association between 
endogenous EPO levels and graft failure in RTRs. Surprisingly, we found an inverse as-
sociation between EPO levels and eGFR. Most likely, this association can be explained 
by a lower use of renin-angiotensin system inhibiting medication by RTRs in the upper 
EPO tertile, whereby increased aldosterone levels stimulate oxygen consumption, and 
as such EPO levels will tend to be higher.2

Our study has multiple strengths as well as limitations. The major strength of the 
current study is the large prospective cohort of stable RTRs with detailed clinical and 
laboratory data available, including EPO, FGF23, hs-CRP, ferritin, and hepcidin levels. 
Additionally, no participants were lost to follow-up with respect to the co-primary end-
points, despite a considerable follow-up period. Limitations of the current study include 
that due to the observational status of our single center study, we cannot exclude the 
possibility of residual confounding and conclusions about causality cannot be drawn. 
Furthermore, absence of data on intact FGF23 levels precludes our ability to discern the 
effect of EPO on intact versus cleaved forms of FGF23.

In conclusion, we demonstrate that the previously identified association between 
higher circulating EPO levels and increased risk of mortality in RTRs seems mainly re-
lated to increased total FGF23 levels. Further research is needed to fully elucidate the 
mechanism through which this ensues and to unravel whether the currently identified 
results can be extrapolated to exogenous EPO in RTRs.
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Supplemental Table 1. Effect of mediators on the association between EPO and cardiovascular mortality 
and all-cause mortality

Potential 
mediator

outcome Effect (path)* Multivariable model**

Coefficient
(95% CI, bc)†

Proportion 
mediated***

hemoglobin all-cause 
mortality

Indirect effect (ab path) 0.001 (-0.032; 0.037) Not mediated

Total effect (ab + c’ path) 0.160 (0.014; 0.287)

Cardiovascular 
mortality

Indirect effect (ab path) 0.023 (-0.003; 0.092) Not mediated

Total effect (ab + c’ path) 0.200 (0.054; 0.356)

Ferritin all-cause 
mortality

Indirect effect (ab path) -0.006 (-0.028; 0.011) Not mediated

Total effect (ab + c’ path) 0.154 (0.013; 0.284)

Cardiovascular 
mortality

Indirect effect (ab path) -0.006 (-0.034; 0.007) Not mediated

Total effect (ab + c’ path) 0.157 (0.008; 0.311)

hs-CrP all-cause 
mortality

Indirect effect (ab path)   0.015 (-0.002; 0.050) Not mediated

Total effect (ab + c’ path) 0.173 (0.027; 0.300)

Cardiovascular 
mortality

Indirect effect (ab path) 0.010 (-0.012; 0.047) Not mediated

Total effect (ab + c’ path) 0.192 (0.034; 0.342)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard devia-
tions of EPO, mediators, all-cause and cardiovascular mortality.
** All coefficients are adjusted for age, sex, eGFR, proteinuria, time since transplantation, presence of dia-
betes, systolic blood pressure, total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, ACE-
inhibitors or ARB, and hemoglobin, ferritin, or hs-CRP (inclusion of the other two variables than the media-
tor itself )
*** The size of the significant mediated effect is calculated as the standardized indirect effect divided by the 
standardized total effect multiplied by 100.
† 95% CIs for the indirect and total effects were bias-corrected confidence intervals after running 2000 
bootstrap samples.
Abbreviations: Bc, bias corrected; hs-CRP, high-sensitivity C-reactive protein; CI, confidence interval.







8 
Epoetin Beta and C-Terminal Fibroblast 
Growth Factor 23 in Patients with Chronic 
Heart Failure and Chronic Kidney Disease

Michele F. Eisenga1, Mireille E. Emans2, Karien Van der Putten3, Maarten J. Cramer4, 
Adry Diepenbroek1, Birgitta K. Velthuis5, Pieter A. Doevendans4, 
Marianne C. Verhaar6, Jaap A. Joles6, Stephan J.L. Bakker1, Ilja M. Nolte7, 
Branko Braam8, Carlo A.J.M. Gaillard9

1 Division of Nephrology, Department of Internal Medicine, University of Groningen, 
University Medical Center Groningen, Groningen, the Netherlands

2 Department of Cardiology, Ikazia Hospital, Rotterdam, the Netherlands
3 Department of Nephrology, Tergooi Hospital, Hilversum, the Netherlands
4 Department of Cardiology, 5Department of Radiology; 6Department of Nephrology and 

Hypertension, University of Utrecht, University Medical Center Utrecht, Utrecht, the 
Netherlands

7 Department of Epidemiology, University of Groningen, University Medical Center 
Groningen, Groningen, the Netherlands

8 Division of Nephrology and Immunology, Department of Medicine, University of Alberta, 
Edmonton, Canada

9 Department of Internal Medicine and Dermatology, University of Utrecht, University 
Medical Center Utrecht, Utrecht, the Netherlands

Journal of the American Heart Association 2019; 8(16):e011130



158 Chapter 8

aBSTraCT

Background
In chronic heart failure (CHF) and chronic kidney disease (CKD) patients, correction of 
anemia with erythropoietin stimulating agents (ESA), targeting normal hemoglobin 
levels, is known to be associated with an increased risk of cardiovascular morbidity and 
mortality. Emerging data suggest a direct effect of erythropoietin (EPO) on fibroblast 
growth factor 23 (FGF23), elevated levels of which have been associated with adverse 
outcomes. We investigate effects of ESA in patients with both CHF and CKD focusing on 
FGF23.

Methods and results
In the Erythropoietin in CardioRenal Syndrome (EPOCARES) study, we randomized 
fifty-six anemic patients (median age 74 [Interquartile range 69-80] years, 66% males) 
with both CHF and CKD to three groups, of which two received epoetin beta 50 IU/kg/
week for a period of 50 weeks and one group served as control. Measurements of clinical 
variables were performed at baseline, after 2, 26, and 50 weeks. Data were analyzed 
using linear mixed-model analysis. After 50 weeks of ESA treatment, hematocrit and 
hemoglobin levels increased. Similarly, C-Terminal FGF23 (cFGF23) levels, in contrast to 
intact FGF23 levels, rose significantly. During median follow-up for 5.7 (2.0-5.7) years, 
baseline cFGF23 levels were independently associated with increased risk of mortality 
(HR, 2.20; 95%CI 1.35-3.59; P=0.002).

Conclusions
Exogenous EPO increases cFGF23 levels markedly over a period of 50 weeks, elevated 
levels of which, already at baseline, are significantly associated with an increased risk 
of mortality. The current results, in a randomized trial setting, underline the strong 
relationship between EPO and FGF23 physiology in CHF and CKD patients.
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InTroDuCTIon

Anemia is associated with diminished exercise capacity and quality of life in patients 
with chronic heart failure (CHF) and/or chronic kidney disease (CKD).1 Major contribut-
ing factors to development of anemia are impaired erythropoietin (EPO) production 
and response.2-4 Interestingly, large randomized trials in CHF and CKD striving for full 
correction of anemia with erythropoiesis stimulating agents (ESA) were associated with 
an increased risk of cardiovascular morbidity and mortality.5-7 To date, the mechanism 
linking ESA treatment and increased cardiovascular risk is unknown.

Recently, it has been established in animal models that exogenous EPO administra-
tion augments expression of fibroblast growth factor 23 (FGF23), an osteocyte-derived 
phosphaturic hormone essential in bone and mineral metabolism.8,9 Recent human and 
animal experimental studies described an increase in C-Terminal FGF23 (cFGF23) levels 
following EPO treatment, while intact FGF23 (iFGF23) remained stable, which together is 
suggestive of upregulated production and concomitant cleavage of FGF23.10-13 Preclini-
cal studies demonstrated that FGF23 can induce left ventricular hypertrophy by binding 
to FGF23 receptor 4 in cardiac myocytes, and promote endothelial dysfunction.14,15 
Elevated levels of cFGF23 have been shown to be associated with increased risk of car-
diovascular mortality across different patient populations, including CKD patients and 
CHF patients, but also among healthy individuals.16-18

Furthermore, it is known that exogenous EPO treatment increases the need for iron 
by stimulating erythropoiesis. Iron stores frequently cannot be mobilized fast enough to 
meet the demand of increased erythropoiesis, resulting in functional iron deficiency.19 
Recently, studies from our group and others have shown that iron deficiency results 
in increased production and concomitant upregulated cleavage of FGF23, resulting in 
elevated levels of cFGF23.20-23

We analyzed the data of the Erythropoietin in the Cardiorenal Syndrome (EPOCARES) 
study aiming to assess effects of ESA therapy on red cell production, iron status, inflam-
mation, and bone mineral homeostasis, including both iFGF23 and cFGF23.

METhoDS

Study design and patients
The data that support the findings of this study are available from the corresponding 
author upon reasonable request. The EPOCARES study has been described in detail.24,25 
In brief, we conducted an open-label, prospective, randomized trial to study effects of 
ESA in patients with CHF, CKD, and anemia. At enrollment, patients had to be at least 
18 years of age and less than 85 years, have a renal function of 20-70 ml/min/1.73m2 
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calculated with the Cockroft-Gault equation, and have hemoglobin levels between 10.2 
g/dL and 12.7 g/dL for men and 12.0 g/dL for women. CHF was defined as New York 
Heart Association (NYHA) class II or higher, based on symptoms, signs and objective 
evidence of an abnormality in cardiac structure or function according to the European 
Society of Cardiology guidelines. Key exclusion criteria constituted patients with an ac-
tive systemic disease, malignancy, uncontrolled hypertension i.e. systolic blood pressure 
higher than 160 mmHg or diastolic blood pressure higher than 100 mmHg, uncontrolled 
diabetes, i.e. a glycated hemoglobin A1c of more than 8.0%, EPO therapy in the previous 
six months, and anemia due to bleeding, hemolysis, vitamin B12, folate, or iron deficien-
cies. Follow-up data about mortality have been retrieved at fixed time points from the 
patient medical records, after the study was finished.

Intervention
All eligible patients started with a standard run in treatment, at least four weeks prior 
to inclusion and randomization, consisting of oral iron supplementation and medical 
treatment according to CHF guidelines.26 If the subjects were still anemic after at least 
four weeks oral iron supplementation, they were included and randomized into three 
different groups. Randomization was stratified for EPO resistance (defined as an ob-
served or predicted log[serum EPO] ratio less than 0.6), and allocation was performed 
in blocks of six patients (block randomization), using a computerized table of random 
numbers. The first group received a fixed dose of 50 IU/kg per week of EPO (epoietin-β, 
Neorecormon®; Roche Pharmaceuticals, Mannheim, Germany) to increase the Hb level 
to a maximum of 13.7 g/dL for men and 13.4 g/dL for women (hemoglobin-rise group). 
The second group also received 50 IU/kg per week EPO, but the hemoglobin levels in 
these patients were maintained at baseline level during 26 weeks by sequential blood 
withdrawal (hemoglobin-stable group). The third, control group, only received standard 
care. Of the 62 patients included in the EPOCARES study, five withdrew their informed 
consent and one was excluded because of presumed malignancy at time of inclusion.

To maintain hemoglobin levels steady in the hemoglobin-stable group, blood was 
drawn if hemoglobin levels exceeded 14.0 g/dL in men or 13.8 g/dL in women, while 
the low dose of 50 IU/kg of EPO was maintained. Blood was drawn up to a maximum of 
250 ml per session, to a maximum of 250 mL per two weeks. However, after 26 weeks 
the phlebotomies ceased in the haemoglobin-stable group and the haemoglobin 
was allowed to increase equal to the haemoglobin-rise group according to a request 
of the Institutional Review Board. In a pre-specified subgroup, echocardiograms were 
performed according to study protocol, as described previously.24 The study protocol 
has been approved by the institutional review board, written informed consent was 
obtained from all subjects and adhered to the principles of the Declaration of Helsinki.
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laboratory tests
All blood samples were drawn between 8 and 9 AM. Serum ferritin, as marker of iron 
stores, was determined using routine laboratory procedures. Iron status was further 
assessed by serum iron, transferrin, transferrin saturation (TSAT), and serum hepcidin. 
Details of the methods used for biomarker analysis have been published.27 Intact 
FGF23 was measured using stored plasma samples by ELISA (Kainos Laboratories, Inc., 
Tokyo, Japan) and cFGF23 by ELISA (Immutopics/Quidel, Inc., San Clemente, CA). The 
cFGF23 immunometric assay uses two antibodies directed against different epitopes 
within the C-terminal part of FGF23 which therefore detects both the intact hormone 
and C-terminal cleavage products. In contrast, the iFGF23 assay detects only the intact 
molecule.28 All variables were measured at baseline, after 2, 26, and 50 weeks.

Statistical analysis
Intention-to-treat analyses included all randomised patients starting treatment. Data 
were analyzed using IBM SPSS software, version 23.0 (SPSS Inc., Chicago, IL). Normally 
distributed variables are presented as means ± standard deviation (SD), whereas skewed 
distributed variables as median with interquartile range (IQR). Categorical variables are 
shown as numbers with percentage. Baseline characteristics between the three groups 
were evaluated with a one-way ANOVA for normally distributed data, a Kruskal-Wallis 
test for skewed distributed data, and a Chi-square test for categorical variables. Cox 
proportional hazard regression analysis was performed to assess whether baseline 
cFGF23 levels were associated with risk of mortality over time. Linear regression analysis 
was performed to assess the association between baseline cFGF23 levels and measured 
ejection fraction by echocardiography at 50 weeks. A paired samples t-test was per-
formed to assess the difference between cFGF23 levels at baseline and 50 weeks in the 
control group.

To estimate the effect of EPO in the hemoglobin-rise and hemoglobin-stable groups 
compared to the control group, we performed a linear mixed-effect models for repeated 
measurements, with ‘group’, ‘time’ as continuous variable and ‘group x time’ as fixed 
effects, and patient identification number as random effect. In all analyses, skewed 
data were natural log transformed before analyzing and a two-sided p-value <0.05 was 
considered significant.

rESulTS

Baseline characteristics
Fifty-six patients (median age 74 [interquartile 69-80] years, 66% males, mean eGFR of 
36±15 ml/min/1.73m2) were included. Demographics and clinical characteristics of the 
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56 patients, subdivided by study group, are shown in Table 1. At baseline, no significant 
differences were observed for the main parameters. During the course of the study, six 
patients died (three in the control group, two in the hemoglobin-rise group and one in 
the hemoglobin stable group); three patients due to terminal heart failure, one due to 
abdominal sepsis, one due to an out-of-hospital-cardiac-arrest and one due to ventricu-
lar fibrillation.

laboratory results in response to EPo treatment
Table 2 summarizes laboratory values at the end of the 50 week trial and shows treatment 
effects of EPO. After 50 weeks of treatment, hemoglobin levels in the EPO hemoglobin-
stable group increased from 11.7±0.84 to 13.1±0.8 g/dL, in the EPO hemoglobin-rise 
group increased from 11.8±1.07 to 13.2±1.30 g/dL, whereas hemoglobin levels remained 
stable at 11.8±0.79 g/dL in the control group. Similarly, hematocrit increased due to 
EPO treatment. No significant differences were noticed in serum ferritin levels due to 
EPO treatment. In contrast, transferrin levels increased significantly in the EPO treated 
groups (Table 2). Surprisingly, TSAT levels remained stable or even increased slightly 
due to EPO treatment, although not significantly. No significant differences due to EPO 
treatment were observed for renal function, electrolytes, or inflammatory parameters.

Intact and C-Terminal Fibroblast Growth Factor 23 in response to EPo 
treatment
After 50 weeks of EPO treatment, cFGF23 levels increased significantly in the EPO 
hemoglobin-stable group from 162 (110-239) to 306 (231-443) RU/mL, and in the EPO 
hemoglobin-rise group from 205 (69-442) to 322 (187-685) RU/mL, while it decreased in 
the control group from 315 (127-685) to 178 (132-424) RU/mL (Figure 1a). Intact FGF23 
levels in both the EPO hemoglobin-stable and EPO hemoglobin-rise groups were not 
different between baseline and after 50 weeks of treatment (89 (53-114) to 129 (60-200) 
pg/mL) and 118 (46-235) to 206 (73-572) pg/mL, respectively) and it remained stable in 
the control group  (Figure 1B). Phosphate levels decreased in both EPO treated groups, 
of which significantly in the EPO, hemoglobin stable group. Calcium and PTH levels did 
not significantly change after EPO treatment.

association of Baseline cFGF23 and iFGF23 with Prospective outcomes
During a median follow-up of 5.7 (2.0-5.7) years, 27 (48%) patients died, which is in line 
with survival rates previously reported in this patient setting.29 Baseline cFGF23 was uni-
variately associated with increased mortality risk (Hazard ratio [HR], 1.85; 95% confidence 
interval [CI] 1.27-2.70; P=0.001). After adjustment for age, sex, and eGFR, the association 
between baseline cFGF23 and mortality remained materially unchanged (HR, 2.02; 
95%CI 1.35-3.00; P=0.001).  Further adjustment for presence of diabetes, hypertension, 
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Table 1. Baseline characteristics of the 56 patients with chronic heart failure, chronic kidney disease, and 
anemia

hb-stable group
(n=18)

hb-rise group
(n=19)

Control group 
(n=19)

P value

Age, years 78 (69-81) 74 (70-80) 72 (66-77) 0.65

Male sex (n, %) 10 (56) 13 (68) 14 (74) 0.49

BMI (kg/m2) 26.1±4.9 25.7±3.6 27.4±4.3 0.54

eGFR (ml/min/1.73m2) 36±14 35±12 34±16 0.94

NT-proBNP (pg/mL) 1767 (762-3127) 1373 (524-2151) 1680 (659-2610) 0.78

Etiology of heart failure 0.43

  Ischemic, (n, %) 9 (50) 13 (68) 13 (68)

  Hypertensive, (n, %) 3 (17) 3 (16) 3 (16)

  Valvular, (n, %) 2 (11) 1 (5) 3 (16)

  Other, (n, %) 4 (22) 2 (11) 0 (0)

Diabetes (n, %) 5 (28) 7 (37) 7 (37) 0.80

Hypertension (n, %) 14 (78) 13 (68) 16 (84) 0.51

Smoking status 0.05

  Never smoker (n, %) 10 (56) 5 (26) 3 (16)

  Former smoker (n, %) 7 (39) 13 (68) 12 (63)

  Current smoker (n, %) 1 (6) 1 (5) 4 (21)

Hemoglobin (g/dL) 11.7±0.8 11.8±1.1 11.8±0.8 0.94

Hematocrit (%) 36±3 35±4 35±3 0.89

MCV (fL) 90±4 91±4 89±4 0.61

Reticulocytes (%) 1.1±0.3 1.2±0.4 1.1±0.4 0.85

RDW (%) 14.5 (13.4-15.2) 13.6 (13.2-14.3) 14.2 (13.1-15.1) 0.48

EPO (IU/L) 13 (7-15) 14 (10-19) 15 (5-17) 0.64

Iron (µmol/L) 11.4±5.4 11.8±4.4 11.8±3.5 0.96

Ferritin (µg/L) 127 (87-179) 136 (71-307) 128 (76-164) 0.81

TSAT (%) 22±13 23±9 22±7 0.99

Hepcidin (ng/mL) 6.6 (2.8-8.7) 6.6 (4.1-11.5) 5.7 (3.3-7.9) 0.28

Calcium (mmol/L) 2.34±0.14 2.29±0.08 2.30±0.12 0.32

Phosphate (mmol/L) 1.2±0.2 1.2±0.1 1.1±0.2 0.56

PTH (pmol/L) 10.0 (6.0-11.2) 11.9 (6.9-19.2) 12.0 (6.6-20.1) 0.34

cFGF23 (RU/mL) 162 (110-239) 205 (69-442) 315 (127-685) 0.17

iFGF23 (pg/mL) 89 (53-114) 118 (46-235) 115 (77-248) 0.11

hs-CRP (mg/dL) 2.8 (1.1-11.0) 6.8 (1.7-11.4) 4.3 (1.7-6.9) 0.44

Mean±standard deviation or median [interquartile range] are shown. Differences between groups were cal-
culated with One-way ANOVA for normally distributed data, with Kruskal-Wallis test for skewed distributed 
data, and Chi-square test for categorical data. Abbreviations: BMI, body mass index; EPO, erythropoietin; 
hs-CRP, high sensitivity CRP; MCV, mean corpuscular volume; NT-proBNP, N-terminal pro-brain natriuretic 
peptide; RDW, red cell distribution width
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Table 2. Effect of erythropoietin treatment in hemoglobin-stable and hemoglobin-rise patients compared 
to control patients

Values after 50 weeks of treatment Treatment effect

EPo-hb-stable
(n=18)

EPo-hb-rise
(n=19)

Control
(n=19)

EPo-hb-stable
vs. control

EPo-hb-rise
vs. control

red blood cell and iron status

  Hemoglobin (g/dL) 13.1±0.8 13.2±1.3 11.8±1.2 1.0 (0.17, 1.83)* 1.2 (0.61, 1.79)***

  Hematocrit (%) 40.4±2.2 39.8±3.8 36.0±3.6 4.0 (1.0, 6.6)** 4.0 (2.0, 6.0)***

  MCV (fL) 92.2±5.1 89.4±4.3 90.4±3.2 2.0 (-0.01, 4.01) -0.3 (-1.8,1.2)

  Reticulocytes (%) 1.2±0.3 1.2±0.4 1.0±0.4 0.002 (-0.01, 0.01) 0.003 (-0.005, 0.01)

  RDW (%) 14.5 (13.6-15.5) 13.9 (13.5-14.4) 13.8 (13.2-14.6) 0.8 (-1.0, 2.5) 0.7 (-0.8, 2.1)

  EPO† (IU/L) 32 (25-46) 35 (26-50) 10 (7-13) 6.0 (-16.2, 28.2) 10.0 (-5.7, 25.7)

  Iron (µmol/L) 12.8±4.5 10.9±2.5 11.4±2.7 -7.0 (-19.4, 5.5) -6.0 (-14.8, 2.8)

  Ferritin† (µg/L) 84 (47-102) 99 (68-139) 139 (61-232) 0.61 (0.23, 1.62) 0.47 (0.11, 2.05)

  Transferrin (g/L) 2.4±0.4 2.2±0.2 2.2±0.3 0.8 (0.06, 1.44)* 0.5 (0.01, 0.99)*

  TSAT (%) 24±10 21±6 22±6 2.5 (-21.1, 26.1) 0 (-17, 17)

  Hepcidin† (ng/mL) 2.8 (1.3-5.0) 6.0 (2.9-7.9) 6.2 (5.1-9.2) 0.29 (0.02, 4.58) 0.45 (0.07, 3.36)

renal function and heart Failure

  Ureum† (mmol/L) 11.9 (8.3-17.8) 13.5 (11.3-23.1) 14.1 (9.1-23.8) 0.70 (0.53, 0.93)* 0.82 (0.67, 1.00)*

  Creatinine (µmol/L) 152 (118-231) 189 (126-279) 176 (143-334) 0.93 (0.82, 1.05) 0.96 (0.88, 1.04)

  eGFR‡ (ml/min/1.73m2) 36±14 32±14 33±17 2.5 (-2.1, 7.1) 1.95 (-1.4, 5.3)

  NT-proBNP† (pg/mL) 1756 (888-2713) 1017 (666-1925) 1355 (373-2220) 0.74 (0.05, 10.5) 0.78 (0.11, 5.54)

Bone and Mineral Metabolism

  Calcium (mmol/L) 2.36±0.13 2.34±0.09 2.29±0.08 -0.03 (-0.10, 0.04) 0.01 (-0.04, 0.06)

  Phosphate (mmol/L) 1.1±0.2 1.2±0.2 1.2±0.2 -0.20 (-0.34, -0.06)** -0.1 (-0.2, -0.002)

  PTH† (pmol/L) 7.9 (5.6-13.9) 11.4 (7.8-20.2) 11.4 (9.1-14.3) 1.16 (0.79. 1.72) 1.12 (0.64, 1.95)

  cFGF23† (RU/mL) 306 (231-443) 322 (187-685) 178 (132-424) 1.72 (1.02, 2.90)* 1.49 (1.01, 2.21)*

  iFGF23† (pg/mL) 129 (60-200) 206 (73-572) 120 (113-288) 1.28 (0.85, 1.95) 1.22 (0.91, 1.64)

Electrolytes

  Sodium (mmol/L) 142±2 139±4 140±3 -2.5 (-15.0, 10.0) -2.5 (-11.3, 6.3)

  Potassium (mmol/L) 4.4±0.3 4.5±0.4 4.4±0.4 0.33 (-0.09, 0.75) 0.03 (-0.26, 0.32)

Inflammation

  hs-CRP† (mg/dL) 3.0 (2.0-7.5) 3.0 (1.3-7.0) 5.5 (2.0-10.8) 1.65 (0.31, 8.90) 1.28 (0.48, 3.42)

  IL-6†  (pg/mL) 3.14 (2.67-6.62) 3.69 (1.65-6.81) 3.13 (2.76-3.76) 1.42 (0.82, 2.47) 1.22 (0.83, 1.81)

Mean ± standard deviation or median [interquartile range] are shown. Abbreviations: Hb AUC. area under 
the curve for the cumulative Hb change in time; Samples collected at week 0, 2, 26, and 50 weeks. RDW. red 
cell distribution width; sTfR. soluble transferrin receptor; Ret-He. reticulocyte haemoglobin content; hs-CRP. 
high-sensitive C-reactive protein; NT-proBNP. NT-probrain natriuretic peptide.
† Due to skewed distribution, the treatment effect are seen as a relative increase on a natural logarithm scale
‡ Calculated with Modification of Diet in Renal Disease equation
P-values: ***<0.001, **<0.01, *<0.05
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and smoking did also not materially alter the association between cFGF23 and mortality 
(HR, 2.44; 95%CI 1.54-3.87; P<0.001). Finally, the association between cFGF23 and mor-
tality remained independent of additional adjustment for ferritin, hemoglobin, and EPO 
levels (HR, 2.20; 95%CI 1.35-3.59; P=0.002). In contrast, iFGF23 levels were univariately 
not associated with increased risk of mortality (HR, 1.17; 95%CI 0.69-2.00; P=0.57).

In linear regression analyses, baseline cFGF23 levels were inversely associated with 
biplane left ventricular ejection measurement by echocardiography after 50 weeks (β= 
-0.50, P<0.001) as assessed in a subset of 28 patients. After adjustment for age, sex, 
and eGFR, baseline cFGF23 levels remained associated with ejection fraction (β= -0.49, 
P=0.01). As for mortality, iFGF23 levels were univariately not associated with ejection 
fraction (β= 0.03, P=0.88).

Figure 1. Eff ect of erythropoietin on C-Terminal Fibroblast Growth Factor 23 and intact Fibroblast Growth 
Factor 23.
Median levels with interquartile range of both cFGF23 and iFGF23 levels are shown over time. Abbrevia-
tions: cFGF23, C-Terminal fi broblast growth factor 23; EPO, erythropoietin; Hb, hemoglobin; iFGF23, intact 
fi broblast growth factor 23
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Sensitivity analysis
As sensitivity analysis, we performed a per-protocol analysis (49 patients by excluding 
the 6 patients that were lost to follow-up during the study) instead of intention-to-treat 
analysis and reassessed the mixed models analysis on the association of EPO treatment 
with cFGF23 and iFGF23. Again, after 50 weeks of EPO treatment cFGF23 levels signifi-
cantly increased from 188 (100-358) RU/mL to 311 (210-541) RU/mL as response to EPO 
treatment (P<0.05), whereas iFGF23 levels increased non-significantly from 98 (47-165) 
pg/mL to 149 (67-394) pg/mL (P=0.14). The decline of cFGF23 levels in the control group 
was not significant (P=0.44).

DISCuSSIon

In this study, we have shown that exogenous EPO is associated with increased cFGF23 
levels, out of proportion to iFGF23 levels, implicating an upregulated production and 
concomitant increased cleavage of FGF23. As expected, the effect of EPO treatment re-
sulted in an increment in hematocrit and hemoglobin level, and a tendency to decrease 
in ferritin levels.30 No important differences were observed in parameters representing 
inflammation, kidney function, and electrolytes. The current study underlines the es-
sential role of EPO in FGF23 physiology and provides a speculative mechanism, linking 
the use of exogenous EPO with a higher risk of cardiovascular events since increased 
cFGF23 levels associated with increased mortality risk in the current study, reiterating 
the association of elevated cFGF23 levels with many other reported adverse outcomes.

To date, the underlying mechanism of the association between use of exogenous 
EPO and detrimental outcomes is unknown. In 2007, Fishbane and Besarab suggested 
a set of hypotheses which could explain the link between exogenous EPO and adverse 
outcomes, all of which nowadays still appear valid.31 The hypotheses encompass that 
the detrimental outcomes are the result of the achieved hemoglobin level as such or of 
the effect of (high dose) ESA therapy in EPO resistant patients. In the current study, we 
add to these proposed mechanisms that ESA therapy increases levels of cFGF23, which 
is known to be strongly associated with increased cardiovascular disease events, kidney 
disease progression, and death among individuals with CKD.17,32,33 The current study is 
the first to extend these findings to a human setting with combined CKD and CHF. Also 
in the current patient setting, baseline cFGF23 levels were associated with an increased 
risk of adverse outcomes and reduced left ventricular ejection fraction, emphasizing the 
effect of EPO treatment in further increasing cFGF23 levels.

Our study is in line with recent experimental studies describing the positive associa-
tion between EPO and cFGF23. Clinkenbeard et al. have shown in experimental models 
that recombinant EPO (rhEPO) acutely increases circulating FGF23 levels in mice with 
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a normal kidney function and in mice with a diminished kidney function.8 The authors 
described that EPO stimulated FGF23 production in hematopoietic progenitor cells and 
in cortical bone. Furthermore, exogenous EPO was shown to increase FGF23 levels in 
humans with normal kidney function. Recently, Rabadi et al. showed that acute blood 
loss with a subsequent increase in EPO levels, increases cFGF23 levels. In addition, ex-
ogenous EPO administration led to an increase in cFGF23 levels similar to acute blood 
loss.10 In keeping with this finding, Flamme et al. identified in experimental rat models 
that administration of exogenous EPO induces a steep increase in cFGF23 levels within 
1 hour following intravenous administration. FGF23 mRNA expression was strongly 
induced in bone and bone marrow after rhEPO treatment, and even independent of 2 
week pretreatment with EPO or saline.11 Furthermore, Toro et al. described that exog-
enous EPO increased bone marrow FGF23 mRNA in vivo and in vitro via EPO receptor 
activity in erythroid progenitor cells, and further extended this result with the notion 
that blockade of the EPO receptor prevented induction of FGF23 and suppressed cir-
culating FGF23 levels.12 Intriguingly, Agoro et al.  recently described a converse direct 
relationship between cFGF23 and EPO in CKD mice, where inhibition of FGF23 signaling 
decreased erythroid cell apoptosis and induced renal and bone marrow EPO expression 
by creating an hypoxic environment that activated EPO-induced erythropoiesis.34 Fur-
thermore, FGF23 inhibition ameliorated iron deficiency by reducing inflammation, and 
hence decreasing serum hepcidin, leading to restoration of iron status parameters. The 
present findings together with the reported studies point at a pivotal direct relation-
ships between EPO, iron deficiency, and FGF23.

In our study,  EPO increased cFGF23 out of proportion to iFGF23. These elevated 
cFGF23 levels represent mainly C-terminal fragments as the cFGF23 immunometric as-
say measures both the intact molecule as the C-terminal fragments, whereas the iFGF23 
assay detects only the intact molecule. The C-terminal fragments are allegedly assumed 
to be inactive. Contrary to this prevailing view are observations made by Goetz et al. 
which showed that C-terminal FGF23 fragments may function as an FGF23 antagonist 
by competing with iFGF23 for binding to the FGF23 receptor.35 Furthermore, it has been 
shown in vitro by Courbebaisse et al. that C-terminal FGF23 in itself can increase the 
cell surface area of adult rat ventricular cardiomyocyte by binding to the FGF23 recep-
tor.36 Future studies will need to further unravel the biologic activity of the C-terminal 
fragments. Finally, as the net result of EPO administration resulted in a decrease in phos-
phate levels after 50 weeks, this suggests that EPO administration led to an increased 
production of FGF23 with somewhat increased iFGF23 levels (which are physiologically 
active), combined with out of proportion increased cFGF23 levels implying an increased 
cleavage of the intact molecule.

Our study has strengths and limitations. The major strength of the study is that it 
comprises a randomized trial setting in which we could visualize by means of multiple 
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consecutive blood samples the effect of EPO treatment for 50 weeks. Since for about half 
of the treatment duration the groups were treated distinctly, we performed all analyses 
stratified for the three groups to prevent an unrecognized effect due to difference in 
hemoglobin handling that could have been introduced by pooling the two EPO treat-
ment groups. Furthermore, since iron status decreased in the EPO treatment arms of the 
randomized controlled trial it might be that the increment in cFGF23 levels is at least 
partly due to induced iron deficiency. As a limitation, the association between FGF23 
and mortality in current study can be considered a post-hoc analysis. Furthermore, 
the current study comprises a relatively small sample size, albeit the largest number 
of patients with both CHF and CKD in which this association has been investigated to 
date Due to the relatively small sample size, we cannot exclude that more modest ef-
fects of EPO on iFGF23 would have been identified with a more subjects. Due to the 
small sample size and missing values in follow-up we could not perform a useful delta 
cFGF23 analysis to assess whether delta FGF23 was a stronger predictor of mortality 
than baseline FGF23 levels alone as shown by Isakova et al.37 Finally, we cannot exclude 
that renal phosphate handling might have influenced the currently identified results 
of FGF23 induction and cleavage, albeit that phosphate levels were similar at baseline 
between the arms of the trial.

In conclusion, we demonstrate that administration of exogenous EPO over a time 
course of 50 weeks is associated with increased cFGF23 levels, out of proportion to 
iFGF23 levels. Baseline cFGF23 levels were strongly associated with increased risk of 
mortality. The currently identified association between exogenous EPO and cFGF23 
levels could be the potential link between exogenous EPO and detrimental outcomes in 
this patient setting. Further research is needed to establish whether adverse outcomes 
associated with EPO treatment are truly attributable to a direct effect of exogenous EPO 
on cFGF23 levels.
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aBSTraCT

Background. Iron deficiency and higher circulating levels of erythropoietin (EPO) have 
each been associated with an increased risk of mortality in various patient populations. 
Iron deficiency and EPO have recently been shown to interfere with production and 
metabolism of the phosphate-regulating hormone fibroblast growth factor 23 (FGF23), 
another strong risk factor for premature mortality. However, clinical implications of iron 
deficiency and high EPO levels in the general population, and the potential downstream 
role for FGF23 are unclear. Therefore, we aimed to determine the associations between 
iron deficiency and higher EPO levels with mortality and the potential mediating role of 
FGF23 in a general cohort of community-dwelling subjects.
Methods and findings. We analyzed 6,544 community-dwelling subjects who par-
ticipated in the Prevention of REnal and Vascular ENDpoints (PREVEND) study. We mea-
sured circulating parameters of iron status, EPO levels, and plasma total FGF23 levels. 
Our primary outcome constituted all-cause mortality. In multivariable linear regression 
analyses, ferritin (ß= –0.43), transferrin saturation (ß= –0.17), hepcidin (ß= –0.36), soluble 
transferrin receptor (sTfR) (ß=3), and EPO (ß=0.28) were major determinants of FGF23, 
independent of potential confounders. During median (interquartile range) follow-up of 
8.2 (7.7-8.8) years, 379 (6%) participants died. In multivariable Cox regression analyses, 
lower levels of transferrin saturation (hazard ratio [HR] per 1 SD, 0.84; 95% confidence 
interval [CI], 0.74-0.95), and higher levels of sTfR (HR, 1.17; 95%CI 1.05-1.30), EPO (HR, 
1.18; 95%CI 1.06-1.31), and FGF23 (HR, 1.21; 95%CI 1.11-1.33) were each significantly as-
sociated with an increased risk of death, independent of potential confounders. Adjust-
ment for FGF23 markedly attenuated the associations of transferrin saturation (HR, 0.89; 
95%CI 0.78-1.01), sTfR (HR, 1.09; 95%CI 0.97-1.22) and EPO (HR, 1.10; 95%CI 0.99-1.23) 
with mortality. FGF23 remained associated with mortality (HR, 1.18; 95%CI 1.07-1.30) 
after adjustment for transferrin saturation, sTfR, and EPO. Mediation analysis revealed 
that FGF23 explained 33% of the association between transferrin saturation and mortal-
ity; similarly, FGF23 explained 32% of the association between sTfR and mortality, and 
48% of the association between EPO and mortality (P value for indirect effect <0.05 for 
all analyses).
Conclusions and relevance: Functional iron deficiency and higher EPO levels are each 
associated with an increased risk of death in the general population. FGF23 is a major 
mediator of these associations. Investigation of strategies aimed at correcting iron defi-
ciency and reducing FGF23 levels is warranted.
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InTroDuCTIon

Iron deficiency is one of the most common nutritional disorders worldwide.1 In addition 
to its effect on quality of life and functional capacity, iron deficiency has previously been 
associated with an increased risk of all-cause and cardiovascular mortality in the general 
population.2 However, the underlying mechanisms linking iron deficiency with mortality 
in this setting remain unknown. Emerging data from disease populations such as chronic 
kidney disease (CKD) patients suggest that iron deficiency stimulates the expression and 
concomitant cleavage of the osteocyte-derived, phosphate-regulating hormone, fibro-
blast growth factor 23 (FGF23). Elevated levels of FGF23, in turn, have been shown to be 
associated with an increased risk of mortality in both community-dwelling individuals3 
and across stages of CKD.4-6

Similarly, higher circulating endogenous erythropoietin (EPO) levels have been as-
sociated with an increased all-cause and cardiovascular mortality risk in various disease 
populations, including chronic heart failure patients, kidney transplant recipients, and 
elderly individuals.7-10 In addition, higher doses of exogenous EPO increase the risk of 
cardiovascular events in CKD patients.11-13 To date, it is unknown whether EPO levels are 
associated with adverse outcomes in the general population. Similar to iron deficiency, 
recent studies from our group and others have established that both endogenous and 
exogenous EPO may influence FGF23 production and metabolism in CKD patients.14-16

Currently, the clinical implications of iron deficiency and high EPO levels in the 
general population, and the potential downstream role for FGF23 are unclear. Hence, in 
the current study we investigated whether iron deficiency and EPO are major determi-
nants of FGF23, whether iron deficiency and elevated EPO levels are associated with an 
increased risk of death, and whether such associations could be explained by variation 
in FGF23 levels.

METhoDS

Study population
Details from the Prevention of Renal and Vascular End-Stage Disease (PREVEND) study 
have been described previously.17 In brief, from 1997 to 1998, all inhabitants of the city 
of Groningen, The Netherlands, who were 28 to 75 years old received a questionnaire 
on demographics, disease history, smoking habits, use of medication, and a vial to col-
lect an early morning urinary sample (n = 85,421). Of these individuals, 40,856 (47.8%) 
responded. After exclusion of subjects with insulin-dependent diabetes mellitus and 
pregnant women, participants with an urinary albumin concentration ≥10 mg/L (n = 
6,000) and a randomly selected control group with an UAE <10 mg/L (n = 2,592) com-
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pleted the screening protocol and as such formed the baseline PREVEND cohort (n = 
8,592). For the current analyses, we used data from the second survey, which took place 
between 2001 and 2003 (n = 6,894), since for this visit blood samples were also available. 
We excluded 290 subjects due to missing data on FGF23, resulting in 6,544 subjects (vi-
sually depicted in a flowchart in Supplemental Figure 1). The PREVEND study protocol 
was approved by the institutional medical review board and was in accordance with the 
Declaration of Helsinki. Written informed consent was obtained from all participants.

Exposures and outcomes
Fasting blood samples were drawn in the morning from all participants from 2001 to 
2003. All hematologic measurements were measured in fresh venous blood. Aliquots 
of these samples were stored immediately at −80 °C until further analysis. Serum cre-
atinine was measured using an enzymatic method on a Roche Modular analyzer (Roche 
Diagnostics, Mannheim, Germany). For estimating glomerular filtration rate (eGFR), the 
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) was applied.18 Serum iron 
was measured using a colorimetric assay, ferritin using immunoassay, and transferrin us-
ing an immunoturbidimetric assay (all Roche Diagnostics). Transferrin saturation (TSAT, 
%) was calculated as 100 x serum iron (µmol/L)/25 x transferrin (g/L).19 Serum EPO was 
measured using an immunoassay based on chemiluminesce (Immulite EPO assay, DPC, 
Los Angeles, CA, USA). Serum hepcidin was measured with a competitive enzyme-linked 
immunosorbent assay (ELISA), as described elsewhere with intra- and interassay coef-
ficient of variation (CVs) of 8.6% and 16.2%, respectively.20 Soluble transferrin receptor 
(sTfR) was measured using an automated homogenous immunoturbidimetric assay with 
intra- and interassay CVs <2% and <5%.21 Total FGF23 levels were measured in plasma 
EDTA samples with a human FGF23 ELISA (Quidel Corp., San Diego, CA, USA) directed 
against two different epitopes within the C-terminal part of the FGF23 molecule. Hence, 
the assay measures both the intact hormone and the C-terminal fragments, and as such 
measures total FGF23 levels. In our hands, this ELISA had intra- and inter-assay CVs of 
<5% and <16% in blinded replicated samples, respectively.22 We assessed prospective 
associations of iron status parameters, EPO, hepcidin, and FGF23 levels with death. In 
the PREVEND cohort, data on mortality were received through the municipal register 
and follow-up was available until the 1st of January 2011.

STaTISTICal analySES

Data were analyzed using IBM SPSS software, version 23.0 (SPSS Inc., Chicago, IL), R ver-
sion 3.2.3 (Vienna, Austria), and STATA 14.1 (STATA Corp., College Station, TX). Baseline 
characteristics are described as means with standard deviation for normally distributed 
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variables, as medians with interquartile range (IQR) for skewed variables, or as num-
bers with corresponding percentages for categorical variables. Differences in baseline 
characteristics across tertiles of FGF23 were tested with a one-way ANOVA for normally 
distributed variables, Kruskal-Wallis test for skewed variables, and a Chi-square test for 
categorical variables. Hereafter, we performed univariable linear regression analyses 
to study the relationship between iron status parameters and EPO as determinants of 
FGF23. We subsequently performed multivariable analyses adjusted for age, sex, eGFR, 
systolic blood pressure, alcohol use (5 categories), smoking status (never, former, or cur-
rent smoker), hemoglobin, mean corpuscular volume (MCV), and plasma/serum levels 
of high sensitivity-C-reactive protein (hs-CRP), phosphate, calcium, 25-hydroxyvitamin 
D (25D), and parathyroid hormone (PTH). Second, we performed stepwise backward 
multivariate linear regression analyses in which we determined whether iron status 
parameters and EPO remained major determinants of FGF23 levels. Of note, since the 
different iron status parameters are highly correlated with each other, we included all 
iron status parameters individually in multivariable linear regression analyses. To visual-
ize the cross-sectional associations between the different iron status parameters, EPO, 
and FGF23, plots were generated using locally weighted scatterplot smoothing.

We subsequently assessed the associations of iron status parameters and EPO 
levels with all-cause mortality using Cox proportional hazard regression analyses. We 
constructed multivariable models adjusted for age and sex (model 1), and additionally 
for eGFR, body mass index (BMI), systolic blood pressure, hs-CRP, presence of diabetes, 
smoking, alcohol use, and use of antihypertensives (model 2). Subsequently, we ad-
justed for FGF23 (model 3). Similarly, we assessed whether FGF23 levels were associated 
with mortality, independent of potential confounders, including adjustment for iron 
status parameters and EPO in the final models. To visualize the effect of adjustment 
of FGF23 on prospective associations between iron status and EPO and mortality, we 
computed restricted cubic splines for the prospective associations. Knots were placed 
on 10th, 50th, and 90th percentile. Finally, we performed mediation analyses with the 
methods described by Preacher and Hayes, which is based on logistic regression. These 
analyses allow for testing significance and magnitude of mediation.23, 24 Overall, 3.4% of 
demographic data were missing and were imputed using regressive switching.25 Five 
datasets were multiply-imputed, and results were pooled according to Rubin’s rules.26 In 
all analyses, a two-sided significance level <0.05 was considered significant.
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rESulTS

Baseline Characteristics
We included 6,544 community-dwelling subjects (age 53±12 years; 50% males) with a 
median [IQR] FGF23 level of 70 (57-87) RU/mL. Mean hemoglobin concentration was 
13.7±1.2 g/dL; median ferritin concentrations were 96 (47-172) µg/L; mean TSAT was 
25.0±9.5%; median sTfR levels were 2.5 (2.1-3.0) mg/L; median hepcidin levels were 8.5 
(4.6-13.8) ng/L; and median EPO levels were 7.8 (5.9-10.3) IU/L. Iron deficiency based on 
ferritin levels (i.e., ferritin <15 µg/L for women and <30 µg/L for men) was present in 448 
(7%) individuals.27 Iron deficiency based on low TSAT levels (i.e. TSAT <20%) was present 
in 1806 (28%) individuals.2 Erythropoiesis-stimulating agents and oral or intravenous 
iron were not used by any of the participants. Across tertiles of FGF23, we observed 
inverse associations with ferritin, TSAT, and hepcidin, and a positive association with 
sTfR and EPO levels. Additional demographic, clinical, and laboratory parameters are 
depicted in Table 1.

Iron Parameters, EPo, and Fibroblast Growth Factor 23
In univariate analyses, higher FGF23 levels associated with lower levels of ferritin (ß = 
–0.35, P<0.001), TSAT (ß = –0.28, P<0.001), sTfR (ß = –0.46, P<0.001), and hepcidin (ß = 
–0.31, P<0.001), and with higher levels of serum EPO (ß = 0.32, P<0.001) (Figure 1.a-E). 
After adjustment for age, sex, eGFR, urinary albumin excretion, systolic blood pressure, 
alcohol use, smoking status, hemoglobin, MCV, hs-CRP, phosphate, calcium, 25D, and 
PTH, all iron parameters—including ferritin (ß = –0.43, P < 0.001), TSAT (ß = –0.17, P < 
0.001), sTfR (ß = 0.33, P < 0.001), and hepcidin (ß = –0.36, P < 0.001)—remained strongly 
and independently associated with FGF23 levels. Similarly, EPO (ß = 0.28, P < 0.001) 
remained independently associated with FGF23. In stepwise backward linear regression 
analyses, ferritin (ß=–0.38, P<0.001), sTfR (ß=0.27, P<0.001), hepcidin (ß=–0.31, P<0.001), 
and EPO (ß=0.21, P<0.001) levels were identified as the strongest determinants of FGF23 
levels, with higher standardized regression coefficients than more established determi-
nants of FGF23, including eGFR (ß=–0.20, P<0.001), phosphate (ß=0.13, P<0.001), and 
calcium (ß=0.17, P<0.001) (Supplemental Table 1).

Iron Status and Mortality
During a median (IQR) follow-up of 8.2 (7.7-8.8) years, 379 (6%) participants died. We 
assessed the associations of the individual iron status parameters, EPO, and FGF23 levels 
with mortality (Figure 2). After adjustment for age and sex, neither ferritin nor hepcidin 
were associated with risk of death (hazard ratio [HR] per 1 SD higher ln[ferritin], 0.95; 
95% confidence interval [CI], 0.84-1.07; P=0.38; HR per 1SD higher ln[hepcidin], 0.99; 
95% CI, 0.88-1.11; P=0.80, respectively). In contrast, a lower TSAT was strongly associated 
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Table 1. Baseline characteristics of 6544 community-dwelling subjects according to tertiles of total FGF23 levels

Tertiles of total FGF23 (ru/ml)

all patients
(n=6544)

T1 (n=2177)
[20.7-60.6]

T2 (n=2186)
[60.7-80.2]

T3 (n=2181)
[80.3-3494.6]

Age (years) 53±12 51±12 53±12 55±12

Male sex (n, %) 3251 (50) 1193 (55) 1152 (53) 906 (42)

Body mass index, kg/m2 26.7±4.4 26.1±3.8 26.6±4.3 27.5±4.8

Alcohol use

  No alcohol use (n,%) 1722 (26) 482 (22) 534 (24) 706 (32)

  1-4 units/month (n, %) 1093 (17) 386 (18) 360 (17) 347 (16)

  2-7 units/week (n, %) 2042 (31) 730 (34) 675 (31) 637 (29)

  >1-3 units/day (n, %) 1416 (22) 498 (23) 515 (24) 403 (19)

  >3 units/day (n, %) 271 (4) 81 (4) 102 (5) 88 (4)

Smoking status

  Never smoker (n, %) 1967 (30) 756 (35) 647 (30) 564 (26)

  Former smoker (n, %) 2748 (42) 957 (44) 945 (43) 846 (39)

  Current smoker (n, %) 1829 (28) 464 (21) 594 (27) 771 (35)

Diabetes mellitus (n, %) 403 (6) 95 (4) 118 (5) 190 (9)

Systolic blood pressure (mmHg) 126±19 125±18 126±19 128±20

Diastolic blood pressure (mmHg) 73±9 73±9 73±9 74±9

laboratory measurements

Ferritin (µg/L) 96 (47-172) 110 (61-190) 102 (53-178) 74 (28-149)

TSAT (%) 25.0±9.5 26.8±9.3 25.9±9.1 22.5±9.5

sTfR (mg/L) 2.5 (2.1-3.0) 2.4 (2.1-2.8) 2.4 (2.1-2.9) 2.7 (2.2-3.3)

Hepcidin (ng/mL) 8.5 (4.6-13.8) 9.4 (5.5-14.5) 8.9 (5.2-13.9) 7.1 (2.9-12.8)

Erythropoietin (IU/L) 7.8 (5.9-10.3) 7.2 (5.6-9.3) 7.7 (5.9-9.9) 8.6 (6.4-11.8)

Hemoglobin (g/dL) 13.7±1.2 13.8±1.1 13.8±1.1 13.6±1.4

MCV (fL) 90±5 91±4 91±4 90±6

Total cholesterol (mg/dL) 209.6±40.4 208.5±40.2 209.8±40.4 210.4±40.6

Glucose (mg/dL) 91±21 89±18 90±20 93±24

Phosphate (mg/dL) 3.13±0.87 3.07±0.89 3.10±0.74 3.21±0.95

Calcium (mg/dL) 9.23±0.46 9.18±0.44 9.24±0.47 9.26±0.47

PTH (pg/mL) 46.0 (38.4-55.3) 44.9 (37.5-53.5) 45.5 (38.4-54.4) 47.5 (39.2-57.6)

25 (OH) Vitamin D (ng/mL) 22.8±10.0 23.4±10.2 23.0±9.9 21.9±10.0

eGFR (ml/min/1.73m2) 91.8±17.2 98.5±14.6 92.4±15.4 85.6±18.7

Creatinine (mg/dL) 0.96±0.24 0.93±0.15 0.96±0.16 0.99±0.35

Urinary albumin excretion (mg/24h) 8.7 (6.1-16.0) 8.4 (6.0-14.6) 8.5 (6.1-14.7) 9.5 (6.2-20.3)

hs-CRP (mg/L) 1.4 (0.6-3.1) 1.1 (0.5-2.5) 1.3 (0.6-2.9) 1.7 (0.8-3.9)

Medication use

Antihypertensives* (n, %) 1299 (20) 269 (12) 397 (18) 633 (29)

ACE-inhibitors or AII-antagonists (n, %) 580 (9) 126 (6) 198 (9) 256 (12)

*Includes ACE  or AII-antagonists; P for trend was calculated with linear regression for continuous variables 
and with Chi-square test for dichotomous and categorical variables. SI conversion factors: To convert hep-
cidin from ng/mL to nmol/L, divide by 2.789; to convert hemoglobin from g/dL to mmol/L, multiply by 
0.6206; to convert total cholesterol from mg/dL to mmol/L, multiply by 0.0259; to convert glucose from 
mg/dL to mmol/L, multiply by 0.0555; to convert phosphate from mg/dL to mmol/L, multiply by 0.3229; to 
convert calcium from mg/dL to mmol/L, multiply by 0.2495; to convert PTH from pg/mL to pmol/L, multiply 
by 0.105; to convert vitamin D from ng/mL to nmol/L, multiply by 2.496; to convert creatinine from mg/dL 
to µmol/L, multiply by 88.42.
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with an increased risk of death (age- and sex-adjusted HR per 1 SD higher TSAT, 0.79; 
95% CI 0.70-0.88; P<0.001, Figure 3a). After further adjustment for eGFR, BMI, systolic 
blood pressure, hs-CRP, presence of diabetes, smoking, alcohol use, and use of antihy-
pertensives (model 2), the association between TSAT and mortality persisted (HR, 0.84; 
95% CI, 0.74-0.95; P=0.005). However, subsequent adjustment for FGF23 attenuated the 
association, such that TSAT was no longer significantly associated with death (HR, 0.89; 
95% CI, 0.78-1.01; P=0.07, Figure 3B).

Similarly, a higher plasma sTfR level, indicating functional iron deficiency, was as-
sociated with a higher risk of mortality in a model adjusted for age and sex (HR per 1SD 
higher ln[sTfR], 1.17; 95% CI, 1.06-1.30; P=0.004, Figure 3C). In fully adjusted analyses 
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Iron Parameters, EPO, and Fibroblast Growth Factor 23 

In univariate analyses, higher FGF23 levels associated with lower levels of ferritin (ß = –0.35, 

P<0.001), TSAT (ß = –0.28, P<0.001), sTfR (ß = –0.46, P<0.001), and hepcidin (ß = –0.31, 

P<0.001), and with higher levels of serum EPO (ß = 0.32, P<0.001) (Figure 1.A-E). In 

stepwise backward linear regression analyses, ferritin (ß=–0.39, P<0.001), sTfR (ß=0.26, 

P<0.001), hepcidin (ß=–0.32, P<0.001), and EPO (ß=0.21, P<0.001) levels were identified 

as the strongest determinants of FGF23 levels, with higher standardized regression 

coefficients than more established determinants of FGF23, including eGFR (ß=–0.20, 

P<0.001), phosphate (ß=0.13, P<0.001), and calcium (ß=0.17, P<0.001) (Supplemental 

Table 1). 

 

Figure 1. Cross-sectional associations of iron status parameters and erythropoietin with 

fibroblast growth factor 23  

Figure 1. Cross-sectional associations of iron status parameters and erythropoietin with fibroblast 
growth factor 23
Plots were generated with use of locally weighted scatterplot smoothing, and show the association of 
FGF23 with ferritin (Panel A), TSAT (Panel B), sTfR (Panel C), Hepcidin (Panel D), and EPO (Panel E). Lines 
and band represent means and 95% confidence intervals, respectively. FGF23, ferritin, sTfR, hepcidin, and 
EPO were naturally log transformed. Abbreviations: EPO, erythropoietin; FGF23, fibroblast growth factor 23; 
sTfR, soluble transferrin receptor; TSAT, transferrin saturation.
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(model 2), the association between sTfR and mortality remained significant (HR, 1.17; 
95% CI, 1.05-1.30; P=0.01). However, adjustment for FGF23 strongly attenuated the 
association, rendering the association between sTfR and mortality non-significant (HR, 
1.09; 95% CI, 0.97-1.22; P=0.15, Figure 3D).

In mediation analyses, we analyzed whether the significant associations between 
iron status parameters (i.e. TSAT and sTfR) and mortality were mediated by FGF23 (Table 
3). FGF23 was identified as a significant mediator (P value for indirect effect <0.05; 33% 
of the association between TSAT and mortality was explained by FGF23, and 32% of the 
association between sTfR and mortality).

Erythropoietin and Mortality
In age- and sex-adjusted analyses, higher serum EPO levels were associated with an 
increased risk of death (HR per 1 SD higher ln[EPO], 1.22; 95% CI, 1.10-1.34; P<0.001, 
Figure 2 and 3E). In fully adjusted analyses (model 2), the association between EPO and 
mortality persisted (HR, 1.18; 95% CI, 1.06-1.31; P=0.002, Figure 2). However, adjustment 
for FGF23 abrogated the association between EPO and mortality, rendering the associa-
tion non-significant (HR, 1.10; 95% CI, 0.99-1.23; P=0.07, Figure 3F).
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rendering the association between sTfR and mortality non-significant (HR, 1.09; 95% CI, 

0.97-1.22; P=0.15, Figure 3D).  

In mediation analyses, we analyzed whether the significant associations between iron 

status parameters (i.e. TSAT and sTfR) and mortality were mediated by FGF23 (Table 3). 

FGF23 was identified as a significant mediator (P value for indirect effect <0.05; 33% of the 

association between TSAT and mortality was explained by FGF23, and 32% of the 

association between sTfR and mortality). 

 

Figure 2. Hazard ratios (and 95% CI) for death according to fibroblast growth factor 

23, iron status parameters, and erythropoietin. 

The table shows the different hazard ratios for death according to the different natural log-transformed (except 

TSAT) parameters standardized to one SD. Model 1 is adjusted for age and sex; model 2 is adjusted for 

estimated glomerular filtration rate, body mass index, systolic blood pressure, high-sensitivity C-reactive protein, 

presence of diabetes, smoking, alcohol use, and use of antihypertensives, and for FGF23 extra adjustments for 

calcium, phosphate, 25 vitamin D, and parathormone. Abbreviations: EPO, erythropoietin; FGF23, fibroblast 

Figure 2. hazard ratios (and 95% CI) for death according to fibroblast growth factor 23, iron status 
parameters, and erythropoietin.
The table shows the different hazard ratios for death according to the different natural log-transformed (ex-
cept TSAT) parameters standardized to one SD. Model 1 is adjusted for age and sex; model 2 is adjusted for 
estimated glomerular filtration rate, body mass index, systolic blood pressure, high-sensitivity C-reactive 
protein, presence of diabetes, smoking, alcohol use, and use of antihypertensives, and for FGF23 extra ad-
justments for calcium, phosphate, 25 vitamin D, and parathormone. Abbreviations: EPO, erythropoietin; 
FGF23, fibroblast growth factor 23; HR, hazard ratio; SD, standard deviation; sTfR, soluble transferrin recep-
tor; TSAT, transferrin saturation.
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In mediation analyses, we analyzed whether the significant association between EPO 
and mortality was mediated by FGF23 (Table 3). FGF23 was identified as a significant 
mediator (P value for indirect effect <0.05; 48% of the association between EPO and 
mortality was explained by FGF23). Since functional iron deficiency often occurs in 
states of EPO-mediated erythropoiesis, we also analyzed whether the positive associa-
tion between EPO and FGF23 might be, at least in part, mediated by TSAT and sTfR. Both 
parameters were found to be significant mediators in the positive association between 
EPO and FGF23 (P value for indirect effect <0.05; 12% by TSAT and 33% by sTfR, indepen-
dent of potential confounders, Table 3).

Fibroblast Growth Factor 23 and Mortality
In age- and sex-adjusted analyses, higher plasma FGF23 levels were strongly associated 
with an increased risk of death (HR per 1 SD higher ln[FGF23], 1.29; 95% CI, 1.20-1.34; 
P<0.001, Figure 2). In fully adjusted analyses (model 2) with inclusion of bone mineral 

Figure 3. associations between TSaT, soluble transferrin receptor, and erythropoietin and mortality
Restricted cubic splines depict the relationship between TSAT, soluble transferrin receptor and erythro-
poietin and mortality. First adjustment for age and sex are performed, hereafter adjustment for fibroblast 
growth factor 23. Plots are generated with restricted cubic splines, knots are placed on 10th, 50th, and 90th 
percentiles of TSAT, sTfR, and EPO. Line represents hazard ratio, dotted lines represent 95%CI.  Abbrevia-
tions: TSAT, transferrin saturation; sTfR, soluble transferrin receptor
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parameters (i.e., calcium, phosphate, 25D, and PTH), the association between FGF23 and 
mortality remained (HR, 1.21; 95% CI, 1.11-1.33; P<0.001, Figure 2). Further adjustment 
for TSAT, sTfR, and EPO did not materially change the association between FGF23 and 
mortality (HR, 1.18; 95% CI, 1.07-1.30; P<0.001).

DISCuSSIon

In this study, we demonstrate that markers of iron deficiency, especially lower iron 
availability (i.e., lower TSAT and higher sTfR), as well as elevated serum EPO, are associ-
ated with an increased risk of mortality in community-dwelling individuals. Notably, we 
identified FGF23 as a strong mediator of iron-deficiency- and EPO-related mortality. Iron 
deficiency and elevated levels of EPO were main determinants of FGF23 levels, even 
stronger than more established determinants such as renal function and serum calcium, 
PTH, and phosphate. FGF23 in itself was strongly associated with mortality independent 

Table 3. Mediation analyses of FGF23 on the association between TSAT, sTfR, EPO, and mortality in the 
general population

Independent 
variable

Potential 
mediator

outcome Effect (path)* Multivariable model**

Coefficient
(95% CI, bc)†

Proportion 
mediated***

TSaT FGF23 Mortality Indirect effect (ab path) -0.033 (-0.053; -0.014) 33%

Total effect (ab + c’ path) -0.102 (-0.182; -0.032)

sTfr FGF23 Mortality Indirect effect (ab path) 0.042 (0.013; 0.074) 32%

Total effect (ab + c’ path) 0.133 (0.049; 0.216)

EPo FGF23 Mortality Indirect effect (ab path) 0.037 (0.015; 0.062) 48%

Total effect (ab + c’ path) 0.077 (0.015; 0.149)

EPo TSaT FGF23 Indirect effect (ab path) 0.037 (0.028; 0.046) 12%

Total effect (ab + c’ path) 0.321 (0.274; 0.367)

EPo sTfr FGF23 Indirect effect (ab path) 0.109 (0.086; 0.135) 33%

Total effect (ab + c’ path) 0.328 (0.282; 0.382)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard devia-
tions of TSAT, sTfR, EPO, FGF23, all-cause and cardiovascular mortality.
** All coefficients are adjusted for age, sex, eGFR, body mass index (BMI), systolic blood pressure, hs-CRP, 
presence of diabetes, smoking, alcohol use, and use of antihypertensives
*** The size of the significant mediated effect is calculated as the standardized indirect effect divided by the 
standardized total effect multiplied by 100
† 95% CIs for the indirect and total effects were bias-corrected confidence intervals after running 2000 
bootstrap samples.
Abbreviations: Bc, bias corrected; CI, confidence interval; EPO, erythropoietin; eGFR, estimated glomerular 
filtration rate; FGF23, fibroblast growth factor 23; hs-CRP, high-sensitivity C-reactive protein; sTfR, soluble 
transferrin receptor; TSAT, transferrin saturation
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of adjustment for iron status parameters and EPO. The current study thus points towards 
FGF23 as a central player in the pathophysiology of iron deficiency- and erythropoietin-
mediated mortality in the population.

We first addressed the relationship between iron deficiency, measured by four dif-
ferent parameters, and all-cause mortality in the general population. Our results are 
consistent with a previous study identifying low TSAT as a predictor of mortality in 
the general population.2 Of note, the prospective associations with mortality differed 
among the various iron parameters. While TSAT and sTfR were strongly associated with 
mortality, ferritin and hepcidin were not. This discrepancy is most likely explained by the 
fact that these markers reflect different aspects of iron metabolism. Serum ferritin is a 
surrogate for body iron stores, but as an acute phase reactant it is also strongly upregu-
lated by inflammation, malignancy, and alcohol intake. Hepcidin is also an acute-phase 
reactant, and is highly correlated with serum ferritin. In contrast, TSAT is more a marker 
of iron availability for erythropoiesis. Elevated levels of sTfR reflect an increased tissue 
iron demand, but not body iron stores, and are less affected by concomitant chronic 
disease and inflammation.28 In the setting of increased metabolic requirements for iron, 
transferrin receptors are overexpressed on erythroid precursors in the bone marrow 
and are shed, resulting in increased sTfR levels in the circulation. Hence, an increased 
sTfR level reflects both erythroid activity and functional iron deficiency. Since functional 
iron deficiency occurs in patients with significant EPO-mediated erythropoiesis or as a 
response to treatment with erythropoietin-stimulating agents (ESAs),29 we also aimed to 
assess the association between endogenous EPO levels, as a reflection of tissue hypoxia, 
and mortality. Prior studies conducted in various populations, including in elderly indi-
viduals, kidney transplant recipients, and in patients with chronic heart failure, found 
that higher EPO levels are associated with an increased risk of death, even independent 
of hemoglobin levels.8-10 Furthermore, large randomized trials in chronic heart failure 
and CKD patients striving for stronger correction of anemia with ESAs were associated 
with an increased risk of mortality.12, 13, 30, 31 In the current study, we identified for the 
first time a strong and independent association between higher serum EPO levels and 
increased mortality in community-dwelling individuals.

The associations we observed between functional iron deficiency, high EPO levels, 
and mortality led us to explore FGF23 as a potential downstream factor mediating these 
associations, given accumulating evidence supporting a direct relationship between 
iron status, EPO, and FGF23 metabolism.16, 32-35 Recently, our group and others demon-
strated that iron deficiency is a strong determinant of total FGF23 levels in CKD and 
kidney transplant recipients.34, 36 Mechanistically, it has recently been shown that iron 
deficiency stabilizes hypoxia-inducible factor 1-alpha, which in turn upregulates furin, 
promoting cleavage of the intact FGF23 molecule into C-terminal FGF23 fragments.33, 37, 38 
Furthermore, EPO-induced upregulation of FGF23 production has been demonstrated in 
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CKD patients, kidney transplant recipients, and in animal models where circulating EPO 
levels are elevated due to either endogenous or exogenous sources.14, 32 Currently, the 
exact mechanism by which EPO increases bone and bone marrow FGF23 transcription 
and FGF23 post-translational cleavage is unknown, however, Rabadi and colleagues ob-
served in bled mice decreased GalNT3 bone marrow mRNA expression, which protects 
intact FGF23 from proteolysis by furin, allowing increased FGF23 cleavage.14 In the cur-
rent study, multivariable cross-sectional analyses also demonstrated strong associations 
of iron parameters and EPO with FGF23, independent of more established determinants 
of FGF23 including serum phosphate and eGFR.

We subsequently found that the associations between functional iron deficiency, 
reflected by low TSAT or high sTfR levels, and mortality were mediated by FGF23. 
Moreover, EPO-related mortality was also for a considerable part explained by variation 
in FGF23 levels. Of interest, the positive association between EPO and FGF23 was in 
part mediated by functional iron deficiency. These findings support our hypothesis that 
FGF23 is closely related to erythropoiesis, and that upregulation of FGF23 induced by 
iron deficiency or high EPO levels may subsequently lead to a higher mortality risk. The 
association between FGF23 and death has been previously demonstrated in different 
patient populations, including CKD, renal transplant recipients, acute kidney injury, 
chronic heart failure, and in the general population.3, 4, 39, 40 The downstream conse-
quences of elevated levels of FGF23 have not been fully elucidated yet. Many reports 
have revealed that intact FGF23 (iFGF23) has biologic activity through binding to several 
FGF23 receptors including FGFR1, FGFR2 and FGFR4. Besides the classic functions of 
intact FGF23 in regulating renal phosphate handling and vitamin D metabolism, recent 
studies have demonstrated several “off-target” effects of intact FGF23. Preclinical studies 
demonstrated that FGF23 can induce left ventricular hypertrophy by binding to FGF23 
receptor 4 in cardiac myocytes, and promote endothelial dysfunction.41, 42 Furthermore, 
FGF23 stimulates fibrosis in the kidneys,43 exerts pro-inflammatory effects by upregula-
tion of interleukin-6 production,44 and impairs immune function.45 Given the strong and 
independent association of FGF23 with mortality and the emerging pathophysiological 
implications of FGF23, it seems important to unravel major determinants of FGF23 in 
order to be able to reduce FGF23 levels. In the current study, we have shown that in 
the general population iron deficiency is a major determinant of FGF23 levels, implicat-
ing that iron deficiency could potentially be an easily modifiable driver of high FGF23 
levels. The potential benefits of iron supplementation to reduce mortality in the general 
population remain to be addressed in prospective studies.

Our study has several strengths as well as limitations. Major strengths include the 
availability of FGF23 along with multiple iron status parameters (including hepcidin and 
sTfR), and EPO in a large population-based cohort. On the other hand, we were unable 
to measure intact FGF23 levels, since samples were not stored with protease inhibitors, 
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and intact FGF23 has been shown to be susceptible to degradation with long-term stor-
age.46 This precludes us from discerning whether the elevated levels of total FGF23 that 
we observed are attributable to increased circulating levels of intact, biologically active 
FGF23, or due to increased levels of C-terminal fragments, which are not biologically 
active. The latter could be due to increased production of FGF23 matched by a concomi-
tant increase in FGF23 cleavage. This pattern has been observed in previous studies in 
various disease populations, and we speculate that the same pattern might occur in the 
general population as well.

In conclusion, we have shown that functional iron deficiency and higher EPO levels 
are strongly associated with increased all-cause mortality in the general population. 
Furthermore, we demonstrated that the increased mortality risk in individuals with 
diminished iron availability or increased levels of EPO seems to be largely attributable to 
variation in FGF23 levels. Future studies will need to delineate in more detail underlying 
mechanism for the currently identified associations.
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Supplemental Table 1. Determinants of FGF23 levels in the general population

Parameter univariate analysis Multivariate analysis

std. ß p-value std.  ß p-value

Demographics

  Age (yrs) 0.10 <0.001

  Sex (male vs. female) -0.12 <0.001 0.19 <0.001

  BMI (kg/m2) 0.10 <0.001 0.13 <0.001

  Systolic blood pressure (mmHg) 0.04 0.001

laboratory parameters

  Calcium (mg/dL) 0.02 0.18 0.17 <0.001

  Phosphate (mg/dL) 0.08 <0.001 0.13 <0.001

  PTH (pg/mL) 0.07 <0.001 0.03 0.06

  25(OH) vitamin D (ng/mL) -0.07 <0.001 -0.04 0.01

  eGFR (ml/min/1.73m2) -0.21 <0.001 -0.20 <0.001

  hs-CRP (mg/L) 0.10 <0.001

  Hemoglobin (g/dL) -0.21 <0.001 -0.12 <0.001

  MCV (fL) -0.19 <0.001 -0.11 <0.001

  Ferritin (µg/L)* -0.35 <0.001 -0.38 <0.001

  TSAT (%)* -0.28 <0.001 -0.14 <0.001

  sTfR (mg/L)* 0.46 <0.001 0.27 <0.001

  Hepcidin (ng/mL)* -0.31 <0.001 -0.31 <0.001

  EPO (IU/L) 0.32 <0.001 0.21 <0.001

  Glucose (mg/dL) 0.07 <0.001 0.04 0.009

  Smoking (% ) 0.11 <0.001 0.20 <0.001

  Alcohol use (%) -0.10 <0.001

  NT-pro-BNP (pg/mL) 0.14 <0.001 0.05 0.001

  Total cholesterol (mg/dL) -0.02 0.17 0.03 0.02
*Iron parameters have been placed separately in multivariate analyses, all reported coefficients of the 
other variables are from the multivariate model including ferritin.
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aBSTraCT

Cigarette smoking continues to be one of the major risk factors for increased morbid-
ity and mortality worldwide. Among many adverse health effects, it has long been 
established that smoking can induce an erythrocytosis which is commonly believed to 
result from elevated serum erythropoietin (EPO) levels. Currently, however, this notion 
is only alleged, without data available to substantiate it. Hence, we analyzed data from 
the Prevention of Renal and Vascular End-Stage Disease (PREVEND) study, a prospective, 
population-based cohort. Smoking behavior was quantified as number of cigarettes 
smoked per day and as 24-hour urinary cotinine excretion, an objective and quantita-
tive measure of nicotine exposure. In 6808 community-dwelling subjects, prevalence 
of non-smokers, former smokers, and current smokers were 29%, 43%, and 28%, 
respectively. Hematocrit levels were higher in current smokers (41.4±3.6%) compared 
to non-smokers (40.3±3.6%; P<.001). In contrast, median EPO levels were lower in cur-
rent smokers (7.5 [Interquartile range (IQR) 5.7-9.6] IU/L) compared to non-smokers (7.9 
[6.0-10.7] IU/L; P<.001). In multivariable linear regression, current smoking, compared to 
non-smoking, was independently positively associated with hematocrit (β=0.12, P<.001) 
and hemoglobin (β=0.11, P<.001), but inversely associated with EPO (β=-0.09, P<.001). 
In sensitivity analyses, we observed dose-dependent inverse association of smoking 
exposure reflected by 24-hour urinary cotinine excretion with EPO levels. Contrary to 
common belief, we identified that in the general population smoking is inversely as-
sociated with EPO levels. Future mechanistic insight is needed to unravel the currently 
identified association and, if reproduced in other studies, guidelines for diagnosis of 
secondary erythrocytosis may need to be revisited.
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InTroDuCTIon

Cigarette smoking is one of the major public health concerns worldwide. Although 
efforts for tobacco control have led to reduced tobacco consumption in developed 
countries, global tobacco use continues to substantially augment.1 Smokers have an 
increased risk of malignant neoplasms, atherosclerosis, cardiovascular disease, and a 
plethora of other diseases including chronic obstructive pulmonary disease and gastro-
intestinal disorders.2-4

It has been postulated that the detrimental effects of cigarette smoking are caused 
by increased oxidative stress, free radicals, and by alterations in blood rheology.5,6 
Previously, multiple studies have shown that smoking leads to higher hematocrit and 
hemoglobin levels.7 Currently, it is common belief and even mentioned in textbooks 
that the erythrocytosis associated with smoking is due to increased circulating eryth-
ropoietin (EPO) concentrations.8,9 These would arise as a result of tissue hypoxia under 
influence of continuous exposure to carbon monoxide in tobacco smoke. The increased 
circulating EPO concentrations will stimulate erythropoiesis and lead to an increased 
red cell volume. In fact, for the diagnostic workup of erythrocytosis, it is recommended 
to measure serum EPO concentrations, because they may differentiate between 
secondary erythrocytosis (e.g. due to carbon monoxide exposure), in which the EPO 
concentration will be high, while in primary erythrocytosis (i.e.polycythemia vera), the 
EPO concentration will be suppressed.10,11 This suppression would be a compensatory 
response to constitutively increased EPO signaling, resulting from JAK2 V617F exon 14 
sequence variations – present in at least 90% of cases – and JAK2 exon 12 sequence 
variations.12,13 Strikingly, there are no data available to support the alleged increase in 
circulating EPO concentrations in response to smoking. In fact, a study performed in the 
90s describes an inverse association between smoking and circulating EPO concentra-
tions, but this study is not mentioned in guidelines.14 For diagnostic purposes and to 
unravel the pathophysiologic mechanisms, it is necessary to determine the role of EPO 
in smoking-induced erythrocytosis.

In the current study, we aimed to investigate the effect of smoking on hematocrit 
and EPO concentrations in a large population-based cohort.

METhoDS

We analyzed data from the Prevention of Renal and Vascular End-Stage Disease (PRE-
VEND) study, a prospective, population-based cohort of Dutch men and women aged 
28-75 years.15 In total, 8,592 participants constitute the PREVEND study at baseline. For 
current analysis, we used data from the second survey (n = 6,894) and excluded missing 
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data on smoking behavior (n=86), resulting in 6,808 participants eligible for analysis. 
The study has been approved by the Medical Ethics Committee of the University Medi-
cal Center Groningen and written informed consent was obtained from all participants. 
All participants completed a self-administered questionnaire regarding demographics, 
cardiovascular and renal disease history, smoking habits, alcohol consumption, and 
medication use. Smoking status was categorized as never, former, and current (<6, 6-20, 
or >20 cigarettes/day). Alcohol use was categorized as no alcohol use, 1 unit of alcohol 
per month to 1 unit per week, > 1 unit per week to 7 units of alcohol per week, > 1 unit 
per day to 3 units of alcohol per day, or > 3 units of alcohol per day.

Venous blood samples were taken from participants between 08:00 and 10.00 h in 
the morning after an overnight fast and 15  min of rest. Twenty-four hour urinary co-
tinine levels were measured with Enzyme Multiplied Immunoassay Technique on the 
Abbott Architect c8000 system (Abbott Laboratories, Abbott Park, IL). Serum EPO levels 
were measured using an immunoassay based on chemiluminescence (Immulite EPO 
assay, Los Angeles, CA).16 Renal function was determined by estimating GFR by applying 
the Chronic Kidney Disease Epidemiology Collaboration equation.17 Erythrocytosis was 
defined as hemoglobin level higher than 16.0 g/dL for women, and higher than 16.5 g/
dL for men.18

Data were analyzed using IBM SPSS software, version 23.0 (SPSS Inc., Chicago, IL) 
and R version 3.2.3 (Vienna, Austria). We evaluated between-group differences using 
one way ANOVA, Kruskal-Wallis test, or Chi-square test, as appropriate. Hereafter, we 
performed linear regression analysis between smoking and outcomes with adjustment 
for in literature known potential confounders including age, sex, body mass index (BMI), 
estimated glomerular filtration rate (eGFR), and high-sensitivity C-reactive protein (hs-
CRP) levels.16 Further, we specifically adjusted the association between smoking and 
MCV for alcohol use, as categorized variable, to account for potential confounding. 
We repeated the analyses for categories of number of cigarettes smoked per day and 
assessed by means of a dummy variable of smoking dose across the 3 categories of 
numbers of cigarettes smoked per day while concomitantly adjusting for current smok-
ing whether a dose-effect relationship exists between smoking and EPO levels. Logistic 
regression analysis, both univariate and multivariable, was performed to assess whether 
current smoking was a major determinant of erythrocytosis. As sensitivity analyses, 
we excluded all patients with history of cardiovascular disease and renal insufficiency. 
Cardiovascular disease constituted occurrence of cardiovascular heart disease or cere-
brovascular accident and renal insufficiency was defined as an eGFR <60 ml/min/1.73m2. 
Finally, because questionnaire data may be biased, and that the inverse association of 
EPOwith smoking determined by questionnaire was rather unexpected, we measured in 
all 24-hour urine samples urinary cotinine concentrations, to provide an objective and 
quantitative measure of nicotine exposure. Therefore, to exclude possible misclassifica-
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tion or under- or overestimation of number of cigarettes smoked per day as determined 
by questionnaire, we repeated as sensitivity analyses the analyses with 24-hour urinary 
cotinine levels.

rESulTS

Demographics and clinical characteristics of included 6808 subjects, according to 
non-smokers, former smokers, and current smokers, with the latter subdivided in three 
groups of number cigarettes smoked per day are shown in Table 1. Of the 6808 par-
ticipants, 1969 (29%) were non-smokers, 2922 (43%) were former smokers, and 1917 
(28%) were current smokers. Of the latter, 307 (16%) smoked less than 6 cigarettes per 
day, 1346 (70%) smoked 6-20 cigarettes per day, and 264 (14%) smoked more than 20 
cigarettes per day. Hematocrit was higher in current smokers (41.4±3.6%) compared 
to non-smokers (40.3±3.6%; P<.001). Erythrocytosis was present in 69 (4%) of current 
smokers compared to 28 (1%) of non-smokers. Median EPO levels were lower in cur-
rent smokers (7.5 [Interquartile range (IQR) 5.7-9.6] IU/L) compared to non-smokers 
(7.9 [6.0-10.7] IU/L; P<.001). The EPO index, which constitutes the ratio of EPO versus 
hemoglobin, was also significantly lower in current smokers (0.85 [0.63-1.13]) compared 
to non-smokers (0.93 [0.70-1.28]; P<.001).

In univariate linear regression, current smoking, compared to non-smoking, was 
positively associated with hematocrit (β=0.15 (95%CI 0.12; 0.17); P<.001), hemoglobin 
(β=0.13 (0.11; 0.16), P<.001), and MCV (β=0.30 (0.27; 0.33), P<.001), and inversely associ-
ated with EPO (β=-0.07 (-0.10; -0.05); P<.001). In multivariable linear regression, current 
smoking, compared to non-smoking, remained positively associated with hematocrit 
(β=0.12 (0.09; 0.14) P<.001), hemoglobin (β=0.11 (0.08; 0.13), P<.001), and MCV (β=0.29 
(0.25; 0.32), P<.001), and inversely associated with EPO (β=-0.09 (-0.12; -0.05), P<.001), 
independent of adjustment for age, sex, BMI, eGFR, and hs-CRP levels. The association of 
current smoking with MCV remained materially unchanged (β=0.25 (0.22; 0.28), P<.001), 
after further adjustment for categories of alcohol use.

Hereafter, we divided current smoking in number of cigarettes smoked per day. 
Smoking less than 6 cigarettes per day, compared to non-smoking, was in multivariable 
linear regression not associated with hematocrit, hemoglobin, or EPO, but was associ-
ated with MCV, as shown in Table 2. Both smoking 6 to 20 cigarettes and smoking more 
than 20 cigarettes per day were positively associated with hematocrit, hemoglobin, 
MCV, and inversely with EPO, however we did not observe a dose-effect relationship 
(P=0.50).

In participants with erythrocytosis, median EPO levels (7.2 (5.1-9.8) IU/L) were lower 
as compared to participants without erythrocytosis (7.8 (5.1-9.8) IU/L). In participants 
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Table 1. Baseline characteristics according to non-smokers, former smokers, and smokers, with the latter 
subdivided in amount of cigarettes per day

Variables

non-
smokers

Former 
smokers

Current smokers

<6 cigarettes/
day

6-20 cigarettes/
day

>20 cigarettes/
day

P valuea(n=1969) (n=2922) (n=307) (n=1346) (n=264)

EPO (IU/L) 7.9 (6.0-10.7) 7.9 (6.0-10.4) 7.7 (5.7-9.8) 7.3 (5.5-9.4) 7.5 (5.4-9.9) <.001

General characteristics

  Age (yr) 52±12 57±12 52±12 52±11 50±8 <.001

  Male sex (n, %) 827 (43) 1604 (55) 132 (44) 670 (50) 131 (50) <.001

  BMI (kg/m2) 26.6±4.4 27.4±4.4 26.1±4.7 25.8±4.0 26.5±4.5 <.001

  eGFRb (ml/min/1.73m2) 88.0±16.4 83.4±17.0 86.4±18.3 85.4±15.6 89.7±14.1 <.001

    No alcohol use (n, %) 628 (32) 647 (22) 64 (21) 337 (25) 65 (25) <.001

    1-4 units/month (n, %) 429 (22) 460 (16) 56 (18) 197 (15) 16 (6)

    1-7 units/week (n, %) 622 (22) 920 (32) 107 (35) 412 (31) 66 (25)

    ≥1-3 units/day (n, %) 261 (13) 787 (27) 70 (23) 313 (23) 63 (24)

   >3 units/day (n,%) 29 (2) 108 (4) 10 (3) 87 (7) 54 (21)

laboratory parameters

  Hemoglobin (g/dL) 13.6±1.3 13.7±1.2 13.5±1.3 14.0±1.2 14.2±1.2 <.001

  Hematocrit (%) 40.3±3.6 40.7±3.6 40.4±3.8 41.6±3.5 42.1±3.5 <.001

  Erythrocytosisc (n, %) 28 (1) 52 (2) 6 (2) 45 (3) 18 (7) <.001

  MCV (fL) 89±4 90±4 91±5 92±4 94±5 <.001

  Ferritin (µg/L) 87 (41-161) 105 (83-189) 83 (37-156) 95 (49-164) 101 (54-181) <.001

  hs-CRP (mg/L) 1.1 (0.5-2.6) 1.4 (0.7-3.0) 1.1 (0.5-3.1) 1.7 (0.8-3.7) 2.5 (1.1-4.6) <.001

Data are presented as mean±standard deviation or as median with interquartile range. Abbreviations: BMI, 
body mass index; eGFR, estimated glomerular filtration rate; EPO, erythropoietin; hs-CRP, high-sensitivity 
C-reactive protein; MCV, mean corpuscular volume.
a P-values represent the significance across the different smoking categories. P values were determined 
with one way ANOVA for normally distributed data, Kruskal-Wallis test for skewed distributed data, and 
Chi-square test for categorical data.
b eGFR was calculated with the CKD-EPI equation
c Erythrocytosis has been defined as hemoglobin levels > 16.0 g/dL in women, and >16.5 g/dL in men.

Table 2. Association of smoking, and numbers of cigarettes smoked per day with hematocrit, hemoglobin, 
MCV, and EPO

ht hb MCV EPo

Current smoking‡ 0.12 (0.09; 0.14)*** 0.11 (0.08; 0.13)*** 0.29 (0.25; 0.32)*** -0.09 (-0.12; -0.05)***

   <6 cigarettes / day‡ -0.003 (-0.03; 0.02) -0.01 (-0.03; 0.01) 0.04 (0.01; 0.07)** -0.02 (-0.05; 0.01)

   6-20 cigarettes / day‡ 0.11 (0.08; 0.13)*** 0.10 (0.07; 0.12) *** 0.26 (0.22; 0.28)*** -0.07 (-0.10; 0.04)***

   >20 cigarettes/day‡ 0.10 (0.07; 0.12)*** 0.10 (0.07; 0.12)*** 0.20 (0.17; 0.23)*** -0.04 (-0.07; -0.01)*

‡As compared to the non-smokers group. Standardized betas with 95% confidence interval are shown after 
adjustment for age, sex, eGFR, BMI, and hs-CRP levels. *P<.05, **P<.01, ***P<.001. Abbreviations: EPO, erythro-
poietin; Ht, hematocrit; Hb, hemoglobin; MCV, mean corpuscular volume



Active Smoking and Hematocrit and Fasting Circulating Erythropoietin Concentrations in the General Population 199

with erythrocytosis, EPO levels were lower in current smokers (6.7 [4.8-8.9] IU/L) than 
in non-smokers (7.6 [4.6-10.6] IU/L; P<.001). In univariate logistic regression analysis, 
current smoking was a major determinant of erythrocytosis (OR, 2.26; 95%CI 1.63-3.13; 
P<.001). After adjustment for age, sex, eGFR, BMI, and hs-CRP levels, current smoking 
remained a major determinant of erythrocytosis (OR, 2.48; 95%CI 1.61-3.84; P<.001).

As sensitivity analyses, after exclusion of patients with cardiovascular history or 
renal insufficiency (n=728), current smoking, compared to non-smoking, remained 
independently associated with hematocrit (β=0.13 (0.10; 0.16) P<.001), hemoglobin 
(β=0.12 (0.09; 0.15), P<.001), MCV (β=0.29 (0.25; 0.31), P<.001), and inversely associ-
ated with EPO (β=-0.07 (-0.10; -0.04), P<.001). Furthermore, as sensitivity analyses, we 
identified that current smoking status was highly associated with 24-h urinary cotinine 
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 Figure 1. Effect of 24-hour urinary cotinine levels on hematocrit, hemoglobin, mean corpuscular vol-

ume, and erythropoietin.
Panel A, B, C, and D show the association between 24-hour urinary cotinine excretion levels and EPO, Hb, 
Ht, and MCV, respectively. Figures are restricted cubic splines with three knots specified at the 10th, 50th, 
and 90th Ln 24-hour urinary cotinine percentiles. The 95% confidence intervals are indicated by the shaded 
areas. Panel E shows the coefficients of 24-hour urinary cotinine levels in linear regression adjusted for age, 
sex, BMI, eGFR, and hs-CRP levels. Twenty-four urinary cotinine levels and EPO levels have been natural 
log transformed. Abbreviations: EPO = erythropoietin; Ht = hematocrit; MCV = mean corpuscular volume. 
*P<.05 **P<.01 ***P<.001;
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excretion  (β=0.82; 95%CI, 0.81-0.83; P<.001). Similar to primary analyses, we identified 
positive relationships between 24-h urinary cotinine excretion and hematocrit (β=0.13 
(0.10; 0.15), Figure 1a), hemoglobin (β=0.12 (0.09; 0.15), Figure 1B), and MCV (β=0.26 
(0.23; 0.28), Figure 1C). Furthermore, we observed an inverse association between 
24-h urinary cotinine levels and EPO (β= -0.07 (-0.10; -0.04), Figure 1D). In multivariate 
linear regression analysis, 24-h urinary cotinine levels remained a main determinant of 
hematocrit (β=0.15 (0.12; 0.17), P<.001), hemoglobin (β=0.14 (0.12; 0.16), P<.001), MCV 
(β=0.26 (0.22; 0.28), P<.001), and EPO (β=-0.07 (-0.10; -0.04), P<.001), independent of 
adjustment for potential confounders (Figure 1E).

DISCuSSIon

In the current study, we confirm that smoking, defined as current smoking and by 
24-hour urinary cotinine levels, is positively associated with hematocrit, hemoglobin, 
and MCV levels. Strikingly, our data show, contrary to common belief, that secondary 
erythrocytosis that ensues from smoking is not associated with upregulated EPO levels.

Previous studies have extensively shown that cigarette smoking leads to elevated 
hematocrit and hemoglobin levels.19,20 Similarly, it has previously been established that 
smoking leads to increased MCV through an hitherto unidentified mechanism, indepen-
dent of alcohol use.21,22

To date, it is allegedly assumed that secondary erythrocytosis associated with 
smoking, occurs due to tissue hypoxia, which consequently increases secretion of 
EPO and augments erythropoiesis in an attempt to increase oxygen delivery. Indeed, 
it has been documented that circulating EPO concentrations increase in response to 
phlebotomy.23 In the current study, we identified that smoking is associated with lower 
rather than higher EPO levels. This is in keeping with a previous report of Tanabe et 
al. which reported substantial lower EPO levels in smokers than nonsmokers assessed 
through questionnaire.14 As potential mechanism for the currently found results, we 
hypothesize that smokers will have high EPO levels in the course of the day leading to 
erythrocytosis which through a negative feedback loop will inhibit EPO production at 
night during smoking cessation. With a reported half-life of endogenous circulating EPO 
in the order of 6 to 8 hours, this  could then result in low EPO levels in the morning when 
blood samples are drawn. Wide et al. have indeed described a circadian rhythm of serum 
EPO in hospitalized patients, with the lowest levels measured in the morning.24 It is not 
known whether this circadian rhythm is more pronounced in smoking subjects.

An alternative hypothesis might be as suggested by Weinberg and colleagues that 
smokers have a higher incidence of JAK2 V617F sequence variation implicating that the 
erythrocytosis observed with smoking is due to erythroid cell-intrinsic EPO-independent 



Active Smoking and Hematocrit and Fasting Circulating Erythropoietin Concentrations in the General Population 201

mechanism due to constitutively activated erythropoietin receptor signaling.25 Finally, 
there might be a hitherto unidentified direct effect of smoking on erythropoiesis.

Limitations of this study are the observational design and that there may be residual 
confounding despite the factors for which we adjusted. Although serum EPO concentra-
tions were assessed from blood samples taken in the fasting state in the morning, we 
have no data on the exact time of blood sampling, precluding us from investigating 
whether controlling for time of collection would have impact on the association of 
smoking status with circulating EPO concentrations. The major strength of the current 
study is the large patient population and that as one of the first large studies smoking 
behavior was measured in sensitivity analyses by reliable 24-hour urinary cotinine excre-
tion levels next to smoking behavior gathered by questionnaire.

Conclusion
We identified an inverse association between smoking and EPO levels, contrary to 
common belief that smoking as the most important cause of secondary erythrocytosis 
presents with elevated EPO levels. The current study might draw more attention to the 
mechanism by which smoking causes erythrocytosis despite lower EPO levels. Future 
studies might want to consider to measure serum EPO levels at various time moments 
during the day to see whether in smokers an variation in EPO levels exists.
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Supplemental Table 1. Association of smoking, and numbers of cigarettes smoked per day with hemato-
crit, hemoglobin, MCV, and EPO with unstandardized betas

ht (%) hb (g/dl) MCV (fl) EPo (Iu/l)

Current smoking‡ 0.9 (0.7; 1.1)*** 0.29 (0.22; 0.36)*** 2.93 (2.61; 3.30)*** -0.09 (-0.13; -0.06)***

   <6 cigarettes / day‡ 0.0 (-0.4; 0.4) -0.04 (-0.17; 0.09) 1.25 (0.66; 1.83)* -0.06 (-0.13; 0.001)

   6-20 cigarettes / day‡ 1.1 (0.8; 1.3)*** 0.33 (0.25; 0.40)*** 3.08 (2.74; 3.43)*** -0.09 (-0.13; -0.06)***

   >20 cigarettes/day‡ 1.6 (1.2; 2.1)*** 0.56 (0.42; 0.70)*** 4.48 (3.83; 5.14)*** -0.09 (-0.16; -0.02)*

‡As compared to the non-smokers group. Unstandardized betas with 95% confidence interval are shown 
after adjustment for age, sex, eGFR, BMI, and hs-CRP levels. Units in which the dependent variable is ex-
pressed are indicated in the heading.  *P<.05, **P<.01, ***P<.001. Abbreviations: EPO, erythropoietin; Ht, he-
matocrit; Hb, hemoglobin; MCV, mean corpuscular volume
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aBSTraCT

Introduction
In the past decades, short-term results after solid organ transplantation have markedly 
improved. Disappointingly, this has not been accompanied by parallel improvements 
in long-term outcomes after transplantation. To improve graft and recipient outcomes, 
identification of potentially modifiable risk factors and development of biomarkers is 
required. We provide the rationale and design of a large prospective cohort study of 
solid organ transplant recipients (TransplantLines).

Methods and analysis
TransplantLines is designed as a single center prospective cohort study and biobank 
including all different types of solid organ transplant recipients, as well as living organ 
donors. Data will be collected from transplant candidates before transplantation, during 
transplantation, at 3 months, 6 months, 1 year, 2 years, 5 years, and subsequently every 5 
years after transplantation. Data from living organ donors will be collected before dona-
tion, during donation, at 3 months, 1 year, and 5 years after donation and subsequently 
every 5 years. Primary outcomes are mortality and graft failure. Secondary outcomes will 
be cause-specific mortality, cause-specific graft failure and rejection. Tertiary outcomes 
will be other health problems, including diabetes, obesity, hypertension, hypercholes-
terolemia, and cardiovascular disease, and disturbances that relate to quality of life, i.e. 
physical and psychological functioning, including quality of sleep, and neurological 
problems such as tremor and polyneuropathy.

Ethics and dissemination
Ethical approval has been obtained from the relevant local ethics committee. The 
TransplantLines cohort study is designed to deliver pioneering insights in transplanta-
tion and donation outcomes. The study design allows comprehensive data collection 
on perioperative care, nutrition, social- and psychological functioning and biochemical 
parameters. This may provide a rationale for future intervention strategies to more indi-
vidualized, patient-centered transplant care and individualization of treatment.

Strength and limitations
- Large biobank and cohort study with extensive data collection on a myriad topics 

related to transplantation and/or donation
- Inclusion of all types of solid organ transplant recipients
- Long follow-up to assess many relevant clinical outcomes
- Single center study
- Residual confounding cannot be excluded due to observational design



Rationale and Design of TransplantLines 209

BaCKGrounD

Solid organ transplantation is the preferred treatment for end-stage organ failure. Dur-
ing the past decades, advances in immunosuppressant medications, treatment of infec-
tions, perioperative medical care, and surgical techniques (including living donation) 
have led to important improvements in early post-transplant graft and patient survival.1 
However, on the long-term, graft failure is a major cause of patient mortality and mor-
bidity in all types of transplantation.2-4 For example, in renal transplant recipients, half 
of the cadaveric renal allografts fail within a timeframe of 10 years.5 Apart from reduced 
survival, transplant recipients often develop health problems that greatly reduce their 
perceived quality of life (Figure 1).6-8

 

 320 

Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overview of different health problems that arise on the long term after transplantation, both 
physical, psychological, and social.

The multitude of health problems that recipients experience after transplantation 
include amongst others obesity, diabetes, hypertension, heart failure, and malignancies.9-11 
These are likely the consequence of a combination of factors, including (1) continuous ex-
posure to treatment with immunosuppressive drugs necessary for prevention of rejection 
of the transplanted organ, (2) damage induced by pre-existing exposure to end-stage organ 
failure, and (3) adverse life-style and environmental factors, all potentially expressed against 
(4) a background of increased (epi)genetic susceptibility. Among these, immunosuppres-
sive treatment, adverse life-style, and environmental factors are good candidates for modi-
fication to decrease the load of post-transplant health problems. It should be realized that 
immunosuppressive treatment is currently mainly “one-size fits all”. Hence, improvement 
can be achieved by development of biomarkers that can allow for recognition of transplant 
recipients in which immunosuppressive load can be safely reduced or in which certain 
drugs can better be avoided, and for biomarkers which can guide such individualized im-
munosuppressive treatment. To improve long-term transplant outcomes, it is imperative to 
identify modifiable risk factors, especially among those recipients who are at increased risk.
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To date, it is largely unknown in which transplant recipients immunosuppressive 
medication can be safely reduced to prevent the development of health problems. 
Furthermore, in terms of healthcare costs, it is important to prevent recurrent hospital 
admissions, re-transplantations or – in case of kidney transplantation – return to dialysis, 
which are all associated with very high expenses.12 To effectively develop interventions 
to reduce mortality and morbidity after transplantation, more research is necessary 
on clinical and biochemical risk factors present in transplant recipients. Also, the use 
of living donors for kidney and liver transplantation requires a living donor program 
with good long-term outcomes for the donor and recipient. Living kidney donors, for 
example, have an increased risk for end-stage renal disease (ESRD),13, 14 while only reg-
istry data exist on the effect of living donor characteristics on recipient outcomes.15, 16

Until now, many registries and large cohort studies focus on one type of solid organ 
transplantation, limiting comparability between different transplant populations. As 
a result, studies investigating biomarkers, quality of life, and development of health 
problems and adverse outcomes across different solid organ transplant populations are 
scarce. Despite the differences which exists in patient characteristics and treatment after 
different solid organ transplantations, there are many similarities in health problems 
that occur among subtypes of transplantation. The objective of TransplantLines study is 
to identify risk factors for development of long-term health problems after transplanta-
tion and to develop new interventions to improve outcome, both combined for all solid 
organ transplant recipients as well as specific for each subtype of transplantation.

METhoDS/DESIGn

Study design and setting
The TransplantLines study is a unique, novel prospective biobank and cohort study, 
which aims to provide a better understanding of causes of disease- and ageing-related 
outcomes and health problems, both physical and psychological, in solid organ trans-
plant recipients and donors (ClinicalTrials.gov Identifier: NCT03272841). The University 
Medical Center Groningen (UMCG) is the largest transplantation center in the Nether-
lands, and the only Dutch center that covers all types of solid organ transplantation, as 
well as living kidney and liver donation programs. The study protocol has been approved 
by the Institutional Review Board (METc 2014/077), adheres to the UMCG Biobank Regu-
lation, and is in accordance with the WMA declaration of Helsinki and the declaration of 
Istanbul. All participants will give written informed consent upon enrollment. Follow-up 
and prospective events will be recorded over time. An overall participation rate of 85% 
is expected across the different transplant populations and a total number of 3000 
participants is aimed.
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Transplant patients
The study population comprises all solid organ transplant recipients, i.e. heart-, lung-, 
kidney-, liver-, and small bowel transplant recipients. Both new transplant candidates 
as well as transplant recipients are eligible to participate in the study. Participants of all 
ages will be included in TransplantLines. Children (age <18 years) will be eligible for par-
ticipation upon consent by a legal representative (<12 years) or a shared consent of both 
the child and legal representatives (≥12 years). The study will also include candidates 
for re-transplantation. Exclusion criteria for participation in the TransplantLines study 
will be no mastery of the Dutch language or no capability to intellectually comprehend 
questionnaires or physical tests.

living donors
Living kidney and liver donors will also be included in the study. The goal of includ-
ing donors is to study the effects of donation, improve living donor safety and donors 
will serve as controls for their recipients, allowing for matched longitudinal analyses. 
Prospective living kidney and liver donor candidates (≥18 years old) will be eligible to 
participate in the study, as well as living organ donors who have donated an organ prior 
to the start of the TransplantLines study. Exclusion criteria will be no mastery of the 
Dutch language or no capability to intellectually comprehend questionnaires or physi-
cal tests.

Transplant recipients timeline
All participants of the TransplantLines study will be examined at fixed time points as 
shown in Figure 2. Transplant candidates will be first seen at pre-transplant screening. 
Prior to transplantation, all transplant candidates undergo a routine clinical screening. 
Generally, transplant candidates will be transplanted if surgery risks and transplant 
benefit are optimized, based on an individualized multidisciplinary clinical decision. 
Further study visits will be performed at time of transplantation, at 3 months, 6 months, 
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Figure 2.  

 

Figure 2. Flowchart of the different visits in the TransplantLines study. At every study visit biobank, general 
tests, and questionnaires will be performed. Specifically addition at each timepoints; at transplantation 
perioperative residual material will be collected. At 3 months after transplantation cognitive protocol will 
be performed. At 6 months physical protocol will be carried out. At 12 months randomization to physical or 
cognitive protocol will occur. At 2 years after transplantation, a limited set of tests will be executed. Follow-
up will be performed each 5 years.



212 Chapter 11

12 months, and 2 years after transplantation, and hereafter follow-up will be performed 
at 5 years after transplantation and every consecutive 5 years. At time of transplantation 
means during operation prior to incision, and at that timepoint the blood samples are 
being drawn by the anesthesiologists taking care of the patient. The difference with this 
sample compared to other previous samples is that this sample is taken during opera-
tion, whereas the other samples are not. For example, a kidney transplant candidate can 
be screened and included in the TransplantLines study, but may need to wait two years 
on the waiting list prior to receiving the actual transplantation. Since we realize that a 
study of this size and duration combined with the frequency of study visits will result in 
lower subject adherence, we estimate a 10% dropout overall in follow-up in this trans-
plant candidates group.

Transplant recipients with a functional graft for at least 1 year post-transplantation 
and who received a solid organ transplant prior to the start of the TransplantLines study 
will be included at the next outpatient clinic visit. Henceforth, patients will be examined 
every five years and follow-up samples will be collected. Aside from the fixed time points, 
biobank samples of transplant recipients will be collected at times of protocol biopsies 
that are performed in the kidney transplant program (6 months after transplantation) 
and the heart transplant program (repeatedly during the first year after transplantation) 
and if a biopsy is taken, on clinical indication, usually because of worsening of transplant 
function, with suspicion of acute or chronic rejection.

If a subject gets retransplanted with the same kind of organ, this will be classified as 
graft failure and end of follow-up. Subjects will not be included in the primary database 
twice. Yet, we will allow for inclusion of subjects retransplanted with the same kind of 
organ with a new ID in the transplant candidate group, but this will be with the intention 
to build over time a separate cohort with data and a biobank on retransplantations. 
When a transplant recipient is later on transplanted with another kind of organ, follow-
up will be for the initially transplanted organ. Transplant recipients receiving a com-
bined transplantation, e.g. kidney-pancreas and kidney-liver, will be treated as separate 
groups, not to be included in overall analyses for the much larger groups of subjects 
with single transplanted organs.

In case that a transplant recipient moves to another region of the Netherlands or 
abroad, the transplant recipient will always require continued medical care and follow-
up by a medical specialist, who will require thorough medical information on the patient 
and the transplanted organ, to allow for continued dedicated care. Therefore, the medi-
cal specialist who will continue care will seek contact for information and it will usually 
be possible to continue follow-up on long-term outcome and events via this medical 
specialist. So, follow-up is usually assured and loss to follow-up will be rare. Since study 
visits are combined with a routine clinical visit, subjects who move out of our region will 
be excluded from further study visits for the TransplantLines study.
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living donors timeline
All donors of the TransplantLines study will be examined at fixed time points as shown 
in Figure 2. The first study visit of donor candidates will occur at pre-donation screen-
ing. Prior to donation, all candidates undergo a routine clinical screening. Generally, 
donors will be accepted if surgery risks and transplant benefit are optimized, based on 
an individualized multidisciplinary clinical decision taking national and international 
guidelines into account.17, 18 Subsequently, study visits will be performed at time of 
nephrectomy, and at 3 months post-donation. At 12 months post-donation, donors will 
fill in a questionnaire and at 5 and 10 years post-donation there will be another study 
visit. Hereafter follow-up will be performed every five years. Living organ donors who 
have donated an organ prior to the start of the TransplantLines study, will be included at 
their next donor follow-up visit to their outpatient clinic.

Patient and Public Involvement
The aim of the TransplantLines study is to provide a better understanding of the causes 
of disease- and ageing-related outcomes and health problems. This aim was derived 
from patient surveys and parts of the collected data are co-designed by patients and 
healthcare professionals. Because of its scope, patients will play a role in the organiza-
tion of the study, helping with recruitment and conduct of the study. Also, students 
from a broad range of studies will play a role in the organization of the study, e.g. 
master students from medicine, biomedical sciences, neuropsychology, psychology, 
physical therapy, communication sciences, dietician students, and laboratory technician 
students. Patients and collaborators will be informed of major study results by press 
releases from the University Medical Center Groningen.

Data collection

Biobank
Blood, 24-hour urine, feces, nails, and hair will be collected of participants at each Trans-
plantLines visit. Participants will be instructed to collect a 24-hour urine sample accord-
ing to strict protocol at the day before their visit to the outpatient clinic, i.e. discard their 
morning urine specimen, collect all subsequent urine throughout the next 24 hour and 
include the next morning’s first specimen of the day of the visit to the outpatient clinic. 
Blood will be drawn after an 8-12 hour overnight fasting period in the morning after 
completion of the 24-hour urine collection. Blood drawing and receipt of the collected 
24 hour urine samples is performed by experienced nurses at our outpatient clinic.

As blood samples, 1 serum tube of 10 mL, 2 EDTA samples of 10 mL, 1 citrate tube of 
6 mL, 1 lithium-heparin tube of 10 mL, and 1 PAXgene tube of 10 mL will be collected of 
each participant at each TransplantLines visit. Subsequently, tubes will be centrifuged 
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by technicians at 1300g for 10 minutes, except the citrate tube which is centrifuged at 
2500g for 10 minutes. Of the 24-hour urine collection, three urine tubes will be collected 
of which one tube will be partially acidified. All blood- and urine samples will be subse-
quently aliquoted by technicians and shipped to the core laboratory for storage in -80°C 
(-112 °F) freezers (Panasonic, ‘s-Hertogenbosch, the Netherlands) (Table 1). Blood- and 
urine samples will be analyzed in the following years for multiple research questions 
that will arise.

Participants will be asked to collect a feces sample the day prior to the TransplantLines 
visit. A FecesCatcher (TAG Hemi VOF, Zeijen, the Netherlands) will be sent at the patients’ 
home, and feces sample will be collected in appropriate tubes and frozen immediately 
after collection. The participant will transport the feces sample in cold storage (with ice 
cubes or in a cooler) to the TransplantLines visit the following day. Subsequently, the 
feces sample will be immediately stored at -80°C (-112 °F). Feces samples will be primar-
ily used for microbiome analyses. Solid organ transplant recipients have a shift in the gut 
microbiome with a decrease in predominant organisms, a loss of bacterial diversity, and 
emergence of new dominant population. This may result in increased risk of infection, 
rejection, and mortality. Therefore, we would like to examine the gut microbiome in 
relation to the development of health problems after transplantation.

Additional blood and urine samples will also be collected in the event of worsening 
graft function and an organ-transplant biopsy is indicated. Prior to the biopsy, 1 serum 
tube of 10 mL, 2 EDTA samples of 10 mL, 1 citrate tube of 6 mL, 1 lithium-heparin tube 
of 10 mL, and 1 PAXgene tube of 10 mL will be collected. At the same time, 1 serum tube 
of 10 mL and 1 EDTA sample of 10 mL and 1 spot urine sample of 10 mL will be collected 
and directly stored on ice to prevent (ongoing) in vitro complement activation.

Table 1. Overview stored samples per participant in the TransplantLines Biobank

Sample Color code Tube size number Temperature

Serum Red 1500 µL 4 -80°C /-112°F

EDTA plasma Purple 1500 µL 6 -80°C /-112°F

Buffy coat Purple N/A 1 -80°C /-112°F

Blood with RBC Purple 1500 µL 2 -80°C /-112°F

Lithium-heparin Green 1500 µL 4 -80°C /-112°F

Citrate Blue 500 µL 4 -80°C /-112°F

PAXgene Transparent 2.5 mL 1 -80°C /-112°F

24 hour urine Yellow 1500 µL 6 -80°C /-112°F

Acidified 24 hour urine Yellow 2000 µL 2 -80°C /-112°F

Feces Black 20 mL 1 -80°C /-112°F

Nails Purple 0.5 µL 1 -80°C /-112°F

Hair Purple 2000 µL 1 -80°C /-112°F
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Furthermore, during transplant surgery and transplant biopsies, tissue samples will 
be collected of the transplanted organ and surrounding tissues, including fat-, skin-, 
ureter-, tracheal-, biliary-,  arterial and venous tissue, that have been discarded as patho-
logical waste.

Clinical and laboratory characteristics
Clinical laboratory measurements requested by the physician will be included in the 
study database upon patient consent. Most study visits are at the outpatient clinic, and 
for these visits blood samples will be taken fasting in the morning. It is unlikely that at 
these study visits multiple labs will be obtained at the same day, but if they are taken, 
only the lab obtained at the time of the study visit will be included in the database. In 
the likely rare case that multiple labs are taken at a day of a study visit, this will likely 
be a sign of an acute event that occurred after the study visit and it will then later on 
be linked to the database as the event that occurred. At the visit for transplant surgery, 
multiple labs will be obtained at the same day. At that day, only the lab results coming 
available from the samples which are taken at the same time of sampling during surgery, 
to provide for samples that will be included in the biobank will be linked to the database. 
These lab results are recognizable by the routine assays that are performed, because 
they are more extensive and include other routine lab results than the routine lab results 
coming available from samples taken at other times at the same day. Demographic 
characteristics along with data on medication use will be provided by the participants 
and will be verified using the electronic hospital records. Medical information including 
donor and recipient information at time of transplantation, underlying disease, hospital 
admissions, complications after transplantation, further surgical or other intervential 
treatments, co-morbidities, graft failure, and mortality will be extracted from the elec-
tronic hospital records.

Questionnaires
Biobank data will be expanded with an extensive set of questionnaires to collect data 
on physical, psychological, and social impact of undergoing a transplantation (Figure 
3). Transplant candidates will be asked to fill out a comprehensive questionnaire during 
screening prior to transplantation and at 1 year post-transplantation. Transplant recipi-
ents with a functional graft for more than 1 year post-transplantation and who received 
the solid organ prior to start of the TransplantLines study will be asked to complete the 
same questionnaire. A subset of questionnaires will be provided at the other predefined 
time-points, i.e. at 3, at 6 months, and at 2 years after transplantation. Topics addressed 
by questionnaires include among others nutritional intake and diet, health-related qual-
ity of life, life-style factors such as physical activity, sleep quality, and smoking behavior, 
psychological impact such as anxiety, depression, coping, and well-being, and social 
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impact such as employment and family relationships. Specification of all the different 
questionnaires with related subject is shown in Table 2. Questionnaires will be send 
digitally or by mail, as requested. During study visits, all questionnaires will be checked 
by a trained investigator for completeness and validity.

Standard assessments
Blood pressure (mmHg) will be measured according to a standard clinical protocol using 
an automatic device (Philips Suresign VS2+, Andover, MA, USA). To prevent a white-coat 
effect, participants will be seated during which blood pressure and heart rate will be 
measured four times, with an interval of three minutes between measurements. Here-
after, participants will be asked to stand up straight for one minute, after which blood 
pressure and heart rate measurements will be repeated once in standing position. 
Measurements will be performed with participants being on their regular medication, 
including anti-hypertensive drugs at trough.

Anthropometry measurements will include body weight, body length, and waist- 
and hip circumference. Body weight (kg) will be measured in light weight clothing with-
out shoes using a calibrated digital measuring scale (SECA 877, Seca GMBH, Hamburg, 
Germany). Height (cm) will be measured using a wall-secured stadiometer (SECA 222). 
Waist- and hip circumference (cm) will be calculated using a measuring tape roll with 

 

 322 

 
Figure 3.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Overview of the three main pillars of the TransplantLines study, i.e. questionnaires, biobank, and 
tests. The collection of data in these pillars at multiple time points will allow to investigate whether bio-
markers at baseline can better predict occurrence of adverse outcomes and whether correction could pos-
sibly result in an improved survival.
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standardized retraction mechanism (SECA 201). Waist circumference will be measured 
midway between the lowest rib and the iliac crest with the participant in standing 
position. Hip circumference will be determined at the maximum circumference over the 
trochanter major. All anthropometry measurements will be assessed twice, with inclu-
sion of a third measurement contingent upon a difference of more than half a kilogram 
in weight or more than one centimeter in length.

Handgrip strength will be assessed with the Jamar Hydrolic Hand Dynamometer 
(Patterson Medical JAMAR 5030J1, Warrenville, Canada).36 Participants will be instructed 

Table 2. List of questionnaires in the TransplantLines study

Questionnaires related subject

EQ6D19 EuroQoL 6 dimensions

VAS scale20 Visual Analogue Scale

SF3621 Short Form-36 Health Survey

SQUASH22 Short Questionnaire to Assess Health - Enhancing Physical Activity

BAASIS23 Adherence to Immunosuppressive Drugs

MTSOSDS-R5924 Modified Transplant Symptom Occurrence and Symptom Distress scale

CIS25 Checklist Individual Strength (Fatigue)

PSQI26 Pittsburgh Sleep Quality Index

STAI627 Short form State Trait Anxiety Inventory

PHQ928 Patient Health Questionnaire (Depression)

CFQ29 Cognitive Functioning Questionnaire

WHO-530 World Health Organization-5 (Well-Being Index)

TxEQ31 Transplant Effects Questionnaire

Mastery scale32 Pearlin Mastery Scale

UCL-47 Utrecht Coping List-47

USER-P Utrecht Scale for Evaluation of Revalidation - Participation

Work Participation in Labor

WRFQ33 Work Role Functioning Questionnaire

FAD Family Assessment Device

ABO Active Engagement, Protective Buffering and Overprotection Questionnaire

Social support Social Support Questionnaire

DAG/BHQ34 Bowel Health Questionnaire

FFQ35 Food Frequency Questionnaire

Self-efficacy movement LIVAS-scale for Physical Self-Efficacy

Sedentary behavior OBiN Sedentary Behavior Questionnaire

Smoking behavior Smoking behavior questionnaire

Alcohol usea The Alcohol Use Disorders Identification Test

aThe AUDIT questionnaire will only be gathered from liver transplant recipients
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to sit in a chair with their shoulders in adduction, their arms rotated into neutral position, 
their elbows flexed to 90º, and forearms and wrists held in neutral position. Hereafter, 
participants will be instructed to perform a maximal isometric contraction. Handgrip 
strength will be tested three times with an interval of 30 seconds rest for recovery 
between each attempt. The dominant hand will be stated in all measurements. Further-
more, to create uniformity among assessments, the second handle position of the hand 
dynamometer will be utilized which has been shown to be the most accurate position.37

Lung function will be measured by means of an Asma-1 handheld spirometer (Vi-
talograph, Buckingham, United Kingdom).38 Of all participants, the Forced Expiratory 
Volume (FEV1), as marker of lung function, will be recorded.

Body composition will be determined using a multifrequency bio-electrical imped-
ance device (BIA, Quadscan 4000, Bodystat Ltd, Douglas, British Isles) at 5, 50, 100, and 
200 Hz, which allows to distinct between lean body mass and fat body mass taking into 
account differences in volume status.39 Main outcome variables from the BIA are esti-
mated fat mass, fat free mass, and body fat percentage. In brief, the BIA measurement 
will be performed with the participant in supine position with arms and legs abducted 
from the body. Sensor electrodes will be placed on the dorsum of the right hand and 
feet, with a minimal distance of five centimeters between the electrodes. Measurement 
will not be executed if the participant has a temperature exceeding 37.9°C/100.2°F or 
has a functioning ICD/pacemaker.

Advanced glycation endproducts (AGEs) will be determined using an AGE reader SU 
(DiagnOptics Technologies, Groningen, The Netherlands).40 The AGE reader SU measures 
skin autofluorescence (AF) by using the characteristic fluorescent properties of certain 
AGEs to estimate the level of AGEs accumulation in the skin. AGEs have been implicated 
in the pathogenesis of vascular damage and cardiovascular disorders and aid to charac-
terize the cardiovascular risk profile of transplant recipients.41

Transplant recipients are known to be at increased risk for cutaneous malignancies, 
mainly related to long-term use of immunosuppressive medication.42 To identify which 
transplant recipients are especially prone to develop dermatological health problems, 
a detailed dermatological history with emphasis on malignancies and subsequent 
treatment will be obtained. Next, a standardized dermatological examination will be 
performed by the trained investigator. The dermatological examination includes the 
determination of eye color, natural hair color at adolescence and skin type according 
to the classification of Fitzpatrick.43 In addition, the presence and quantity of lentigines, 
moles, freckles, and warts are examined.

To assess frailty, the Clinical Frailty Scale (CFS) will be scored at study visits by the 
trained investigator. The CFS is a validated frailty measurement and frailty is scored 
based on clinical judgment on a continuous scale from 1 (very fit) to 9 (terminally ill). A 
CFS-score of ≥ 5 is generally considered to be frail.44
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To assess nutritional status, a Patient-Generated Subjective Global Assessment (PG-
SGA, PT-Global, Philadelphia, USA) will be scored.44, 45 The PG-SGA is an patient-centered 
adaptation of the original Subjective Global Assessment (SGA). The different domains 
assessed by the PG-SGA are: 1) changes in body weight, 2) changes in nutritional 
intake, 3) symptoms which negatively influence intake, absorption, and utilization of 
nutrients, 4) level of activities and function, 5) conditions that increase nutritional risk 
or requirements, 6) metabolic stress, and 7) physical examination. Based on the PG-SGA 
score, subjects can be classified as well-nourished, moderately malnourished or severely 
malnourished.

randomization and additional physical and cognitive tests
In addition to standard assessments, participants will receive additional physical tests or 
cognitive tests at their study visit at 12 months post-transplantation or at the first study 
visit if it concerns transplant recipients with a functioning graft for more than 1 year who 
were transplanted before the start of TransplantLines. Participants will be randomized 
(1:1 ratio) into either the “physical” arm or the “cognitive” arm of the study. Random-
ization will be performed for each transplant-program separately to ensure balanced 
randomization of subjects for each type of solid-organ transplant. Participants random-
ized into the “physical” arm of the study protocol will be asked to accomplish a standing 
balance test, a 2-Minute Walk Test (2MWT), a 4-Meter Walk Test (4MWT), a dexterity test, 
a Five Time Sit To Stand test (FTSTS), Timed Up and Go test (TUG), a rigorous neurological 
examination, and a breath analysis. With inclusion of the first four tests together with the 
handgrip strength, the five physical components of the National Health Institute Toolbox 
for motor assessment are being assessed.46 A subset of these tests will also be performed 
at the 6 months post-transplantation study visit in all solid-organ transplant recipients. 
Participants randomized into the “cognitive” arm of the study protocol undergo a se-
ries of neuropsychological tests performed by a trained neuropsychologist or master 
student neuropsychology under supervision of a trained neuropsychologist. The tests 
are administered in a quiet room with no disturbances. For timed tests, a digital clock is 
used. The tests are performed in a fixed order and no feedback regarding the results is 
given to the participant during administration. An overview of the neuropsychological 
tests is specified in Table 3. A subset of these test will also be performed at 3 months 
post-transplantation in all solid-organ transplant recipients.

Physical Protocol Measurements and Tests
The standing balance test will be performed with an accelerometer (Axivity, Newcastle, 
United Kingdom), attached to the lower back. The standing balance test has been de-
scribed in detail previously.46 Balance will be evaluated in 5 different positions, i.e. 1) 
feet together on hard surface, eyes open; 2) feet together on hard surface, eyes closed; 
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Table 3. Overview of the different tests performed in TransplantLines study per study protocol

General (all protocols)

Parameter/test Details

General parameters Collection of Biobank material and evaluation of 
questionnaires, check quality of data

Blood Pressure Using an automatic or semi-automatic device

Weight Using digital measuring scale

Length Using measuring tape fixed to wall

Waist- and hip size Using measuring tape roll

BIA Bio-Impedance Analysis (Quadscan 4000)

SAF Skin Auto-Fluorescence (AGE reader SU)

Dermatological questionnaire After physical examination by student researcher

Clinical Frailty Scale After physical examination by student researcher

PG-SGA Scored Patient-Generated Subjective Global Assessment

Long function Using spirometry (Vitalograph Asma 1)

Breath analysis Using Quintron Breath Tracker

Physical protocol

Parameter/test Details

Balance Test Using Axivity Accelerometer

Hand grip Using Hydrolic Hand-held Dynamometer

Physical Strength Multiple muscle groups, using Digital Dynamometer

Sensibility Tests Using pin-prick, monofilament and biothesiometer

Tremor analysis Using Tetras scale and Axivity Accelerometers

Manual dexterity Using Dexterity PEG-Board

Cognitive protocol

Nederlandse Leestest voor Volwassenen Dutch version of the National Adult Reading Test (NART)

Digit Span Subtest of theWechsler Adult Intelligence Scale (WAIS-IV)

15 Wordstest Dutch version of Ray Auditory Verbal Learning Test (RAVLT)

Cognitive Screening Test Cognitive Screening Test (20)

Trail Making Test

Clock-drawing Test

Symbol Digit Modalities Test

Letter Fluency Test Dutch version of the Controlled Word Association Test 
(COWAT)

Word Fluency Test Subtest of the Groningen Intelligence Test (GIT)

Key Search Test Subtest of the Behavioral Assessment of the Dysexecutive 
Syndrome (BADS)
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3) feet together on foam surface (Balance Pad Elite; Airex Specialty Foams, Aargau, 
Switzerland), eyes open; 4) feet together on foam surface, eyes closed, and 5) feet in 
tandem stance, eyes open. Participants will be asked to have arms crossed on their chest 
and each position will be tested for 50 seconds. Upon failure, with recording of time 
to failure, a second attempt will be performed. In case of non-success at the second 
attempt, the test will be discontinued.

Endurance will be tested with a 2MWT.47 The 2MWT has been shown to be highly cor-
related, without compromising validity and reliability, with the 6-minute walking test, 
an important submaximal exercise test.48, 49 To calculate distance covered by subjects on 
the 2MWT, two pylons are set apart 15 meters and subjects are instructed to walk as fast 
as possible without running, until the investigator commands to stop. Participants are 
updated on the remaining time after 1.00 and 1.45 minutes, and the final five seconds 
are indicated by a countdown. The total walking distance in 2 minutes is recorded in 
total meters covered with remaining scored in centimeters.

Locomotion, measured as gait speed, will be tested with a 4MWT. Gait speed is a 
simple measure to summarize the overall disease burden and disability.50, 51 In brief, two 
pylons will be set apart 4 meters and instructed to walk at usual pace. Seconds from 
start to end of the 4 meters will be recorded. The 4MWT is measured twice after first a 
trial round.

Manual dexterity will be measured in all transplant recipients using the 9-Hole Peg 
Test (9-HPT, Sammons Preston Rolyan, Chicago, IL). The 9-HPT requires participants to 
repeatedly place and remove nine pegs into nine holes, one at a time, as quickly as 
possible, and is considered to be the gold standard metric for manual dexterity.

Functional mobility will be tested in participants using the FTSTS and TUG. The FTSTS 
is a functional performance measure of leg strength or the force-generating capacity 
of muscle by using the body’s weight for resistance during functional activities.52 The 
FTSTS will be executed three times after a first trial round. Participants will be instructed 
to stand up five times as fast as possible, from sitting position with their feet flat on the 
floor and arms folded across the chest. Measurements start upon command, and subse-
quently the time required to stand up and return sitting is recorded. Time is measured in 
seconds and this task is repeated five times.53

The TUG is a basic test for functional mobility and is based on strength, coordination, 
and balance.54 For the test, a pylon and chair will be put apart 3 meters. The test will 
be performed four times, with the first round being a trial. Participants are instructed 
to stand up from the chair without support of the arms, subsequently walk with their 
normal gait speed around the pylon, and go back to the chair to sit down again. In case, 
participants use a walking aid in normal day life, the test will be performed with the use 
of a walking aid. The TUG is measured in seconds, from the moment the participant is 
instructed to get up until the moment the participant sits down again.
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Transplant recipients have an increased susceptibility to develop peripheral neurop-
athy and tremor, mainly due to the continuous use of immunosuppressive medication, 
especially calcineurin inhibitors.55, 56 Therefore, an extensive neurological examination 
will be performed and will consist of strength testing, classifying polyneuropathy, and 
tremor quantification. Detailed strength testing of different muscle groups (feet flexion/
extension, hip flexion, biceps flexion and wrist extension) will be performed with a digi-
tal dynamometer (C.I.T. Technics, Haren, the Netherlands).57 Hereafter, sensibility tests 
will be performed using a pin-prick and monofilament pen (Novo Norisk BV, Alphen 
aan de Rijn, the Netherlands) on bare skin five times per measurement at the dorsal 
side of the 1st phalange of both feet with the subject closing their eyes. Upon failure 
of sensibility, the dorsal side of the foot and lower limb will be tested. Proprioception 
will be measured by moving the 1st phalange of both feet in dorsal flexion and plantar 
flexion five times with the participants closing their eyes. Upon failure, the dorsal side of 
the foot and index finger will be measured.

Vibration sense will be measured using a handheld biothesiometer (Bio Medical 
Instrument Co, Ohio, USA).58 The biothesiometer has a rubber tractor that vibrates at 
100 Hz when operating from 50 Hz mains. In brief, participants will be measured in a 
supine position on a bed barefooted. The vibrating tractor will be applied bi-laterally to 
four different measurement points of the participants: top of the hallux, forefoot, lateral 
malleoli, and wrist. Before applying the vibrating tractor to the points to be tested, the 
amplitude of the vibrating tractor is increased from zero to the point where the vibration 
is perceptible and beyond the threshold to the highest amplitude possible to familiarize 
participants with the sensation. For the measurement, the participants will be asked to 
concentrate on the test and report the first sensation of the vibration by saying “Stop”. 
Each measurement point is tested twice. If the difference between the first two mea-
surements is greater than 20%, the measurement point is tested a third time.

Prior to tremor quantification, participants will be asked to complete part C of the 
Fahn-Tolosa-Marin tremor rating scale that involves tremor-related functional dis-
ability.59 The questionnaire involves speaking, bringing liquids to the mouth, eating, 
hygienic care, dressing, writing, work and household related tasks. The questionnaire 
uses a 5-point scale, with ‘0= no functional ability’, and 4= ‘severe disability, the task 
cannot be executed’.

To quantify tremor, two accelerometers (University Medical Center Groningen, 
Groningen, the Netherlands) will be attached to the dorsal side of both hands. The 
accelerometers will record movement in the coronal, transversal and sagittal planes 
as well as linear acceleration and deceleration in both hands continuously during the 
measurements. Amplitudes and frequency of these measurements will be recorded on 
a stand-alone computer. Participants will be asked to assume seven different positions 
while seated, which are measured for 30 seconds each: arms down, wrists extended; 
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arms forward, wrists and fingers relaxed; arms forward, wrists and fingers in 0 position; 
index fingers pointed towards each other; bilateral finger-nose task; weighted arms 
down with wrists expanded; weighted arms forward with wrists and fingers extended.

Finally, participants will be asked for collection of a breath sample in which hydrogen 
and methane will be measured with the Quintron BreathTracker (Milwaukee, Wisconsin, 
USA).60 Both hydrogen and methane are exclusively formed by anaerobic fermentation 
in the gut, and therefore can be utilized as markers for metanogenic microflora in trans-
plant recipients.61

Cognitive Protocol Measurements and Tests
The Cognitive Screening Test (CST) is a Dutch screening test for dementia, measuring ori-
entation in time and place, and memory for common facts.62 The questionnaire consists 
of  20 items (e.g. date of birth, name of the reigning monarch, season) and the score is 
calculated as the total of questions answered correctly with a maximum of 20.

Nederlandse Leestest voor Volwassenen (NLV), Dutch version of the National Adult 
Reading Test. The participant has to read aloud a list of 50 irregularly spelled words. 
The total score on the test is converted into an estimation of the premorbid intelligence 
quotient.63

The Clock Drawing Test (CDT) is a cognitive screening instrument.64 Participants are 
asked to draw a clock and set the time to ‘a quarter to two’.  A maximum total score of 
14 can be achieved.

The 15 Words Test (Dutch version of the Rey Auditory Verbal Learning Test (RAVLT), 
measures verbal memory.65 In this task a set of 15 unrelated words is presented to the 
participant, consecutively over five trials. Participants are asked to recall as many words 
as possible immediately after each trial (Immediate Recall). The score is the total words 
recalled in 5 trials, with a maximum of 75. After 20 minutes, participants are asked to 
recall as many of the 15 words as possible (Delayed Recall). Additionally, a recognition 
task will be performed. Participants are presented with a list of 30 words and are asked 
which words they recognize from the list they have been presented before.

Digit Span, subtest of the Wechsler Adult Intelligence Scale (WAIS-IV).66 This subtest 
consists of two tasks, the Digit Span Forward and the Digit Span Backward. The Digit 
Span Forward is a task for immediate auditory memory span. In this task, participants 
are asked to repeat a series of numbers in the same order as the examiner did. The Digit 
Span Backward measures working memory. Participants have to repeat the presented 
numbers in reversed order. The score is the total strings repeated, with a maximum of 32.

The Word Fluency, subtest of the Groninger Intelligentie Test (GIT-2), is a verbal task 
measuring semantic memory.67 Participants are asked to name as many words within a 
certain category within one minute. Total score per category (respectively animals and 
professions) were calculated.
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The Controlled Oral Word Association Test (COWAT) is a verbal task measuring ex-
ecutive control.68 Participants have to name as many words as possible that start with 
a specific letter within one minute. In the meantime, participants have to comply to 
several rules that are given on beforehand. Total scores from three different starting 
letters (D-A-T) were calculated.

The Symbol Digit Modalities Test (SDMT) measures psychomotor speed.69 The test 
consists of matching symbols and numbers as fast as possible in 90 seconds. The total 
score of correct matches is calculated.

Trail Making Test (TMT). This test consists of two parts: Trail Making Test – A (TMT-
A) and Trail Making Test – B (TMT-B). Part A is a measure of attention and information 
processing speed. This task involves connecting 25 numbers in ascending order, as 
quickly as possible. The TMT-B is a measure of divided attention and cognitive flexibility. 
In this condition, numbers as well as letters have to be connected in  ascending order, 
alternating between numbers and letters (1-A-2-B- etc.). Both parts of the test are timed 
to completion (number of seconds).

The Key Search Test is a subtest of the Behavioral Assessment of the Dysexecutive 
Syndrome (BADS) and assesses the ability to plan and monitor progress. Participants are 
presented with a square which represents a field in which  ‘keys have been lost’ . Partici-
pants must show how they would search the field to find the keys. Searching strategy is 
scored by means of functionality and maximum total score of 16 can be achieved.

outcomes
The primary outcomes of the TransplantLines study are all-cause mortality and graft fail-
ure, which is defined as death due to failure of the transplanted organ, return to organ 
replacement therapy or re-transplantation. Secondary outcomes will be cause-specific 
mortality, cause-specific graft failure and rejection. Tertiary outcomes will be other 
health problems, including diabetes, obesity, hypertension, hypercholesterolemia, and 
cardiovascular disease, and disturbances that relate to quality of life, e.g. physical and 
psychological functioning, quality of sleep, and neurological problems such as tremor 
and polyneuropathy.

The TransplantLines biobank study aims to identify risk factors for health problems 
and patient-centered outcomes (e.g. adverse drug events, lifestyle, quality of life, social 
participation, physical and cognitive functioning). Due to the nature of the biobank, 
not all research questions are predefined and will arise during the course of inclusion. 
In contrast to many other studies, TransplantLines also aims to identify and ameliorate 
complaints experienced by transplant recipients, such as tremors and diarrhea, which to 
date have largely been overlooked by clinicians.
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Data management, analysis, and access to data and samples
Data will be recorded digitally in an electronic case report form (eCRF) in a certified Elec-
tronic Data Capture and Clinical Data Management System (Utopia Data Management 
System version 1.13.6, Research Data Support, University Medical Center Groningen). 
Data entry is performed by the trained investigators. The trained investigator who 
performed assessments at the study visit of a participant is responsible for data entry 
of that participant. All data are later checked again by the trained investigators and are 
subsequently stored anonymously in a secured electronic environment. The Transplant-
Lines database will be linked to registries and databases of the Dutch Health Database 
(DHD), Netherlands Comprehensive Cancer Organisation (IKNL), Central Bureau of 
Statistics (CBS), InterAction Database (IADB), Dutch Nephrology Registration/Registra-
tion Renal Replacement Therapy (Nefrovisie, Renine), Nationwide Network and Registry 
of Histo- and Cytopathology in the Netherlands (PALGA), National Organ Transplant 
Registry (NOTR), PHARMO Institute for Drug Outcome Research (PHARMO), Routine 
Outcome Monitoring (RoQua) and the Dutch Institute of Clinical Auditing database 
(DICA) through a generic layer. A data management board will be formed to maintain 
data infrastructure, construct Material Transfer Agreements (MTA) and to govern use of 
the TransplantLines biobank and database. Extractions from TransplantLines database 
will be performed using a retrieval suite in Utopia software package only after approval 
of the data management board. Data will always be extracted anonymously. SPSS sta-
tistics version 23 (IBM, Armonk, NY), R version 3.2.3 (CRAN, Vienna, Austria), STATA 14.1 
(STATA Corp., College Station, TX) or a similar statistical package will be used for analysis. 
Data collection and management is performed in accordance with the Handbook for 
Adequate Natural Data Stewardship (Netherlands Federation of University Medical 
Centers, 2017). A team consisting of medical doctors of the different fields involved, 
called Research Team TransplantLines, is installed to decide and prioritize who will get 
access to the samples and data of the TransplantLines biobank and cohort study. Use 
of samples and data can be requested by internal and external researchers against a 
reasonable fee. All samples are stored at -80°C and access is logged in a linked database. 
The logging system also provides for registration of multiple access and the number of 
freeze-thaw cycles that samples have undergone. Multiple access to samples is possible, 
but for each specific project a new request needs to performed and approved by the 
Research Team TransplantLines. The data coming available from the assays performed at 
the provided samples will be linked to the TransplantLines database and be made avail-
able to researchers in the certified Electronic Data Capture and Clinical Data Manage-
ment System which will allow for evaluation and statistical analyses. This environment 
will also monitor and log data handling and store results of analyses.
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Missing data handling
Concerning treatment of missing data and inability to generate data from missing sam-
ples, we will apply statistical methods using maximum likelihood and multiple imputa-
tion, which are now standard for dealing with participant loss and missing data.70 These 
methods provide more consistent and efficient estimates of population parameters than 
methods relying on complete cases, mean imputation, last observation carried forward 
or single-imputation regression methods.70-73 As advised in authoritative reports, these 
analyses will be complemented with sensitivity analyses to assess robustness of find-
ings.74-76

DISCuSSIon

The TransplantLines prospective cohort study seeks to identify risk factors for the devel-
opment of long-term health problems after transplantation and ultimately to develop 
new and innovative interventions to improve graft survival, patient survival, and quality 
of life after transplantation. The TransplantLines biobank will encompass all solid organ 
transplantations and living organ donors. It will consist of follow-up data from all fields 
that are involved in organ transplantation; internal medicine, surgery, gastroenterology, 
hepatology, pulmonology, cardiology, dermatology, neurology, occupational medicine, 
children’s medicine, (neuro)psychology, physiotherapy, and social work.

Although short-term transplant outcomes have improved in the last decades, graft 
and recipient life expectancy remains limited. In the TransplantLines study, data and 
samples will be collected before, during, and after transplantation to gather further 
insight in the impact of transplantation on transplant recipients. In addition, we aim 
to preemptively detect those transplant recipients who are at increased risk to de-
velop graft failure or health problems. By investigating a wide range of clinical, social/
psychological and biochemical parameters, this study aims to contribute to increased 
transplant survival, patient survival, but also to an increased quality of life and a more 
patient-centered approach to transplant care.

Our study has strengths and limitations. The major strengths of this study are the 
collection of extensive data on a myriad topics related to transplantation, the inclusion 
of all types of solid organ transplant recipients and living organ donors, and a study 
with a long follow-up to assess many relevant clinical outcomes. Limitations of the cur-
rent study are that it comprises a single center study and that residual confounding 
cannot be excluded in analyses in the TransplantLines study due to its observational 
design. It is also a limitation that transplant recipients with limited language skills and/
or poor comprehension are excluded, because these patients are likely those who are 
at higher risk of poor compliance and high risk social behavior, which would possibly 
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have worse outcomes. A further limitation is that our infrequent collection of biobank 
samples may limit utility in detecting biomarkers for routine monitoring of transplant 
health and detection of suitable biomarkers may only be possible if sampling happens 
to fall near the time of a clinical event. It may be considered a strength that in addition to 
taking samples at fixed time points, we also take samples when biopsies are performed, 
both at times of protocol biopsies and at times of biopsies taken at clinical indication, 
usually because of worsening of transplant function, with suspicion of acute or chronic 
rejection.

TransplantLines may serve as a basis for hypothesis-generating studies that yield 
insights in a wide range of clinical, social/psychological and biochemical parameters in 
solid organ transplant recipients, as well as living donors. Biomarkers may be identified 
to develop more individualized immunosuppressive treatment. This will lead to novel 
clinical trials in transplantation and patient-tailored approaches for new treatment op-
tions. Furthermore, the results of TransplantLines may serve to identify new modifiable 
risk factors and lifestyle factors in transplantation. Ultimately, this information will likely 
contribute to a more individualized treatment for transplant patients and improved liv-
ing donor screening and follow-up. Thereby we aim to qualitatively and quantitatively 
improve outcomes after transplantation.

Study status
Data collection is in progress.
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aDVErSE ConSEQuEnCES oF Iron DEFICIEnCy anD 
EryThroPoIETIn In ChronIC KIDnEy DISEaSE

Anemia is an important complication of chronic kidney disease (CKD), primarily caused 
by relative deficiencies of erythropoietin (EPO) and iron. Anemic CKD patients are 
known to be susceptible to an increased risk of left ventricular hypertrophy, increased 
number of hospitalizations, and mortality.1, 2 Although the adverse consequences of 
anemia in CKD are well characterized, full correction of anemia with erythropoiesis 
stimulating agents (ESAs) unexpectedly resulted in an increased rather than decreased 
risk of cardiovascular morbidity and mortality in large randomized trials.3-5 Therefore, 
the focus has shifted from correction of anemia with EPO to correction of iron defi-
ciency associated with anemia in CKD. Currently, the mechanisms responsible for the 
unwanted effects of exogenous EPO in correcting anemia are unknown. It is known, 
however, that administration of exogenous EPO results in, among others, depletion of 
iron stores, and further deepening of preexisting iron deficiency.6 Moreover, with regard 
to iron deficiency, most attention has been paid to correction of iron deficiency when 
associated with anemia, less attention has been paid to iron deficiency without anemia. 
This is not as self-explanatory as it may seem at first glance, since iron has a plethora of 
functions in the human body besides being the fuel for erythropoiesis.7 Hence, the first 
aim of this thesis was to elucidate whether iron deficiency in the patient setting of renal 
transplant recipients (RTRs) is related to adverse outcomes independent of anemia. The 
second and central aim of this thesis was to unravel a potential relationship between 
iron deficiency, EPO, and fibroblast growth factor 23 (FGF23). While a potential role of 
FGF23 in the adverse effects of iron deficiency was previously unthought-of, results of 
studies in autosomal dominant hereditary rickets (ADHR) and subsequent observations 
in women with iron deficiency, were the first to suggest a cause-effect relationship be-
tween iron deficiency and FGF23. Based on this, we hypothesized that an effect of iron 
deficiency and/or EPO on FGF23 could potentially shed light on the excess morbidity 
and mortality observed in EPO interventions studies and on potentially adverse effects 
of iron deficiency with or without anemia.

Summary of the thesis

Iron
In Chapter 2, we quantified the prevalence of iron deficiency in RTRs, which appeared 
to be present in more than 30% of the analyzed population. Furthermore, we showed 
that presence of iron deficiency was associated with an increased risk of death, inde-
pendent of potential confounders, and importantly, also independent of anemia. 
This emphasizes a need for routine monitoring of iron status by clinicians, not only 
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when anemia evolves. It should be kept in mind that iron is pivotal for many cellular 
processes, including mitochondrial function and DNA synthesis, and that anemia can 
be considered an end-stage phase of depleted iron stores.8-10 Hence, disturbances in 
iron homeostasis even in the absence of evident disturbances in erythropoiesis likely 
already impair adequate functioning of living organisms, including humans. In Chapter 
2 of this thesis we did not identify a putative mechanism underlying the strong associa-
tion between iron deficiency and mortality. We followed up on this in Chapter 3 with 
additional measurement of both C-terminal Fibroblast Growth Factor 23 (cFGF23) and 
intact fibroblast growth factor 23 (iFGF23) in the cohort in which we first identified the 
association between iron deficiency and mortality. We demonstrated that the previously 
identified association was to a large extent explained by variation in cFGF23 levels, while 
it could not be explained by variation in iFGF23 levels. This implicates that the associa-
tion is either driven by an increase in (allegedly inactive) C-terminal FGF23 fragments 
or by a process underlying upregulation and concomitant increased cleavage of FGF23. 
To allow for better understanding of the potential mechanism underlying this associa-
tion, it is necessary to mention two processes that likely play a role in the interaction 
between iron deficiency and FGF23. The first of these processes is cleavage of FGF23, 
which primarily involves Fam20C phosphorylation, GalNAc-T3 glycosylation, and furin 
proteolysis. Tagliabracci et al. have shown that Fam20C regulates activity of FGF23 by 
phosphorylation of Ser180 in the FGF23 molecule. This phosphorylation of FGF23 inhibits 
GalNAc-T3 O-glycosylation, which then allows proteolysis by furin, a subtilisin propro-
tein convertase.11 Hence, an increased Fam20C leads the beginning of the cascade of 
more cleavage, and also less GalNAc-T3, and increased levels of furin. Second, Silvestri et 
al. demonstrated that the prolyl hydroxylase that hydroxylate hypoxia-inducible factor 
(HIF) 1-α for degradation is iron dependent.12 Hence, iron deficiency or iron chelation 
results in stabilization of HIF1-α. Since the promoter site of furin contains hypoxia-re-
sponsive elements (HREs) in the binding sites for the HIF-1 transcription complex, levels 
of FUR mRNA, encoding furin, are markedly increased, resulting in higher furin levels. 
In sum, ID results in upregulation of furin through stabilization of HIF1-α.12 Therefore, 
iron deficiency upregulates furin levels, which are known to cleave bioactive iFGF23 
into the bio-inactive C-terminal FGF23 fragments. On a different track, in Chapter 4 
we investigate one of the most compelling and clinically relevant topics in the field of 
iron deficiency, namely lack of a uniform definition for (functional) iron deficiency.13 In 
the field of cardiology, all large studies use ferritin <100 µg/L to define absolute iron 
deficiency, and ferritin 100-299 µg/L combined with TSAT<20% to define functional iron 
deficiency. Studies often use the combination of absolute and functional iron deficiency 
to define iron deficiency in heart failure patients.14-16 In contrast, in the field of nephrol-
ogy, a myriad of definitions has been used, which precludes comparability between 
studies.17-19 Hence, we tried to assess the impact of using different cutoffs for ferritin and 
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TSAT, the most used iron status markers in clinical practice, with prospective outcomes 
in the general population. Interestingly, we found that highest risk for adverse outcomes 
with iron deficiency is observed when for the definition of iron deficiency a TSAT cutoff 
level lower than 10% is used. This suggests that emphasis should be placed on a low 
TSAT rather than ferritin levels in early stage CKD patients, although substantially low 
ferritin levels still indicate an absolute iron deficiency. We identified this association in 
CKD patients both for all-cause mortality, cardiovascular mortality, and risk to develop 
anemia. This is in line with a recent study by Grote Beverborg et al. in chronic heart 
failure patients, which compared the utility of TSAT and serum ferritin with bone marrow 
iron staining, the gold standard to assess iron stores.20 In keeping with our results, the 
authors demonstrated that low TSAT corresponded very well with bone marrow iron 
deficiency, whereas serum ferritin seemed not to have diagnostic value. Central in iron 
homeostasis is serum hepcidin, the master regulator of iron homeostasis. Therefore, 
in Chapter 5, we assessed the association between serum hepcidin and outcomes in 
RTRs. Surprisingly, serum hepcidin-25 was not associated with outcomes in this patient 
setting. Since hepcidin is an acute phase reactant, like ferritin, inflammation seems to 
be responsible for a large part of the variation in hepcidin levels. The absence of an 
association between hepcidin and outcomes is in line with a study by Tessitore et al., 
which showed that hepcidin levels are not a good predictor of bone marrow iron stores 
and response to intravenous iron therapy.21 Hence, it seems that although hepcidin is 
the main regulator of iron homeostasis, utility of measuring serum hepcidin in assessing 
iron status seems limited, making it questionable whether serum hepcidin levels can 
be used to predict the potential beneficial effects of potential future use of hepcidin 
antagonists in RTRs.

Erythropoietin
In Chapter 6, we extensively studied the relationship between hematological param-
eters and bone mineral metabolism parameters and uncovered through translational 
research in collaboration with prof Ganz’s group (UCLA) the relationship between EPO 
and FGF23 levels. High EPO levels can be considered a reflection of tissue hypoxia.22 
Previously, it has been shown that hypoxia stabilizes HIF1-α and HIF2-α, resulting in an 
increase in EPO levels.23,24 In our study, we showed in murine models with high endoge-
nous EPO concentrations and by administration of recombinant EPO (rhEPO) that FGF23 
production and cleavage are increased. Importantly, this increase in cFGF23 levels was 
irrespective of iron status. In translation to the human condition, we showed in human 
studies across the spectrum of CKD and renal transplantation, that serum EPO as well 
as exogenous rhEPO dose, independent of iron status and hemoglobin, are positively 
associated with cFGF23 levels, but not with iFGF23 levels. Hence, this implies that EPO, 
both endogenous and exogenous, lead to an upregulation of FGF23 production with a 
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concomitant increase in cleavage of FGF23. In Chapter 7 we show that the previously 
described positive association between EPO levels and risk of mortality in RTR,25 with 
an hitherto unresolved underlying mechanism, may be, to a large extent, attributable 
to an increase in cFGF23. We further substantiate this strong relationship between EPO 
and FGF23 physiology in Chapter 8. In this chapter, we used a previously performed 
randomized trial of fifty-six anemic patients with both chronic heart failure and CKD, 
which were randomized into three groups. In two arms of the trial, the patients received 
Epoetin beta at a dose of 50 IU/kg/week, and in one arm, the patients served as control 
group without Epoetin beta treatment. Over a period of 50 weeks, Epoetin beta induced 
a marked increase in cFGF23 levels, whereas iFGF23 levels remained stable. Of note, this 
study showed that exogenous EPO, at a relatively low dose, increases cFGF23 levels over 
time, besides acute increases after exogenous EPO administration, as demonstrated in 
Chapter 4. The exact mechanism by which EPO induces an increase in cFGF23 levels 
remains unknown. Interestingly, Rabadi et al. found that bled (to increase EPO levels) 
mice had similar Fam20C and furin levels as control mice, while levels of GalNacT3 were 
significantly decreased.26 In our study combined with UCLA (Chapter 5), we examined 
also this pathway and replicated these results by showing that in EPO-overexpressing 
mice GalNacT3 levels were decreased, while no differences were found in Fam20C and 
furin levels. This implicates that it is likely that EPO increases cleavage in another way 
than by upregulation of furin which is the case in iron deficiency. Yet, more research is 
needed to unravel the mechanism underlying the association of EPO with FGF23.

Iron and Erythropoietin beyond CKD
Importantly, in Chapter 9, we extend the associations of Chapter 3 and 6-8 to the 
general population. Previous studies showed that increased cFGF23 levels are also as-
sociated with an increased risk of adverse outcomes in the general population.27 To date, 
it was assumed that cFGF23 levels are mainly determined by renal function, phosphate, 
calcium, vitamin D, and PTH levels.28-30 However, in Chapter 9 we show that apart from 
these regulators, iron deficiency and elevated EPO levels are also strongly associated in 
the general population, with even stronger associations than the classic well-established 
determinants. In addition, we have shown that the associations of functional iron de-
ficiency and elevated EPO levels with premature occurrence of all-cause mortality are 
largely explained by an increase in cFGF23 levels. We continued with investigating EPO 
levels in another form of disturbed erythropoiesis. In Chapter 10, we questioned the 
role of EPO measurement in another setting than with respect to FGF23 or outcome. 
In this chapter, we demonstrate that the utility of EPO measurement can be placed in 
doubt to distinguish between a primary and secondary form of erythrocytosis. The most 
important cause of secondary erythrocytosis is considered smoking.31 It was assumed 
that in smokers tissue hypoxia will ensue due to an effect of carbon monoxide which 
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is present in tobacco smoke. In this scenario, the consequently arising increased cir-
culating EPO levels would stimulate erythropoiesis and lead to an increased red blood 
cell volume. This concept was considered so likely that it was stated in textbooks and 
guidelines, that all forms of secondary erythrocytosis (e.g. smoking) present with an 
increased EPO level, whereas primary forms of erythrocytosis (i.e. polycythemia vera) 
present with a suppressed EPO level.32-34 Contrary to this prevailing view, we identified a 
significant inverse relationship between smoking and EPO, rendering the measurement 
of EPO levels not useful to distinguish between a primary and secondary form of eryth-
rocytosis. As we propose in the discussion of the article, there are a couple of potential 
explanations for this surprising finding. First, the reported half-life of endogenous EPO is 
about 6 to 8 hours, implicating that it might be that EPO levels are compensatory low in 
the morning due to existing erythrocytosis suppressing EPO production, while smoking 
is discontinued during night.35 Second, it has been shown by Weinberg and colleagues 
that smokers have a higher incidence of a JAK2 V617F sequence variation (possibly due 
to DNA damage as a result of smoking), implying that erythrocytosis due to smoking 
might be the result of an erythroid cell-intrinsic, EPO-independent mechanism which 
constitutively results in activated EPO receptor signaling.36 Third, there might be a direct 
effect of smoking on erythropoiesis, which is currently unknown. Future studies need to 
delineate the association between smoking and EPO in more detail. Finally, we decided 
to include in Chapter 11 the rationale and design paper of the TransplantLines biobank 
and cohort study. The TransplantLines study is a unique biobank and cohort study which 
collects data (both questionnaires, blood, urine, faeces, nails, hair, and physical measure-
ments) from all solid organ transplant recipients which have been transplanted in the 
University Medical Center Groningen, the only transplant center in the Netherlands that 
transplants all types of solid organs. In this very extensive biobank and cohort study, 
thorough information about iron status and EPO among others will be available in 
stored samples. The TransplantLines study will try to answer many currently unresolved 
questions regarding the adverse consequences of iron deficiency and EPO in the patient 
setting of transplant recipients, for example it gives the opportunity to discern effects 
of iron deficiency on physical functioning tests and quality of life, rather than solitarily 
associations with hard clinical endpoints. Investigation of the TransplantLines study into 
the interplay between iron deficiency, EPO, FGF23, and possibly new factors in transplant 
recipients will further extend the presented results in this thesis in the upcoming years.

Discussion and future perspectives
This thesis provides extensive overview of the adverse consequences of ID and elevated 
EPO levels in CKD patients, and extends this concept by showing the important relation-
ship between ID, elevated EPO, and FGF23 metabolism. Our results confirm that red cell 
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and iron dynamics and bone mineral metabolism are more closely related than previ-
ously assumed. The main conclusions of the thesis in this respect are listed below.

First, regarding the role of ID, we have confirmed the high prevalence of ID in the 
patient setting of RTRs, and made clear that presence of ID is detrimental with respect 
to long-term patient survival, and importantly independent of anemia. Hence, particular 
attention to iron status in RTRs remains necessary, also in RTRs who have been trans-
planted many years ago. The mechanism by which the detrimental effect ensues, seems 
to be (at least to a large extent) associated with induction of cFGF23 levels, implicating 
an upregulation and concomitantly increased cleavage of FGF23. Elevated levels of 
FGF23 are known to be deleterious for RTRs with respect to long-term outcomes.37, 38

Second, elevated EPO levels (representing tissue hypoxia) and exogenous use 
of ESAs are associated with an increased risk of adverse outcomes in patient settings 
of CKD and RTRs. Use of ESAs have previously been shown to be associated with an 
increased risk of cardiovascular morbidity and mortality in CKD and CHF patients, when 
striving for full normalization of hemoglobin levels.3-5, 39 Hence, elevated FGF23 levels 
could be a possible mechanism for the currently unresolved issues linking exogenous 
EPO and cardiovascular mortality.

Third, the detrimental effect of ID and elevated EPO levels seems also to be true in the 
general population, and again, this effect may be (for a large extent) related to induction 
of FGF23 levels. Further research is needed to confirm the importance of these factors in 
regulating FGF23 in the general population, and especially the potential benefits of iron 
supplementation to reduce mortality remain to be addressed in prospective studies.

Fourth, defining ID correctly is still matter of debate. In this thesis, we have shown 
that clinicians should be particularly focused on low TSAT levels rather than ferritin 
levels, as normal ferritin levels do not exclude ID.

Based on our studies, it seems that the best treatment strategy for anemia in general 
in CKD is to correct ID, and minimalize the use of ESAs, since both ID as ESAs are associ-
ated with elevated FGF23 levels. The interaction between ID and FGF23 is an evolving 
topic and in the last years multiple studies from our group and others have revealed the 
important interplay between these apparent different fields of medicine. The important 
role of FGF23 in predicting adverse outcomes in many disease populations has become 
clear in the last decade. Hence, research is now focusing on potential mechanisms to 
lower FGF23 levels. Till now the only known possibility to lower FGF23 was to decrease 
phosphate intake as FGF23 as phosphaturic hormone gets upregulated to increase 
phosphaturia. Based on our results and simultaneously of our collaborators, correction 
of ID by intravenous iron or oral iron and reduction of erythropoietin levels, as reflection 
of tissue hypoxia, might be two other options to lower cFGF23 levels.

Regarding correction of ID with intravenous iron it should be stated that different 
results seem to ensue with respect to the intravenous iron compound used.40-42 Intrigu-
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ingly, it has been shown that correction of ID has inconclusive results on the effect of 
cFGF23 and/or iFGF23.43, 44 Specifically, it has been shown that certain intravenous iron 
preparations including ferric carboxymaltose (FCM), increase iFGF23 levels, accompa-
nied by a decrease in cFGF23 levels due to correction of ID.42 The increase in iFGF23 
levels may lead to a hypophosphatemia, which can result in clinically present symptoms. 
On the long term, even cases of osteomalacia have been described.45 As potential ex-
planation for discrepancy in effect between iron preparations, it has been postulated 
by Wolf et al. that the different response in iFGF23 levels is due to the specific carbo-
hydrate moieties of the shell of FCM.42 Of course, in patients with CKD the associated 
risk of hypophosphatemia is substantially less since a CKD stage patient is particularly 
prone to hyperphosphatemia and as such, correction by FCM could have as advantage 
also to reduce phosphate levels. This becomes more prominent with advancement in 
CKD stages since the deepening of ID progresses and the risk of hypophosphatemia 
minimalizes. Finally, interacting effects of rhEPO or endogenous high EPO levels might 
have influenced the results of the previously described studies. Future studies need to 
unravel in detail the association between the different intravenous iron preparations 
and induction of FGF23.

Similarly, newer anemia treatment options such as HIF-PH inhibitors need to be 
investigated. HIF-PH inhibitors seem promising therapeutic agents in increasing EPO 
production, lowering hepcidin and cholesterol levels,46, 47 but HIF-PH inhibitors have 
been shown to induce also FGF23 similar to ESAs or ESA biosimilars.48 However, the use 
of iron supplements, ESAs, and HIF-PH inhibitors needs to be chosen based on multiple 
factors. A major advantage of HIF-PH inhibitors is that a more physiological release in 
EPO levels will occur as compared to ESAs, and that supra-physiological EPO levels will 
be avoided.49 Hence, the choice of iron, ESAs, or HIF-PH inhibitors need to be chosen 
based on treatment target (e.g. anemia, fatigue), the expected response in hemoglobin 
levels, correction of iron status, side effects, and undesired effects including induction of 
FGF23. Another disadvantage of HIF-PH inhibitors is induction of angiogenesis,50 which 
is why HIF-PH inhibitors have a theoretical increased risk of cancer development. How-
ever, in phase 2a studies, vadadustat and daprodustat showed no change in VEGF.51, 52 
Similarly, roxadustat given orally to mice and rats up to 104 weeks had no effect on 
survival or neoplastic lesions.53 As shown in current thesis, it is pivotal to correct ID, 
already prior to occurrence of anemia, since iron is essential for many processes in the 
human body besides erythropoiesis. Furthermore, as shown in this thesis, use of ESAs 
leads to upregulation of cFGF23 levels, elevated levels of which have been associated 
with an increased risk of adverse outcomes.

Future mechanistic studies need to unravel the pathway between ID and FGF23, and 
between EPO and FGF23. In this thesis, we have speculated already on possible path-
ways. The putative mechanism of ID leading to an increased level of cFGF23 seems to 
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be quite well unraveled, as HIF-1α and furin seem to be the major factors linking ID and 
the increased cleavage of FGF23. With respect to EPO and its influence on cleavage of 
FGF23, more research is needed. At the moment, the most promising factor to have an 
important role in inducing more cleavage of FGF23 seems to be GalNT3. Erythropoietin-
overexpressing mice, compared to wild type mice, were found in our Chapter 5 to have 
significantly downregulated GalNT3 mRNA bone and bone marrow expression levels, 
whereas no differences were observed in Fam20C and furin mRNA expression. This is 
in keeping with the results by Rabadi et al. who identified decreases in GalNT3 mRNA 
expression in bone marrow of mice after acute blood loss, whereas no differences were 
found in Fam20C and furin mRNA expression.26 Further mechanistic insight is needed to 
unravel the link between EPO and FGF23.

Furthermore, a key aspect in future perspectives will need to be to unravel the bio-
logic activity of C-terminal FGF23 fragments. Previous reports have always focused on 
iFGF23 which is known to have biologic activity through binding to FGF23 receptors. 
In addition, it has been discovered that besides the classic functions of intact FGF23 in 
regulating kidney phosphate handling and vitamin D metabolism, iFGF23 exerts many 
“off-targets” effects. As such, it has been shown that iFGF23 can induce left ventricular 
hypertrophy by binding to FGF23 receptor 4 in cardiac myocytes and lead to endothelial 
dysfunction.54, 55 In addition, it has become clear that iFGF23 stimulates fibrosis in the 
kidneys56, exerts pro-inflammatory effects by upregulation of interleukin-6 production57, 
and impairs immune function.58 Although the biologic activity of iFGF23 has unequivo-
cally been demonstrated, the biologic activity of C-terminal FGF23 fragments is uncer-
tain. Previously, it has however been reported that C-terminal FGF23 may function as a 
iFGF23 antagonist, as it competes with iFGF23 for binding to its receptor.59 Furthermore, 
a recent study by Courbabaisse et al. has shown, at least in vitro, that C-terminal FGF23 
increases the cell surface area of adult rat ventricular myocytes by stimulation of FGF 
receptor 4 independent of co-stimulatory factor alpha-klotho, and in sickle cell disease 
patients that cleaved FGF23 levels were associated with heart hypertrophy.60 Future 
studies are needed to elucidate the function of C-terminal FGF23 fragments in detail.

Finally, recent studies have unraveled also a converse relationship between FGF23 
and hematologic parameters. It has been shown that erythroid progenitor cells (EPCs) 
highly express FGF23 protein and carry the FGF receptors, i.e. FGF1, FGF2, and FGF4 
receptor, meaning that EPCs could be an important target for FGF23.61 Indeed, recently 
Agoro et al. showed that inhibition of FGF23 signaling decreased erythroid cell apop-
tosis, upregulated renal and bone marrow HIF-1α and EPO mRNA expression, resulting 
in stimulation of EPO secretion with high EPO levels, and attenuated inflammation 
(inflammatory markers, i.e. IL-6, TNF-α, IFN-γ, and liver hepcidin mRNA expression were 
markedly reduced).62 All these processes abolishes anemia and iron deficiency. These 
data suggest that FGF23 may have negative regulatory effects on erythropoiesis. This 
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is an unfolding topic which will be investigated most probably intensively in the near 
future.

The role of Transplantlines and personal future perspectives
The final chapter of this thesis contains the rationale and design paper of the Trans-
plantLines study. Major aims of TransplantLines are to identify predictors for quality of 
life, for long-term graft survival and for patient survival after transplantation by creat-
ing a biobank along with health related medical data for all patients that have been 
transplanted in our academic hospital. By investigating a wide range of clinical, social/
psychological and biochemical parameters, this study aims to contribute to increased 
transplant survival, patient survival, but also to an increased quality of life and a more 
patient-centered approach to transplant care. Hence, the TransplantLines cohort study 
is designed to deliver pioneering insights in transplantation outcomes, and functions as 
basis for hypothesis-generating studies. As a result, my personal future perspectives also 
start with TransplantLines to follow up the currently presented results from this thesis.

First, we stored samples of whole blood in which we will measure zinc protopor-
phyrin. The rationale to measure zinc protoporhyrin is that during iron deficiency zinc 
gets incorporated in protoporphyrin IX, the precursor of heme, instead of ferrous iron.63 
Drawback is that it also might reflect chronic lead exposure, as lead inhibits two enzymes 
essential for the formation of heme including ferrochelatase.64, 65 Due to interaction with 
the latter, similar to iron deficiency, not iron, but zinc gets incorporated in protoporphy-
rin IX. Further investigation is warranted to keep searching for the best non-invasive, 
least expensive, but reliable iron status parameter since the currently most used iron pa-
rameters still have disadvantages. Although TSAT seems to be a more reliable reflection 
of bone marrow iron stores than ferritin in patients with CKD and importantly low TSAT 
is most strongly associated with worse outcomes as illustrated in Chapter 4, also TSAT 
has drawbacks. Both serum iron as transferrin decrease due to inflammation, but serum 
iron proportionally more than transferrin, with as net result a lower TSAT. Furthermore, 
serum iron shows a marked diurnal variation.66

Another marker that we currently measure in the TransplantLines study is carboxy-
hemoglobin (HbCO). Clinically, levels of HbCO are generally only measured to detect a 
carbonmonoxide poisoning in which elevated levels of HbCO will be found. However, 
HbCO may also be a marker of diminished red blood cell survival, an important compo-
nent to anemia of CKD besides inadequate EPO production, iron deficiency, and bone 
marrow suppression. In hemodialysis patients, the red blood cell survival has been 
shown to be reduced to 70 days instead of the normal 120 days.67 This is assumed to be 
due to the uremic environment, leading to an increase in RBC osmotic fragility and im-
paired RBC deformability.68 As stated in the introduction, heme breakdown is catalyzed 
by heme-oxygenase 1 (HO-1), which breaks down heme into carbonmonoxide (CO), 
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iron, and biliverdin. Hence, an increase in heme degradation results in more endogenous 
CO production with higher blood levels of HbCO and higher CO breath exhalation.69, 70 
Therefore, it might be interesting to assess the variation of HbCO across the different 
eGFR strata of the included RTRs in TransplantLines to assess whether endogenous CO 
production (as RBC survival measurement) is an inverse linear association with declining 
renal function. For this study, smokers will need to be excluded since smokers per se have 
higher HbCO levels due to exposure to carbonmonoxide present in tobacco smoke. As 
a different hypothesis regarding HbCO, we also would like to compare HbCO levels with 
meat intake in RTRs. Meat intake, the major source of heme iron, leads to the absorption 
of heme iron by the enterocytes after which it is degraded in the enterocytes by HO-1 to 
CO, iron, and biliverdin. Hence, it might be that the circulating HbCO concentration that 
we are measuring is also a reflection of meat intake.

To further expand on the topic of ID and FGF23 that we unraveled in this thesis, 
the aim is to follow-up this with two large projects. First is to assess the association 
between intravenous iron and FGF23. This trial called EFFECT-KTx will be a 24-week 
multicenter, randomized, placebo-controlled clinical trial with two parallel arms (ferric 
carboxymaltose four six-weekly doses of 500 mg versus placebo) assessing the effect 
on exercise tolerance (6-minute walking test, VO2 peak), muscle function, quality of 
life, gut microbiota and the immune system. Specifically, we will also assess the impact 
on FGF23, both cFGF23 as iFGF23, measured at beginning and at end of trial. Included 
participants will be iron-deficient, non-anemic RTRs within TransplantLines. Second is 
a project in which we will assess the importance of interleukin-6 (IL-6). IL-6 is known to 
be the major factor inducing hepcidin production which leads to ID in chronic disease 
patients.71 IL-6 leads also directly to ID by induction of e.g. ferritin expression.72 Finally, 
it has recently been shown that IL-6 can increase bone FGF23 mRNA expression, acting 
through a STAT3 sequence in the FGF23 promotor, independent of iron deficiency and 
activation of HIF1-α.73 In sum, IL-6 leads both indirectly (through hepcidin) and directly 
to ID (which subsequently leads to FGF23 upregulation as shown in this thesis), and IL-6 
per se also leads to FGF23 upregulation. Therefore, IL-6 can be considered the initia-
tor of the physiological cascade making it essential to define its role in CKD, and the 
potential benefit of blocking IL-6. Blocking IL-6 would result in less inflammation, better 
iron status, and downregulation of elevated FGF23 levels, all of which as shown in this 
thesis are detrimental for outcome. Therefore, the aim would be to perform a random-
ized double blind, double dummy trial with a IL-6 blocking agent, tociluzimab, and to 
assess whether amelioration of the so-called processes ensues and subsequently leads 
to better outcomes in patients with CKD. Most promising would be to administer tocilu-
zumab at a low dose since there is a theoretical chance of increased risk of infections and 
malignancies, although results from the field of rheumatoid arthritis are promising.74
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Conclusion of the thesis
In conclusion, three major conclusions can be drawn from the studies in this thesis. 
First, we hope to have shown the importance of recognizing ID, irrespective of anemia. 
Second, results from this thesis combined with studies from other groups have unrav-
eled a complete new interaction between two apparent different fields of medicine, i.e. 
the hematologic parameters (ID, EPO) and the bone mineral metabolism with FGF23 
being the central regulator. Third, based on the results of this thesis, clinicians should be 
particularly focused on low TSAT levels rather than ferritin levels in patients with CKD, 
as normal ferritin levels do not exclude ID. More research is needed to establish how we 
can optimally define ID, especially functional ID, and how by correction of ID we might 
be able to improve the deleterious effects of both ID per se as well as the elevated FGF23 
levels which are the result of ID.
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aChTErGronD

Wereldwijd neemt het aantal patiënten met chronische nierschade geleidelijk toe, en 
daarmee ook het aantal patiënten dat behandeld moet worden met nierfunctievervan-
gende behandeling door middel van dialyse of niertransplantatie. Een belangrijke com-
plicatie van een verslechterende nierfunctie is dat patiënten bloedarmoede (verlaagd 
hemoglobine) krijgen. Bloedarmoede leidt tot vermoeidheid, verminderd inspannings-
vermogen, toegenomen intolerantie voor blootstelling aan koude, vergeetachtigheid, 
een verhoogde kans op het ontstaan van atherosclerose (slagaderverkalking), zieken-
huisopnames, en, alles tezamen, een verhoogde kans op voortijdig overlijden. Om deze 
reden is er veel aandacht voor de behandeling van de bloedarmoede en het verhogen 
van de hemoglobinewaarden.

Het verhogen van het hemoglobineniveau kan op verscheidene manieren gebeuren. 
Eén van de belangrijkste oorzaken van de bloedarmoede bij chronische nierziekte is een 
gebrek aan erytropoëtine (EPO). EPO wordt vooral geproduceerd door de nieren en is 
essentieel voor het op peil houden van de voorraad rode bloedcellen en het voorkómen 
van bloedarmoede. Om deze redenen werd in de jaren 90 van de vorige eeuw begonnen 
met op grote schaal EPO toe te dienen aan patiënten met chronische nierschade.

Opmerkelijk genoeg kwam echter begin deze eeuw in grote studies naar voren dat 
het streven naar volledige correctie van de bloedarmoede bij patiënten met chronische 
nierschade middels toediening van hogere doses EPO leidde tot een verhoogde kans op 
cardiovasculaire morbiditeit en mortaliteit. Tot op heden is niet bekend wat de onderlig-
gende mechanismen zijn voor deze verhoogde kans op slechtere uitkomsten. Wel is be-
kend dat toediening van EPO leidt tot uitputting van ijzervoorraden in het lichaam en is 
bekend dat ijzergebrek naast EPO-tekort bijdraagt aan het ontstaan van bloedarmoede 
bij nierpatiënten. Gezien de slechtere uitkomsten met correctie van bloedarmoede mid-
dels EPO is daardoor de aandacht verschoven naar correctie van het ijzertekort.

Naast EPO-tekort vormt ijzergebrek dus een onderdeel van de bloedarmoede bij pa-
tiënten met chronische nierschade. Hoewel ijzergebrek een belangrijke oorzaak kan zijn 
van bloedarmoede, is het van belang zich te realiseren dat bloedarmoede pas optreedt 
in de eindfase van ijzertekort. Ook moet men bedenken dat ijzer niet alleen bouwstof 
is voor de aanmaak van nieuwe rode bloedcellen, maar ook onderdeel uitmaakt van 
diverse essentiële enzymen en eiwitten, en bijdraagt aan het energiemetabolisme en 
aan de aanmaak en het herstel van DNA.

Wat betreft de slechte uitkomsten bij patiënten met chronische nierschade of status 
na niertransplantatie, is de laatste decennia naar voren gekomen dat verhoogde waarden 
van het “fibroblast growth factor 23” (FGF23-molecuul) een belangrijke rol hierin spelen. 
FGF23 is een hormoon dat essentieel is in de fosfaat- en vitamine D-huishouding in het 
menselijk lichaam. Talloze eerdere studies hebben gevonden dat verhoogde spiegels 
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van dit hormoon verbonden zijn met verhoogde kans op slechte uitkomsten in verschil-
lende patiëntengroepen, zoals patiënten met chronische nierschade en patiënten met 
een status na niertransplantatie, en zelfs in de algemene bevolking. Nu is zeer recent 
naar voren gekomen dat er een belangrijke relatie lijkt te bestaan tussen ijzergebrek en 
FGF23, waarbij ijzergebrek de FGF23-waarden lijkt te verhogen.

In dit proefschrift willen we in de eerder genoemde populaties de relatie tussen 
ijzergebrek en FGF23 nader onderzoeken. We willen dit onderzoeken omdat, indien 
ijzergebrek daadwerkelijk een zeer belangrijke oorzaak is van FGF23-verhoging, de 
mogelijkheid bestaat dat correctie van het ijzergebrek met oraal of intraveneus ijzer de 
FGF23-spiegels zou verlagen en de uitkomsten op lange termijn zou verbeteren. Verder 
willen we onderzoeken of EPO, gezien de nauwe relatie met ijzergebrek, ook invloed zou 
kunnen hebben op FGF23 en daarnaast of het wellicht zo zou kunnen zijn dat eerder 
gevonden verbanden van EPO met hogere kans op slechtere uitkomsten feitelijk het 
gevolg zijn van hogere spiegels van FGF23.

rESulTaTEn

In hoofdstuk 2 van dit proefschrift laten we zien dat ijzergebrek veel voorkomt bij pati-
enten met een status na niertransplantatie: het bleek namelijk dat 30% van de populatie 
die we onderzocht hebben ijzergebrek had. Daarnaast laten we in dit hoofdstuk zien 
dat ijzergebrek, onafhankelijk van bloedarmoede, een belangrijke oorzaak is voor een 
verhoogde kans op voortijdig overlijden binnen deze populatie. Hiermee laten wij zien 
hoe belangrijk het is dat artsen nog meer gespitst zijn op het geregeld evalueren van 
ijzervoorraden bij patiënten met een status na niertransplantatie en dat dit onafhan-
kelijk van de aan- of afwezigheid van bloedarmoede zou moeten gebeuren. Dit laatste 
gebeurt momenteel sporadisch, aangezien artsen primair geleerd hebben de ijzerstatus 
te evalueren als oorzaak van bloedarmoede. Het is echter belangrijk om ons te realiseren 
dat bloedarmoede eigenlijk een eindfase is van uitgeputte ijzervoorraden. Derhalve 
hopen we dat ons hoofdstuk een aanzet is tot een nieuwe zienswijze op dit onderwerp.

Interessant genoeg wisten we in hoofdstuk 2 nog niet wat het mechanisme zou kun-
nen zijn dat ten grondslag zou kunnen liggen aan het verband tussen ijzergebrek en een 
hogere kans op voortijdig overlijden bij patiënten met een status na niertransplantatie. 
In hoofdstuk 3 komen we hierop terug, waarbij we vinden dat de verhoogde kans op 
voortijdig overlijden bij ijzergebrek verbonden lijkt te zijn aan hogere spiegels van het 
hormoon FGF23, en dan met name hogere spiegels van het C-terminale deel van het 
hormoon. Dit zogenaamde “C-terminaal FGF23” is een restproduct dat achterblijft nadat 
het hele, intacte FGF23-molecuul, wat de hoofdregulator van het fosfaat- en vitamine 
D-metabolisme is, in stukjes wordt geknipt. Het blijkt uit eerdere studies dat ijzergebrek 
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leidt tot een upregulatie van furine, wat eigenlijk de “schaar” is waarmee het intacte 
FGF23-molecuul geknipt wordt, waarbij onder andere het C-terminale FGF23-deel ont-
staat. Zoals reeds kort aangestipt, zijn hogere spiegels van FGF23 verbonden met een 
verhoogde kans op voortijdig overlijden, en dan met name aan cardiovasculaire oorza-
ken. De moeilijkheid aan het geheel is dat lange tijd aangenomen werd dat C-terminale 
FGF23-stukjes inactief zijn en geen actieve rol spelen in het menselijk lichaam. Uit re-
cente studies blijkt echter dat dit wél het geval is, en dat de C-terminale FGF23-stukjes 
zelf een verdikte hartwand van de linkerhartkamer kunnen induceren en een competitie 
aangaan met het intacte FGF23-molecuul, met binding aan de FGF23-receptor om fos-
faatuitscheiding in de nier te stimuleren.

We kunnen dus opmerken dat de associatie tussen ijzergebrek en overlijden gedre-
ven lijkt te zijn door deze zogenaamd “inactieve” C-terminale FGF23-fragmenten of door 
het proces dat onderliggend is aan de hogere spiegels en het meer knippen van het 
intacte FGF23-molecuul.

Hoewel ijzergebrek een zo veelvoorkomend probleem is bij patiënten met nier-
schade, ontbreekt het momenteel aan een uniforme definitie van ijzergebrek. Dit komt 
doordat er bij chronische aandoeningen sprake is van verhoogde ontstekingswaarden, 
wat weer leidt tot verhoogde waarden van belangrijke ijzermaten in het bloed, zoals 
ferritine. Hierdoor kunnen de normale afkapwaarden om ijzergebrek vast te stellen in 
de gezonde populatie niet gehanteerd worden, maar liggen deze afkapwaarden hoger. 
Momenteel wordt echter zowel in de klinische praktijk als in onderzoeksverband een 
breed scala aan definities voor ijzergebrek gehanteerd, wat de vergelijkbaarheid tussen 
studies en de mogelijkheid harde conclusies te trekken niet ten goede komt.

Derhalve hebben we in hoofdstuk 4 bij patiënten met chronische nierschade ge-
keken welke waarden van de twee meest gebruikte maten voor het beoordelen van 
ijzergebrek, namelijk ferritine (staat voor ijzeropslag) en transferrineverzadiging (TSAT, 
staat voor ijzertransport), over de tijd het meest verbonden zijn met de kans op slechte 
uitkomsten, zoals voortijdig aan hart- en vaatziekten overlijden en het zich ontwikkelen 
van bloedarmoede. Wat hierbij in alle gevallen naar voren kwam, was dat een TSAT van 
lager dan 10% veel meer voorspellend was voor slechte uitkomsten dan ferritine, wat 
inhoudt dat artsen in deze setting meer zouden moeten letten op een lage TSAT dan 
op een laag ferritine. Hierbij moeten we aantekenen dat een zeer laag ferritine eigenlijk 
altijd inhoudt dat er sprake is van ijzergebrek. Echter, bij patiënten met chronische 
nierschade zal deze waarde door de aanwezigheid van continue laaggradige ontsteking 
in veel gevallen niet zeer laag liggen, terwijl dit bij TSAT in geval van ijzergebrek wel het 
geval is, aangezien deze minder beïnvloed wordt door een ontstekingsproces.

Ondanks het belang van het kijken naar ijzervoorraden en het gevonden verband 
van ijzergebrek met negatieve uitkomsten op lange termijn binnen de niertransplanta-
tiepopulatie, vonden wij in hoofdstuk 5 dat hepcidine, de belangrijkste regulator van 
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ijzeropname en ijzervrijmaking in het menselijk lichaam, niet verbonden is met harde 
uitkomsten binnen de populatie van patiënten met een status na niertransplantatie. 
In situaties van chronische nierschade is het hepcidine verhoogd, wat ervoor zorgt dat 
er minder ijzer opgenomen dan wel vrijgemaakt kan worden. Hoewel hepcidine een 
essentiële regelaar is van ijzerwaarden, was het niet verbonden met slechtere uitkom-
sten bij patiënten met een status na niertransplantatie. Derhalve lijkt het, gebaseerd 
op deze studie, niet zinvol om hepcidine in het bloed van patiënten met een status 
na niertransplantatie te meten om potentieel gunstige effecten van hepcidine-blokkers 
(om ijzergebrek tegen te gaan) te evalueren.

In de hoofdstukken die hierna volgen, hebben we de focus verlegd van ijzergebrek 
naar EPO. In hoofdstuk 6 hebben we in een samenwerkingsverband met artsen uit Los 
Angeles laten zien dat EPO- en FGF23-spiegels met elkaar verbonden zijn in zowel expe-
rimentele dierstudies als in studies van patiënten met chronische nierschade. We tonen 
dit aan zowel voor hoge EPO-spiegels als voor toediening van EPO. Belangrijk is dat 
de stijging in FGF23-spiegels die optreedt, onafhankelijk is van ijzerwaarden. We gaan 
verder in op dit onderwerp in hoofdstuk 7, waarin we laten zien dat hoge EPO-spiegels 
verbonden zijn met een verhoogde kans op voortijdig overlijden, en dat dit verband 
voor een groot deel toe te schrijven is aan de gestegen FGF23-spiegels. In hoofdstuk 
8 breiden we het bewijs hiervoor uit door in een studie te laten zien dat toediening 
van EPO (dus in plaats van EPO-spiegels, zoals in de vorige hoofdstukken) resulteert in 
hogere FGF23-spiegels over tijd. In deze gerandomiseerde interventiestudie onderzoch-
ten we 56 patiënten met bloedarmoede, chronische nierschade en chronisch hartfalen. 
Het mechanisme waardoor hogere EPO-spiegels leiden tot hogere spiegels van FGF23 
is momenteel nog onbekend. Wel worden er op dit moment verschillende mechanis-
men onderzocht, onder andere door onze samenwerking met de onderzoekers uit Los 
Angeles.

Ten slotte laten we in hoofdstuk 9 zien dat de eerder gevonden verbanden tussen 
ijzergebrek en hoge EPO-spiegels met FGF23 ook bestaan in de algemene bevolking. In 
de algemene bevolking bleek dit verband dusdanig sterk dat het meer bijdragend was 
dan tot dan toe bekende klassieke factoren die FGF23-waarden bepalen. Verder vinden 
we in dit hoofdstuk dat ijzergebrek en hoge EPO-spiegels verbonden zijn met hogere 
kans op voortijdig overlijden in de algemene bevolking, hetgeen conform is aan de 
eerdere bevindingen bij patiëntengroepen met chronische nierschade en bij patiënten 
met een status na niertransplantatie.

In hoofdstuk 10 kijken we naar het nut van het meten van EPO-spiegels in een heel 
andere setting. Hier plaatsen we namelijk vraagtekens bij het nut van het meten van EPO-
spiegels ter differentiatie tussen een primaire en secundaire erytrocytose. Erytrocytose 
is de tegenhanger van bloedarmoede en betekent dus dat er zich juist veel rode bloed-
cellen in de bloedbaan bevinden. Op dit moment wordt in geneeskundige tekstboeken 
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uitgelegd dat een primaire erytrocytose, die tot stand komt door een woekering van 
beenmergcellen die rijpen tot rode bloedcellen, verbonden is met lagere spiegels van 
EPO. In tegenstelling tot deze primaire erytrocytose, zouden patiënten met secundaire 
vormen van erytrocytose (vaak een complicatieverschijnsel door zuurstoftekort, meest 
voorkomende oorzaak hiervan is roken) zich presenteren met verhoogde EPO-spiegels.

In dit hoofdstuk beschrijven we in een grote gezonde populatie precies het te-
genovergestelde, namelijk dat roken juist verbonden is met lagere EPO-spiegels. Hier 
hebben we 3 mogelijke verklaringen voor. De eerste is dat de halfwaardetijd van EPO 
6-8 uur is, en dat het daarom kan zijn doordat wij de bloedmetingen gedaan hebben in 
de ochtend (mogelijk volgend op onthouding van roken tijdens het slapen in de nacht), 
de gevonden EPO-spiegels juist compensatoir laag zijn in plaats van hoog. Een tweede 
mogelijke verklaring is dat rokers vaker een mutatie hebben die ook de basis kan vor-
men van een primaire erytrocytose, en dat daardoor de gevonden EPO-spiegels (net als 
bij primaire erytrocytose) laag zijn. Ten slotte kan er een (nog onbekend) direct effect 
zijn van roken op de productie van nieuwe rode bloedcellen waardoor EPO-spiegels 
laag zijn.

In hoofdstuk 11 presenteren we ten slotte de rationale en het ontwerp van de 
TransplantLines-studie. TransplantLines is de grootste biobankstudie op het gebied 
van transplantaties ter wereld, waarbij we uitgebreide informatie verzamelen bij alle 
vormen van solide orgaantransplantatie, waarbij zowel patiënten met een nier-, hart-, 
lever-, dunnedarm- als longtransplantatie worden onderzocht. Met deze studie leggen 
we de basis voor vele jaren onderzoek, waarmee we hopen vele nieuwe vraagstukken 
te kunnen beantwoorden, onder andere betreffende de hoofdonderwerpen van dit 
proefschrift, zoals ijzergebrek, EPO-spiegels en FGF23-spiegels. Uiteindelijk hopen we 
de kwaliteit van leven en de duur van het leven van patiënten met een getransplanteerd 
orgaan te kunnen optimaliseren, met zo min mogelijk gezondheidsproblemen.

ConCluSIES En IMPlICaTIES

Dit proefschrift heeft met name duidelijk gemaakt dat twee onderdelen van de genees-
kunde die tot op heden vrij gescheiden werden geacht, namelijk enerzijds bloedwaarden 
zoals ijzerstatus en EPO-spiegels, en anderzijds botmineraalwaarden met daarin FGF23 
als hoofdmaat, veel meer met elkaar verbonden zijn dan ooit eerder werd aangenomen. 
Uit dit proefschrift kunnen we een aantal belangrijke conclusies trekken, namelijk als 
eerste dat ijzergebrek veel voorkomt bij patiënten met een status na niertransplantatie 
en dat ijzergebrek verbonden is met slechtere uitkomsten op de lange termijn, en, het 
belangrijkste, dat dit onafhankelijk is van eventuele bloedarmoede. We hopen dat onze 
resultaten voor veel artsen aanleiding zullen zijn om de ijzerstatus te gaan bepalen 
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ongeacht of het hemoglobineniveau zich binnen acceptabele waarden bevindt. Ten 
slotte hebben we laten zien dat ijzergebrek verbonden is met slechtere uitkomsten, 
hetgeen het meest waarschijnlijk toe te schrijven valt aan hogere waarden van FGF23, 
een hormoon essentieel in de vitamine D- en fosfaathuishouding, en waarvan al meer-
dere malen is gevonden dat het verbonden is met cardiovasculaire ziektes en voortijdig 
overlijden.

Als tweede hebben we gevonden dat hogere EPO-spiegels en gebruik van EPO 
verbonden is met slechtere uitkomsten, met hogere spiegels van FGF23, en dat de 
verbondenheid met slechtere uitkomsten met FGF23 lijkt samen te hangen. In grote 
studies is in het verleden gevonden dat het toedienen van EPO bij patiënten met chroni-
sche nierschade waarbij gestreefd werd naar normalisatie van het hemoglobineniveau, 
verbonden was met hogere kans op cardiovasculaire ziektes en voortijdig overlijden. 
Mogelijk dat de negatieve effecten die geobserveerd zijn, toe te schrijven zijn aan ho-
gere FGF23-spiegels. Verder onderzoek zal dit moeten bevestigen.

Als derde benadrukken we dat de hier beschreven interacties tussen ijzergebrek, een 
verhoogde EPO-spiegel en FGF23 niet alleen gelden binnen patiëntengroepen, maar 
ook in de algemene bevolking. Verder onderzoek is nodig om te objectiveren of cor-
rectie van ijzergebrek, en daarmee verlaging van de FGF23-spiegels, ook daadwerkelijk 
een overlevingswinst gaat opleveren in de algemene bevolking.

Als vierde onderwerp, met groot belang voor de klinische setting, is het goed dat 
artsen zich bij het beoordelen van ijzergebrek, zeker bij chronische nierschade, focussen 
op de waarde van de transferrineverzadiging ten opzichte van het alleen bekijken van 
de waarde van ferritine. Een laag ferritineniveau betekent weliswaar onomstotelijk dat 
er sprake is van ijzergebrek; echter, een hoog ferritine sluit een ijzergebrek helemaal 
niet uit, zeker in populaties van patiënten met chronische ziektes zoals chronische 
nierschade of hartfalen.

Gebaseerd op onze bevindingen lijkt de beste strategie tegen bloedarmoede bij 
chronische nierschade te zijn om ijzergebrek te corrigeren, en het gebruik van EPO zo 
veel mogelijk te beperken, aangezien zowel ijzergebrek als een hoog EPO leidt tot een 
hoog FGF23. Daar komt nog bij dat EPO ervoor zorgt dat ijzervoorraden verder uitgeput 
raken, hetgeen kan leiden tot een nog groter ijzergebrek. Het is belangrijk te realiseren 
dat een groot deel van de resultaten die gepresenteerd zijn in dit proefschrift gebaseerd 
is op observationele gegevens, en dat we daarom geen definitieve conclusies kunnen 
trekken. Nieuw onderzoek is nodig om te ontrafelen of correctie van ijzergebrek met 
oraal of intraveneus ijzer leidt tot betere uitkomsten, en of onderdrukking van de 
FGF23-waarden leidt tot betere uitkomsten binnen de beschreven patiëntengroepen 
en in de algemene bevolking.
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Inleiding
Anemie komt frequent voor bij patiënten met chronische nierschade of chronisch 
hartfalen.1 Anemie kan gepaard gaan met vermoeidheid, verminderde inspanningstole-
rantie en mortaliteit; verondersteld werd dat behandeling bij deze patiënten zou leiden 
tot een betere overleving.

Sinds eind jaren 80 worden erytropoëtische groeifactoren gebruikt voor de behan-
deling van anemie. Deze behandeling vermindert bij hemodialysepatiënten de nood-
zaak van bloedtransfusies. Toch bleek het risico op cardiovasculaire ziektes en sterfte 
niet af te nemen bij patiënten bij wie de hemoglobineconcentratie genormaliseerd 
was door gebruik van erytropoëtische groeifactoren.2 Ook bij anemische patiënten 
met chronisch hartfalen gaf deze behandeling geen vermindering van de sterfte of het 
aantal ziekenhuisopnames.3 Post-hocanalyses lieten zien dat het risico op sterfte of zie-
kenhuisopname vooral verhoogd was bij patiënten die relatief ongevoelig waren voor 
erytropoëtische groeifactoren en die daarom met hoge doseringen erytropoëtische 
groeifactoren behandeld werden.

Een van de belangrijkste oorzaken van ongevoeligheid voor erytropoëtische groei-
factoren is ijzergebrek.4 Door het beschikbaar komen van makkelijk toe te dienen intra-
veneuze ijzerpreparaten wordt de behandeling bij patiënten met chronische nierschade 
of hartfalen steeds vaker gericht op het ijzergebrek. Hierbij speelt ook het grote verschil 
in kosten tussen ijzersuppletie en erytropoëtische groeifactoren een belangrijke rol. In 
de Verenigde Staten heeft dit al tot aantoonbare wijzigingen in het voorschrijfpatroon 
geleid.5

In dit artikel bespreken wij de recente inzichten in de pathofysiologie, de diag-
nostische mogelijkheden en de behandeling met parenteraal ijzer bij patiënten met 
chronische nierschade of chronisch hartfalen.

Pathofysiologie en klinisch beeld van ijzergebrek

Rol van ijzer in het lichaam
IJzer is een essentieel element voor de synthese van hemoglobine en van myoglobine 
in het hart en de skeletspieren. Daarnaast is het betrokken bij verschillende cellulaire 
processen, zoals DNA-synthese en mitochondriale functie (energiestofwisseling). In 
verband met de toxiciteit van ‘vrij ijzer’ – ongebonden ijzer-ionen en reactieve ijzercom-
plexen – is het meeste ijzer in het lichaam gebonden aan hemoglobine, myoglobine, 
cytochromen en andere ijzer-bindende eiwitten, zoals transferrine en ferritine.6

Mechanismen
Grofweg zijn er 2 verschillende mechanismen waardoor ijzergebrek kan ontstaan; we 
onderscheiden functioneel en absoluut ijzergebrek.
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Functioneel ijzergebrek betekent dat het aanbod van ijzer in de weefsels – zoals 
het beenmerg – onvoldoende is ondanks de aanwezigheid van voldoende ijzer in het 
lichaam. Hierbij speelt hepcidine een centrale rol. Hepcidine is een acutefase-eiwit 
dat geproduceerd wordt door de lever en dat wordt beschouwd als de belangrijkste 
regulator van het ijzermetabolisme.7 Bepaalde factoren, waaronder pro-inflammatoire 
cytokinen, verhogen de productie van hepcidine, wat de opname van ijzer uit de darm 
en het vrijkomen van ijzer uit het reticulo-endotheliale systeem antagoneert (figuur 1). 
Hepcidine remt dit ijzertransport door zich te binden aan het ijzerexporterende eiwit 
ferroportine, op de celmembraan van dunnedarmcellen en macrofagen. Door afbraak 
van het ferroportine kunnen dunnedarmcellen geen ijzer uitscheiden in de portale 
bloedvaten en blijft het ijzer ‘opgesloten’ in het reticulo-endotheliale systeem.

In het geval van absoluut ijzergebrek is de absolute ijzervoorraad verlaagd, bijvoor-
beeld als gevolg van gastro-intestinaal bloedverlies. De hepcidineconcentratie zal onder 
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deze omstandigheden doorgaans laag zijn. Langdurig hoge hepcidinewaarden kunnen 
leiden tot een absoluut verlaagde hoeveelheid ijzer in het lichaam door verminderde 
ijzeropname, maar wanneer absoluut ijzergebrek wordt vastgesteld moet altijd onder-
zoek naar een andere oorzaak – bijvoorbeeld gastro-intestinaal bloedverlies – worden 
overwogen.

Klinische verschijnselen
IJzergebrek bij patiënten met chronisch hartfalen uit zich klinisch in vermoeidheid, 
verminderde inspanningstolerantie en verminderde concentratie, maar ook in een ver-
hoogd risico op infecties, gestoorde temperatuurregulatie, ‘restless legs’, trofische stoor-
nissen en psychologische symptomen als nervositeit en depressieve stemming. Deze 
klachten kunnen onafhankelijk van anemie optreden.8 Deze opsomming van klinische 
verschijnselen is overigens gebaseerd op relatief kleine observationele cohortstudies.

In de ‘Ferinject assessment in patients with iron deficiency and chronic heart 
failure’(FAIR-HF)-studie werd bevestigd dat bij correctie van ijzergebrek de symptomen 
afnemen en de kwaliteit van leven en functionele capaciteit verbeteren, ook bij niet-
anemische patiënten met chronisch hartfalen en ijzergebrek.9 Bij patiënten met chro-
nische nierschade leidt ijzerdeficiëntie op zich al tot symptomen die vaak in verband 
gebracht worden met anemie, zoals vermoeidheid, gestoorde temperatuurregulatie en 
gestoorde cognitieve functie.10

Diagnostiek van ijzergebrek
Het vaststellen van ijzergebrek is niet eenvoudig (tabel 1). De vaakst gebruikte ijzerpara-
meters zijn de serumferritineconcentratie en de transferrineverzadiging.

De serumferritineconcentratie weerspiegelt de ijzervoorraad van het lichaam. Een 
lage concentratie ferritine is specifiek voor absoluut ijzergebrek. Hoge ferritinewaarden 
garanderen echter geenszins dat er voldoende ijzer beschikbaar is voor de aanmaak 
van erytrocyten in het beenmerg. Ferritine is een acutefase-eiwit en daardoor is de con-
centratie verhoogd bij inflammatie, overgewicht en maligniteiten. Bovendien verhogen 
inflammatoire cytokinen de hepcidineconcentratie, waardoor het in het lichaam aanwe-
zige ijzer ‘opgesloten’ raakt in het reticulo-endotheliale systeem. Een niet-afwijkende of 
verhoogde ferritineconcentratie sluit een functioneel – of zelfs absoluut – ijzergebrek 
dus niet uit.

De ijzerverzadigingsfractie of transferrinesaturatie geeft de verzadigingsgraad 
weer van circulerend transferrine, het transporteiwit waaraan het grootste deel van 
het circulerend ijzer is gebonden. De transferrinesaturatie is een goede maat voor 
de hoeveelheid ijzer die beschikbaar is voor het beenmerg en de weefsels. Maar ook 
deze parameter heeft beperkingen. Ten eerste vertoont de ijzerverzadigingsfractie bij 
gezonde personen een diurnaal ritme, wat mogelijk ook bij patiënten met chronische 
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nierschade of hartfalen van belang kan zijn. Ten tweede wordt de transferrinesaturatie 
door voeding beïnvloed, waardoor de waarde eveneens fluctueert.11 Ten derde dalen de 
serumconcentraties van zowel ijzer als transferrine bij inflammatie, maar die van ijzer 
meer dan die van transferrine, waardoor de transferrinesaturatie per saldo daalt.

In de praktijk worden beide parameters – ferritine en transferrinesaturatie – simultaan 
gebruikt. Volgens de recentste ‘Kidney disease improving global outcomes’(KDIGO)-
richtlijnen is het advies aan patiënten met chronische nierschade om te starten met 
intraveneus toegediend ijzer als de transferrinesaturatie ≤ 30% en de ferritineconcen-
tratie ≤ 500 ng/ml is.12

Naast de serumferritineconcentratie en de ijzerverzadigingsfractie bestaan er andere 
parameters om te bepalen hoeveel ijzer beschikbaar is voor de aanmaak van erytrocy-
ten. Hieronder vallen het percentage hypochrome erytrocyten en het Hb-gehalte van 
de reticulocyten. De voor- en nadelen van deze parameters staan vermeld in tabel 1.

 

 361 

 

 

 

 

 

 

 

 

 

 



265Appendix: Nederlands Tijdschrift voor Geneeskunde artikel

Behandeling ijzergebrek
Voor behandeling van het ijzergebrek kan gebruik worden gemaakt van orale en 
parenterale ijzerpreparaten. Zowel orale als parenterale suppletie heeft beperkingen. 
Orale ijzerpreparaten zijn goedkoop en soms wel degelijk effectief.2 Niet al het ijzer uit 
deze preparaten kan echter in de dunne darm worden opgenomen. Het resterende ijzer 
geeft gastro-intestinale bijwerkingen, waardoor de therapietrouw afneemt. Om deze 
reden worden een aantal nieuwe orale ijzerpreparaten onderzocht, zoals ijzer(III)citraat, 
een middel dat een gecombineerd effect heeft als fosfaatbinder én ijzerpreparaat,13 en 
heem-ijzer-polypeptide (HIP), een middel waarbij de ijzeropname onafhankelijk is van 
hepcidine.14

Bij patiënten met chronische nierschade zijn parenterale ijzerpreparaten effectiever 
dan de orale varianten voor het verhogen van de ferritine- en de Hb-concentratie, zo is 
uit meerdere studies gebleken.2,4 Dankzij de parenterale toediening wordt het gastro-
intestinale traject overgeslagen en kunnen hogere doses in kortere tijd worden gege-
ven. De ‘Dialysis patients’ response to IV iron with elevated ferritin’(DRIVE)-studie liet 
zien dat parenteraal toegediend ijzer de hemoglobinewaarden laat stijgen; bovendien 
verminderde de behoefte aan erytropoëtische groeifactoren bij de hemodialysepatiën-
ten met een verhoogde ferritineconcentratie (500-1200 μg/l) en een lage ijzerverzadi-
gingsfractie (≤ 25%).15

Bij patiënten met chronisch hartfalen is tot op heden maar 1 kleine studie verricht 
waarin orale met parenterale ijzersuppletie werd vergeleken. Bij 23 patiënten met systo-
lisch hartfalen werd geen verschil gezien in verandering van het inspanningsvermogen 
tussen beide groepen.16 Een goede, prospectieve vergelijking tussen orale en parente-
rale ijzersuppletie bij patiënten met ijzergebrek en hartfalen ontbreekt dus.

Voor- en nadelen parenteraal ijzer
Hoewel parenterale toediening van ijzer zeker effectiever is dan orale behandeling, zijn 
daar ook nadelen aan verbonden, in elk geval op theoretische gronden. Doorgaans 
worden deze potentiële nadelen onderverdeeld in (a) toedieningsreacties, (b) verhoogd 
infectierisico, (c) verhoging van oxidatieve stress, en (d) ijzerstapeling.

Op korte termijn kan parenterale ijzertoediening gepaard gaan met reacties die het 
gevolg zijn van ‘vrij ijzer’ en met anafylactische reacties. Bij een te hoge dosis parenteraal 
ijzer of te snelle toediening kan er zo veel vrij ijzer in de bloedbaan komen, dat dit de 
ijzerbindingscapaciteit van transferrine overstijgt; we spreken dan van ‘non-transferrin 
bound iron’ (NTBI), een heterogene groep van potentieel toxische ijzercomplexen in het 
plasma.17

Anafylactische reacties zijn levensbedreigende gegeneraliseerde overgevoeligheids-
reacties die berusten op de aanwezigheid van IgE-antilichamen. IJzerdextrancomplexen 
met een hoog moleculairgewicht zijn berucht geworden vanwege dit type reacties; om 
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die reden worden ze nauwelijks meer gebruikt.18 Verbindingen die geen dextranen be-
vatten kunnen eveneens op anafylaxie gelijkende reacties geven, die echter niet volgens 
het klassieke mechanisme via IgE verlopen. De World Allergy Organization reserveert de 
term ‘anafylaxie’ voor alle ernstige allergische reacties, ongeacht de pathogenese.19

Het European Medicines Agency (EMA) heeft recent een evaluatie uitgevoerd naar 
de veiligheid van parenterale ijzerpreparaten (ijzerdextrancomplexen met een laag 
moleculairgewicht, ijzer(III)isomaltoside, ijzer(III)carboxymaltose, ferrogluconaat en 
ferrioxidesaccharaat (ijzersucrose)). Tabel 2 geeft een overzicht van de voor- en nadelen 
van alle beschikbare parenterale ijzerpreparaten. De EMA concludeerde dat alle paren-
terale ijzerpreparaten een risico op allergische reacties geven. De EMA adviseert dat alle 
zorgprofessionals die parenteraal ijzer toedienen, voldoende getraind moeten zijn om 
de zeldzame maar levensbedreigende anafylactische reacties te kunnen behandelen.20
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Op de lange termijn zijn er andere theoretische risico’s bij het gebruik van parente-
raal ijzer denkbaar, zoals infecties, verhoogde oxidatieve stress resulterend in cardiovas-
culaire ziektes, en ijzerstapeling. Zo zou parenteraal toegediend ijzer infecties kunnen 
uitlokken, aangezien bacteriën ijzer nodig hebben om te prolifereren. Harde klinische 
aanwijzingen hiervoor ontbreken echter en de beschikbare data zijn tegenstrijdig. In 
een grote observationele studie onder hemodialysepatiënten bleek dat het risico op 
bacteriëmie geen verband hield met het gebruik van parenteraal ijzer.21

Voor oxidatieve stress kan een vergelijkbare analyse worden gemaakt. Het staat vast 
dat parenteraal ijzer – kortdurend – oxidatieve stress kan induceren, maar er zijn geen 
grote gerandomiseerde studies die een effect daarvan op klinische uitkomstmaten laten 
zien. Gegevens van de observationele ‘Dialysis outcomes and practice patterns study’ 
(DOPPS) lieten zien dat de hoogste dosering parenteraal ijzer een gering verhoogde 
kans op mortaliteit gaf.22 Hierbij is ‘residual confounding’– verstoring die overblijft na 
correctie – echter niet uit te sluiten, temeer daar dit effect in andere observationele 
studies niet werd waargenomen. Bij patiënten met chronische nierschade die niet ge-
dialyseerd werden, zag men na een follow-up van 1 jaar geen negatieve effecten van 
parenterale ijzerbehandeling op het beloop van de nierfunctie.2

Tot slot is er bezorgdheid over het ontstaan van ijzerstapeling. Het is niet bekend wat 
de klinische gevolgen op de lange termijn zijn van een overmaat aan parenteraal ijzer 
in de doseringen waarin het thans wordt voorgeschreven. Evenmin is duidelijk welke 
ferritinewaarden nog veilig zijn. Epidemiologisch onderzoek laat grote internationale 
verschillen zien in parenteraal ijzergebruik, de doseringen en de bereikte ferritinewaar-
den.23 Vergelijking met klassieke hereditaire hemochromatose is niet mogelijk, omdat 
er een verschil bestaat tussen ijzeropslag in het reticulo-endotheliale systeem – zoals 
optreedt bij patiënten met chronische nierschade – en ijzeropslag in hepatocyten bij pa-
tiënten met hereditaire hemochromatose. Er kan wel een vergelijking gemaakt worden 
met patiënten die de ijzerstapelingsziekte ‘ferroportin disease’ hebben. Deze patiënten 
hebben relatief geringe klinische verschijnselen, doordat het ijzer voornamelijk in de 
macrofagen accumuleert; dit wordt gekenmerkt door hoge ferritineconcentraties (> 
1000 μg/l) en een niet-afwijkende tot licht verhoogde transferrinesaturatie. Gezien deze 
geringe klinische afwijkingen lijkt ijzeropslag in het reticulo-endotheliale systeem op 
de lange termijn minder toxiciteit te geven dan parenchymale ijzeropslag zoals in de 
hepatocyt.

Hoe verder?
In maart 2014 werden de voor- en nadelen van parenteraal ijzer geëvalueerd tijdens 
de ‘Controversies conference on iron management in chronic kidney disease’ (KDIGO).24 
De strekking was dat de balans voor het gebruik van parenteraal ijzer op grond van 
beschikbare gegevens positief uitvalt bij de juiste indicatie, op voorwaarde dat de do-
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sering en toedieningswijze geschieden volgens de richtlijnen en de contra-indicaties in 
acht worden genomen.

Er is veel ervaring met de moderne ijzerpreparaten. Deze zijn veilig en bij deskundig 
gebruik zijn ernstige reacties uiterst zeldzaam. De snelheid van toediening, de dosis en 
het type patiënt – wel of geen inflammatie – spelen hierbij een rol. Toch is er nog geen 
bewijs voor de veiligheid dat gebaseerd is op harde uitkomstmaten; de beschikbare 
studies zijn relatief klein en van korte 
duur (figuur 2).

Het is duidelijk dat grotere en langer 
lopende studies nodig zijn. En – be-
langrijker nog – er moeten studies met 
harde uitkomstmaten worden verricht. 
Op dit moment loopt in het Verenigd 
Koninkrijk een onderzoek met harde 
uitkomstmaten naar de behandeling 
met parenteraal ijzer van patiënten 
die hemodialyse ondergaan, de ‘Pro-
active IV iron therapy in haemodialysis 
patients’(PIVOTAL)-studie. De primaire 
uitkomstmaten van deze studie zijn de 
tijd tot overlijden – ongeacht de oorzaak 
–, en de samengestelde uitkomstmaat 
van niet-fatale cardiovasculaire gebeur-
tenissen (myocardinfarct, beroerte en 
ziekenhuisopname wegens hartfalen).
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Recent werden de resultaten van de CONFIRM-HF-studie bij patiënten met chronisch 
hartfalen gepubliceerd. Deze studie was verricht om de resultaten van de FAIR-HF-studie 
te kunnen bevestigen (tabel 3).25 Ruim 300 patiënten met systolisch hartfalen en ijzerge-
brek – met en zonder anemie – waren gerandomiseerd naar parenteraal toegediend ijzer 
of placebo. Net als in de FAIR-HF-studie werden ook in deze studie gunstige effecten van 
parenteraal toegediend ijzer gezien op het inspanningsvermogen (6-minuten-looptest), 
de ernst van het hartfalen (afgemeten aan de ‘New York Heart Association’-klasse) en de 
kwaliteit van leven, vergeleken met toediening van een placebo. Hoewel de CONFIRM-
HF-studie niet voldoende power had om een verschil in morbiditeit en mortaliteit aan 
te tonen, was het aantal ziekenhuisopnames wegens hartfalen wel duidelijk gedaald in 
de groep die parenteraal ijzer had gekregen; er was geen verschil in mortaliteit tussen 
beide groepen.

Alle lopende studies naar het effect van parenteraal ijzer bij patiënten met hartfalen 
zijn tot dusver gedaan bij patiënten met een gereduceerde ejectiefractie. Het effect 
van deze behandeling bij patiënten met hartfalen maar een behouden ejectiefractie 
(diastolisch hartfalen, HFpEF) is nog niet bekend.

Conclusie
Functioneel en absoluut ijzergebrek komen vaak voor bij patiënten met chronische 
nierschade of chronisch hartfalen. IJzergebrek speelt, onafhankelijk van anemie, een rol 
bij de inspanningstolerantie, de kwaliteit van leven en de prognose van patiënten met 
chronisch hartfalen.8

Orale ijzertoediening zal niet bij alle patiënten voldoende effectief zijn en parente-
rale ijzertoediening is met de huidige middelen relatief eenvoudig. De voor- en nadelen 
van parenteraal ijzer werden recent geëvalueerd. De conclusie van de ‘Controversies 
conference on iron management in chronic kidney disease’ (KDIGO) was dat de balans 
op grond van de huidige beschikbare gegevens positief uitvalt bij deskundig gebruik 
van parenterale ijzerpreparaten. De studies waar deze conclusie op gebaseerd is zijn 
echter klein en van korte duur geweest; er is geen bewijs op harde uitkomstmaten. 
Verder onderzoek richt zich daar specifiek op.
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Batti il ferro finché è caldo. Oftewel de Italiaanse versie van één van de stellingen: “strike 
the iron when it is hot”. Een stelling die zowel te maken heeft met een belangrijk onder-
werp van dit proefschrift (ijzer) als met onderzoek in het algemeen waarbij je dingen 
kunt ontdekken, maar ook dient op te schrijven als het onderwerp “hot” is. Voor u ligt 
het proefschrift waarmee ik me de afgelopen jaren met ongelooflijk veel plezier heb 
bezig gehouden. Na een beginperiode van veel leren en investeren, bijvoorbeeld in het 
opzetten van TransplantLines, zijn de voorbije jaren een aaneenschakeling geweest van 
ideeën, brainstormen, analyseren en opschrijven. De verdediging van het proefschrift 
betekent voor mij zowel een afronding als een nieuw begin; ik kijk er met plezier naar uit 
om me ook na de afronding van dit proefschrift voor de wetenschap in te blijven zetten. 

Dit proefschrift was uiteraard niet tot stand gekomen zonder de steun van veel mensen, 
die ik middels dit dankwoord wil bedanken. 

Beste prof. Gaillard, beste Carlo, dank dat ik als jouw promovendus onderzoek heb mo-
gen doen bij de afdeling Nefrologie, en veel dank dat je me kennis hebt laten maken met 
wat in mijn ogen het mooiste deel van de geneeskunde is; het anemie-erytropoëtine-
ijzer veld van de Nefrologie. Dank dat je altijd beschikbaar bent geweest voor vragen, 
ook als hoofd van de afdeling, en dat we geregeld over het onderwerp konden sparren. 
Mede dankzij jouw feedback, ondersteuning, en het volle vertrouwen dat je me hebt 
gegeven, heb ik me kunnen ontwikkelen tot de arts-onderzoeker die ik nu ben. Ik hoop 
dat we onze mooie samenwerking verder voort kunnen blijven zetten in de toekomst. 

Beste prof. Bakker, beste Stephan, ik had me geen betere match promovendus – super-
visor kunnen wensen. Dank voor alles wat je me geleerd hebt in de afgelopen jaren; van 
het opzetten van projecten tot het uitvoeren van statistiek. Als ik nu in staat ben goed 
artikelen te schrijven, is dat een uiting van jouw mentorschap. Het is een fantastische 
periode geweest, waarin ik jouw enthousiasme, vrolijkheid en tactische inzichten heel 
erg bewonderd heb. Je bent een inspirerende mentor geweest en een voorbeeld voor 
mij als specialist-onderzoeker. Geregeld denken wij over onderzoeksvraagstukken 
hetzelfde, en is een halve blik al genoeg om dat door te hebben. Ik kijk uit naar onze 
verdere samenwerking. 

I would also like to thank the reading committee of my PhD thesis, to know prof. dr. 
Macdougall, prof. dr. Swinkels, and prof. dr. Voors. I would like to thank you all for your 
time and effort to critically review my thesis. 

Beste prof. dr. Swinkels, beste Dorine, tevens wil ik je erg bedanken voor je goede en 
uitgebreide feedback bij het NtvG overzichtsartikel dat we geschreven hebben over het 
gebruik van intraveneus ijzer bij hart- en nierfalen. 
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Hierna wil ik een aantal mensen bedanken die belangrijk zijn geweest in de aanloop 
naar dit promotietraject. Als eerste prof. dr. Van Son, beste Willem, veel dank voor je 
begeleiding tijdens mijn opleiding geneeskunde. Je hebt mij weten te inspireren voor 
(onderzoek binnen) de Nefrologie. Tevens dank voor het uitwisselen van de mooie kook-
recepten destijds. Als tweede zou ik dr. Seelen willen noemen; beste Marc, dank voor je 
begeleiding tijdens onder andere mijn stage wetenschap en je komst naar Harvard, en 
ook dank dat je mij hebt voorgesteld aan Stephan toen ik aangaf voorkeur te geven aan 
biomarker onderzoek ten opzichte van basaal onderzoek.

Finally, prof. Briscoe, dear David, thank you for the wonderful time I had in your lab at 
Children’s Hospital, Harvard Medical School. I learned a lot at your place, both in terms 
of research as personally, and I think that I can definitely say that my stay at your lab has 
formed the start of my research career, thank you. 

Verder wil ik alle coauteurs bedanken voor hun bijdrage aan de verschillende artikelen 
en de verscheidene mooie publicaties die daaruit voortvloeiden. Specifiek wil ik een 
aantal personen bedanken.

Beste prof. dr. De Borst, beste Martin, door het samenkomen van onze twee onder-
zoeksvelden, betreffende het ijzermetabolisme en de botmineraalhuishouding, zijn ook 
onze wegen gaan kruisen. Dit heeft geresulteerd in een mooie, voortgaande samenwer-
king waarbij ik de komende jaren als post doc door kan gaan met het onderzoek. Ik kijk 
uit naar onze samenwerking en het schrijven van vele gezamenlijke artikelen, maar ook 
om tussendoor even te praten over la Bella Vita in Italia. 

Beste dr. Dullaart, beste Robin, dank voor de prachtige humor in de afgelopen jaren 
en uiteraard ook voor de samenwerking. Deze heeft met name geresulteerd in een schit-
terend artikel in Diabetes Care omtrent PCSK9, niet opgenomen in dit proefschrift, maar 
wel erg memorabel. Verder was het een hele eer om bij je afscheid van de European 
Society of Clinical Investigation aanwezig te mogen zijn. Jammer dat je spoedig met 
pensioen gaat, het ga je goed. 

Beste dr. Nolte, beste Ilja, dank voor je begeleiding op het vlak van de statistiek bij 
meerdere artikelen die we samen geschreven hebben. De soms zeer complexe statistiek 
van een aantal artikelen overlegde ik graag met jou, waardoor het mogelijk was om 
deze artikelen steviger te positioneren. Ik kijk uit naar onze verdere samenwerking.  

Beste prof. Van der Meer, beste Peter, dank voor de fijne samenwerking betreffende 
meerdere artikelen die gerelateerd zijn aan ijzer en uitkomsten. Dank voor de immer 
goede feedback en ik kijk uit naar verdere samenwerking. 

Furthermore, I would like to thank important collaborators of articles which are part 
of this thesis. First, I would like to thank dr. Leaf, dear David, many thanks for our col-
laboration, it was nice meeting each other again recently in Heidelberg. I look forward 
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to continue our brainstorm sessions about topics related to red blood cell dynamics, iron 
status, and bone mineral homeostasis and to write articles together. Further dr. Hanudel, 
dear Mark, thank you for the collaboration that resulted in a wonderful article about 
erythropoietin and fibroblast growth factor 23. I look forward to new collaborations in 
the future. 

Dan wil ik alle personen bedanken die betrokken zijn geweest bij de studie Transplant-
Lines, onder andere aangaande hoofdstuk 11 van dit proefschrift. Onder begeleiding 
van professor Bakker heb ik deze prachtige studie mogen opzetten, die een belangrijk 
deel van mijn PhD periode besloeg. Als eerste bedank ik alle patiënten die deel heb-
ben genomen of deelnemen aan de studie TransplantLines. We hopen dat we middels 
dit grote onderzoek vele onbeantwoorde vragen rondom transplantatie kunnen gaan 
beantwoorden en de uitkomsten en kwaliteit van leven na transplantatie verder kunnen 
gaan verbeteren.

Wat betreft de planning en organisatie van het TransplantLines cohort hebben 
vele personen een belangrijke bijdrage geleverd. Het zijn er teveel om hier persoonlijk 
uitvoerig te noemen en daarom beperk ik me hier hoofdzakelijk tot het kernteam, om te 
beginnen bij Antonio, mijn TransplantLines buddy en kamergenoot. Ongeveer een jaar 
nadat TransplantLines daadwerkelijk van start was gegaan, kwam jij het team verster-
ken. Aanvankelijk moesten we enigszins wennen aan elkaars manier van werken, maar 
inmiddels is er veel wederzijds respect. Van mij uit respect voor je werkethos, je manier 
van communiceren (waarbij je altijd veel gedaan krijgt) en je mooie humor. Ik denk dat 
wij elkaar in de toekomst nog veel tegen gaan komen en ik kijk uit naar onze verdere 
samenwerking. Natasja, de rots in de branding, degene die immer het overzicht hield bij 
TransplantLines over alle patiënten die ingepland moesten worden en over de diensten 
van de studententeams. Coby, fijn dat jij het TransplantLines team kwam versterken en 
het team van de nodige psychosociale input voorzag. Rianne, als laatste van de arts-
onderzoekers bij team TransplantLines gekomen. Mooi dat onlangs je eerste publicatie 
(m.b.t. ijzer) gepubliceerd is, en goed om te zien dat je jouw deel van TransplantLines op 
de rit hebt gekregen naast alle andere werkzaamheden. Marco, mooi om te zien dat je 
zo gegroeid bent in het onderzoek met betrekking tot donoren en dat het donoren deel 
van TransplantLines zo’n vlucht heeft genomen. Daarnaast wil ik graag alle specialisten 
en collega’s van andere vakgebieden bedanken die bij TransplantLines een belangrijke 
rol hebben gespeeld. Te weten in willekeurige volgorde: dr. Siebelink, dr. Racz, dr. Pol, dr. 
Bodewes, prof. dr. Spikman, prof. dr. Leuvenink, prof. dr. Porte, dr. Drost, Dr. Damman, dr. 
Verschuuren, dr. De Meijer, dr. Blokzijl, dr. Elting, prof. dr. Ranchor, en nog vele anderen. 
Roelof Bekkema bedank ik erg voor de fijne samenwerking op het lab! Henk Breukelman 
voor het bijhouden van de vriezers en de samples. 
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Hierna bedank ik alle studenten die deel hebben genomen aan het TransplantLines 
studententeam. Het begon met een klein groepje maar inmiddels is er een hele serie 
studententeams met verschillende taken; van het vriezerteam tot het opbelteam. Com-
plimenten allen voor jullie tomeloze inzet!

Specifiek wil ik nog stilstaan bij meerdere studenten die ik tijdens mijn PhD heb 
mogen begeleiden. Ten eerste het ‘ProManna team’, bestaande uit Maryse, Suzanne, Cas, 
Jesse en Mehmet. Dank voor jullie hulp bij dit memorabele onderzoek. Maryse, jouw 
spontaniteit en praatgraagheid zijn zeer sterke eigenschappen. Leuk om te zien dat je 
nu zo goed bezig bent met je PhD bij de Nefrologie; veel succes met alles. Suzanne, 
veel complimenten voor hoe je je ontwikkeld hebt. Ik heb je daarin mogen begeleiden 
wat ik altijd met plezier heb gedaan. De stappen die je gezet hebt zijn enorm met als 
kers op de taart een mooie publicatie in een tijdschrift met impact factor boven de 10! 
Ik kijk uit naar verdere samenwerking tussen ons. Cas, het is mooi om te zien hoeveel 
passie je hebt gekregen voor onderzoek en hoe je je eigen weg hebt gevonden binnen 
de vakgebieden van de Nefrologie en MDL. Keep up the good work! Jesse, rustige, maar 
zeer goede werkkracht, waar het artikel in BMC Nephrology een mooie uiting van is, 
en waarin ik je met plezier heb mogen begeleiden. Ik weet zeker dat je een goede arts, 
waarschijnlijk neuroloog, gaat worden. 

Dan kom ik nu aan bij alle collega-promovendi van de Nefrologie (alias Nefronerds) die 
ik wil bedanken voor de afgelopen jaren. Dit zijn er nogal wat als je langere tijd zoals ik 
onderzoek hebt gedaan bij de Nefrologie. Allereerst zou ik mijn kamergenoten willen 
bedanken die ik nog niet reeds bij TransplantLines genoemd heb. Ineke, dank voor de 
gezellige koffiebreaks al die jaren en voor je ondersteuning qua statistiek; je was een 
hele fijne kamergenote. Nicole, ook jou kan ik wel bij het team statistiek scharen: de 
beginselen van alle statistiek heb ik zeker dankzij jou en Ineke gekregen. Tevens dank 
voor je gezelligheid. Charlotte, complimenten voor je inzet en leuk dat we elkaar nu 
geregeld zien, zowel in de kliniek als met onderzoek. Dorien, het was mooi om samen 
te praten over het onderzoek en over surfen in Zuid-Europese delen. Maarten, mede-
Enschede-ganger, en binnenkort tevens vader. Ik heb je in al die onderzoeksjaren een 
fijne kamergenoot gevonden, op een specifiek geintje met mijn computer na! Veel 
succes in Enschede en met de rest van de opleiding en we komen elkaar vast spoedig 
weer tegen. Karin, mooi om te zien hoe je je passie en aandacht voor je gezin nu kunt 
combineren met werk. Janneke, de ANCA-specialiste en tevens interniste in opleiding. 
Daarnaast bedank ik alle andere Nefronerds voor vrijdagmiddag borrels, volleybal 
toernooien, en met name de ASNs trips. Te weten: Anna-Sophie (mooi om te zien dat je 
ook geïnteresseerd bent in het ijzerveld, leuk om je te begeleiden hierbij), Arno (succes 
met opleiding in UMCG), Arwin, Bart, Camilo (keep up the good work!), Chris, Christina, 
Coby, Debbie, Dineke, Ditmer (jij wordt echt goede microbioloog), Dion, Edwin, Elise, 
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Esméé, Gerald, Gerlof, Harmke, Ilse, Irina (jammer dat je de Nefrologie verliet, mooi om 
te zien dat je altijd trouw je passie hebt gevolgd), Jelmer (captain on the bridge), Jip 
(mijn huidige kamergenote op de onderzoeksdag), Joëlle, José Luis, Judith, Lara, Laura 
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