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Chapter 1

Cardiovascular risk factors in chronic kidney disease 

Chronic kidney disease is an increasing problem for public health systems. Patients with chronic 

kidney disease (CKD) have a strikingly elevated risk for cardiovascular complications. The excess 

cardiovascular risk is proportional to the decrease in renal function and level of proteinuria and 

most patients with CKD die due to cardiovascular disease (CVD) rather than the kidney disease 

itself (1). Improving outcomes in patients with CKD therefore does not only require protecting  

kidney function, but also protecting  the cardiovascular system from the consequences of CKD. 

Since traditional cardiovascular risk factors, like hypertension, hyperlipidemia and diabetes do not 

entirely explain this high risk in CKD, there is legitimate interest in exploring non-traditional CKD 

related risk factors, like proteinuria, vitamin D deficiency, iron deficiency and anemia. 

Disturbances of the CKD- mineral bone disease axis (CKD-MBD) occur early in the course of CKD 

(eGFR < 60 ml/min). Traditionally the early pathogenesis of CKD-MBD has been ascribed to a 

decline in 1.25 dihydroxyvitamin D (1.25 (OH)2D) levels. Low 1.25 (OH)D levels lead to increase in 

serum parathyroid hormone (PTH) and alterations in calcium and phosphorus metabolism. The 

combination of secondary hyperparathyroidism, hyperphosphatemia and vitamin D deficiency 

was regarded for years as a main causative factor for cardiovascular diseases in CKD (2). However, 

since the discovery of fibroblast growth factor 23 (FGF23) in 2000 by the ADHR consortium (3) 

and Klotho by Kuro-O et al. (4) in 1997, this view has dramatically changed as it became clear 

that high FGF23 concentrations and klotho deficiency may be a putative missing link between 

CKD-MBD and CVD. 

Nowadays, traditional risk factors and disturbances of these CKD related risk factors are key 

targets for intervention in CKD to prevent CVD. Despite this treatment strategy, the protection 

against CVD by current therapy is far from satisfying. Current pharmacological treatments to 

prevent CVD in CKD target pathophysiological processes which are mostly clarified yet. However, 

unraveled mechanisms and  crosstalk between CKD specific risk factors could exist with a possible 

amplifying risk on CVD (figure 1). Treatment with active vitamin D for instance, instituted to control 

PTH, may induce FGF23 or hyperphosphatemia. This thesis focuses on the effects of different 

CKD specific risk factors on each other.  It would be attractive to hypothesize that an integrated 

approach targeting optimization of amplifying risk factors, instead of targeting risk factors in 

isolation, enhances therapeutic efficiency, either by adapting current pharmacological strategies 

or by novel interventions. 
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A B

Figure 1. The isolated impact of CKD specific risk factors like FGF23, proteinuria, vitamin D deficiency and iron deficiency on 

CVD has been investigated last decade (Panel A). Last years, there has become more evidence for amplifying effects among 

these risk factors (Panel B). 

1. Fibroblast growth factor 23 (FGF23) and Klotho as risk 
factors for CVD in CKD 

FGF23 is a hormone produced in osteocytes that controls phosphate and vitamin D homeostasis 

(5). FGF23 has several primary physiological actions. FGF23 reduces renal phosphate reabsorption 

by down regulating the luminal expression of sodium-phosphate co-transporters NPT2a and 

NPT2c in the proximal tubules (6). FGF23 also suppresses circulating levels of 1.25(OH)2D by 

directly inhibiting the renal enzyme 1-α hydroxylase, responsible for formation of active vitamin 

D, and stimulating the catabolic 24-hydroxylase in the kidney, which degrades both 25(OH)D 

and 1.25(OH)2D (7). In addition, FGF23 inhibits the secretion of parathyroid hormone (PTH) (8). 

Healthy humans and mice are able to maintain their serum phosphate levels in a relatively narrow 

range regardless of phosphate intake, in part because circulating FGF23 levels adapt to phosphate 

intake (9-11). Patients with CKD however, have sustained increases of serum FGF23 concentrations 

compared with healthy individuals due to stimulation by CKD related abnormalities in bone and 

mineral metabolism like hyperphosphatemia, hypo- and hypercalcemia and hyperparathyroidism. 

Elevated FGF23 is the earliest detectable serum abnormality of CKD-MBD (12) and its rise occurs 

before changes in serum concentration of PTH, 1.25(OH)2D or even phosphate are detectable (13). 

The highest levels of FGF23 are seen in end-stage kidney disease: there is an exponential increase 

in FGF23 levels as glomerular filtration rate (GFR) declines, reaching up to 800-fold increased 

concentrations in patients with end stage kidney disease, compared with healthy individuals (13). 

Beside adaptive FGF23 production due to CKD-MBD abnormalities, decreased renal clearance 

contributes to the increased FGF23 serum concentrations in patients with CKD. 

1
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FGF23 circulates as intact (full length polypeptide) FGF23 (iFGF23) and can be cleaved into 

n-terminal and c-terminal fragments (cFGF23) (14). The phosphaturic activity is exerted only by 

iFGF23, thus its biologic effect reflects the equilibrium between production and degradation of 

the mature hormone. In patients with end stage kidney disease (ESKD), iFGF23 appears to be the 

primary circulating form (15). To get insight into the degree of proteolytic degradation of FGF23 

and factors that influence FGF23 production, cleavage and clearance, it is important to measure 

iFGF23 and cFGF23 simultaneously in peripheral blood samples. Circulating FGF23 concentrations 

can be quantified by commercially available ELISA (fig 2b). Intact FGF23 assays (iFGF23) measure 

exclusively biologically active FGF23 because the capture antibodies recognize two epitopes that 

flank the proteolytic cleavage site, as shown in figure 2b (16). C-terminal FGF23 (cFGF23) detects 

both intact FGF23 and its C-terminal fragments because the capturing antibodies recognize two 

epitopes that both reside at the C-terminus  (17). 

Figure 2. Schematic of FGF23 processing and strategies to quantify circulating FGF23 levels, adapted from Wolf 

et al.(18) A: FGF23 is expressed in osteocytes as a 251-amino acid protein. A 24-amino acid N-terminal signaling peptide 

(red striped) is cleaved to form the mature molecule, which can then be secreted as either intact or cleaved protein. This 

cleavage then occurs within osteocytes between amino acids 179 and 180 to form inactive N-terminal and C-terminal frag-

ments. B: Two types of commercially available ELISAs detect FGF23 using different molecular strategies. Intact assays use 

capture antibodies (black) that bind two epitopes that flank the proteolytic cleavage of FGF23 site at both sides, so that 

only biologically active, intact FGF23 (amino acids 25-251) is detected. C-terminal assays use capture antibodies (gray) that 

bind two epitopes on the C-terminus of FGF23. This assay does not distinguish biologically active, intact FGF23 from inactive 

C-terminal fragments (amino acids 180-251). 
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A second important protein involved in CKD and CVD is Klotho. Klotho was originally identified 

as an anti-aging gene: mutation of the gene encoding for Klotho, that induced a downregulation 

of its transcript, led to a premature aging-like syndrome in mice (4). Klotho is predominantly 

produced in the distal tubular epithelial cells of the kidney, but also in the proximal tubule albeit 

at much lower amounts (19). Klotho is essential for FGF23 signal transduction by increasing the 

affinity of the FGF receptor type 1 for its ligand FGF23. Already in the early stages of CKD, klotho 

levels decrease and this progresses with further renal function loss (20). Declined Klotho levels are 

partly caused by loss of renal tissue but the uremic environment with increased inflammation and 

oxidative stress has negative impact as well (21). Lower Klotho levels in turn are associated with 

more rapidly progressive CKD (22), CVD (23), vascular calcification (24) and increased mortality 

(25). Hu et al. showed that downregulation of Klotho in CKD plays a pathogenic role in the 

progression of CKD and induces vascular calcification: transgenic mice that overexpressed Klotho 

had lower levels of proteinuria, better renal function and less vascular calcification compared with 

wild-type mice with CKD. Conversely, Klotho knockout mice with CKD had worse renal function 

and severe calcification (26). 

1.1.  Direct effects of FGF23 on cardiovascular risk in CKD

During the past decade, numerous observational studies have described the association between 

FGF23 and main adverse clinical outcomes in CKD: progression to ESKD, CVD and death (27-29). 

Even in the general population, FGF23 levels have been associated with increased cardiovascular 

risk (30). Despite these epidemiological studies showing the close relationship between FGF23 

and CVD, there is only limited experimental studies pointing to a causal relationship. A main 

experimental study performed by Faul et al. (31) demonstrated that FGF23 may be directly involved 

in the development of left ventricular hypertrophy. Additional evidence for the role of FGF23 in 

LVH came from an observational study performed by Baia et al. In patients who underwent a 

kidney transplantation, FGF23 was significant associated with cardiovascular mortality even after 

adjustment for several major cardiovascular risk markers, demonstrating that FGF23 is a strong 

and independent risk factor (32). Remarkable was the independent association of FGF23 with 

markers of heart failure (MR-proANP, NT-proBNP and copeptin). However, modulation of the 

association between FGF23 and cardiovascular mortality by these cardiac markers could not be 

demonstrated.  A recent meta-analysis of 19 cohort studies postulated that FGF23 could initiate 

and exacerbate cardiovascular diseases and is a possible contributor to CKD progression and 

CVD development (33).

Based on the aforementioned literature, it is tempting to target therapies to lower FGF23 to 

improve cardiovascular outcomes. However, it is important to realize the beneficial effects of 

1
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FGF23, like maintaining phosphate levels in narrow ranges. Theoretically, there can be a distinct 

pathological effect of cFGF23 and iFGF23. As there is much literature on the physiological function 

of iFGF23 , data regarding actions of FGF23 fragments are scarce (34). Rygasiewicz et al. (35) 

identified cFGF23, but not iFGF23, as a predictor of incident acute kidney failure (AKI) and death 

in critically ill patients, even after correction for baseline renal function and incident AKI. They 

postulate cFGF23 as a novel biomarker for AKI and death. In a mouse model of phosphate wasting 

disorders, Goetz et al. demonstrated that cFGF23 was effective in counteracting the phosphaturic 

action of FGF23 by a dual mechanism: it downregulates FGF23 binding site for the binary FGFR-

Klotho complex, and in addition acts as an endogenous competitive inhibitor of FGF23 (34). That 

cFGF23 instead of iFGF23 may be the culprit in CVD risk was confirmed by study results in renal 

transplant recipients (RTR) (36). Both iFGF23 and cFGF23 plasma levels and iron deficiency (ID) 

status were determined in 700 stable RTRs. In multivariable-adjusted Cox regression analyses, 

ID was associated with increased mortality. Further analysis showed that 46% of the association 

between ID and mortality was explained by cFGF23 and none by iFGF23. They concluded that 

cFGF23 fragments may be an important mediator of the association between ID and mortality. 

However, the question remains whether this association between cFGF23 fragments and dismal 

outcome is a reflection of mechanisms that drive the intensity of intact molecule cleavage or that 

the FGF23 fragments have biological effects by itself. 

Based on all these studies, it seems obvious that high FGF23 levels are a risk factor for cardiovascular 

disease and death in patients with CKD. However, despite increased understanding of the biology 

of FGF23, fundamental aspects of the regulation in health and in CKD and the role as causative 

factor for cardiovascular disease still remains unknown. 

1.2. Indirect effects of FGF23 on cardiovascular risk in CKD 

Recently, it was shown that FGF23 exerts effects beyond mineral metabolism, being involved 

in erythropoiesis, infection rates and iron metabolism (37). Experimental animal studies have 

been published expanding our understanding regarding interaction of FGF23 and erythropoiesis. 

Genetic deletion of FGF23 in mice resulted in increased erythropoiesis and administration of 

exogenous FGF23 in wild-type mice decreased erythropoiesis, independent on vitamin D levels 

(38). Hypoxia inducible factor-proline hydroxylase (HIF-PH) inhibitors act as a hypoxia mimetics that 

stabilize HIF, thereby inducing the transcription of endogenous erythropoietin and erythropoiesis 

(39). Additionally, HIF-PH inhibitors modulate the uptake and availability of iron (40). David et al. 

demonstrated the increase of FGF23 plasma levels after treatment with hypoxia inducible factor-

proline hydroxylase (HIF-PH) inhibitors (39). Mehta et al. performed a prospective cohort study in 

which the role of elevated FGF23 levels as a risk factor for development of anemia was determined 
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(41). They showed a significant association of high FGF23 levels with prevalent anemia, decline 

in hemoglobin levels over 4 years and risk of incident anemia after adjustment for other CKD risk 

factors and mineral metabolism markers. Recently, the association between high FGF23 levels and 

development of anemia in a CKD mouse model was investigated by blocking the effects of FGF23. 

The authors revealed that inhibiting FGF23 signaling stimulated erythropoiesis and abolished 

anemia and iron deficiency (42). In summary, these studies suggest that elevated FGF23 levels are 

a causative factor in the development of renal anemia and iron deficiency. Beside the interactions 

of FGF23 with erythropoiesis and HIF-PH, there may several other explanations for the association 

between FGF23 and anemia. First, high FGF23 levels may be a marker of declined kidney function 

and chronic inflammation: both can cause anemia, in which case the association between FGF23 

and anemia is just a confounder. Second, the negative effect of high FGF23 levels on hemoglobin 

levels may be mediated by FGF23 induced reduction of active vitamin D because low vitamin D 

levels are associated with anemia (43). Third, there is growing evidence for the role of iron on 

FGF23 regulation (see paragraph 2). Although the link between iron, FGF23 and erythropoiesis 

appears relevant, complete characterization of these complex interactions needs further studies. 

Additionally, several studies suggest that FGF23 increase RAAS activation and therefore, ACEi 

therapy is less effective in CKD patients with high FGF23 levels (44).  Humalda et al showed that 

high FGF23 levels were associated with an impaired response to sodium restriction in addition to 

ACE-inhibition in patients with CKD (45). Furthermore, in patients with new-onset and worsening 

heart failure, higher FGF23 levels were associated with less successful uptitration of ACEi/ARB’s 

and an increased risk of all-cause mortality and HF hospitalization (46). 

2. Iron deficiency is a risk factor for CVD in CKD 

Iron deficiency is a common and clinically relevant problem in patients with CKD. Iron deficiency 

may have several explanations: insufficient dietary iron uptake is provoked by poor appetite and 

dietary restrictions and intestinal bleeding may result in increased iron losses (47). Additionally, 

patients undergoing hemodialysis (HD) experience significant additional iron losses due to blood 

remaining in the dialyser circuit after treatment. In the context of anemia, the role of hepcidin has 

been subject of research for the last decade. In this patient population, chronic inflammation leads 

to increased hepcidin production in the liver. The peptide hormone hepcidin interacts with the 

cellular iron exporter ferroportin and is the key regulator of iron homeostasis. Ferroportin is the 

major cellular iron exporter in the cell membrane of hepatocytes, enterocytes and macrophages 

and is internalized and degraded by hepcidin (48), resulting in increased intracellular iron stores, 

decreased dietary iron absorption and decreased iron concentration in the circulation. Hepcidin 

1
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synthesis is regulated by several physiologic processes. Conditions in which iron demand is 

increased, like iron deficiency, hypoxia and administration of erythropoietin (EPO), induce a 

decrease in hepatocellular hepcidin synthesis, thereby promoting iron availability. Iron overload, 

inflammation and infection on the other hand induce an increase in hepcidin synthesis that 

leads to impaired iron availability for erythropoiesis. Generally, serum hepcidin levels in CKD 

patients are elevated (49, 50), partly because the kidney is the main organ responsible for hepcidin 

clearance (51) and partly because CKD is a state of micro-inflammation, which promotes its 

hepatic production due to increased cytokine levels. Clinically, this results in diminished iron 

availability over time leading to the so-called ‘anemia of chronic disease’. CKD patients receiving 

erythropoiesis-stimulating agents (ESAs) to increase hemoglobin levels are very prone to iron 

deficiency and iron deficiency is the most commonly identified factor of ESA hyporesponsiveness 

(KDIGO guideline on anemia, 2012). As a result, iron therapy is the cornerstone of treatment, with 

or without ESAs, in patients with renal anemia.

To gather information about the etiology of ‘anemia of chronic disease’ in clinical medicine, 

complete blood count is routinely performed, including red cell distribution width (RDW). 

Although the normal volume of red blood cells varies from 80 to 100 fL in the blood, a number 

of physiological conditions may impair erythropoiesis and hence promote a higher degree of 

heterogeneity of RBC volumes resulting in appearance of smaller (i.e. <60 fL) and larger (up to 120 

fL) elements, known as anisocytosis (52). RDW is defined as the standard deviation of erythrocyte 

volume divided by the mean corpuscular volume (MCV) (i.e., RDW= SD/MCV) and results are 

routinely expressed as percentages with physiological ranges of values varying between 11 and 

15%. Historically, RDW has been used as a marker of iron deficient anemia. Beside used as an aid 

in the diagnostic work-up for anemia, multiple studies showed that RDW is a robust marker of 

adverse clinical outcomes in patient with chronic and acute heart failure (53-56), coronary artery 

disease (57), acute kidney injury (58), HD (59) and even in the community (60, 61). The mechanism 

underlying the association between RDW and adverse outcome in CKD patients is still unknown, 

but could be related to the fact that renal dysfunction may be linked with many other risk factors 

that can elevate RDW levels, like nutritional deficiency, disturbed iron metabolism, oxidative stress 

or inflammation (56, 62). These factors may be in the causal path to adverse outcome.

2.1. Direct effects of iron deficiency on cardiovascular risk in CKD 

The benefits of iron treatment are well-known in patients with chronic heart failure (CHF) and iron 

deficiency (63-65). In the FAIR-HF trial, treatment with intravenous ferric carboxymaltose (FCM) 

in patients with chronic heart failure and iron deficiency improved symptoms, functional capacity 

and quality of life (63). Where cardiologists recognize iron deficiency  as a distinct entity regardless 
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of anemia, nephrologists still treat iron deficiency only in the context of anemia management.  

Consequently, in contrast to CHF patients, the evidence for detrimental effects of iron deficiency 

on comorbid conditions associated with CKD is almost non-existent except for anemia, of which 

iron deficiency is an established contributing factor. In CKD patients, it is well known that anemia 

is associated with poor quality of life, increased cardiovascular risk and mortality (66-71). Few 

observational studies investigated the long-term outcome of iron administration beyond its effect 

on anemia and these studies reported inconsistent results in HD patients (72, 73).  To evaluate 

the impact of iron dextran administration on the survival and rate of hospitalization, 5833 HD 

patients were included in a multivariable analysis (72). The authors concluded that prescribing > 

1000 mg iron dextran over a period of 6 months was associated with a significant elevated rate 

of death and hospitalization. In addition, prescribing < 1000 mg iron dextran wasn’t associated 

with better outcome. However, they subsequently conducted a cohort study among 32566 HD 

patients and applied multivariable models to correct for confounding (73). They concluded that 

the relationship between iron dosing and mortality in HD patients was confounded by incomplete 

representation of iron dosing and morbidity over time. Kuo et al. performed a prospective cohort 

study to assess the effectiveness and safety of iron administration in patients with severe kidney 

failure who not yet started dialysis (74). 31971 patients were divided in two groups with or without 

iron supplementation within 90 days after starting ESA therapy. After propensity score matching 

the patients who used iron had a lower risk of all-cause death and hospitalizations, but had higher 

risk of progression to end-stage renal disease.  To date, in contrast to CHF patients in which iron 

deficiency seems a relevant comorbidity and accounts for poor outcome, the survival benefit of 

iron supplementation in CKD patients remains largely undefined. More translational research and 

randomized trials are needed to unravel the exact impact of iron deficiency, and its restoration, 

on clinical outcomes in CKD patients.   

2.2 Indirect effects of iron on cardiovascular risk in CKD: link between FGF23  

and iron/anemia 

The first clue that iron could be important in the biology of FGF23 came from studies concerning 

autosomal dominant hypophosphatemic rickets (ADHR). This disorder is the prototype of primary 

FGF23 excess (3). Due to a mutation in FGF23 gene, the cleavage region on the protein is resistant 

to proteolytic cleavage,  resulting in secretion of primary full-length biologically active FGF23 (75, 

76). Due to the resultant high iFGF23 levels, ADHR is characterized by renal phosphate wasting, 

hypophosphatemia, inappropriately low levels of 1.25(OH)2D and vitamin D-resistant rickets (77, 

78).  Remarkable is that ADHR has an incomplete penetrance and variable age of onset at birth or 

later in life (78). Clinical flares of ADHR often coincide with periods of iron deficiency, like puberty, 

1
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menses, pregnancy and post-partum period (78). This suggests that iron is an additional regulator 

of FGF23 beyond classic feedback loops. 

Two subsequent experimental mice studies uncovered the role of iron in FGF23 regulation (79, 

80). Farrow et al. studied the role of iron status in development of the ADHR phenotype by placing 

wild type (WT) mice and ADHR knock-in mice on control or low iron diets (79). Both the WT and 

ADHR mice receiving low-iron diet had significantly increased bone FGF23 mRNA expression 

compared to the mice with a normal iron diet. Interestingly, wild-type mice with low iron diet 

maintained normal serum iFGF23 and phosphate concentrations, but had elevated cFGF23 levels. 

ADHR knock-in mice that received low iron diet manifested elevated iFGF23 levels in addition to 

elevated cFGF23 levels. Consequently, the iron deficient ADHR mice developed hypophosphatemia 

and osteomalacia. In WT mice, a second level of FGF23 control is suggested, whereby within 

osteocytes mature FGF23 protein is cleaved to maintain normal circulating levels of biologically 

active FGF23 with consequently normal phosphate homeostasis during low and normal iron diet. 

The confirmation that iron has an important role in FGF23 regulation in human as well, came 

from a randomized trial in women with iron deficient anemia due to heavy uterine bleeding 

who were randomized among intravenous elemental iron in the form of FCM or iron dextran 

(81). At baseline, iron deficient women showed a similar biochemical profile as iron deficient 

wild type animals: normal levels of serum phosphate, calcium, 1.25(OH)2 vit D, PTH and iFGF23, 

but markedly increased cFGF23 levels. Following intravenous iron supplementation, cFGF23 

levels decreased whereas iFGF23 levels increased or remained stable, depending on different 

iron formulations. The exposure of ferric carboxymaltose, but not iron dextran, transiently 

mimicked the biochemical profile of ADHR mice: increase in iFGF23 levels, hypophosphatemia, 

reduced 1.25(OH)2 vit D and calcium levels, increased urinary phosphate excretion and secondary 

hyperparathyroidism. Currently it is unknown why the increase in iFGF23 is only observed after iron 

supplementation with carboxymaltose iron formulations but not with iron dextran. Despite several 

studies investigating the effects of administration of intravenous saccharated ferric oxide and iron 

polymaltose on FGF23-mediated phosphate wasting syndromes (82-86), the pathophysiological 

process is still not understood. In summary, both animal and human studies demonstrate that iron 

deficiency stimulates FGF23 transcription in osteocytes which is counterbalanced by increased 

cleavage of biologically active iFGF23 into inactive cFGF23 fragments within healthy osteocytes, 

which are then released in to the circulation. However, the exact mechanism by which iron therapy 

influences FGF23 metabolism, and whether this affects phosphate homeostasis, and why different 

iron preparations cause more or less hypophosphatemia, remains unclear. 
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3. Targeting vitamin D deficiency as a risk factor for CVD in CKD

Vitamin D is synthesized in the skin or obtained from nutritional sources and is transported to the 

liver, where it is metabolized to 25-hydroxyvitamin D (25(OH)D) by the enzyme 25-hydroxylase 

(CYP2R1). 25(OH)D is the main circulating form of vitamin D and is delivered to the kidney.  

The second hydroxylation takes place mainly in the kidney, where the 1α-hydroxylase enzyme 

(CYP27B1) converts 25(OH)D to the active hormone 1.25-dihydroxyvitamin D (1.25(OH)D, 

calcitriol). 1,25(OH)D acts through the vitamin D receptor (VDR), a nuclear receptor which is 

expressed ubiquitously in human tissues including the intestine, kidney, parathyroid gland, 

bone, myocardium, immune system and smooth muscle (87). In CKD, vitamin D deficiency is 

common, mainly attributed to insufficient renal conversion of 25(OH)D by downregulation of 1 

α -hydroxylase activity due to elevated FGF23 levels, but also by insufficient sunlight exposure, 

nutritional deficits and urinary vitamin D loss by proteinuria  (88). Additionally, FGF23 induces 

24-hydroxylase (CYP241A) expression which is responsible for catabolization of 25(OH)D by 

converting it to the inactive 24,25(OH)2D.   

3.1. Direct effects of vitamin D on cardiovascular risk in CKD

Vitamin D deficiency has been identified as a risk factor for cardiovascular diseases (89). 

Experimental studies in vitamin D receptor knockout mice and 1α-hydroxylase knockout mice 

showed that vitamin D serves as an important factor to maintain blood pressure homeostasis and 

protecting the cardiovascular system by serving as a negative endocrine regulator of the renin-

aldosteron-system (90, 91). Several observational studies have demonstrated the relationship 

between vitamin D deficiency and poor cardiovascular outcomes in patients with CKD (92, 93). 

However, the potential benefits of VDRA treatment for this population is controversial. In the 

PRIMO randomized controlled trial CKD patients with mild to moderate left ventricular hypertrophy 

(LVH) received oral paricalcitol 2 ug/d or placebo to investigate the effects of paricalcitol on 

cardiac outcomes. After a treatment period of 48 weeks paricalcitol did not alter left ventricular 

mass index or improve measures of diastolic dysfunction (94). These results were confirmed in 

the OPERA trial: 52 weeks of treatment with oral paricalcitol 1 ug/d in patients with severe CKD 

and frank LVH did not alter measures of left ventricular structure and function (95). Lu et al. 

performed a systematic review and meta-analysis to assess whether VDRA treatment alters the 

cardiovascular mortality in patients with CKD (96). They included 17 randomized controlled trials 

(RCTs) and 21 observational studies. In the observational studies, VDRA treatment was significantly 

associated with reductions in cardiovascular mortality but this was not confirmed in the RCTs. 

Thus, prospective studies could not demonstrate a reduction in mortality risk by VDRA treatment, 

whereas these studies did reveal hypercalcemia as an important safety signal.

1
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3.2. Indirect effects of vitamin D on cardiovascular risk in CKD

Recent clinical observations suggest a possible role of vitamin D in erythropoiesis (97). The 

administration of analogues of vitamin D has been associated with an improvement of anemia 

and reduction in erythropoietin requirements (98, 99). Several hypotheses have been postulated 

to explain this observation. Vitamin D has a suppressive effect on the iron regulatory protein 

hepcidin, allowing iron absorption and release from storage sites thereby promoting erythropoiesis 

(100). Another explanation could be that PTH directly inhibits erythroid precursors, EPO synthesis 

and red blood cell survival (101), while active vitamin D suppresses PTH thereby attenuating the 

detrimental effects of PTH.  However, there is still concern about the supplementation of vitamin 

D to correct anemia in patients with CKD: no RCT’s are available that have evaluated the effects of 

25(OH)D or 1,25(OH)D on hemoglobin concentrations as main outcome parameter in CKD (102). 

Besides potential effects on anemia, additional arguments to initiate vitamin D treatment in 

CKD comes from accumulating evidence that vitamin D has renoprotective effects by reducing 

proteinuria. As mentioned above, proteinuria is a major risk factor for adverse renal and 

cardiovascular outcomes in CKD (103, 104). The cornerstone of proteinuria treatment is sodium 

restriction and pharmacological blockade of the renin-angiotensin-aldosterone system (RAAS) by 

angiotensin converting enzyme inhibition (ACEi) or angiotensin receptor blockade (ARB). RAAS 

plays an important role in the regulation of blood pressure, electrolyte and volume homeostasis. 

Monotherapy with ACEi or ARB decrease proteinuria with 20-30% (105) so despite treatment, 

many patients have residual proteinuria. Combined use of ACEi and ARB seems an efficient strategy 

to further decrease proteinuria, but safety issues like hyperkaliemia prevent implementation of 

this dual blockade treatment (106). To improve cardiovascular and renal outcome in patients with 

CKD, novel anti-proteinuric therapies are being searched for. Currently, there is great interest in 

the role of treatment with active vitamin D on proteinuria by means of its anti-RAAS, anti-fibrotic 

and anti-inflammatory effects. Several mechanistic and clinical studies suggest that vitamin D has 

a suppressive effect on renin transcription. The first clinical studies suggesting an inverse relation 

between vitamin D and renin levels were published more than 2 decades ago (107, 108). More 

recently, De Zeeuw et al. (109) performed a RCT that showed that 2 ug paricalcitol (but not 1 ug 

paricalcitol), given in addition to RAAS blockade, further reduced albuminuria compared with 

RAAS blockade alone in patients with diabetic nephropathy, particularly in those with high dietary 

sodium intake. However, it was unclear whether this beneficial effect of paricalcitol was obtained 

by an effect on renal renin activity. A meta-analysis of available RCT’s performed by de Borst et al 

(110) showed that active vitamin D analogs (mostly added to standard RAAS blockade) achieved a 

statistical significant reduction in residual proteinuria. In conclusion, beside the role of vitamin D 

in mineral metabolism, it may interact with other kidney hormones like erythropoietin and renin. 
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The administration of active vitamin D analogues in combination with optimized RAAS-blockade 

could be a therapeutic option to reduce the risk of CVD in CKD patients.  

Finally, the positive effects of vitamin D in patients with CKD could also be related to the 

suppression of PTH. High PTH levels are an eminent stimulus for FGF23 production and intervention 

in this vicious cycle by VDRA administration might have beneficial effects. With the knowledge 

of the direct interaction of vitamin D and FGF23 on each other and the direct suppressive effect 

of vitamin D on renin the question raises whether there is a feedback loop between vitamin 

D-FGF23-klotho axis and RAAS axis.

4. Proteinuria as a risk factor of CVD in CKD

Proteinuria is a hallmark of CKD and an important predictor of renal disease progression and 

cardiovascular complications. The underlying mechanism through which proteinuria affects kidney 

function seems to be related to tubulotoxic effects of these proteins itself (111).  Within the kidney, 

increased glomerular filtration of protein increase the exposure of tubular cells to excessive protein 

reuptake in proximal tubular cells. This in turn, leads to activation of multiple pathways that cause 

the release of vasoactive, inflammatory and fibrotic substances. These processes together result 

in tubulointerstitial damage and declined nephron functionality (112). 

4.1. Direct effects of proteinuria on cardiovascular risk in CKD

The strong predictive value of proteinuria for renal function loss and CVD has been firmly 

established (113-115). As aforementioned (see paragraph 3.2) the cornerstone of treatment of 

proteinuria is RAAS blockade, besides sodium restriction. Clinical trials have consistently shown 

the beneficial effects of this pharmacological intervention: it decreased proteinuria and blood 

pressure with subsequently decrease in kidney function decline and lowered the risk for CVD (116-

118). The pathophysiologic link between proteinuria and cardiovascular risk remains unexplained. 

4.2. Indirect effects of proteinuria on cardiovascular risk in CKD 

In addition to the demonstrated direct effects of proteinuria on cardiovascular risk in CKD patients, 

the amount of proteinuria may also partly maintain the cascade of amplifying risk factors. Rat 

models have shown that massive proteinuria is a risk factor for vitamin D deficiency: vitamin 

D binding protein (DBP) is lost in urine with consequently low vitamin D levels in serum (119, 

120). In a post-hoc analysis of the REIN study, increase in serum phosphate levels turned out 

to be an independent risk factor for disease progression in patients with proteinuric chronic 

nephropathies and this high phosphate burden attenuated the renoprotective effects of ACE 

1
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inhibitory therapy (121). Consequently increased FGF23 levels may be the culprit of this blunted 

effect: FGF23 stimulates its FGF23 receptor which increases the production of the converting 

enzyme with activation of the RAS. Direct and FGF23 mediated inhibitory effects of phosphate on 

nitric oxide (NO) production might also contribute to limited effects of ACEi therapy mediated bij 

NO activation. Further evidence for a relationship between FGF23 and proteinuria came from an 

analysis of 604 patients with moderate to severe kidney disease who participated in the Masterplan 

study (122). After correction for several well-known cardiovascular and renal risk factors there was 

a significant association between FGF23 and proteinuria.  To shed more light on this association,  

De Seigneux et al investigated the hypothesis whether proteinuria indirectly modulates kidney 

phosphate handling via a toxicity that decrease Klotho expression with consequently decreased 

FGF23 signaling, or via increased proximal tubule phosphate reabsorption (123).  At first, they 

studied phosphate handling in nephrotic children: FGF23 concentration, plasma phosphate and 

tubular reabsorption of phosphate increased during the proteinuric phase compared with the 

remission phase. They confirmed this finding by a cross sectional analysis of a cohort of 1738 

patients with CKD which showed that proteinuria was predictive of higher FGF23, phosphate 

and PTH levels. To understand the biological mechanism behind this observation, they developed 

two animal models with glomerular proteinuria: both  nephrotic rats and mice displayed higher 

renal protein expression of the sodium-phosphate co-transporter NaPi-IIa, lower renal Klotho 

expression, and decreased phosphorylation of FGF receptor. 

In conclusion, there is growing evidence that proteinuria induces elevation of both plasma 

phosphate and FGF23 concentration, potentially contributing to increased risk of cardiovascular 

diseases in CKD. 
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Summary

Altogether, despite the amount of research and the resulting treatment options, patients with 

CKD still have a high risk of cardiovascular diseases. Currently, the treatment of CKD specific risk 

factors focus on the treatment of these risk factors separately while there is growing evidence 

for interactions between these risk factors. CKD specific risk factors should therefore not be 

considered as separate factors, but they should be examined in their entirety. 

AIMS OF THE THESIS

The studies in this thesis aim to unravel cross-talk among  novel risk factors for CVD in CKD, 

and aim to delineate how this cross-talk might amplify the CVD risk.  The combined studies 

should shed more light on future interventions to prevent cardiovascular complications in patients 

suffering from CKD. 

OUTLINE OF THE THESIS 

The assumption that iron influences FGF23 cleavage is conceivable on the basis of currently 

available animal and human studies. In the search for the role of iron on cardiovascular risk 

factors for CVD, we assessed in Chapter 2 whether there is a relation between RDW and FGF23 

cleavage in patients with both chronic kidney disease and heart failure. Both RDW and FGF23 are 

independently associated with adverse outcome measures in patients with a cardiorenal syndrome 

and we tested if iron could be the missing link between these two risk factors. 

The role of circulating hepcidin in the etiology of anemia in patient with CKD seems largely 

elucidated. However, there is increasing evidence that local hepcidin expression in organs like the 

heart is regulated independently. The role of iron in this local regulation of hepcidin expression 

is currently unknown. In Chapter 3 we studied the role of iron in cardiac hepcidin expression in 

rats with heart failure, renal failure or both. 

There is growing evidence for the strong relationship between iron and FGF23 physiology. The 

underlying biological process driving production and cleavage of FGF23 is still discussed. In the 

mice study described in Chapter 4, we investigated the role of different iron conditions on the 

metabolism of FGF23. Additionally, the influence of iron on the sensitivity for exogenous FGF23 

was tested. 

As mentioned before, renal anemia is partly caused by increased hepcidin expression and 

consequently functional iron deficiency. Several observational and experimental data suggest 

1
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that vitamin D deficiency might be an additional co-factor of renal anemia. Potential links between 

the vitamin D system and erythropoiesis are described in chapter 5. 

Albuminuria is considered to be an important target for intervention in CKD to slow its progression. 

Despite optimal pharmacological blockade of the RAAS, residual albuminuria often remains 

present and is a major risk factor for adverse renal and cardiovascular outcomes in CKD. As 

vitamin D works as a renin inhibitor, supplementation of vitamin D could decrease the amount 

of proteinuria.  In chapter 6 the study protocol of the VIRTUE study is presented. The rationale 

behind this study was to investigate the role of vitamin D receptor antagonist (VDRA) paricalcitol 

in combination with dietary sodium restriction to provide further albuminuria reduction in non-

diabetic CKD patients op top of single RAAS-blockade.  In Chapter 7 the results of the VIRTUE 

study are presented. 
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Abstract

Objective: In chronic kidney disease (CKD), both anemia and deregulated phosphate metabolism 

are common and predictive of adverse outcome. Previous studies suggest that iron status influences 

phosphate metabolism by modulating proteolytic cleavage of FGF23 into C-terminal fragments. 

Red cell distribution width (RDW) was recently identified as a strong prognostic determinant for 

cardiovascular morbidity and mortality, independently of iron status. We assessed whether RDW 

is associated with FGF23 cleaving in CKD patients with heart failure.

Materials and methods: The associations between RDW and either intact FGF23 (iFGF23), 

C-terminal FGF23 (cFGF23, reflecting iFGF23 and C-terminal fragments together) and the iFGF23/

cFGF23 ratio were analyzed in 52 patients with CKD (eGFR 34,9 ± 13.9 ml/min/1.73m2) and chronic 

heart failure (CHF). Associations between RDW and FGF23 forms were studied by linear regression 

analysis adjusted for parameters of renal function, iron metabolism, phosphate metabolism and 

inflammation.

Results: Median cFGF23 levels were 197.5 [110-408.5] RU/ml, median iFGF23 levels were 107.3 

[65.1-162.2] pg/ml and median FGF23 ratio was 0.80 [0.37-0.86]. Mean RDW was 14.1 ± 1.2%. 

cFGF23 and RDW were associated (β= 1.63x10-3, P <0.001), whereas iFGF23 and RDW were 

not (β= -1.38x10-3, P= 0.336). The iFGF23/cFGF23 ratio was inversely associated with RDW. The 

difference between cFGF23 and iFGF23 (cFGF23- iFGF23) was positively associated with RDW 

(β= 1.74x10-3, P< 0.001). The association between cFGF23 and RDW persisted upon multivariable 

linear regression analysis, adjusted for parameters of renal function, phosphate metabolism, iron 

metabolism and inflammation (β= 0.97x10-3, P= 0.047).

Conclusion: RDW is associated with cFGF23 but not with iFGF23 levels in patients with CKD and 

CHF. This suggests a connection between RDW and FGF23 catabolism, independent of iron status 

and inflammation. Future studies are needed to unravel underlying mechanisms and whether 

these pertain to the link between RDW and outcome.

Keywords: Chronic kidney failure, fibroblast growth factor 23, red cell distribution width, chronic 

heart failure
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Introduction

The simultaneous occurrence of chronic heart failure (CHF) and chronic kidney disease (CKD), 

known as the cardiorenal syndrome (CRS), is accompanied by high morbidity and mortality 

(1,2). Traditional risk factors only partly explain this high risk (3), suggesting that additional 

pathophysiological mechanisms are involved. Several novel risk factors have been implicated 

in the elevated cardiovascular risk in CKD. Prominent non-traditional risk factors include red 

cell related measures such as anemia, iron status and red cell distribution width (RDW) (4), and 

markers of mineral metabolism, especially fibroblast growth factor 23 (FGF23) (5). Interestingly, 

recent studies suggest a mechanistic link between these two systems (6–8).

FGF23 is a bone derived phosphaturic hormone that plays an important role in systemic phosphate 

homeostasis and vitamin D metabolism. Several observational studies consistently demonstrate 

independent associations between FGF23 and accelerated CKD progression (9), left ventricular 

hypertrophy in dialysis and predialysis patients (10), and increased mortality risk in CKD and 

hemodialysis patients and kidney transplant recipients (10–14). Recently, it was shown that iron 

status influences FGF23 catabolism in mice with autosomal dominant hypophosphatemic rickets 

(6). Similarly, in female patients with iron deficient anemia markedly elevated C-terminal FGF23 

(cFGF23) levels but not intact FGF23 (iFGF23) levels were found (7). Importantly, intravenous iron 

administration markedly reduced cFGF23 levels, providing another clue that iron status influences 

FGF23 cleaving. The current hypothesis is that, in healthy individuals, iron deficiency stimulates 

FGF23 production whereby osteocytes couple increased production of FGF23 with increased 

cleavage to cFGF23 to maintain normal circulating levels of iFGF23, which is the biologically 

intact hormone (15). However, it is unknown whether this finding holds for CKD, a disease 

characterized by disturbed iron metabolism, high FGF23 levels and increased risk for cardiovascular 

complications.

Red cell distribution width (RDW) is a measure of the variation of red blood cell volume, defined 

as the standard deviation of erythrocyte size divided by the mean corpuscular volume. RDW is 

a robust marker of adverse clinical outcomes in patients with chronic and acute heart failure 

(16–19), coronary artery disease (20), acute kidney injury (AKI) (21) and even in the community 

(22–24). The pathophysiological mechanism responsible for the association between RDW and 

adverse outcomes remains to be resolved, but could be related to disturbed iron metabolism or 

inflammation (19,25). Because both FGF23 and RDW are independently associated with poor 

outcome measures, and both seem to be affected by iron, it is interesting to investigate whether 

a relation exists between FGF23 and RDW.

2
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We hypothesized that a higher RDW is associated with more FGF23 cleavage, providing a 

common pathway in which both markers lead to adverse outcomes. Therefore, we examined the 

relationship between RDW and both intact and C-terminal FGF23 as well as the ratio between 

the two, and the difference between cFGF23 and iFGF23, in a cohort of patients with chronic 

kidney disease and chronic heart failure. Analyses were adjusted for markers of renal function, 

iron status and inflammation.

Methods

Subjects

For the current study we performed a post hoc cross-sectional analysis of baseline data from 

patients enrolled in the EPOCARES study (The Mechanisms of Erythropoetin Action in the 

CardioRenal Syndrome, ClinicalTrials.gov NCT 00356733). The study design of the EPOCARES 

study has been published previously (26). The study is being carried out in compliance with the 

Helsinki Declaration, and the protocol has been approved at each participating center by its 

internal review board. In short, the EPOCARES study is an open-label, prospective, randomized 

trial in which patients with CHF, CKD (glomerular filtration rate 20-70 ml/min) and mild anemia 

(hemoglobin 10.3-12.6 g/dL in men, and 10.3-11,9 g/dL in women) were included to test the 

erythropoietic and non-erythropoietic responses to low-dose ESA treatment. Patients with active 

systemic disease as a cause of CHF or CKD were excluded. Other exclusion criteria were ESA 

therapy in the previous 6 months, bleeding, chronic inflammatory disease or malignancy. In 

all patients, standard treatment was started, comprising oral iron suppletion (ferrofumarate), 

calcium carbonate, aspirin when indicated and maximal tolerated dosages of a β-blocker, an 

angiotensin-converting enzyme (ACE) inhibitor or an angiotensin receptor blocker, according to 

CHF guidelines. Included patients were randomized into 3 groups: 1 group received a fixed dose 

of 50 IU/kg per week EPO to increase hemoglobin level to a maximum of 13.7 g/dL for men and 

13.4 g/dL for women; another group was treated with 50 IU/kg per week EPO maintaining baseline 

hemoglobin levels for the first 6 months by phlebotomy. The control group received standard 

care without EPO. This translational study was designed primarily to discern hematopoietic from 

nonhematopoietic effects of erythropoietin (EPO) in cardiorenal patients. All baseline data were 

derived prior to randomization and initiation of EPO treatment.

The original study population of the EPOCARES study consisted of 62 patients. Five patients 

withdrew their informed consent and one patient was excluded because of malignancy diagnosed 

after inclusion. Baseline RDW data were missing for two patients and two outliers of FGF23 were 

excluded, since these values exceeded the third quartile by a magnitude greater than 1.5 (IQR).
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Biochemical analysis

Biochemical measurements were performed at baseline and blood samples were drawn between 

8 and 9 AM in supine position and stored immediately at -80 °C until analysis.

Levels of Hb, hematocrit, MCV and RDW were measured using a Sysmex XE-2100 hematology 

analyzer (Toa Medical, Kobe, Japan). Plasma interleukin-6 (IL-6) levels were measured in duplo 

using a commercially available ELISA kit (R&D Systems, Minneapolis, USA).

As a marker of iron stores (27) , ferritin was determined using a sandwich immunoassay on 

an Acces 2 immunoanalyzer within a Dx automated system from Beckman Coulter (Brea, CA). 

Function iron availability was determined by measuring transferrin saturation (TSAT) and was 

calculated from serum iron and transferrin estimates obtained with standard methods on a 

Beckman Coulter Dx. Renal function was estimated by means of MDRD. Reference values of all 

parameters are shown in table 1.

FGF23 was analyzed with two validated assays (28). The iFGF23 was determined in serum using a 

sandwich ELISA, (Kainos Laboratories, Tokio, Japan), the intra- and interassay CV’s are <10% and 

<14%, respectively. The cFGF23 was assessed in EDTA-plasma using a sandwich enzyme-linked 

immunosorbent assay (ELISA) (Immutopics, San Clemente, CA, USA). The intra- and interassay 

CV’s are <5% and <16%, respectively. The former assay detects only the full-length FGF23, while 

the latter assay additionally measures the c-terminal fragments of truncated FGF23. In order to 

estimate the amount of intact FGF23 in relation to the total amount of FGF23 (i.e. intact FGF23 

+ C-terminal FGF23 as measured by the C-terminal assay), we calculated the iFGF23/cFGF23 ratio. 

We also estimated the absolute amount of C-terminal fragments by calculating the difference 

between total FGF23 and iFGF23.

Statistical analysis

Continuous variables at baseline were summarized as the mean ± standard deviation (SD) if 

normally distributed or otherwise as medians with interquartile range (IQR). Skewed variables were 

transformed to natural logarithms after which normality was checked again. After checking model 

assumptions, univariate linear regression analyses were used to test the relationship between 

iFGF23, cFGF23 and the difference between cFGF23 and iFGF23 (cFGF23-iFGF23) with RDW. 

The ratio iFGF23/cFGF23 was divided in tertiles because of violation of linearity and we used 

two dummies to estimate the regression coefficient between ratio iFGF23/cFGF23 and RDW. 

FGF23 was used as independent variable and RDW as dependent variable. To test the relationship 

between FGF23 and TSAT, univariate regression analysis was performed with TSAT as independent 

2
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and FGF23 as dependent variable. Subsequently, four multivariable linear regression models were 

used to adjust for confounding of the primary analysis (RDW and cFGF23). A 10% change of the 

regression coefficient was considered to indicate relevant confounding. Model 1 adjusted for 

potential confounders of the relationship between cFGF23 and RDW derived from the literature 

(29–31): eGFR, PTH, phosphate, BMI and smoking. Model 2 adjusted for variables used in model 

1 and in addition markers of iron metabolism (TSAT and ferritin). Model 3 adjusted for variables 

used in model 1 and in addition markers of inflammation (IL-6 and CRP). In the final model 4, 

a combination of previous models was used to adjust for all possible confounders. Age and sex 

were ruled out to be effect modifiers. For statistical analysis, the SPSS software package version 

20 was used (SPSS, IBM, Chicago, IL, USA).

Results

Population characteristics

Demographics, baseline laboratory data and clinical characteristics of the 52 patients enrolled 

into this study are reported in Table 1.

Median age was 73 years (IQR 69-80) and 63.5% were male (Table 1). Of the population included 

in this study 11.5% were smokers and on average BMI was elevated (median 25.9, IQR 23.7-29.9). 

The mean RDW value was 14.1% ± 1.2, with a reference range of 10.4-13.0% and the mean 

eGFR 35 ± 14 ml/min/1.73m2. Both iFGF23 (median 107.3 pg/ml, IQR 65.1-162.2) and cFGF23 

levels (median 197.5 RU/ml, IQR 110-408.5) were increased. CRP levels were only slightly elevated, 

showing that the study involved chronic stable patients in a relatively low-inflammatory state. 

Ferritin levels and TSAT were low-normal.

Relation between FGF23 and TSAT

Univariate linear regression was performed to estimate the relation between FGF23 and TSAT. 

A statistically significant association was found between TSAT and cFGF23 (β= -12.35, P= 0.03), 

but not between TSAT and iFGF23 (β= -1.86, P= 0.31).
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Table 1. Main clinical and biochemical characteristics of patients from the EPOCARES study at baseline

Characteristics* All patients n=52 Reference values

Age (yrs) 73 [69-80]

Male sex, n (%) 33 (63.5%)

Smoking (%) 11.5%

BMI kg/m² 25.9 [23.7-29.9]

Diabetes Mellitus 36.5%

Hypertension 78.8%

Hemoglobin (g/dL) 11.8 ± 0.9 12.5 – 16.1 g/dL (f)

13.7 – 17.0 g/dL (m)

Hematocrit (L/L) 0.35 ± 0.03 0.36 – 0.48 L/L (f)

0.40 – 0.52 L/L (m)

MCV (/µm³) 90 ± 4 80 - 102

RDW (%) 14.1 ± 1.2 10.4-13.0 %

MDRD (ml/min/1.73m²) 35 ± 14 > 60 ml/min/1.73m²

NT-proBNP (pg/mL) 1387 [688-2370] <738 pg/ml

Ferritin (ng/mL) 129 [75-179] 10 – 200 ug/l

Iron (µmol/L) 10 [8.8-14] 9 – 30 umol/l

TSAT (%) 20 [16.3-25] < 45 %

CRP (mg/L) 5 [2-11.3] 0 – 10 mg/l

IL-6 (pg/mL) 3.27 [1.9-5] < 10 pg/mL

iFGF23 107.3 [65.1-162.2] 20-50 pg/ml

cFGF23 197.5 [110-408.5] < 125 RU/ml

iFGF23/cFGF23 0.803 [0.37-0.86]

PTH 10.4 [6.7-15] 1.5 – 7 pmol/l

Phosphate 1.15 [1-1.2] 0.80 – 1.45 mmol/l

BMI= body mass index, MCV= mean corpuscular volume, RDW= red cell distribution width, MDRD= estimated glomerular 

filtration rate by modified diet in renal disease formula, NT-proBNP= N-terminal pro-brain natriuretic peptide, TSAT= transferrin 

saturation, CRP= C-reactive protein, IL-6= interleukin 6, iFGF23= intact fibroblast growth factor 23, cFGF23= C-terminal 

fibroblast growth factor 23, PTH= parathyreoid hormone. *values in mean ± standard deviation or median [interquartile range]

Relation between FGF23 and RDW

Univariate linear regression showed a statistically significant relationship between cFGF23 and 

RDW (β= 1.63 x 10-3, P <0.001) in our population (Fig. 1A), but not between iFGF23 and RDW 

(β= -1.38 x 10-3, P= 0.34, Fig. 1B). The difference between cFGF23 and iFGF23 (cFGF23-iFGF23, 

representing the amount of c-terminal FGF23 fragments) was positively correlated with RDW 

(β= 1.74x10-3, P< 0.001, Fig. 1C). In order to comply with the conditions for linear regression, we 

divided the iFGF23/cFGF23 ratio (representing the fraction of intact, biologically active FGF23) 

into tertiles. Both the second and the third tertile of the iFGF23/cFGF23 ratio were associated with 

RDW (β= -0.947, P= 0.014 and β= -1.253 and P= 0.002). This might be explained by reduced iron 

availability, as iron availability is a determinant of both RDW as well as the iFGF23/cFGF23 ratio due 

to increased cleavage of iFGF23 into C-terminal fragments in conditions of reduced iron availability.

2
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Fig 1. The relationship between baseline cFGF23 and RDW (A), baseline iFGF23 and RDW (B) and between cFGF23-iFGF23 

and RDW (C).

To further analyze the relation of cFGF23 with RDW, we constructed several models to adjust for 

potential confounders (Table 2). Adjustment for eGFR, PTH, phosphate, BMI and smoking (model 

1) did not modify the regression coefficient significantly between cFGF23 and RDW (β= 1.5 x 

10-3, P= 0.001). Further adjustment for indicators of iron deficiency, ferritin and TSAT (model 

2), marginally attenuated the association (β= 1.34 x 10-3, P= 0.003). Model 3, correcting for 

variables used in model 1 and for CRP and IL-6 as markers of inflammation, further attenuated 

the strength of the cFGF23-RDW association (β= 1.08x10-3, P= 0.023). After adjusting for all 

mentioned variables (model 4), the association between cFGF23 and RDW remained statistically 

significant (β= 0.969x10-3, P= 0.047).

In a sensitivity analysis, further adjusted for hypertension, diabetes mellitus, hemoglobin level and 

25-hydroxyvitamin D did not influence this relation (data not shown).

Table 2. Multivariable linear regression for association between cFGF23 and RDW after adjustment for confounders

Y= RDW Regressioncoefficient p-value

Crude analysis

cFGF23 RU/ml 1.63 x 10-3 <0.001

Adjusted analysis 1*

cFGF23 RU/ml 1.50 x 10-3 0.01

Adjusted analysis 2*

cFGF23 RU/ml 1.34 x 10-3 0.003

Adjusted analysis 3*

cFGF23 RU/ml 1.08 x 10-3 0.023

Adjusted analysis 4*

cFGF23 RU/ml 0.97 x 10-3 0.047

1. Adjusted for eGFR, PTH, Phosphate, BMI and smoking

2. Adjusted for eGFR, PTH, phosphate, BMI, smoking, ferritin and TSAT

3. Adjusted for eGFR, PTH, phosphate, BMI, smoking, IL-6 and CRP

4. Adjusted for eGFR, PTH, phosphate, BMI, smoking, ferritin, TSAT, IL-6 and CRP
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Discussion

The main finding of this study is the strong and robust association between cFGF23 levels 

and RDW in patients with CKD and CHF, which persisted after adjustment of several potential 

confounders. Interestingly, in contrast with the consistent association between cFGF23 and RDW, 

no association between iFGF23 and RDW was observed. Our results are in line with previous 

observations connecting red cell properties with phosphate homeostasis (6,7). As both red cell 

properties and calcium/phosphate homeostasis are important prognostic factors in CKD, detailed 

knowledge about their interaction could provide novel insights into the etiology of combined CHF 

and CKD and the subsequent deteriorated prognosis.

Currently, the underlying pathophysiological mechanisms linking FGF23 and RDW with outcome 

are unknown. Our data suggest an association between cFGF23 and RDW, raising the question 

whether there is an unknown factor that directly affects the risk of adverse outcome in combined 

CHF and CKD and whether this also affects both RDW and FGF23. Therefore, co-aggregation of 

changes in FGF23 and RDW caused by an established factor associated with renal function (i.e. 

potential confounding) should be ruled out. We adjusted for several potential confounders, known 

to influence FGF23 concentrations, based on the literature (eGFR, PTH, phosphate, smoking, and 

BMI) (29–31): this did not substantially mitigate the strength of the association between RDW 

and FGF23.

Recent data demonstrated that iron deficiency can increase cFGF23, possibly as a result of 

increased FGF23 cleaving (6,7). Wolf et al. demonstrated that iron deficiency stimulates FGF23 

transcription whereby increased levels of iFGF23 are cleaved intracellularly into cFGF23 in healthy 

humans as such limiting its physiological effects on phosphate homeostasis. Therefore, iron 

metabolism may be a link between FGF23 and RDW in our patients with combined chronic 

heart and renal failure. Although we found a significant association between cFGF23 and TSAT, 

the association between cFGF23 and RDW was only marginally attenuated by TSAT and ferritin. 

This suggests that additional mechanisms could be involved. Of note, the study design of the 

EPOCARES study included oral iron supplementation in all groups.

In addition to iron metabolism, inflammation stands out as a potential mechanism explaining 

the association between FGF23 and RDW. Higher levels of FGF23 are independently associated 

with inflammation in patients with CKD (32) and high RDW values have been associated with 

plasma markers of inflammation in a large cohort of unselected adult outpatients (33) and in 

patients with heart failure (17). Indeed, our subsequent analysis showed that the strength of the 

2
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association between cFGF23 and RDW was attenuated, but not abolished, after adjusting for CRP 

and IL-6. Taken together, the association between cFGF23 and RDW may be partly explained by 

iron metabolism as well as by inflammation but remains statistically significant after adjustment 

for these factors, indicating that additional unknown factors may link cFGF23 and RDW.

Alternatively, cFGF23 may directly influence RDW. Although there is some debate, several studies 

demonstrate FGF23 effects on the vessel wall (34–36). Endothelial responses to a high FGF23 

level could induce suicidal red blood cell death (eryptosis) with a reactive rise in RDW (16,25). As 

has been shown in animal model, the presence of c-terminal FGF23 fragments may modulate 

FGF23 mediated effects and as such the role of endothelial cells on erythrocyte turnover can be 

influenced (37).

Additional mechanistic studies linking iron metabolism, FGF23 and red cell fate are relevant in 

CKD given the high risks of cardiovascular disease and death in these patients. Future research in 

which FGF23 levels are manipulated in order to influence RDW could possibly lead to a potential 

therapeutic intervention and improve the cardiovascular outcome in CKD patients. Conversely, 

it may be of importance to investigate the effect of influencing RDW (via iron manipulation) on 

FGF23 production and cleavage in osteocytes. If indeed cFGF23 is toxic to vessels, targets to 

interfere in the FGF23 secretion and catabolism could be helpful in preventing cardiovascular 

diseases.

Limitations of the study as a result of sample size need to be acknowledged. The size of our cohort 

which was based on the EPOCARES study is relatively small; yet the observed association between 

cFGF23 and RDW was robust in multivariate analyses. Furthermore, this study, performed among 

elderly people with CKD and CHF, may not be generalized to the entire CKD population. Finally, 

no cause-effect relationship can be established from this study due to its cross-sectional nature. 

The assumption that c-terminal FGF23 has its effect on the vascular wall is purely speculative, 

so we consider this a hypothesis-generating study that serves to fuel future prospective studies.

Strong points of our study include the fact that we measured both C-terminal and intact FGF23, 

which allowed us to obtain specific information on FGF23 cleaving, and the fact that we adjusted 

our analyses for markers of iron status and inflammation. However, this also yields a limitation, 

as the comparison of the results of the two assays measuring cFGF23 and iFGF23 is difficult due 

to the use of different units. Since the proportion of FGF23 that is cleaved is unknown, cFGF23 

can only be reported as unit/volume. The two assays may detect different FGF23 epitopes and 

therefore in biological systems the affinity for these respective epitopes may differ and explain 

BNW_Fenna_v1.indd   42 16-Aug-19   17:07:58



43

Red cell distribution width and fibroblast growth factor 23

limited linearity between these two ELISAs. This may apply in our EPOCARES subjects as well. 

However, our group has published results comparing the two assays in a range of concentrations 

and demonstrated a reasonable linearity of both assays (28). We decided to use iFGF23:cFGF23 

ratio as a measure for the amount of cleaved FGF23 present, in accordance with recommendations 

by others (15).

In conclusion, our study demonstrates an association between cFGF23 and RDW but not iFGF23, 

suggesting that RDW is linked with FGF23 cleaving. Although iron deficiency and inflammation 

are known determinants of RDW as well as FGF23 metabolism, these factors only partly explained 

the association between RDW and FGF23. Further research is warranted to address additional 

mechanisms driving the association between FGF23 and red cell metabolism, and particularly 

RDW, in patients with CKD and CHF.
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Abstract

Objective: High circulating levels of fibroblast growth factor (FGF23) in patients with chronic 

kidney disease (CKD) are associated with, and may induce cardiovascular disease. Iron deficiency, 

besides being a risk factor itself, increases FGF23 production. Iron repletion in turn can restore this 

overproduction, but remarkably some iron formulations induce temporary hypophosphatemia. 

The main goal of this study was to address the effect of modulation of iron status on FGF23 and 

downstream regulation of renal phosphate homeostasis. rFGF23 was administered to test the 

effect of different iron status on tubular sensitivity for FGF23. Studies were performed in healthy 

mice and mice with kidney failure.

Materials and methods: Mice were fed an iron sufficient (34,25 ppm) or deficient (0.01 ppm) 

diet for 6 weeks. Iron was administered as a single iv injection of 0.015 mg/g body weight ferric 

carboxymaltose (FCM) or iron dextran (ID). We determined the effects on plasma intact and 

C-terminal FG23, ferritin and phosphate, bone mRNA levels of FGF23 and klotho. rFGF23 was 

administered ip twice in a dose of 160 µg/kg during the stay in a metabolic cage and fractional 

phosphate excretion was determined. Experiments were performed in healthy mice and in 5/6 

nephrectomized mice.

Results: Nephrectomized mice had significant kidney failure and iron administration resulted in 

significant increases in plasma ferritin levels. However, liver iron content did not differ between 

the two diet groups, suggesting only small differences in these groups with regard to iron status. 

Overall, dietary iron content nor iron supplementation changed FGF23 metabolism as reflected 

by its serum concentrations and bone expression pattern. In addition, rFGF23 did not result in a 

change in fractional phosphate excretion between experimental groups.

Conclusions: Substantial iron deficiency was not induced in this model, and hence no conclusion 

can be drawn in this regard to FGF23 metabolism or sensitivity. Iron loading in both normal and 

uremic mice by a single high dose of FCM or ID did not change iFGF23, cFGF23 and phosphate 

levels. In addition, iron loading did not change the sensitivity for rFGF23 based on fractional 

phosphate excretion.
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Introduction

Fibroblast growth factor (FGF23) is an osteocyte-derived hormone that controls phosphate 

homeostasis by promoting renal phosphate excretion (1). FGF23 requires Klotho as a co-receptor 

to increase its affinity for the FGF receptor (FGFR) (2). Patients with advancing chronic kidney 

disease (CKD) have a progressive rise in FGF23 levels, which is considered to be the consequence 

of either phosphate exposure or FGF23 resistance due to loss of renal klotho. FGF23 is associated 

with CKD progression, cardiovascular events and mortality (3-5). Moreover, FGF23 has been 

suggested to be causally related to left ventricular hypertrophy (6) and therefore may qualify as a 

therapeutic target to prevent cardiovascular disease (CVD) in patients with CKD.

Recently iron deficiency was recognized as an environmental factor that stimulates FGF23 

production in osteocytes (7-12). FGF23 is secreted as intact FGF23 (iFGF23) which is biologically 

active and can be cleaved by furin within osteocytes into biologically inactive c- and n-terminal 

FGF23 (cFGF23) (1). The exact role of iron on FGF23 production and cleavage is incompletely 

understood, especially in patients with CKD. Modulating iron status might impact cardiovascular 

risk due to the influence on FGF23 production and cleavage. Remarkably, different iron 

preparations can have diverging effects on serum iFGF23 concentrations and phosphate 

homeostasis, with some formulations like ferric carboxymaltose (FCM) occasionally induced 

transient hypophosphatemia, despite a generally declined FGF23 concentration after restoring 

iron depletion (13-17).

The goal of the present study is to obtain insight into the effects of varying iron status on 

FGF23 production, cleavage and sensitivity in mice with either normal kidney function or kidney 

failure. In addition, we studied the influence of intravenous iron on FGF23 cleavage. To reveal 

the mechanism behind the previously described different effects of several iron preparations on 

phosphate homeostasis, both FCM and iron dextran (ID) were given. Finally, cleavage-resistant 

recombinant FGF23 (rFGF23) was administered to examine differences of sensitivity for FGF23 at 

the tubular level for different iron formulations. Therefore, at the end of the experiments, a fixed 

dose of rFGF23 was administered and subsequently 24 hours urinary phosphate excretion and 

its fractional excretion was determined.

3
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Materials and Methods

Ethical statement

This study was carried out after approval of the Central Authority for Scientific Procedures on 

Animals (CCD). All the procedures were conducted following the guidelines of the local Animal 

Ethical Committee, adhering the guidelines of the European animal welfare. All performed 

experiments were approved by the animal ethics board of the VU University Center (VUmc) and all 

efforts were made to reduce any potential suffering of the animals. Ethical approval was also based 

on pilot data from our lab that showed adequate induction of iron deficiency by iron-depleted 

diet, as reflected by significant decline of ferritin and increase in cFGF23 (data not shown).

Mice

Pathogen-free three-week old male and female C57Bl/6 mice were purchased from Charles River 

Laboratories and housed under standardized conditions in the animal facilities at the VUmc. After 

one-week acclimatization, mice were maintained on a standard diet containing 45 mg Fe/kg 

(Research Diets, AIN-76A, D09070191 with added iron, 34,25 ppm iron final concentration) or on 

an iron deficient diet (Research Diets, AIN-76A, D09070192, 0.1 ppm iron final concentration) for 

six weeks, previously described as inducing iron deficiency (18). All other nutritional factors were 

equal. To avoid potential contamination with iron, solid drinks were introduced and mice were 

housed in disposable plastic cages. Diets and water were introduced at weaning (age 4 weeks) 

and were provided at libitum throughout the study.

Design

This study was divided into two parts: the first part was performed in mice with normal kidney 

function, the second part in mice with kidney failure. To study the effects of different iron 

conditions on FGF23 metabolism and sensitivity in healthy mice, the following experimental 

groups were created, involving 108 mice with normal kidney function:

Group 1: normal iron diet (n=9) 

Group 2: iron deficient diet (n=9) 

Group 3: iron sufficient diet followed by FCM (n=9) 

Group 4: iron deficient diet followed by FCM (n=9) 

Group 5: iron sufficient diet followed by iron dextran (n=9) 

Group 6: iron deficient diet followed by iron dextran (n=9) 

Group 7: normal iron diet ended by rFGF23 (n=9) 

Group 8: iron deficient diet ended by rFGF23 (n=9) 
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Group 9: iron sufficient diet followed by FCM and ended by rFGF23 (n=9) 

Group 10: iron deficient diet followed by FCM and ended by rFGF23 (n=9) 

Group 11: iron sufficient diet followed by iron dextran and ended by rFGF23 (n=9) 

Group 12: iron deficient diet followed by iron dextran and ended by rFGF23 (n=9)

As it is currently unknown whether or how iron influences FGF23 metabolism in kidney failure, an 

acquired state of disturbed phosphate homeostasis and increased FGF23 concentrations, these 

experiments were repeated in mice with kidney failure induced by 5/6 nephrectomy, part two of 

the experiments. Based on a sample size calculation and taking into account the possible loss of 

animals due to surgical complications, there were 12 5/6 nephrectomy mice in every one of 12 

groups, yielding a total number of 144 CKD mice in the second part of the study.

5/6 nephrectomy model

Partial nephrectomy (5/6Nx) was performed under standardized conditions as described previously 

(19, 20). Briefly, a small abdominal midline incision of the skin and muscles was made under 

general anesthesia (isoflurane) and preoperative analgesia (buprenorphine; Temgesic®; Schering-

Plough, Houten, The Netherlands, 0.05 mg/kg intramuscular). The left kidney was decapsulated 

after which both the upper and lower pole were ablated by cauterization (High-temperature fine 

tip Cautery, Bovie Medical Corporation, Clearwater, FL, USA). Subsequently, in the same surgical 

session, the contralateral kidney was decapsulated and renal blood vessel and ureter were ligated, 

after which the entire kidney was removed. The abdomen was closed with sutures in two layers 

and all mice received subcutaneous injections of postoperative analgesia two days after surgery 

(Ketoprofen; Ketofen® (Merial SAS, Velserbroek, The Netherlands, 5 mg/kg). Sham-operated 

mice were used as controls and underwent the similar protocol including decapsulation of both 

kidneys, except for the renal ablation or extirpation.

Experimental procedures

Intra-venous tail vein injections included a single injection of ferric carboxymaltose (FCM, 0.015 

mg/g body weight i.v. once) or iron dextran (ID, 0.015 mg/g body weight i.v. once) 1 day before 

sacrifice to induce iron repletion or iron overload. One day before sacrifice under total anesthesia 

(isoflurane), mice were placed into individual metabolic cages enabling 24 hrs urine collection. 

During these 24 hrs, mice received two intra-peritoneal injections of 160 µg/kg carrier-free 

cleavage-resistant recombinant mouse FGF23 (rFGF23; R&D Systems, Minneapolis, MN, USA; 

cat.no 2629-FG-CF) in a total volume of 100 µl to test the tubular sensitivity for FGF23. In rFGF23, 

modulation of the proteolytic cleavage site blocks the cleavage of FGF23, thereby preventing loss 

of FGF23 activity (21). Serum samples were obtained by tail bleeding or intracardiac exsanguination 

3
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at the end of the experiment. Blood was divided into EDTA-coagulated microtainers with added 

aprotinin to prevent degradation of FGF23 (22) and centrifuged 10 minutes at 1.800 G at 21 °C. 

Plasma samples were stored at -80 °C.

Biochemistry and urine samples

FGF23 levels were measured using both an iFGF23 ELISA that measures the intact active protein 

exclusively (Kainos Laboratories, Tokyo, Japan) and a murine cFGF23 ELISA that recognizes the 

full-length protein and its C-terminal cleavage fragments (Immutopics, Carlsbad, CA, USA). In 

order to estimate the amount of iFGF23 in relation to the total amount of FGF23 (i.e. intact FGF23 

+ c-terminal FGF23 as measured by the c-terminal assay), we calculated the iFGF23/cFGF23 ratio. 

For other assays, phosphate was measured using a molybdate UV assay on a Roche/Hitachi Cobas 

c 702 analyser (Roche-diagnostics, Basel, Swiss), creatinine was measured using an enzymatic 

method on a Roche/Hitachi Cobas c 702 analyser (Roche-diagnostics, Basel, Swiss), hemoglobin 

was measured colorimetric on a Sysmex XN9000 routine analyser (Sysmex corporation, Japan) 

and ferritin by mouse ELISA (Abcam, Cambrigde, MA, USA). Fractional phosphate excretion was 

calculated using the formula: [(urine phosphate in mmol/L) x (serum creatinine in mmol/L)]/[(serum 

phosphate in mmol/L) x (urine creatinine in mmol/L)].

Quantitative hepatic iron concentration

Harvested livers were frozen in liquid nitrogen and stored at -80°C. Small pieces of the livers 

(~100 mg) were weighed and homogenized. Liver tissue iron levels were determined using the 

chromogen bathophenanthroline as previously described (23). Iron concentrations were calculated 

by comparison to a standard curve of ferrous sulphate and corrected for protein concentration. 

Values were expressed as milligrams of iron per gram of dry weight.

RNA preparation and quantitative PCR of bone tissue

The proximal femurs were cleaned of soft tissue, pulverized in liquid nitrogen using the Freezer 

mill 6750 (Spex Certiprep, Metuchen, NY, USA) and extracted with Trizol (Invitrogen, Carlsbad, 

CA, USA). This was followed by a phenol extraction and a second trizol extraction according to 

the manufacturer's instructions. Possible DNA contamination was removed by DNAse incubation 

(Promega, Leiden, the Netherlands). The RNA pellet was dissolved in RNase-free water and stored 

at -80 °C until use. The yield of RNA was measured by Nanodrop spectrophotometer (NanoDrop® 

ND-1000 Spectrophotometer)(24).

One hundred ng of total RNA was reverse-transcribed using 10 ng/µl random primers (Roche, 

Basel, Switzerland) and 5 U/µl M-MLV Reverse Transcriptase (Promega) in a mixture containing 
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5 mM MgCl, 1x RT-buffer, 1 mM dNTPs each, 1M betaine and 0.40 U/µl RNAsin for 10 min at 

25°C, 1h at 37°C and 5 min at 95°C in a total volume of 20 µl. For real-time qPCR reaction the 

cDNA was diluted 5 folds with RNase free water. For a 10 µL qPCR reaction, 2 µL of cDNA was 

mixed with a 5µL SYBR Green qPCR mastermix (Roche Diagnostics, Germany) and 2 µL H
2
O. One 

microliter mixture of 0.5 µL reverse and 0.5µL forward primers (each 10 pmol/L) was added in 

the qPCR reaction. The PCR reaction consisted of an initial denaturation step of 1 cycle at 95 °C 

for 10 minutes, followed by an amplification step of 45 cycles as follows: 95 °C for 10 seconds, 

60 °C for 5 seconds, 72 °C for 10 seconds. Primers were designed for the mouse genes: FGF23, 

HIF1α, Furin, GalNT3 and a-Klotho. The Light Cycler 480 release 1.5.0 SP4 software (Roche, 

Germany) was used to analyze gene expression data. The gene expression was normalized with 

housekeeping genes TBP and B2M using the formula: 2-ΔCp (25).

Statistics

For statistical analysis, the SPSS software package version 20 was used (SPSS, IBM, Chicago, IL, 

USA). Descriptive data are presented as mean +/- SD or SEM. Differences between groups with 

normal distribution were analyzed using two-sided t-tests. P values < 0.05 were considered 

statistically significant.

Results

Induction of kidney failure and modulation of iron status

CKD mice had elevated levels of plasma creatinine compared to healthy mice (Table 1, P< 0.01). 

Plasma iFGF23 and cFGF23 levels increased significantly in CKD mice compared to non-CKD mice 

(both P< 0.01). Mice on an iron deficient diet had a statistically lower plasma ferritin level, while 

administration of intravenous iron (both FCM and ID) led to significantly higher ferritin levels. MCV 

levels were significant lower in mice fed an iron deficient diet, both in non-CKD and in CKD. RDW 

levels were higher in non-CKD mice with iron deficiency but not in CKD mice with iron deficiency. 

Liver iron content of mice fed an iron deficient, iron sufficient or iron loading were similar (figure 

1). No mortality was observed after intravenous iron injection.
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Figure 1. Liver iron contents in (•) normal iron-diet mice, (▪) mice with iron-deficient diet and (▲) iron loaded mice in non-

CKD (A) and CKD (B).

Effects of iron modulation on FGF23 metabolism in healthy mice

To assess the effects of dietary iron content on FGF23 metabolism in healthy mice, both iFGF23 

and cFGF23 levels, iFGF23/cFGF23 ratio and phosphate levels were compared between mice 

fed a standard-iron diet vs an iron-deficient diet (table 2, upper part). Body weight and kidney 

function were similar between groups (data not shown). All above mentioned parameters were 

not different between the two groups.

To assess the effect of different iron supplements on FGF23 metabolism in healthy mice, 

intravenous FCM or ID was given in both healthy mice with standard-iron diet and mice with iron 

deficient diet. Overall, no effects on iFGF23 and cFGF23 were found following intravenous iron 

administration of either formulation, except a statistically significant increase in iFGF23 levels in 

the group with normal iron status and ID supplementation, i.e. in iron loaded mice. There was 

a statistically significant lower plasma phosphate level in mice with low iron diet that received 

ID. The iFGF23/cFGF23 ratio did not show significant differences between the different groups 

(table 2, upper part).

Effects of iron modification on FGF23 metabolism in CKD mice

We subsequently assessed the effects of dietary iron status on FGF23 metabolism in 5/6 

nephrectomy mice (table 2, lower part).

Body weight and kidney function were similar between the groups (data not shown). Phosphate 

levels remained stable. cFGF23 and iFGF23 levels did not differ between low-iron diet and 

standard-iron diet in CKD.

3
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To assess the effects of FCM and ID on FGF23 in a uremic environment, these iron supplements 

were given in 5/6 nephrectomy mice. In mice with CKD, no effects on iFGF23 and cFGF23 were 

shown following intravenous iron administration. In addition, the phosphate levels were similar 

in the experimental groups. The iFGF23/cFGF23 ratio also did not show statistically significant 

differences between the different groups.

Table 2. FGF23 and phosphate metabolism for different iron status and kidney function

iFGF23 (pg/ml) cFGF23 (RU/ml) iFGF23/cFGF23 Phosphate (mmol/L)

Non CKD

Normal iron diet 142 (25) 356 (151) 0.43 (0.11) 2.49 (1.14)

Low iron diet 164 (34) 464 (276) 0.40 (0.14) 2.76 (0.92)

Normal iron diet+ FCM 144 (33) 381 (189) 0.42 (0.09) 2.53 (0.78)

Normal iron diet+ ID 189 (52)# 458 (177) 0.43 (0.08) 2.55 (0.40)

Low iron diet + FCM 181 (37) 435 (130) 0.43 (0.07) 2.70 (0.68)

Low iron diet + ID 193 (65) 588 (295) 0.36 (0.10) 2.00 (0.47)#

CKD

Normal iron diet 442 (225) 1242 (670) 0.37 (0.12) 2.09 (0.59)

Low iron diet 446 (194) 1147 (458) 0.40 (0.14) 1.99 (0.63)

Normal iron diet + FCM 433 (210) 1126 (506) 0.37 (0.07) 1.98 (0.37)

Normal iron diet + ID 331 (94) 836 (303) 0.42 (0.11) 2.09 (0.29)

 Low iron diet + FCM 395 (137) 975 (340) 0.42 (0.11) 1.64 (0.26)

 Low iron diet + ID 357 (111) 1028 (583) 0.41 (0.15) 1.58 (0.34)

Data expressed as mean ±SD, #P< 0.05 loading vs normal. FCM= ferric carboxymaltose, ID= iron dextran.

The effect of different iron conditions on the sensitivity for recombinant FGF23

To test whether different iron conditions are of influence on the sensitivity for FGF23, 

intraperitoneal rFGF23 was given during the stay in metabolic cages just before sacrifice. Overall, 

fractional phosphate excretion was not affected by rFGF23 in experimental groups. In non-

CKD mice, a significant decrease in phosphate excretion was seen in mice fed a normal iron 

diet, supplemented by FCM and after rFGF23 injection compared to mice with non-CKD mice 

with normal iron diet. In CKD mice, the group with iron deficient diet and ID supplementation 

had significant higher phosphate excretion compared to mice with iron deficient diet without 

supplementation of iron and rFGF23. Since the amount of urine produced during the stay in 
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metabolic cages varied, the absolute amount of phosphate excretion was calculated (figure 3). 

Overall, the absolute phosphate excretion did not change by administering rFGF23, except for 

healthy mice with iron deficient diet with or without ID supplementation and rFGF23.

Figure 2. Fractional phosphate excretion in (A) non-CKD mice and (B) CKD mice. Black bars: mice fed a normal iron diet, 

grey bars: mice fed an iron deficient diet. FCM= ferric carboxymaltose, ID= iron dextran, rFGF23= recombinant FGF23. * P< 

0.05 vs mice with same diet and without supplementation of iron or rFGF23.

Figure 3. Absolute phosphate excretion per 24 hours in (A) non-CKD mice and (B) CKD mice. * P< 0.05 vs mice with same 

diet and without supplementation of iron or rFGF23.

Bone mRNA expression in different iron conditions

In addition to determining FGF23 in blood, FGF23 expression on bone tissue level was examined. 

Figure 3 shows the mRNA expression of FGF23, klotho, HIF1α and furin in bone. No differences 

in mRNA expression was found for any of these genes.

3
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Figure 4: Pooled data (three bones per dot) of mRNA expression of (A) FGF23, (B) klotho, (C) HIF1α and (D) furin in proximal 

femurs of (• ) iron deficient mice and (▲) iron replete mice.

Discussion

In this study, iron deficient diet, which induced hematological evidence of functional iron 

deficiency, did not induce changes in FGF23 metabolism or tubular handling of phosphate in 

mice. In addition, iron loading by either FCM or ID, did not modify these parameters of FGF23 

and phosphate homeostasis. The absence of an effect of iron depletion on FGF23 metabolism 

was similar in healthy and CKD mice. Moreover, these differences in iron status did not induce 

differences in expression of FGF23, klotho, HIF1α and furin in bone tissue. Finally, kidney sensitivity 

for FGF23, as assessed by administration of cleavage-resistant rFGF23, was unaffected by iron 

status or CKD. Although plasma parameters (ferritin, MCV and RDW) support the validity of our 

experimental model, in this study iron deficiency does not induce changes in FGF23 metabolism.

Iron administration and FGF23

The results of this study are not in keeping with previously published reports (11, 18, 26). Mature 

mice with normal kidney function showed increased cFGF23 levels, normal iFGF23 levels and 

increased bone FGF23 mRNA expression in the setting of iron deficiency. However, although 

the effect of iron deficiency on FGF23 metabolism has been examined in the setting of normal 
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kidney function, the consequences of different iron status during impaired kidney function are less 

well described. Hanudel et at. placed wild type mice on 8-week diets with low or standard iron 

concentrations, with or without adenine to induce CKD (27). They showed that in both control 

and CKD mice, a low iron diet caused increased bone FGF23 mRNA expression and cFGF23 levels. 

Based on the concentrations of cFGF23 and iFGF23, they concluded that during CKD, both FGF23 

production and cleavage were increased. This contradicts our study results, which showed no 

effect of iron on FGF23 metabolism. As expected by the results of the serum FGF23 levels, iron 

deficiency was not associated with increased mRNA FGF23 levels. It is well established that iron 

deficiency is associated with stabilization of hypoxia-inducible factor α (HIF 1α), which can increase 

transcription of FGF23 (11, 26). HIF1α also upregulates furin, which cleaves FGF23 (26, 28, 29). 

Based on these facts, HIF1α could contribute to iron deficiency-mediated coupling of increased 

FGF23 production and cleavage. In our study however, no upregulation of HIF 1α occurred. These 

negative results of iron status on mRNA of both HIF 1α and FGF23 suggest that the induction of 

a substantial iron deficiency failed in our study.

Limited by the amount of blood that could be extracted from mice, a choice in serum chemistries 

had been made in advance. Ferritin was chosen as the most reliable serum parameter for iron 

status. After 6 weeks of iron deficient diet, mice indeed had significantly lower levels of ferritin. 

The difference in ferritin levels between the two groups of dietary intervention in our study 

were even more pronounced than in other studies with an experimental mice model with iron 

deficiency (26). Additionally, MCV decreased and RDW increased in all groups, providing additional 

evidence for the existence of relevant iron deficiency. Motivated by the unexpected results, 

additional evidence for iron depletion was collected by measuring iron content in the liver. In 

contrast to ferritin levels in serum, iron content in the liver did not differ between groups. Previous 

research has shown that measurement of hepatic iron concentrations is accurate for detecting 

systemic iron deficiency or sufficiency (30, 31). This somehow questions if iron deficiency in our 

model was severe enough, or of sufficient duration, to have an impact on FGF23 metabolism or 

sensitivity. However, iron depleted diets were able to impact on ferritin levels, MCV and RDW, all 

reflecting biological significance, as shown in table 1. The experimental diets were obtained from 

Research Diets, Inc. This choice was made based on excellent results in other research in terms 

of adequately reaching contrasts in iron status (11, 18). In these reports, iron deficiency was not 

only demonstrated by serum ferritin levels and FGF23 mRNA expression but also by serum iron 

chemistry, hepcidin mRNA or renal EPO and transferrin receptor type1 mRNA expression, but not 

by measuring iron content as we did. Farrow et al. placed the mice on the same iron deficient and 

sufficient diet for 8 weeks, which is 2 weeks longer than our experimental groups (11) and showed 

statistically significant differences in both iron and iFGF23 and cFGF23 parameters. However, in 
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the study of Clinkenbeard et al (18), iron depletion was carried out by providing low-iron diet for 

4 weeks only, which also induced significant differences in outcome parameters. These results and 

our pilot study, which showed statistically significant differences in ferritin, iFGF23 and cFGF23 

levels after 6 weeks of low- and normal-iron diet, justified the set-up of our study exposing animals 

to 6 instead of 4 weeks of iron-depleted diets. In a subsequent study we may have to decide 

to extend this duration in order to gain more contrast in iron levels in our experimental model.

Iron administration and hypophosphatemia

Hypophosphatemia occurring after iv iron administration has been observed with several iron 

formulations, such as FCM, saccharated iron oxide and iron polymaltose (12, 15, 32-35), but not 

with ID or ferumoxytol (33, 36). Due to the different effects of these iron preparations, we chose 

FCM and ID for iron supplementation in our study. However, in contrast to previous results, in our 

study the only statistically significant decrease of serum phosphate level was in the non-CKD group 

on iron-deplete diet receiving ID. Given the relatively high number of groups in our study, this latter 

decline of phosphate in a specific group is probably there because of chance, as a consequence 

of multiple testing. The fact that phosphate does not decrease after iron administration does 

correspond to the absence of a change in iFGF23

Effect of iron on sensitivity for FGF23

As described, the effect of iron on FGF23 production and cleavage has been subject of many 

research projects. However, it is unknown whether iron affects the sensitivity for biologically 

active FGF23, which could be another explanation of changes in phosphate homeostasis. To 

get insight into this potential mechanism, rFGF23 (21) was given 24 hours before sacrifice. To 

measure tubular phosphate handling, mice were placed in metabolic cages to collect 24-hour 

urine samples. Even though the results from the analysis to the effect of rFGF23 on fractional 

phosphate excretion suggest some significant differences (figure 2 and 3), these differences 

have no relevance and could be explained by multiple testing. Therefore, no clear pattern can 

be detected and unfortunately our study does not contribute to a conclusion about the effect 

of different iron conditions on FGF23 sensitivity. Based on previous research with rFGF23 in our 

group (37) we chose carrier free rFGF23 (rFGF-CF) to assess the effects of systemic administration 

of cleavage resistant FGF23. The rFGF23-CF does not contain Bovine Serum Albumin (BSA) as a 

carrier protein with enhances protein stability, increases shelf-life, and allows the recombinant 

protein to be stored at a more dilute concentration. However, previous studies in which rFGF23 

was administered, used addition of BSA (6). In our study, we dissolved rFGF23-CF in PBS and 

stored it into the refrigerator. During the stay in metabolic cages, this solution of rFGF23-CF and 
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PBS was used. Based on our results, it appears as if activity of rFGF23 was lost, which could explain 

the absence of biological effects of rFGF23 on phosphate excretion.

Implications for treatment and future research

This study contradicts previous studies, and questions the existence of a straightforward relation 

between iron deficiency and FGF23 production. However, our study may be somewhat flawed, 

because some data indicate that we induced modest iron deficiency only. Therefore, additional 

mechanistic studies are needed to unravel the mechanisms of iron depletion on FGF23 production 

(if it exists) and cleavage in osteocytes. Although there were no clear differences in iFGF23 and 

cFGF23 in the experimental groups, these data could have mechanistic importance. Our data and 

previous research may be reconciled with the assumption of the existence of a lower threshold 

below which iron deficiency does affect FGF23 transcription and cleavage. If such a threshold 

does exist, it could assist in clinical decision making with regard to the timing and dosing of iron 

supplementation in patients with CKD. The mechanism explaining the diverging effect of different 

iron preparations remains unresolved and should be clarified in order to prescribe a formulation 

that fits the patient. If there is more insight into the effects of different iron preparations, clinical 

trials should determine if and which oral or intravenous iron supplementation will not only improve 

iron parameters and anemia, but also influence FGF23 levels. The ultimate goal will be to study 

the influence of iron on hard clinical outcomes, mediated by FGF23 or not.

Strengths and limitations of this study

The strength of this study includes the fact that an extensive study design has been set up 

with 2 different iron formulations given in both healthy and CKD mice. FGF23 stabilization was 

accomplished by adding aprotinin to the tubes, a serine protease inhibitor, immediately after 

collection. Plasma samples may be less unsuitable for measurement of intact FGF23 unless 

stabilized with a protease inhibitor (22). In addition, blood was centrifuged within a time frame 

of 10 minutes after withdrawal to further limit the risk of FGF23 degradation. Our study does not 

contribute to the clarification of the mechanism behind the effect of iron on FGF23 production 

and cleavage. The most likely explanation is the fact that the degree of iron deficiency was 

too limited which is underlined by the absence of differences in liver iron content. However, 

measuring liver iron content has not been performed in other studies examining the effects of 

iron on FGF23 and therefore the degree of iron deficiency on tissue level is unknown in those 

studies. Associations between serum ferritin and tissue iron have been reported in hemodialysis 

patients who received intravenous iron . However, results were conflicting: Ali et al (38) found a 

positive correlation of serum ferritin concentrations with semi quantitative scores for hepatosplenic 

iron deposits in 36 patients. Fleming et al (39) showed a positive correlation between hepatic 
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iron content and cumulative iron dose, but no significant correlation between hepatic iron and 

plasma ferritin in 22 patient receiving dialysis. Before starting subsequent research, we need to 

re-validate our experimental model to make sure the prescribed diet has clear effects on iron 

storage and availability in mice. In addition, we should try to measure both ferritin and iron to 

confirm iron deficiency.

The dose of rFGF23 (160 ug/kg) was chosen based on a pilot experiment in which this dose 

demonstrated a serum phosphate lowering effect after administration of rFGF23 twice with a 

12-hour interval, using peritoneal injections (40). However, in contrast to Faul et al (6), we didn’t 

confirm in vivo biological activity in our experimental model. Although the dose of rFGF23 given 

in our study is considerably higher than in the study of Faul et al (160 ug/kg vs 40 ug/kg), it is 

noticeable that in our study rFGF23 was given only twice. Studies in which biological effect had 

been seen, rFGF23 has been given for several days (6, 41, 42). However, some if these studies were 

focused on structural tissue changes, for which it is conceivable that more prolonged exposure 

is a prerequisite, while we studied the functional properties of FGF23. Nevertheless, it remains 

possible that 2 injections of rFGF23 in a relatively short period before sacrifice are probably 

not sufficient to cause an optimal biological effect and in a future validation study, the optimal 

duration of rFGF23 injections should be clarified.

Conclusions

In sum, different iron conditions had no effect on iFGF23 and cFGF23 levels in healthy and CKD 

mice. A single intravenous iron injection of either FCM or ID did not alter the amount and cleavage 

of FGF23. In addition, the sensitivity for rFGF23 was not changed by different iron status. Although 

the model of iron deficiency seems to be correct based on significant differences in ferritin levels, 

there is doubt whether enough iron depletion has been reached. Subsequent research has to 

be done after we have made sure that sufficient iron deficiency has been achieved in our next 

experimental model.
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Abstract

Background: Hepcidin regulates systemic iron homeostasis by downregulating the iron exporter 

ferroportin. Circulating hepcidin is mainly derived from the liver but hepcidin is also produced in 

the heart. We studied differential and local regulation of hepcidin gene expression in response 

to myocardial infarction (MI) and/or chronic kidney disease (CKD). We hypothesized that cardiac 

hepcidin gene expression is induced by and regulated to severity of cardiac injury, either through 

direct (MI) or remote (CKD) stimuli, and through increased local iron content.

Methods: Nine weeks after subtotally nephrectomy (SNX) or sham surgery (CON), rats were 

subjected to coronary ligation (CL) or sham surgery to realize four groups: CON, SNX, CL and 

SNX+CL. In week 16, gene expression of hepcidin, iron and damage markers in cardiac and liver 

tissue was assessed by qPCR and ferritin protein expression was studied by immunohistochemistry.

Results: Cardiac hepcidin mRNA expression was increased two-fold in CL (P= 0.03) and threefold 

in SNX (P= 0.01). Cardiac ferritin staining was not different among groups. Cardiac hepcidin 

mRNA expression correlated with mRNA expression levels of brain natriuretic peptide (β= 0.734, 

P< 0.001) and connective tissue growth factor (β= 0.431, P= 0.02). In contrast, liver hepcidin 

expression was unaffected by SNX and CL alone, while it was 50% decreased in SNX+CL (P< 

0.05). Hepatic ferritin immunostaining was not different among groups.

Conclusions: Our data indicate differences in hepcidin regulation in liver and heart and suggest a 

role for injury rather than iron as driving force for cardiac hepcidin expression in renocardiac failure.
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Introduction

Iron-dependent modulation of energy metabolism is important in tissues with high metabolic 

demand, such as the myocardium (1). The mechanisms involved in local iron metabolism are of 

critical importance since in the heart both iron overload and iron deficiency has poor outcomes 

[2-4]. Hepcidin is the main regulatory protein of systemic iron metabolism. It is mainly produced 

in the liver and binds to ferroportin (Fpn-1), a cellular iron exporter, resulting in internalization 

and degradation of the complex (5). Hepcidin thus inhibits cellular iron efflux from enterocytes, 

macrophages and hepatocytes (6). Because hepcidin synthesis is primarily controlled at the 

transcriptional level (7), hepcidin antimicrobial peptide (Hamp) mRNA expression level is a good 

indication of the amount of hepcidin peptide produced.

Circulating hepcidin levels are mainly derived from the liver. Hepcidin is also expressed by other 

cells, such as the heart (8;9), albeit at a much lower level by comparison (10). Locally produced 

hepcidin affects iron homeostasis in an autocrine fashion, as shown by a downregulation of Fpn-1 

expression by hepcidin produced by inflammatory monocytes (11). In vitro, hepcidin reduces Fpn-1 

content and iron release in cardiomyocytes (12), suggesting that hepcidin is involved in regulating 

cardiac iron turn-over. Previous studies show that myocardial ischemia induces cardiac hepcidin 

expression and consequently enhances ferritin content in cardiomyocytes, this being related to 

the severity of ischemia (8;9). This suggests that, in addition to systemic regulation, hepcidin 

expression is also regulated at organ level and may influence cardiac iron content in response to 

myocardial injury. Indeed, cardiac hepcidin expression is regulated by a number of factors including 

hypoxia and inflammation (8).

Recently, we developed a rodent model of chronic renocardiac failure by subtotal nephrectomy 

(SNX) followed by coronary ligation (CL) (13). CL superimposed on SNX leads to more severe heart 

failure. For the current study, we assessed cardiac and hepatic hepcidin mRNA expression and related 

regulatory genes as well as ferritin protein expression, an indicator of local iron stores in this model.

The present study investigated the assumption that hepcidin expression in liver and heart is 

differentially regulated. We hypothesized that cardiac hepcidin is upregulated in response to 

damage, both in models that induce damage to the myocardium directly (i.e. myocardial infarction 

(MI) induced by coronary ligation) as well as in models that damage the myocardium indirectly 

(i.e. chronic kidney disease (CKD) induced by renal ablation). Furthermore, we hypothesized that 

the induction of hepcidin gene expression is related to the severity of cardiac injury and increases 

local iron content.

4
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Methods

Study Design

The study protocol was approved by the Ethics Committee on Animal Experiments of the University 

of Utrecht, Utrecht, the Netherlands. Male inbred Lewis rats (Lew/Crl; 180-200 grams) were 

purchased from Charles River, Germany, and housed in a climate-controlled facility with a 12:12-

hour light:dark cycle. From t= -1 wk to wk 0 a two-stage subtotal nephrectomy by resection or 

sham operation was performed as described previously (13). Briefly, first the right kidney was 

removed and one week later the poles of the left kidney were cut off. Adequacy of the SNX 

procedure was confirmed by an increase in plasma urea. From t=1 wk onward, rats received 

standard powdered chow supplemented with 6% NaCl until the end of the study. In Lewis 

rats, high salt intake is required to induce fluid overload and hypertension after SNX (13). At 

t= 9 wks, rats from both groups were either subjected to CL or sham operation. This resulted in 

four groups: CON (sham-SNX+sham-CL; n=10); SNX (SNX+sham-CL; n=12); CL (sham-SNX+CL; 

n=9); and SNX+CL (n=9). Rats were followed up to wk 16. To assess end diastolic volume (EDV), 

transthoracic echocardiography was performed with a digital ultrasound machine (model Sonos 

5500, Philips Research, Eindhoven, The Netherlands) and a 15-MHz linear array transducer 

(Hewlett Packard, Palo Alto, CA). CL and SNX+CL rats without visible MI on echocardiography 

and an ejection fraction (EF) ≥ 40% at wk 11 were excluded from the study. EF was calculated from 

end-diastolic and end-systolic volumes obtained with the area-length calculation, on B-mode cine 

loops recorded in the parasternal long axis view (13). In wk 16, rats were subjected to isoflurane 

anaesthesia, euthanized and organs were removed, weighed and processed for histological 

quantification and determination of mRNA expression. Left ventricular mass index (LVMI) was 

calculated as percentage of total body weight (BW, g/100 g). Infarct size was measured on 

photomicrographs of transverse sections of the heart stained with Sirius Red by dividing the length 

of the infarct scar by the circumference of the total LV section, traced in the midwall using ImageJ 

software. Fibrosis was measured on photographs of transverse sections (in remote myocardium 

of hearts with MI) stained with Sirius Red. Photographs were taken using a polarization filter and 

analysed using Adobe Photoshop and ImageJ software. All measurements were performed by an 

experienced technician blinded to the group allocation. The study protocol was approved by the 

Ethics Committee on Animal Experiments of the University of Utrecht, Utrecht, The Netherlands.

Immunohistochemistry

Macrophages were stained with an antibody to ED1 and lymphocytes with an antibody to 

CD3 as previously described (13). ED1- and CD3 positive cells were counted in the left ventricle. 

Renal tissue was paraffin-embedded and cut into 3-µ sections. Perls' Prussian Blue staining was 
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performed to assess iron deposition. Besides Prussian Blue as a histopathology stain, ferritin 

immunostaining was used in cardiac and liver tissue to detect the presence of iron. Paraffin 

sections were deparaffinised with xylene and rehydrated with a series of decreasing ethanol 

concentrations. Next, an antigen retrieval step using citrate was performed. To block endogenous 

peroxidise activity, the sections were incubated with 1% BSA. The primary antibody (rabbit anti-

ferritin, Sigma-Aldrich) was incubated overnight at 4°C in a 1:50 dilution. A polyclonal biotinylated 

swine anti-rabbit immunoglobulin antibody was used as secondary antibody in a 1:500 dilution 

for 30 min at RT. Section were subsequently incubated for 30 min with an avidin biotin complex, 

followed by 3 min of 3.3’-diaminobenzidine (DAB). Quantification of ferritin staining was done 

by means of calculating the reciprocal intensity using ImageJ software, with an average of 10 

images per section(14). In all CL rats immunohistochemistry was evaluated in regions distant 

from the infarct.

RNA isolation and quantitative polymerase chain reaction

Messenger RNA (mRNA) expression of hepcidin (Hamp; Rn00221783), brain natriuretic peptide (Bnp; 

Rn00580641), connective tissue growth factor (Ctgf; Rn00573960), ferroportin (Fpn1 = Slc40a1, 

Rn00591187), heme oxygenase-1 (Ho-1, Rn00561387) and bone morphogenetic protein 6 

(Bmp6, Rn 00432095) in cardiac apical tissue (distant from the infarct in CL rats), and of hepcidin 

and C/ebp-α (Rn00560963) in liver tissue was assessed by qPCR as described previously (15).

For the real-time PCR using the BIOMARK device (Fluidigm, San Francisco, CA), RNA was 

purified from 2ug total RNA samples using the RNeasy Micro kit (Qiagen, Toronto, Canada) 

and genomic DNA was removed by RNase-free DNase (Qiagen). Quality and quantity of all RNA 

samples was using a Bio-Analyzer (Agilent, Santa Clara, CA). Reverse transcription was carried 

out on 200-500ng total RNA per sample using SuperScript® II Reverse Transcriptase and random 

primers (Thermo Fisher Scientific). The following TaqMan primers were used (all from Thermo 

Fisher Scientific): Calnexin (Rn01459976_m1), Actin-β (Rn00667869_m1), IL1β (Rn00580432_

m1), IL6 (Rn01410330_m1), caspase 3 (Rn00563902_m1 ), TNFR-1 (Rn01492348_m1 ), TLR4 

(Rn00569848_m1 ), Cebpa (CCAAT/enhancer binding protein (C/EBP), alpha) (Rn00560963_

s1 ), TNF α(Rn01525860_g1 ) and TLR2 (Rn01769726_m1 ). Then, each primer was mixed with 

DNA suspension buffer (TEKNOVA, Hollister, USA and each cDNA sample was added. Following 

addition of preamp master mix (Fluidigm), 14 circles of pre-amplification were performed on a 

thermocycler (Bio-Rad, Hercules, CA). Then, the real-time PCR of each sample in duplicate was 

performed using the 10 primers in duplicate using a 48*48 IFC and the Fluidigm Biomark HD 

instrument. The data were collected and analyzed using the Fluidigm Data Collection system, and 
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Ct values were calculated from the software of BioMark Real-Time PCR Analysis. For all samples 

at least 4 successful reactions were obtained.

Cycle time (Ct) values for all genes were normalized to mean Ct-values of Calnexin (Canx; 

Rn00596877) and β-actin (Actb; Rn00667869), which we previously determined to be the two 

most stable housekeeping genes across all groups in both organs using the geNorm program 

(http://medgen.ugent.be/jvdesomp/genorm/). This produced ΔC
t
 values. Gene expression relative 

to CON was calculated by subtracting the ΔC
t
-values from the mean ΔC

t
 of the CON group, 

producing the ΔΔC
t
 values. Statistical analysis was performed on ΔΔC

t
 values, and results were 

graphed as fold changes compared to CON (2ΔΔCt).

Statistical analysis

Data were analysed and graphed using SigmaPlot 12.3 (Systat Software, San Jose, CA). Data that 

were not normally distributed were log-transformed to achieve normality. Statistical analysis was 

performed by 2-way ANOVA with the Student-Newman-Keuls post hoc test. Statistical significance 

was reached with P values below 0.05. Univariate linear regression was used to test correlations.

Results

General results

Longitudinal functional and structural characterization of this model has been published elsewhere 

(13). At week 15, rats with SNX had lower body weight than rats without SNX, which was not 

affected by subsequent CL (Table 1). Subtotal nephrectomy caused reduced creatinine clearance 

(P< 0.001 vs. CON), that was not significantly affected by CL in either CL or SNX+CL rats. Given 

the differences in body weight, cardiac parameters are expressed per 100 gram body weight, 

where applicable. Cardiac index was lower in SNX+CL than in SNX (P< 0.01) and tended to be 

lower in SNX+CL vs. CL (P= 0.065). LV mass index (LVMI) increased in SNX rats (P< 0.001 vs. 

CON) but decreased in SNX+CL, while EDV increased only in CL (P< 0.01 vs. CON) and SNX+CL 

rats (P< 0.01 vs SNX).
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Immunohistochemistry

The number of inflammatory CD3-positive lymphocytes (T-cells) in the remote myocardium 

was not different between groups (table 1). Inflammatory ED1-positive cells (monocytes and 

macrophages) were increased in the remote myocardium after CL compared to CON (P< 0.01), 

irrespective of the presence of SNX.

Hepcidin mRNA expression in heart and liver

To investigate the differential regulation of hepcidin, we assessed hepcidin, i.e. Hamp, gene 

expression in both heart and liver tissue. Compared to CON hepcidin mRNA expression in 

cardiac tissue was increased two-fold in CL (P= 0.03) and three-fold in SNX (P= 0.01, figure 1). 

In contrast, hepatic mRNA expression of hepcidin was unaffected by SNX and CL alone, while 

it was significantly decreased (50%, P < 0.05) in SNX+CL compared to both SNX and CL alone.

Figure 1. Hepcidin mRNA expression in (A) heart and (B) liver. ΔΔCt: Ct values of target gene normalized to mean Ct values 

of housekeeping genes and the mean Ct value of the CON group. Mean ± SEM, * P< 0.05 vs CON; # P< 0.05 vs CL; $ P< 0.05 

vs SNX. N heart: CON 9, CL 6, SNX 7, SNX+CL 6. N liver: CON 8, CL 7, SNX 8, SNX+CL 4.

Iron content in heart and liver

We used Prussian Blue staining to localize iron storage in heart tissue. In the remote myocardium 

of CL rats practically no iron was observed, similar to hearts of non-infarcted (SNX or CON) rats. 

To extend our observations, we also performed ferritin immunohistochemistry. In line with the 

Prussian Blue staining, no differences in ferritin content in the remote myocardium of CL and 

SNX+ CL rats, as compared to non-infarcted rats were observed (figure 2 A). In liver tissue, there 

were also no differences seen in ferritin content in CL and SNX+CL rats compared to SNX or CON 

(figure 2B).

BNW_Fenna_v1.indd   76 16-Aug-19   17:08:02



77

Cardiac hepcidin expression

Figure 2. Quantification of ferritin staining assessed by immunohistochemistry and representative images of ferritin in (A) 

cardiac tissue and (B) liver tissue. N heart: CON 5, CL 4, SNX 4, SNX+CL 4. N liver: CON 4, CL 4, SNX 5, SNX+CL 3.

Cytokine expression in cardiac tissue

To confirm that inflammation was related to cardiac hepcidin expression, we measured cardiac 

cytokine gene expressions involved in inflammation and apoptosis. Cardiac gene expression of 

IL-6, IL-1β, caspase3 and calnexin tended to increase in SNX and CL, but the only gene expression 

reaching statistical significance was IL-1β. Both SNX and CL independently increased cardiac IL-1β 

gene expression (increase six-fold, P< 0.001 and increase eight-fold, P< 0.001 respectively, figure 

3). The combination of both SNX and CL did not further increase cardiac IL-1β gene expression.

Figure 3. IL-1β expression in cardiac tissue, assessed by qPCR. ΔΔCt: Ct values of target gene normalized to mean Ct values 

of housekeeping genes and the mean Ct value of the CON group. Mean ± SEM, *** P< 0.001 vs CON. N: CON 8, CL 5, SNX 

12, SNX+CL 6.

4
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Bmp6 mRNA expression in cardiac tissue

The extracellular signalling molecule Bmp6 enhances transcription of the hepatic hepcidin gene 

in mice (16). Cardiac Bmp6 mRNA expression level followed the same pattern as cardiac hepcidin 

mRNA expression. Bmp6 was significantly increased in SNX rats (P< 0.01), while the largest 

increase was seen in SNX+CL rats (figure 4).

Figure 4. Bone Morphogenetic Protein 6 expression in cardiac tissue, assessed by qPCR. ΔΔCt: Ct values of target gene 

normalized to mean Ct values of housekeeping genes and the mean Ct value of the CON group. Mean ± SEM, ## P< 0.01 

vs CL. N: CON 10, CL 6, SNX 7, SNX+CL 6.

Cardiac BNP and CTGF mRNA expression

In order to investigate the degree of damage in cardiac tissue, we measured brain natriuretic 

peptide (Bnp) and connective tissue growth factor (Ctgf) mRNA expression levels as markers 

of injury. Cardiac mRNA expression levels of Bnp were increased 2.2-fold and 1.8-fold in SNX 

and in CL rats, respectively with a 2.8-fold increase in SNX+CL as reported (13). Cardiac mRNA 

expression levels of Ctgf were increased 45-fold and 18-fold in SNX and in CL rats, respectively 

with a 61-fold increase in SNX+CL as reported (13).

Heme Oxygenase-1 and ferroportin-1 mRNA expression in cardiac tissue

To get more insight in regulation of iron in the heart, we assessed mRNA expression levels of 

other proteins involved in iron metabolism such as heme oxygenase-1 (Ho-1) and ferroportin-1 

(Fpn-1) (17). It is well known that Ho-1 acts as an anti-oxidant against oxidative injury which could 

inhibit the production of reactive oxygen species and reduce oxidative damage (18;19). Cardiac 

mRNA expression of Ho-1 was significantly increased in SNX (P< 0.01 vs. CON). Ho-1 expression 

level in SNX+CL tended to be lower than SNX and resembled the level of CL (Figure 5A). Cardiac 

mRNA expression of Fpt1 showed the same pattern as Ho-1, with a stepwise increase in CL and 

SNX. Similar to Ho-1, Fpn-1 gene expression in SNX+CL was less than in SNX and similar to CL. 

Two-way ANOVA showed significant interaction between SNX and CL (Figure 5B, P= 0.002).
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Figure 5. Heme Oxygenase-1 expression (A) and ferroportin-1 expression (B) in cardiac tissue, assessed by qPCR.ΔΔCt: Ct 

values of target gene normalized to mean Ct values of housekeeping genes and the mean Ct value of the CON group. Mean 

± SEM, * P< 0.05 vs CON, ** P< 0.01 vs CON, *** P< 0.001 vs CON, $ P< 0.05 vs SNX. N: CON 10, CL 6, SNX 7, SNX+CL 6.

Hepatic mRNA expression of C/EBP α

Since CCAAT/enhancer-binding protein α (C/ebp α) plays a key role in regulation of Hamp gene 

expression in the liver (20), we expected the same pattern for hepatic C/ebp α mRNA expression 

as for hepatic hepcidin mRNA expression. Indeed, hepatic mRNA expression of C/ebp α was 

decreased progressively across groups with the largest decrease in SNX+CL (P< 0.05 vs. CL and 

P< 0.05 vs. SNX, figure 6).

Figure 6. Hepatic expression of c/EBP α across groups. ΔΔCt values of target gene normalized to mean Ct values of house-

keeping genes and the mean Ct value of the CON group. Mean ± SEM, * P< 0.05 vs CON, # P< 0.05 vs CL, $ P< 0.05 vs SNX. 

N: CON 9, CL 7, SNX 9, SNX+CL 4.

Correlations

In order to investigate possible factors influencing cardiac and hepatic hepcidin expression, correlations 

were analysed. Cardiac hepcidin mRNA expression correlated linearly with Bnp mRNA expression 

(β= 0.73, P< 0.001, figure 7A) and Ctgf mRNA expression (β= 0.43, P= 0.02, figure 7B) but not with 

Bmp6 mRNA expression (β= 0.23, P= 0.25, figure 7C). Cardiac hepcidin mRNA expression strongly 

correlated with pro-inflammatory cytokine IL-1β (β= 0.47, P= 0.02, figure 7D). However, cardiac 

hepcidin mRNA expression did not correlate with cardiac ferritin immunostaining (β= 0.16, P= 0.54).

4
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Figure 7. Correlations between cardiac expression of hepcidin and Bnp (a), cardiac hepcidin and Ctgf (b), cardiac hepcidin 

and Bmp6 (c) and cardiac hepcidin and IL-1β (d). ΔΔCt values of target gene normalized to mean Ct values of housekeeping 

genes and the mean Ct value of the CON group

Hepatic hepcidin mRNA expression correlated with hepatic mRNA expression of the transcription 

factor C/ebp α (β= 0.68, P< 0.001, Figure 8) but not with ferritin staining (β= 0.14, P= 0.64).

Figure 8. Correlation between hepatic gene expression of c/EBP α and hepatic hepcidin. ΔΔCt values of target gene nor-

malized to mean Ct values of housekeeping genes and the mean Ct value of the CON group.
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Both left ventricular mass index (LVMI) and end diastolic volume (EDV) correlated significantly 

with cardiac hepcidin mRNA expression (β= 0.53, P< 0.01 and β= 0.62, P< 0.001 resp., figure 9 

A and B). The correlation between cardiac hepcidin mRNA expression and percentage of Sirius 

Red stained area as measure of cardiac fibrosis was not significant (β= 0.35, P= 0.1, figure 9 C).
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and fibrosis (C). ΔΔCt values of target gene normalized to mean Ct values of housekeeping genes and the mean Ct value 

of the CON group.

Discussion

The aim of this study was to investigate regulation of hepcidin at tissue level in experimental 

chronic renocardiac failure. The main finding of this study was that cardiac hepcidin (Hamp) 

gene expression is significantly induced in both local (CL inducing MI) and remote (SNX inducing 

CKD) injury. Conversely, liver hepcidin gene expression was decreased. Cardiac iron content in 

non-infarcted tissue remained unchanged in all experimental groups. Thus, cardiac hepcidin 

expression was increased in response to injury, but no evidence of an association with local iron 

accumulation was observed.

The increased cardiac expression of hepcidin is in agreement with findings in other models with 

cardiac injury and myocarditis (8;9;21). In rats hypoxia and inflammation were shown to upregulate 

hepcidin expression (8). In agreement with this finding hepcidin expression was found to be 

induced in rat hearts with myocardial infarction (MI) and myocarditis, as well as in human hearts 

with myocarditis (9). Furthermore, increased expression of hepcidin was found in the hearts of 

rats with CKD, which was associated with levels of iron deficiency and anemia (21).

We assessed the mRNA expression of the cardiac damage markers Bnp and Ctgf in myocardial 

tissue. Bnp is a well-known marker of cardiac dysfunction and has an anti-fibrotic function (22), 

Ctgf is a profibrotic cytokine of the Ccn (Cyr61, Ctgf, and Nov) family (23) and is suggested to serve 

as a diagnostic marker of cardiac dysfunction (24;25). As shown, there is a progressive increase 

of Bnp and Ctgf gene expression in the CL, SNX and SNX+CL group. Cardiac hepcidin expression 

4
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in the SNX+CL group was significantly and positively correlated with cardiac injury based on Bnp 

and Ctgf but not with ferritin staining. Based on these findings we postulate that cardiac hepcidin 

mRNA expression can be induced by local or remote injury and is not necessarily dependent on 

local iron stores. In the remote myocardium, even though there is no evidence of direct myocardial 

damage and iron accumulation, hepcidin expression is upregulated.

To confirm our hypothesis that local injury in the heart affects cardiac hepcidin gene expression, 

we measured the expression of several inflammatory cytokine gene expressions in the heart. 

Although the cardiac gene expression of IL-6, IL-1β, caspase3 and calnexin tended to increase 

in SNX and CL, suggesting inflammation and apoptosis, the only gene expression that reached 

statistical significance is IL-1β. High blood levels of IL-1β have been observed after myocardial 

infarction (26) and it is demonstrated that IL-1β induce myocyte hypertrophy (27). Interestingly, 

IL-1β also increased in the SNX group. The pathophysiological mechanism of renal failure and 

increased cardiac IL-1β expression is not elucidated. In experimental models of nephrotic syndrome, 

glomerular expression of IL-1β is demonstrated (28), probably due to systemic inflammation. 

Moreira-Rodrigues et al showed elevated expression of cardiac IL-1β expression in a rat model 

with nephrotic syndrome (29) and also in rats with spontaneous hypertension high levels of 

IL-1β were measured in the kidneys (30) The strong correlation between cardiac hepcidin gene 

expression and cardiac IL-1β supports the thought that cardiac hepcidin regulation is driven by 

inflammation instead of iron.

Several authors speculate that hepcidin plays an important protective role against extracellular free 

radical formation since it decreases the presence of the transmembrane iron exporter ferroportin 

and thus inhibits cellular iron export (8;9). Due to the large amount of iron in cardiomyocytes, 

destruction of these cells could result in high iron concentrations in the extracellular space. It 

is well known that free iron generates damaging reactive oxygen species (ROS) and causes 

various types of injury (31), including myocardial fibrosis. Intracellular iron is stored in ferritin, 

an important intracellular iron sequestering and storage protein that plays a cytoprotective role 

against free radical formation by controlling the free cytosolic iron concentration (32). It could 

be that during myocardial damage, cardiac hepcidin is upregulated to prevent iron release from 

the intact cells. However, in contrast to this possible mechanism, in our study cardiac ferritin 

content was not related to hepcidin expression. Our data suggest that hepcidin gene expression 

is influenced by local injury not related to local iron turn over; there is enhanced cardiac hepcidin 

mRNA expression, in the absence of changed cardiac ferritin content. Besides, liver expression 

of Bmp6 is transcriptionally regulated by iron: iron overload increases Bmp 6 expression, iron 

deficiency represses Bmp6 expression (33). However, in our study, cardiac BMP6 mRNA expression 
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was significantly increased in SNX and SNX+CL rats, but no differences in iron content in the 

remote myocardium was observed. This could implicate that in the heart, it is not iron, but 

other stimuli such as injury, which stimulate Bmp6 expression. Bmp6 expression could be part 

of a compensatory mechanism in the heart to stimulate cardiomyocyte hypertrophy (34). Korf-

Klingebiel et al found that recombinant Bmp6 (even in low concentrations) resulted in a robust 

increase in cell size and protein synthesis in neonatal and adult cardiomyocytes, respectively.

In contrast to hepcidin and the damage markers Bnp and Ctgf, and contrary to our expectations, 

Fpn-1 and Ho-1 mRNA expression showed a different pattern. For Fpn-1 and Ho-1 there was 

an interaction between SNX and CL, in that the presence of both eliminated the SNX effect. 

The basis for this observation is not clear. Although it is widely assumed that hepcidin induces 

ferroportin internalization and degradation, this relation is not as clear as it seems. In monocytes 

of HD patients no correlation between serum hepcidin and ferroportin was found (35). This 

suggests that factors other than hepcidin also affect ferroportin levels and internalization and 

that degradation of ferroportin can take place in a hepcidin-independent manner. The fact that 

this relation is absent in cell types in which hepcidin is thought to play its classical role (ferroportin 

internalization and degradation), supports our result regarding the lack of such a relation at the 

mRNA level in the heart in our cardiorenal syndrome model.

Unexpectedly, combined SNX and CL showed a decrease in hepatic hepcidin mRNA expression. 

Both cardiac and renal failure is associated with an increase of inflammatory cytokines, which could 

have resulted in an upregulation of hepatic hepcidin gene expression (36). However, several studies 

reported low serum hepcidin levels in patients with chronic heart failure and anemia (37;38). One 

possible explanation is that iron deficiency, even in the presence of increased cytokines, leads to 

diminished levels of hepcidin in conditions of heart failure and anemia. Although in our rodent 

model only mild anemia was present, anemia and increased erythropoiesis (ie, production of red 

blood cells) could down regulate the synthesis of hepcidin mRNA (39). Unfortunately, we did not 

measure circulating inflammatory cytokines and iron markers to confirm this hypothesis.

In agreement with this finding, we showed a correlation between mRNA expressions of C/ebp 

α and hepcidin in the liver, in the sense that both were reduced. C/ebp α is a transcription factor 

in the liver that has a positive effect on Hamp promotor activity (20). Alcoholic and viral liver 

cell damage both reduce hepcidin expression, a reduction which is mediated by reactive oxygen 

species via C/ebp α (40;41). Reduction in hepatic C/ebp α mRNA expression in renocardiac failure 

may associate with hepatic oxidative stress (42).

4
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LVMI increased in SNX rats and decreased in SNX+CL rats, most probably due to the loss of 

cardiomyocytes after cardiac injury. As a measure of cardiac preload and increased filling pressures, 

EDV increased in CL and SNX+CL rats. These results are in line with previous findings that left 

ventricular mass increases during renal and cardiac failure, the predominant pattern being eccentric 

left ventricular hypertrophy (43;44). In accordance with previous research (45), the significant 

correlation between cardiac hepcidin mRNA expression and LVMI and EDV suggests that hepcidin 

plays a role in the hypertrophic response in cardiomyocytes. Once again, this emphasizes the role 

of hepcidin in cardiac damage.

Given the fact that liver hepcidin is only regulated at the transcriptional level, we used HAMP 

mRNA levels to detect cardiac hepcidin. Accordingly, we studied the stimulatory effect of cardiac 

injury on cardiac hepcidin expression rather than the reverse.

In conclusion, cardiac expression of hepcidin is differentially regulated in this rat model of 

renocardiac failure from its primary source of production, the liver. Moreover, our data suggest a 

role for injury rather than iron as a driving force for cardiac hepcidin expression in experimental 

renocardiac failure. Future animal and cell experiments should be developed to study the 

mechanisms of systemic and local hepcidin production and action in different tissues. Elucidating 

the pathophysiological mechanisms of local hepcidin regulation in patients with CKD and/or heart 

failure may help designing new therapeutic approaches.
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Abstract:

A considerable proportion of patients with chronic kidney disease develop anemia. Several factors 

are known to contribute to this renal anemia, like EPO deficiency, EPO hyporesponsiveness and 

functional iron deficiency due to increasing concentrations of hepcidin. Recent studies showing 

an association in abnormalities of the vitamin D system with low hemoglobin (Hb) levels and 

erythropoietin stimulating agent (ESA) resistance suggest cross-talk between the vitamin D system 

and erythropoiesis. The administration of either inactive or active vitamin D has been associated 

with an improvement of anemia and reduction in EPO hyporesponsiveness. Potential links between 

the vitamin D system and erythropoiesis are described in this chapter.

Definition and prevalence of anemia

Anemia of chronic kidney disease (CKD) is a common complication among patients with CKD. 

There is much variability in the hemoglobin (Hb) threshold used to define anemia. According 

to the most recent definition in the Kidney Disease: Improving Global Outcomes (KDIGO) 

guidelines, anemia is diagnosed when there is a Hb concentration <13.0 g/dL for adult males 

and postmenopausal women and an Hb <12.0 g/dL for premenopausal women. A large U.S. 

survey observed Hb levels < 12 g/dL in more than one in four with relative mild CKD (stage 1 

and 2), increasing to more than half of those with severe CKD (stage 4) (1). The prevalence of 

anemia in patients with CKD is a contributing factor in many symptoms associated with reduced 

kidney function, including tiredness, fatigue, reduced exercise tolerance and dyspnea (table 1). 

Anemia has consistently been associated with cardiovascular consequences like left ventricular 

hypertrophy (LVH) and left ventricular dysfunction (2) and with increased risk of morbidity and 

mortality due to cardiac disease and stroke (3;4). However, a definite cause-effect relationship has 

not been proven, so these associations may reflect confounding underlying comorbid conditions 

and severity of illness that contribute to both the severity of anemia and poor outcomes. This 

chapter will focus on the different causes of renal anemia and especially on the role of vitamin D 

in this common complication of patients with CKD.
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Table 1: Symptoms of anemia

Signs and Symptoms of anemia

Breathlessness

Chronic fatigue and weakness

Palpitations and tachycardia

Dizziness

Paleness

Loss of appetite

Depression

Irritability

Decreased muscle function

Impaired cognition

Loss of libido

Causes of anemia in patients with CKD

The causes of anemia in patients with CKD are various but clinically non-CKD related causes 

need to be ruled out. To diagnose anemia of CKD requires careful examination of the degree of 

anemia in relation to the degree of renal impairment. The evaluation of anemia in CKD patients 

should include, besides careful history taking and physical exam, a complete blood count with red 

blood cell indices (mean corpuscular Hb concentration (MCHC), mean corpuscular volume (MCV)), 

white blood cell count (including differential), reticulocytes and platelet count. Deficiency of iron, 

vitamin B12 or folates should be ruled out, especially in case of macrocytic anemia for the latter 

two causes. It is important to recognize other causes of anemia because it can reflect nutritional 

deficits, systemic illness or other conditions that require diagnosis and specific treatment. In 

this chapter, we focus on renal anemia, which is typically a normochromic, normocytic anemia 

without changes in leukocytes and platelets. The causes of renal anemia are summarized in table 

2. Recently, several experimental in vivo and observational clinical studies suggest that vitamin 

D deficiency might be an additional co-factor of renal anemia. How vitamin D influences these 

different causes of anemia is discussed below.

5
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Table 2. Causes of renal anemia

Causes of renal anemia

1. Iron deficiency

- Abnormal iron absorption

- Increased loss, especially in hemodialysis

- Limited availability due to increased hepcidin concentrations

2. EPO deficiency

3. EPO resistance

4. Abnormal HIF metabolism

5. Hyperparathyroidism

6. Anemia of chronic inflammation

7. CKD related bone marrow suppression

Association between anemia and vitamin D

It is widely acknowledged that vitamin D plays an important role in bone and mineral metabolism. 

However, latest insights into the biological functions of vitamin D increased the interest in other 

clinical consequences of vitamin D deficiency. General population studies indicated a strong 

correlation between vitamin D deficiency and mortality and morbidity in patients with end-

stage kidney failure treated with long-term hemodialysis (5;6). Moreover, vitamin D emerges as 

a potential important factor in erythropoiesis.

In hemodialysis population, vitamin D deficiency has been independently associated with 

erythropoietin hyporesponsiveness and anemia (7). In addition, several studies have shown that 

the administration of vitamin D or its analogues has been associated with an improvement of 

anemia and/or a decrease in erythropoietin (EPO) requirements. Also in patients with CKD not on 

dialysis, these associations are present (8). However, despite the clear epidemiological association 

between low vitamin D and anemia, the mechanism underlying this relationship has not been fully 

explained and several hypothesis are formulated how this link may be explained.

Iron deficiency and the role of vitamin D

The small polypeptide hepcidin is an important factor in the development of renal anemia. 

Hepcidin is the main regulatory protein of systemic iron metabolism and is mainly produced 

in the liver. It binds to ferroportin, a cellular iron exporter, which is located on the basolateral 

surface of gut enterocytes, the plasma membrane of reticuloendothelial cells (macrophages) and 

hepatocytes. Binding of hepcidin results in internalization and degradation of ferroportin limiting 
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the amount of iron release in the blood. The two major stimuli that are known to increase hepcidin 

levels are iron overload and (chronic) inflammation (fig 1). Since renal failure can be considered as 

a state of chronic inflammation, patients with CKD frequently have high serum levels of hepcidin 

resulting in so called ‘functional’ iron deficiency.

Figure 1. Different factors influencing the amount of hepcidin levels in blood. Conditions at the left suppress hepcidin, while 

those on the right increase it.

Recently, serum hepcidin concentrations were found to have an inverse association with serum 

vitamin D levels in CKD patients and a negatively association with hemoglobin and serum iron 

concentration (9;10). Given this link, several studies have been designed to explore the possible role 

for vitamin D in iron homeostasis. In vitro, Bacchetta et al. demonstrated that both in monocytes 

and hepatocytes, vitamin D is an important regulator of hepcidin expression (11). Treatment of 

cultured hepatocytes and monocytes with either prohormone 25-hydroxyvitamin D or active 

1.25 dihydroxyvitamin D suppressed the expression of hepcidin and increased the expression of 

ferroportin. This in vitro effect was clinically studied by supplementing seven healthy volunteers 

with a single oral dose of vitamin D. Hepcidin levels decreased by 34% within the 24 hours 

following the vitamin D supplementation. The fact that vitamin D directly downregulates hepcidin 

expression can be explained on a molecular level by the presence of a vitamin D receptor (VDR) 

binding site on the promoter region of the human hepcidin gene, suggesting a gene suppressing 

effect. Further evidence for a role of vitamin D on hepcidin expression comes from a study done 

by Zughaier et al. (12). This in vitro experiment showed an association between vitamin D and 

decreased hepcidin expression in THP-1 (macrophage-like monocytic) cells in the presence of an 

inflammatory stimulus. Concurrently, vitamin D resulted in a dose dependent decrease in cytokines 

that increase hepcidin expression, like interleukin-6 (IL-6) and IL-1β. In vivo, vitamin D decreased 

systemic circulating hepcidin levels in humans with early stage CKD. Based on the current literature, 

one can conclude that high dose vitamin D therapy suppresses hepcidin expression directly, and 

indirectly by reducing hepcidin-inducing inflammatory cytokines IL-6 and IL-1β.

5
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Erythropoietin deficiency, resistance and 
the role of vitamin D

The red cell life span and the rate of red cell production are reduced in CKD and ideally the 

bone marrow compensates for this by increasing erythropoiesis. However, EPO-dependent 

compensatory mechanism is impaired due to failure to release the kidney-derived EPO in higher 

amounts leading to partial or complete erythropoietin deficiency. There are no endogenous 

stores of EPO.

Despite the treatment of renal anemia with iron and erythropoietin stimulating agents (ESA), 

many patients still remain anemic due to EPO hyporesponsiveness/resistance, defined as inability 

to meet the specified targets of Hb despite higher than usual doses of ESA’s. The main causes 

for suboptimal response to ESA therapy are summarized in table 3.

Causes for suboptimal response to ESA therapy

Iron deficiency (absolute and functional)

Infection/inflammation

Bleeding/hemolysis

Inadequate dialysis dose

Malignancy

Non-adherence with treatment therapies

Secondary hyperparathyroidism

Malnutrition

Bone marrow disorders/ hemoglobinopathies

Vitamin B12/ folate deficiency

Hypothyroidism

ACEi/ARB

Table 3. Causes for suboptimal responses to EPO therapy. Abbreviations are: ACEi, angiotensin converting enzyme inhibitor, 

ARB= angiotensin receptor blocker.

Five to 10% of EPO-treated patients exhibit an inadequate response to ESA’s. It is well known that 

EPO hyporesponsiveness has an association with poor clinical outcomes, including cardiovascular 

morbidity, faster progression to end stage renal disease and all-cause mortality. Identification of 

factors that influence EPO responsiveness can optimize the management of anemia.
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Erythropoiesis and vitamin D

Erythropoiesis is a complex process in the bone marrow resulting in the formation of mature 

red blood cells (RBC). This process is highly regulated so that, in non-disease states, the 

production of RBC’s is equal to the destruction ensuring a constant red cell mass. Erythropoiesis 

is initiated when a pluripotent stem cell undergoes a series of subsequent differentiation steps 

in the hematopoietic environment. Stem cells and erythroid precursors are in intimate contact 

with stromal cells (adipocytes, fibroblasts, macrophages and endothelial cells), accessory cells 

(monocytes, T-lymphocytes) and the extracellular matrix. These stromal and accessory cells create 

a micro-environment in which the erythron cascade is regulated by growth factors and cytokines 

which have stimulatory or augmented effects on erythroid progenitors. This process can be 

negatively influenced under pathological conditions, such as inflammation, in which suppressive 

cytokines derives from accessory cells (tumor necrosis factor-alpha (TNF-α), interferon-gamma 

(IFN-γ) and interleukin-6 (IL-6)) suppress the differentiation and proliferation (figure 2). Evidence 

for the effect of vitamin D on erythropoiesis comes from a study in which EPO was combined 

with or without vitamin D in cultured cells of patients with chronic uremia and in patients on 

chronic hemodialysis (13). In vitro, vitamin D increased the proliferation of erythroid precursors 

with a synergistic action when combined with EPO. This result was confirmed in 10 hemodialysis 

patients and seemed to be dose–dependent, synergistic with EPO but independent of parathyroid 

(PTH) suppression.

A     B 

Figure 2: histopathological morphology of (A) normal bone marrow with a normal erythropoietic cascade and (B) bone 

marrow of a CKD (stage 5D) patient with increased markers of inflammation, anemia and EPO resistance. An increase in 

stromal cells (adipocytes) is seen instead of hematopoietic cells. (Courtesy N. Bravenboer, VU university medical center).

5
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The role of Vitamin D on HIF metabolism

Hypoxia-inducible factor (HIF-1) is a heterodimeric transcription factor and regulate expression of 

genes in response to reduced oxygen tension, including genes required for erythropoiesis and iron 

metabolism. HIF consists of 2 subunits, HIF-1-α and HIF-1-β. At normal oxygen concentrations, 

the regulatory subunits are modified by iron-dependent prolyl hydroxylases (PHDs) resulting in 

rapid degradation of HIF-1-α. As oxygen tension decreases, the activities of PHDs are diminished 

and HIF-1-α accumulates and translocates into the nucleus, where it dimerizes with HIF-1-β. 

This leads to activation of transcriptional programs in response to hypoxia, resulting in increased 

production of erythropoietin and increased production of various proteins needed for effective 

iron transport, absorption and export from cells. These events, in conjunction with reduced serum 

hepcidin levels, enhance erythropoiesis.

The role of vitamin D in the HIF-1 pathway was described by Wong et al (14). While HIF-1-α 

is important in the activation of EPO expression, this study showed that vitamin D increased 

HIF-1-α gene expression through binding to its promoter in angiogenic myeloid cells of healthy 

volunteers. The effect of vitamin D on HIF-1-alpha in renal cells have never been tested, but clearly 

a vitamin D responsive element (VDRE) exist in the promoter region of the HIF gene. Since vitamin 

D activation and EPO production all occur in close proximity, conceivably a paracrine cross-talk 

between these systems may be at hand. Indeed, the recently published study concerning the 

effect of roxadustat, an orally bioavailable HIF-prolyl hydroxylases inhibitor (HIF-PH), confirmed the 

hypothesis that anemia in incident dialysis patients improves after administration of this protease 

inhibitor (15). Based on these studies, one could speculate that vitamin D supplementation can 

be used to partially restore renal anemia by suppression of HIF-PH , or increasing the expression 

of HIF-1-alpha. On the other hand, a study performed in various human cancer cells showed that 

vitamin D reduced the protein expression of HIF-1-α subunit and inhibited HIF-1 transcriptional 

activity (16). However, cancer cells are genetic abnormal and behave in a different way, which 

could explain these discrepant findings.

Besides involved in EPO expression, HIF-1-alpha might also couple iron sensing to iron regulation, as 

shown in an in vivo study in which iron deficient mice reveal an induction of HIF-1 and a decrease 

of hepcidin (17). The authors suggest that HIF-1-alpha may also bind to the hepcidin promoter as 

a gene suppressor, leading to decreased levels of hepcidin and consequently mobilizing iron to 

support erythrocyte production. HIF mobilizes iron to support erythrocyte production through a 

coordinated downregulation of hepcidin and upregulation of erythropoietin and ferroportin. A 

role for vitamin D in this mechanism has never been tested.
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Vitamin D and inflammation

The majority of studies regarding vitamin D and renal anemia suggest a central role of inflammation 

in the mechanism underlying this association. Chronic low-grade inflammation is a hallmark of 

CKD, and produced inflammatory cytokines affect erythropoiesis. Vitamin D appears to modulate 

the level of systemic cytokine production resulting in attenuated severity of anemia of chronic 

disease. Detailed information about the relation between vitamin D and inflammation is beyond 

the scope of this chapter and we refer to chapter 21: Vitamin D and inflammation in CKD. In vivo 

and in vitro studies have demonstrated that calcitriol reduces cytokine production (18). Briefly 

summarized, vitamin D shows anti-inflammatory properties that improve responsiveness to EPO 

through the reduced production of hepcidin and pro-inflammatory cytokines. Immune cells express 

the vitamin D receptor (VDR) which, when activated, inhibits the expression of inflammatory 

cytokines like IL-1, IL-6, TNF-α and IFN-γ in accessory cells and in the serum. Additionally, VDR 

activation up-regulates the release of IL-10 from lymphocytes, which is an anti-inflammatory 

cytokine. It has been shown that calcitriol reduces cytokines production in human subjects as well 

(18) and in CKD patients vitamin D replacement could reduce this cytokine production leading to 

improved responsiveness to erythropoietin.

Vitamin D, VDR and the EPO receptor

Calcitriol exerts its functions by binding to the VDR, a member of receptors present in several 

tissues, that includes stromal and accessory cells in the bone marrow. The calcitriol-VDR complex 

binds transcriptional cofactors, which are able to interact with vitamin D responsive elements 

in gene promoter regions and regulate gene transcription. The uremic state in CKD affect the 

expression of VDR and VDR binding to vitamin D-responsive element in DNA (19). In addition, the 

VDR genotype also may influence all steps in the biological actions of calcitriol. Because calcitriol 

is involved in hematopoiesis, the question arises whether specific VDR receptor genotypes, might 

influence EPO responsiveness of CKD patients. Indeed, some VDR gene polymorphisms turned 

out to be protective against anemia and EPO hyporesponsiveness in hemodialysis patients (20;21). 

Erythropoietin receptor (EpoR) expression and activation are required for development of erythroid 

progenitor cells. The effect of 1,25(OH)2D3 and EPO on stem cell proliferation was studied by 

Alon et al (22). Calcitriol directly increased EpoR expression and synergistically stimulates cell 

proliferation along with EPO. There is evidence that vitamin D plays a role in EpoR expression, 

however the intracellular mechanisms by which 1,25(OH)2D3 upregulates the expression of EpoRs 

is not elucidated yet.

5
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More evidence for a link between VDR and anemia comes from a study performed by Amato et 

al (23). This study evaluated the association between VDR polymorphisms and iron indices in 88 

hemodialysis patients. They showed a significant association between a specific VDR allele and 

low transferrin saturation. Despite the fact that underlying mechanisms are not elucidated yet, 

these associations suggest a regulatory role of the vitamin D system in erythropoiesis and iron 

homeostasis.

Vitamin D and PTH

Since observational studies demonstrated a clear association between high serum levels of PTH 

and EPO resistance (24), the hypothesis emerged that hyperparathyroidism plays a role in the 

development of renal anemia. Since secondary hyperparathyroidism (SHPT) can in part be a 

consequence of vitamin D deficiency, PTH may indirectly contribute to the role of vitamin D 

deficiency in renal anemia. It is however somewhat controversial if excessive parathyroid activity 

per se causes anemia or alternatively is just a confounding feature of low levels of vitamin D, which 

then is the actual contributing factor to anemia. Four possible explanations have been proposed 

as to how SHPT might directly influence hemoglobin levels.

The most acknowledged effect of PTH on bone marrow cellularity is the induction of marrow 

fibrosis (osteitis fibrosa), which limits the space for red marrow and reduces the number of 

erythroid precursors. In a cross sectional study of 18 HD patients who had received EPO therapy 

for 1-3 years, bone histomorphometry was performed (25). The authors concluded that the 

dialysis patients with highest doses of EPO needed to achieve an adequate hematocrit response 

had significant higher serum PTH concentrations, higher percentages of osteoclastic and eroded 

bone surfaces and higher degree of bone marrow fibrosis. In contrast, Mandolfo et al showed 

that improvement of hemoglobin levels after parathyroidectomy (PTX) seems not to be related to 

improvement of marrow fibrosis but to the abrupt fall in PTH itself after surgery (26). Currently, 

discussion is still going on whether myelofibrosis is reversible after PTX and if so, at what time 

interval this can be expected. Because bone biopsy, necessary to diagnose bone marrow fibrosis, 

is an invasive method its use is generally restricted to a limited number of clinical indications in 

just a few dedicated clinical centers.

Another potential explanation for the relationship between SHPT and anemia could be the 

inhibitory effect of PTH on circulating EPO concentrations. Observations that plasma erythropoietin 

levels increase dramatically after parathyroidectomy point to a suppressive effect of PTH on the 

already reduced endogenous erythropoietin production in CKD (27). Washio et al. suggested the 
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role of both an abrupt fall in PTH and ionized calcium in the elevation of EPO, since partial PTX 

did not affect serum EPO levels (28). Currently, it is not clear whether PTH directly suppresses EPO 

production or the release of EPO in CKD.

The normal life span of a red blood cell (RBC) is approximately 100 days, but in CKD patients this 

life span is reduced. One of the causes could be the increased osmotic fragility of the RBC’s in 

this patient group. RBC osmotic fragility is the diminished resistance to hemolysis due to osmotic 

changes and this is used to evaluate RBC friability. Wu et al found a significant relationship 

between increased serum PTH levels and RBC fragility in hemodialysis patients (Wu, 1998, red 

blood cell osmotic fragility in chronically hemodialyzed patients) . This could implicate that, in 

addition to dialysis therapy to improve uremic state, PTH reduction may improve the life span of 

the red blood cell and improve anemia.

Circulating EPO in the blood stream binds to EPO receptors on erythroblasts, which is necessary 

for normal RBC development. It is speculated that PTH has direct effect on this growth of RBC’s, 

but evidence for the inhibitory effect of PTH on bone marrow erythropoiesis is sparse and 

contradictory. Better underpinned is the direct effect of vitamin D on erythropoiesis as discussed 

above.

Treatment of renal anemia

Treatment of renal anemia should be started based on individual patient symptoms and Hb 

concentrations. Since the development of recombinant human erythropoietin (epoetin alfa, EPO) 

and its derivatives in the 1980s followed by its approval by the US Food and Drug Administration 

(FDA), this has become the standard treatment of anemia employed in most patients with 

advanced CKD or end stage renal disease (ESRD). Initially it was assumed that near-normal levels 

of Hb would be advantageous. However, three landmark trials, i.e. CREATE (29) and CHOIR study 

(30) published in 2006 and the TREAT study (31) published in 2009, showed no superiority of full 

anemia correction by ESA. Conversely, these studies revealed an increased risk of progression 

to renal replacement therapy with a higher risk of mortality and cardiovascular morbidity and 

an increase in venous thromboembolic events. Secondary analyses of these trials showed that 

these risks might be especially present in patients with EPO hyporesponsiveness (32). Since iron 

depletion is one of the main causes of hyporesponsiveness to ESA as outlined above, the KDIGO 

guideline on 2012 recommends that iron therapy should be used to correct iron deficiency before 

initiating ESA therapy.

5
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Currently, there is no international consensus regarding which route of administration of iron 

therapy is more appropriate to treat iron deficient anemia in CKD patients. To explore the optimal 

route of administration and dosing for iron therapy for the management of iron deficient anemia 

in patients with CKD not on dialyses, with or without concomitant ESA therapy, the FIND-CKD 

study was performed (33). This multicenter, prospective and randomized study was performed 

among 626 patients who received intravenous ferric carboxymaltose (FCM) targeting a higher 

(400-600 µg/L) or lower (100-200 µg/L) ferritin or oral iron therapy. The authors concluded that, 

compared with oral iron, IV FCM targeting a ferritin of 400-600 µg/L was superior to oral iron 

in delaying and/or reducing the need for other anemia management including ESA during this 

12 month study. This study was not powered to assess safety end points, however, high ferritin 

FCM was well tolerated with no important adverse events.

Several small studies show that the administration of vitamin D or its analogues are associated 

with an improvement of anemia or a reduction in EPO requirements. Calcitriol improved Hb 

levels and reduced the need for EPO in CKD patients and HD patients (13;34), while alfacalcidol 

(35), cholecalciferol and ergocalciferol induced higher levels of Hb in hemodialysis patients (36). 

However, large and prospective randomized trials aiming to improve anemia in CKD as primary 

endpoint, using any form of vitamin D are still lacking. The largest randomized trial in this field 

was performed in 60 CKD patients stage 3B-5 and anemia to determine whether paricalcitol, 

compared to calcitriol, improved anemia (37). These patients, with normal PTH levels and without 

signs of clinical inflammation, were randomized in two groups to receive low doses calcitriol 

or paricalcitol for 6 months. During this period, paricalcitol resulted in a significant increase in 

Hb concentration, without a change in iron balance, inflammatory markers and PTH plasma 

concentration. However, patients treated with calcitriol showed a decrease in Hb levels. Due to 

the lack of a control group in this study, it is impossible to draw conclusions about the role of 

vitamin D in the overall management of anemia in patients with CKD.

In conclusion, epidemiological data and biological mechanisms suggest that active vitamin D 

could have a positive effect on renal anemia. Currently however, the clinical relevance of this is 

unsure. In our opinion, it is too early to conclude that active vitamin D administration improves 

renal anemia in CKD patients. It is conceivable though, that it may be considered in patients with 

unexplained EPO-hyporesponsiveness.
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Figure 3. Effects of Vitamin D deficiency in CKD on the immune system and EPO-resistant anemia.
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Abstract

Background. Optimal albuminuria reduction is considered essential to halt chronic kidney disease 

(CKD) progression. Both vitamin D receptor activator (VDRA) treatment and dietary sodium 

restriction potentiate the efficacy of renin-angiotensin-aldosterone-system (RAAS)-blockade to 

reduce albuminuria. The ViRTUE study addresses whether a VDRA in combination with dietary 

sodium restriction provides further albuminuria reduction in non-diabetic CKD patients on top 

of RAAS-blockade.

Methods/design. The ViRTUE study is an investigator-initiated, prospective, multi-centre, 

randomized, double-blind (paricalcitol versus placebo), placebo-controlled trial targeting stage 

1-3 CKD patients with residual albuminuria of >300 mg/day due to non-diabetic glomerular 

disease, despite angiotensin converting enzyme inhibitor or angiotensin receptor blocker use. 

During run-in, all subjects switched to standardized RAAS-blockade (ramipril 10 mg/day) and 

blood pressure titrated to <140/90 mmHg according to a standardized protocol. Eligible patients 

are subsequently enrolled and undergo four consecutive study periods in random order of 8 weeks 

each: (i) paricalcitol (2 µg/day) combined with a liberal sodium diet (~200 mmol Na+/day, i.e. mean 

sodium intake in the general population), (ii) paricalcitol (2 µg/day) combined with dietary sodium 

restriction (target: 50 mmol Na+/day), (iii) placebo combined with a liberal sodium diet, and (iv) 

placebo combined with dietary sodium restriction. Data are collected at the end of each study 

period. The primary outcome is 24-h urinary albumin excretion. Secondary study outcomes are 

blood pressure, renal function (estimated glomerular filtration rate), plasma renin activity and, in 

a sub-population (N=9), renal haemodynamics (measured glomerular filtration rate and effective 

renal plasma flow). A sample size of 50 patients provides 90% power to detect 23% reduction 

in albuminuria, assuming a 25% dropout rate.

Discussion. Further reduction of residual albuminuria by combination of VDRA treatment and 

sodium restriction during single-agent RAAS-blockade will justify long-term studies on cardiorenal 

outcomes and safety.

Clinical trial registration. NTR2898 (Dutch trial register).
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Rationale

Albuminuria independently contributes to chronic kidney disease (CKD) progression towards 

end-stage renal disease (ESRD)1, and is also an independent predictor of cardiovascular 

outcome2. Optimal lowering of albuminuria is therefore a cornerstone of current CKD treatment. 

Pharmacological blockade of the renin-angiotensin-aldosterone system (RAAS) by angiotensin 

converting enzyme (ACE) inhibition or angiotensin receptor blockade (ARB) reduces albuminuria 

and blood pressure, retards renal disease progression and reduces cardiovascular risk in CKD 

patients.3,4 Despite optimally dosed single agent RAAS-blockade, however, considerable residual 

albuminuria remains in many CKD patients. The amount of residual albuminuria is closely related 

to long-term renal and cardiovascular prognosis.5,6 Consequently, further albuminuria reduction 

by means of adjunct pharmacological or dietary measures has been advocated to further improve 

cardiorenal outcomes. Recent studies have shown that dual RAAS-blockade using traditional 

RAAS-inhibitors did not result in increased renoprotection compared with single-agent RAAS-

blockade.7-9 Rather, particularly in diabetic nephropathy patients, dual RAAS blockade was 

accompanied by an increased risk of acute kidney injury and hyperkalemia.8-10 Because dual RAAS-

blockade is now considered insufficiently safe for a considerable part of the CKD population, it is 

necessary to find alternative treatment modalities with a more attractive efficacy/side effect ratio.

Dietary sodium restriction potentiates the antiproteinuric efficacy of RAAS-blockade. A modest 

reduction of dietary sodium intake to 2 g/day is associated with a 30% proteinuria reduction, 

which is in the same order of magnitude as the response to single RAAS-blockade.11 Combining 

RAAS-blockade with sodium restriction synergistically reduces proteinuria in non-diabetic CKD 

patients.11,12 Sodium restriction on top of RAAS-blockade is also associated with long-term renal 

and cardiovascular protective effects both in non-diabetes and diabetes.13,14 Conversely, sodium 

overload may even annihilate the antihypertensive and antiproteinuric effects of RAAS-blockade.15 

Despite adequate sodium restriction during single-agent RAAS-blockade, however, residual 

proteinuria may still remain, requiring additional intervention.

Recent preclinical16 and clinical17 studies demonstrated that vitamin D receptor activators (VDRA, 

e.g. paricalcitol) may provide additional renoprotection by reducing residual albuminuria. The 

renoprotective effects of VDRA may at least partly be mediated by the RAAS.18-20 Vitamin D 

receptor activation directly suppresses renin gene transcription.21 Additionally active vitamin D 

has displayed anti-inflammatory and antifibrotic effects as well as specific beneficial effects on 

podocytes in models of CKD (reviewed by Mirkovic et al16 and Ito et al22). Thus, the renoprotective 

effects of VDRA seem to be set forth partly beyond the RAAS, and because VDRAs are not 

6
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accompanied by (major) effects on blood pressure23 or serum potassium, these agents are 

attractive adjuncts to RAAS-blockade. Indeed, renoprotective effects of VDRA treatment appear 

additive to RAAS-blockade effects, both in the clinical setting and in animal studies.16,17

Whether the capacity of VDRA treatment to lower residual albuminuria depends on sodium intake 

is unclear. Surprisingly, a post-hoc analysis of the VITAL study suggested that patients with higher 

baseline dietary sodium intake displayed a stronger antiproteinuric effect upon VDRA treatment.24 

This would be in contrast with a large number of reports demonstrating that sodium restriction 

potentiates the antiproteinuric efficacy of RAAS-blockade, but also other classes of drugs such 

as non-steroidal anti-inflammatory drugs25 and vasopeptidase inhibitors26. Moreover, we recently 

demonstrated that dietary sodium restriction indeed potentiates the antiproteinuric effect of the 

VDRA paricalcitol in a rat model of proteinuric nephropathy27.

To prospectively study the potentially interacting effects of dietary sodium intake and VDRA 

treatment on residual albuminuria during background RAAS-blockade in patients, we designed 

a double-blind randomized placebo-controlled crossover trial with a 2x2 factorial design. The trial 

consists of four study periods comparing residual albuminuria during treatment with the VDRA 

paricalcitol or placebo during a low or liberal sodium diet, respectively, all during background 

ACE inhibition in CKD patients with residual albuminuria due to non-diabetic glomerular disease. 

Diabetic CKD patients are not included because vitamin D may interfere with insulin secretion and 

insulin sensitivity (reviewed by De Boer et al28) which could also influence residual albuminuria, 

and thus cause heterogeneity in the results. Furthermore, the ViRTUE focuses on patients with 

albuminuria from glomerular origin. Therefore, patients with secondary albuminuria due to disease 

such as amyloidosis, multiple myeloma or cancer are also excluded from participation in this trial. 

In a substudy, we will investigate the effect of paricalcitol and dietary sodium restriction on renal 

haemodynamics, i.e. measured glomerular filtration rate (GFR) and effective renal plasma flow 

(ERPF), given the previously documented effect of paricalcitol on estimated glomerular filtration 

rate (eGFR)17. Successful reduction of residual albuminuria by VDRA treatment in combination 

with dietary sodium restriction during single RAAS-blockade may pave the way for a large-scale 

clinical trial providing evidence for long-term beneficial effects of this combination therapy on 

cardiorenal endpoints.
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Study protocol

Study design and organization

The ViRTUE study is an investigator-initiated, prospective, multi-centre, randomized, double-blind, 

placebo-controlled trial targeting non-diabetic CKD patients with residual albuminuria despite 

single-agent RAAS-blockade. The ViRTUE study is conducted according to the principles of the 

Declaration of Helsinki and in accordance with the Medical Research Involving Human Subjects 

Act (WMO, The Netherlands). The study has been approved by the Medical Ethical Committee 

of the University Medical Center Groningen, the Netherlands (METc 2009.272), and has been 

registered in the Dutch clinical trial register (NTR2898). Participation in the study is on voluntary 

basis. Patients will not receive any financial support or priority for treatment of other diseases 

during this study.

Participants

The ViRTUE study recruited stage 1-3 non-diabetic CKD patients with residual albuminuria >300 

mg/day due to (non-diabetic) glomerular disease despite optimally dosed single-agent RAAS-

blockade. Recruitment took place at five academic or non-academic hospitals in the Netherlands. 

Patients were required to have a stable renal function with a creatinine clearance >30 mL/min, the 

average of two parathyroid hormone (PTH) values should be <1.5 times the upper limit of normal 

(defined by the reference values of each participating centre) and the average of two corrected 

serum calcium values should be between 2.0 and 2.6 mmol/L. Furthermore, patients should not 

have received (within 3 months prior to screening) vitamin D (analogues). Circulating 25(OH)D was 

not used as specific criteria, because previous studies suggest that the albuminuria-lowering effect 

of vitamin D receptor activation is independent of the vitamin D status as reflected by 25(OH)D 

levels (VITAL study, unpublished data). This approach is similar to the previous clinical trials with 

paricalcitol among CKD patients.23,24,29 Patients who also met the other prespecified eligibility 

criteria (Table 1) and provided written informed consent were enroled. Patient enrolment started 

March 2012 and was closed in May 2014.

6
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Table 1. Eligibility criteria of the ViRTUE study

Inclusion criteria Exclusion criteria

1

2

3

4

5

6

7

Male and female patients

Non-diabetic glomerular disease as established 

by history, serum biochemistry tests and/or renal 

biopsy

Age ≥18 years

Residual albuminuria >300 mg/day and <10 g/day 

during conventional treatment of at least 8 weeks 

with ACEi or ARB at the maximum recommended 

dose

Stable renal function (creatinine clearance of >30 

ml/min; with <6 mL/min per year decline)

Average of 2 consecutive PTH values of < 1.5 times 

the upper limit of normal (defined by the reference 

values of each participating center), 2 consecutive 

serum calcium levels between 2.0 and 2.6 mmol/L 

(corrected for albumin levels), 2 consecutive serum 

phosphorus levels of ≤ 1.5 mmol/L within 4 weeks 

prior to treatment

Self-written informed consent (no incapacitated 

adults)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Diabetes Mellitus

Uncontrolled hypertension

Hyperkalemia (potassium >6.0 mmol/L)

Cardiovascular disease (myocardial infarction, unstable 

angina, percutanous transluminal coronary angioplasty, 

coronary artery bypass grafting, or stroke within last 6 

months, heart failure NYHA III-IV)

Epilepsy

Liver disease resulting in aberrations of liver function 

tests

Previously treated (within 3 months of screening) with 

paricalcitol or vitamin D (analogue)

Contraindication to ACEi, high/low-sodium diet or 

paricalcitol

Medication interacting with ACEi or paricalcitol

Frequent NSAID use (> 2 doses/week), use of 

immunosuppressive drugs or use of digoxin

Active malignancy

Any bowel disorder resulting in fat malabsorption

Pregnant or nursing (lactating) women, where pregnancy 

is defined as a state of a female after conception and 

until the termination of gestation, confirmed by a positive 

ß-hCG laboratory test (>5 mIU/ml)

Incompliance with diet or study medication

Any psychiatric condition or psychiatric medication use

Drug or alcohol abuse

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ß-hCG, beta human 

chorionic gonadotropin; NSAID, non-steroidal anti-inflammatory drug; NYHA, New York Heart Association; PTH, 

parathyroid hormone.

Run-in period

Before study entry, patients start with a wash-out/wash-in period in which RAAS-blocking agents 

and diuretics (except for furosemide) are discontinued, and standardized RAAS-blockade (10 

mg ramipril/day) is started to titrate blood pressure to a value of <140/90 mmHg. If necessary, 

pharmacological antihypertensive therapy is optimized during the run-in period. Blood pressure 

is evaluated during every outpatient clinic visit under constant conditions, at 1-min intervals 

for 15 min by an automatic device (Dinamap; DE Medical systems, Milwaukee, WI), with the 

patient in a semi-supine position. If the target blood pressure of <140/90 mmHg is not reached 

within 6 weeks after the initiation of ramipril, additional antihypertensive medication (metoprolol, 

doxazosin and/or amlodipine) is added to the treatment regimen with 4-week intervals. Blood 

pressure is evaluated every fourth week, and patients with adequate blood pressure values enrol 

in the study. After a maximum wash-in/wash-out period of 18 weeks, patients with a blood 

BNW_Fenna_v1.indd   110 16-Aug-19   17:08:06



111

Vitamin D and sodium restriction to reduce albuminuria

pressure value < 180/100 mmHg will be able to enrol in the study. Patients with a blood pressure 

value of >180/100 mmHg, despite optimal antihypertensive treatment as indicated above, are 

not included in the study.

Study period

Patients are subjected to four consecutive study periods in random order with duration of 8 

weeks each. These study periods (Figure 1) consist of: (i) the VDRA paricalcitol (19-nor-1,25[OH]
2
-

vitamin D2, 2 µg/day24,30) combined with a liberal sodium diet (~200 mmol Na+/d [~4.8 g], i.e. 

corresponding to the mean sodium intake in the general population), (ii) paricalcitol (2 µg/day) 

combined with dietary sodium restriction (target 50 mmol Na+/day, ~1.2 g), (iii) placebo combined 

with a liberal sodium diet, and (iv) placebo combined with dietary sodium restriction. The duration 

of each treatment period is based on previous studies with paricalcitol demonstrating maximum 

albuminuria reduction at 4-6 weeks after treatment initiation.24,31 Since our 8-week study periods 

are considerably longer than the wash-out of the interventions (paricalcitol < 2 weeks31 and re-

establishment of steady state after a change in sodium diet < 2 weeks11,12), the protocol does not 

include wash-out periods.

Patients are instructed to take the study medication once daily, in the morning, except for study 

days, when the study drug will be taken after data have been collected at the study centre. Every 

8 weeks, patients collect 24-h urine, and after an overnight fast blood pressure is measured and 

blood and spot urine samples are taken (see Figure 1). Collected data at the end of each 8-week 

treatment period are used for analysis. At 4 weeks from start of the treatment period, serum 

albumin, calcium, phosphorus and PTH are measured for safety analyses.

6
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Figure 1. Study design of the ViRTUE study. Patients are subjected to four consecutive study periods in random order with 

duration of 8 weeks each. The interventions are paricalcitol (2 µg/day) or placebo combined with a liberal sodium diet or 

dietary sodium restriction.

During the course of the study, patients will receive a thorough monitoring of compliance to the 

sodium diet by measuring 24-h urinary sodium excretion every 4 weeks. Patients will be motivated 

to ensure a stable protein intake (1.1 g/kg body weight per day) during the periods of different 

sodium intake. Between inclusion and start of the study, patients will be asked to keep a dietary 

diary for a period of 3 days and to collect 24-h urine on the third day. The results of the dietary 

diary and the 24-h urine collection will be used during a dietary consult in which the patient 

will receive personal dietary advice to be compliant to the sodium-restricted diet. Differences in 

sodium intake between the study periods will be achieved by replacing sodium-rich products 

with a low-sodium product of the same product group to maintain isocaloric intake with a similar 

balance among protein, carbohydrate and fat. When subjects report symptomatic hypotension 

during the study period, especially while on dietary sodium restriction, the dose or the number 

of antihypertensives will be reduced. If blood pressure afterwards rises to >140/90 mmHg, the 

dose or number of antihypertensives will be restored.

Renal haemodynamics substudy

In a substudy consisting of male patients, we will evaluate the effect of paricalcitol and dietary 

sodium restriction on renal haemodynamics (GFR and ERPF). All male patients participating at the 

University Medical Center Groningen or Martini Hospital Groningen were asked informed consent 

for this sub-study. At the end of each study period, subjects undergo GFR/ERPF measurements 

remaining in a semi-supine position except during voiding as previously described in more detail32. 
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In short, to ensure sufficient urine output, subjects will be provided with 250 ml of oral fluids 

every hour. After a 1.5-h stabilization period, GFR and ERPF are measured as the clearances of 

constantly infused 125I-iothalamate and 131I-hippuran, respectively. After the stabilization period, 

blood is drawn every hour and urine is collected every two hours. In this set-up, GFR is measured 

as the urinary clearance of 125I-iothalamate using the formula (U x V )/P (where U is concentration 

per mL urine, V is urinary flow rate in ml/min and P is plasma concentration) and corrected for 

voiding errors by the ratio of plasma to urinary clearance of 131I-hippuran. Furthermore, 24-h 

ambulatory blood pressure is measured in the week prior to the GFR/ERPF measurement using 

a Spacelabs 90217 (Spacelabs Medical Products, Sydney, Australia) device with blood pressure 

and heart rate recorded three times per hour throughout awake periods and once every hour 

during sleeping periods.

Randomization and blinding

To prevent systematic errors resulting from the crossover design, the different periods, treatment 

(placebo or paricalcitol) as well as diet (low or liberal sodium diet), will be randomized for each 

patient. We defined four different treatment sequences (see Figure 2). Randomization of these 

sequences was performed externally by the pharmaceutical company that delivered the study 

medication (AbbVie).

Administration of study medication (placebo or paricalcitol) takes place in a double-blinded 

fashion, while the diet (low or liberal sodium) will be open label. Unblinding is only acceptable 

when severe deterioration of renal function (defined as ≥25% renal function decline between 

two visits) is recorded or when a serious adverse event occurs that requires information regarding 

the study medication use (paricalcitol or placebo).

6
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Figure 2. Four different sequences of treatment periods in the ViRTUE study. The interventions are a liberal sodium diet or 

dietary sodium restriction in combination with paricalcitol (2 µg/day) or placebo.

Safety

In general, the risk for participation in this study is estimated to be low. Paricalcitol has been 

approved by the European Medicines Agency (EMA), the U.S. Food and Drug Administration 

(FDA) and the Dutch Medicines Evaluation Board (MEB) and is widely prescribed in the clinical 

setting, mainly for the treatment of secondary hyperparathyroidism and renal osteodystrophy in 

patients with advanced CKD. No serious side effects are expected at the paricalcitol dosage used 

in this study, expect for hypercalcaemia. Possible other side effects of paricalcitol include stomach 

complaints, skin rash, dizziness, taste abnormalities, constipation, dry mouth, itching, urticaria, 

muscle spasms, intolerance or liver abnormalities; these side effect are rare and mild. Four weeks 

after the start of a treatment period, serum albumin, calcium and PTH are measured for a safety 

analysis. In case of hypercalcaemia (corrected serum calcium >2.60 mmol/l) or hypoparathyroidism 

(PTH <1.5 pmol/L), the dose of the study medication (paricalcitol or placebo) is reduced from 

two capsules to one capsule per day for the remaining study period(s). If hypercalcaemia or 

hypoparathyroidism as defined above persists, the patient is withdrawn for the study. Study 

medication is also discontinued if the investigator determines that continuing the drug would result 

in a significant safety risk for the patient or if the study drug would be considered detrimental 

to the patient’s well-being.

Use of any (other) RAAS-blocking agent, diuretics (except for furosemide), ketoconazole and 

antacids is not allowed after the start of the study as these medications may interfere with the 
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evaluation of safety, tolerability and/or efficacy of the study medication. Furosemide is tolerated 

during the study since comorbidity (e.g. oedema) may require diuretic therapy to be continued 

throughout the study.

All patient-reported or observed adverse events are recorded. There are no predefined criteria 

for premature termination of the study, excepted for hypercalcaemia or hypoparathyroidism 

as defined above. If, however, during the conductance of the study new information becomes 

available showing that continuation of the study would result in a significant safety risk for the 

patients, the principal investigator and project leader will decide to terminate the study.

Study endpoints

The primary study endpoint is albuminuria, measured in a 24-h urine portion collected at the 

end of each study period. Secondary study endpoints are blood pressure (systolic, diastolic 

and mean arterial pressure), renal function (creatinine clearance and eGFR by creatinine-based 

CKD-EPI formula), urinary sodium excretion (assessment of dietary sodium intake), plasma renin 

activity and in the substudy renal haemodynamics (measured GFR and ERPF). Other prespecified 

exploratory parameters may include body mass index, circulating levels of calcium, phosphate, 

sodium, potassium, urea, cholesterol, triglycerides, total protein and albumin, aldosterone, 25(OH) 

and 1,25(OH)
2
 vitamin D, vitamin D binding protein (DBP), fibroblast growth factor 23, soluble 

Klotho, sclerostin, copeptin, asymmetric dimethylarginine (ADMA) and urinary excretion of urea 

(as a measure of dietary protein intake).

The ViRTUE study offers the opportunity for post hoc studies investigating the effect of VDRA 

therapy in combination with dietary sodium restriction on various mineral-bone disease or 

cardiovascular parameters.

Statistical analysis and sample size

We will use standard descriptive statistics to assess baseline clinical and laboratory data at 

enrolment. Subsequently, we will compare albuminuria at the end of each study period by using 

mixed models repeated measures. Fixed factors will be sequence, period, medication (placebo 

or paricalcitol), diet (liberal or restricted sodium diet) and the interaction between medication 

and diet (medication x diet). The effect on blood pressure, renal function and other outcome 

parameters will be evaluated similarly. Patients who drop out during the study period will be 

analysed until the last hospital visit at which data has been collected, except for dropout due to 

screening failure.

6
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Based upon data from a previous study11, we calculated a sample size of 39 patients to detect a 

change of 23% in albuminuria (log delta albuminuria -0.26) with a power of 90%. If 25% dropout 

is taken into account, we require 50 patients. Of note, the sample size is smaller compared with 

a parallel study design, as subjects serve as their own internal control and the within-patient 

variability is smaller than the variability between patients.

Since no preliminary data exist on the effect of paricalcitol on ERPF, this will be assessed in a 

substudy which can be considered hypothesis-generating. We have enrolled 9 patients into the 

GFR/ERPF substudy.

Trial status

Patient enrolment started March 2012 and was closed in May 2014. The study will end in March 

2015. First results from this trial are expected in the third quartile of 2015. The results will be 

presented at national and international scientific meetings. Publications will be submitted to 

peer-reviewed journals.
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Abstract

Reduction of residual albuminuria during single-agent RAAS-blockade is accompanied by 

improved cardio-renal outcomes in chronic kidney disease (CKD). We studied the individual and 

combined effects of the vitamin D receptor activator paricalcitol and dietary sodium restriction 

on residual albuminuria in CKD.

In a multi-center, randomized, placebo-controlled, cross-over trial 45 patients with non-diabetic 

CKD stage 1-3 and albuminuria >300 mg/24h despite ramipril 10 mg/d and blood pressure 

<140/90 mmHg were treated for four 8-week periods with paricalcitol (PARI, 2 µg/day) or placebo 

(PLAC), each combined with a low (LS) or regular sodium (RS) diet. The treatment effect was 

analyzed by linear mixed-effect models for repeated measurements.

In the intention-to-treat analysis, albuminuria was 1060 [778 to 1443] (geometric mean [95% 

CI]) mg/d during RS+PLAC, and 990 [755 to 1299] mg/24h during RS+PARI (P=0.2 vs. RS+PLAC). 

LS+PLAC reduced albuminuria to 717 [512 to 1005] mg/24h (P<0.001 vs. RS+PLAC), and LS+PARI 

to 683 [502 to 929] mg/24h (P<0.001 vs. RS+PLAC). The reduction by paricalcitol beyond the 

effect of LS was non-significant (P=0.6). In the per protocol analysis restricted to participants 

with ≥95% compliance to study medication, paricalcitol did provide further albuminuria reduction 

(P=0.04 LS+PARI vs. LS+PLAC). Dietary adherence was good, as reflected by urinary Na+ excretion 

of 174±64 mmol Na+/day in the combined RS groups, and 108±61 mmol Na+/day in the LS groups 

(P<0.001).

Moderate dietary sodium restriction substantially reduced residual albuminuria during fixed-dose 

ACEi. The additional effect of paricalcitol was small in comparison to sodium restriction and 

non-significant.
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Introduction

Pharmacological renin-angiotensin-aldosterone system (RAAS)-blockade reduces albuminuria and 

blood pressure, subsequently retarding renal function loss and lowering the risk of cardiovascular 

morbidity and mortality in chronic kidney disease (CKD).1-5 However, in a considerable proportion 

of patients, RAAS-blockade is unable to halt the progression of CKD, despite blood pressure 

control. Residual albuminuria (or proteinuria), persisting despite optimally dosed RAAS-blockade, 

is strongly associated with adverse long-term renal and cardiovascular outcomes,6,7 and therefore 

considered a target for additional intervention.

Dietary sodium restriction potentiates the albuminuria-lowering efficacy of RAAS-blockade in 

non-diabetic and diabetic CKD patients,8-10 which has been associated with improved long-term 

cardiorenal protection.11,12 In addition, vitamin D receptor activator (VDRA) therapy may lower 

residual albuminuria, as suggested by preclinical studies13,14 and several small-to-medium-scale 

randomized controlled trials in CKD patients.15,16 The renoprotective effect of VDRA therapy may at 

least in part be mediated by a direct inhibitory effect on the RAAS.17,18 Given the consistent finding 

that dietary sodium restriction potentiates the albuminuria-lowering efficacy of conventional 

RAAS-blockade including angiotensin converting enzyme inhibition (ACEi)9 and angiotensin 

receptor blockade,8 it seems plausible that sodium restriction would also potentiate the capacity 

of VDRA treatment to lower residual albuminuria. In line with this assumption, we recently found 

that dietary sodium restriction potentiates the antiproteinuric and renoprotective efficacy of 

VDRA treatment in a rat model of proteinuric nephropathy,19 and that sodium intake modulates 

the inverse association between plasma vitamin D levels and the risk of developing increased 

albuminuria in the general population.20 At variance, however, a post-hoc analysis of the VITAL 

trial16 as well as an observational study in non-diabetic CKD21 suggested that albuminuria patients 

with higher baseline dietary sodium intake had a stronger antiproteinuric response to VDRA 

treatment than those with lower baseline sodium intake.

In the ViRTUE-CKD trial, therefore, we prospectively studied the separate and combined 

albuminuria-lowering effect of the VDRA paricalcitol and dietary sodium restriction during fixed-

dose RAAS-blockade, the current standard treatment, in non-diabetic patients with CKD. The trial 

compares residual albuminuria during four subsequent study periods in random order: paricalcitol 

or placebo combined with either dietary sodium restriction (target 50 mmol Na+/day) or a regular 

sodium diet (target 200 mmol Na+/day), respectively, all during fixed-dose ACEi.

7
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Concise methods

Study design

We performed an investigator-initiated, multicenter, randomized, double-blind, placebo-controlled 

cross-over trial in five Dutch hospitals. Patients were included between January 2012 and May 

2014. Inclusion was concluded upon reaching the predefined sample size (see below); the last 

follow-up visit of the last patient took place in March 2015. The study was conducted according 

to the principles of the Declaration of Helsinki; the study protocol has been approved by the 

Medical Ethical Committee of the University Medical Centre Groningen, the Netherlands (METc 

2009.272) and has been registered in the Dutch clinical trial register (NTR2898). The rationale 

and study protocol of the ViRTUE-CKD study have been published previously.45

Participants

We recruited stage 1–3 non-diabetic patients with CKD (creatinine clearance >30 mL/min) and 

residual albuminuria. Inclusion criteria were: residual albuminuria >300 mg/day despite single-agent 

RAAS blockade, stable renal function (<6 mL/min decline in the previous year) with a creatinine 

clearance >30 mL/min, parathyroid hormone (PTH) values <1.5 times the upper limit of normal, 

serum calcium (adjusted for serum albumin) between 2.0 and 2.6 mmol/L, serum phosphate 

≤1.5 mmol/L, and age over 18 years. Exclusion criteria were: diabetes mellitus, uncontrolled 

hypertension, hyperkalemia (potassium >6.0 mmol/L), a cardiovascular event in the previous six 

months, heart failure NYHA III-IV, epilepsy, liver disease, active malignancy, a bowel disorder 

resulting in fat malabsorption, treatment with vitamin D analogue in the previous three months, 

regular use (>2 doses/week) of non-steroidal anti-inflammatory drugs, use of immunosuppressive 

treatment, digoxin or psychiatric medication, drug or alcohol abuse, incompliance with the study 

diet or study medication, pregnancy, or breast feeding.

Study design

Detailed information regarding the study protocol has been published previously.45 During a run-in 

period, patients received standardized RAAS-blockade (10 mg ramipril/day). Existing treatment 

with other RAAS-blocking agents and diuretics (except for furosemide) was discontinued. If the 

target blood pressure of <140/90 mmHg was not reached within 6 weeks after the initiation of 

ramipril, additional antihypertensive therapy (metoprolol, doxazosin and/or amlodipine) was added 

to the treatment regimen with 4-week intervals. When the target blood pressure was reached, 

patients were allowed to enter the study protocol. After a maximum wash-in/wash-out period 

of 18 weeks, patients with a blood pressure value <180/100 mmHg were able to enroll in the 

study, whereas patients with a blood pressure >180/100 mmHg were not included in the study.45
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Patients were subjected to four subsequent treatment periods of eight weeks each. These study 

periods consisted of (i) the VDRA paricalcitol (19-nor-1,25[OH]
2
–vitamin D2, 2 µg/day) combined 

with a regular sodium diet (target sodium intake 200 mmol Na+/day [≈4.8 g], i.e. the average 

sodium intake in the general population); (ii) paricalcitol (2 µg/day) combined with dietary sodium 

restriction (target sodium intake 50 mmol Na+/day, [≈1.2 g]), (iii) placebo combined with a regular 

sodium diet or (iv) placebo combined with dietary sodium restriction. To prevent systematic 

errors resulting from the cross-over design, the order of the treatment periods was randomized 

(1:1:1:1) for each patient. Four different treatment sequences were defined.45 The study medication 

(paricalcitol or placebo) was provided by AbbVie. Placebo capsules had a similar appearance, 

smell and taste as compared with paricalcitol capsules. Computer-generated randomization was 

performed by AbbVie. The investigators (CAK and GFvB) enrolled participants. Patients received 

study medication containers labelled with a unique number representing the randomly allocated 

sequence, whereby all participants and involved investigators and care providers remained blinded 

to the study medication type (paricalcitol or placebo) throughout the entire study. Assignment 

of the treatment order was not disclosed until the study database was locked. The dietary 

intervention was open label.

At the start of the first dietary sodium restriction study period, patients received personal dietary 

advice from a dietician. Sodium restriction was achieved by replacing sodium-rich products with 

a low sodium product of the same product group, aiming for isocaloric intake with a similar 

balance among protein, carbohydrate and fat. Compliance to the sodium diet was monitored 

by measuring 24-hour urinary sodium excretion every 4 weeks, and patients were counselled to 

use this information.

At start of the run-in period, medication use of the participants was verified. Use of (self-initiated) 

vitamin supplementation was specifically inquired. Any form of vitamin D supplementation was 

discontinued. Participants were instructed not to use supplemental vitamin D (calciferol) and to 

report all changes in prescribed and self-initiated medication use during the entire study.

Four weeks after the start of each treatment period, serum albumin, calcium and PTH were 

measured for a safety analysis. In case of hypercalcemia (corrected serum calcium >2.60 mmol/L) 

or hypoparathyroidism (PTH <1.5 pmol/L), the dose of the study medication (paricalcitol or 

placebo) was reduced from two capsules to one capsule per day for the remaining study period(s). 

All patient-reported or observed adverse effects were recorded.

7
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Primary and secondary endpoints

The primary end point of our study was albuminuria, measured in a 24-hour urine sample collected 

at the end of each study period. Secondary study endpoints were blood pressure, creatinine 

clearance, eGFR, urinary sodium excretion and plasma renin concentration, respectively, measured 

at the end of each study period.

Measurements

At the end of each 8-week treatment period, patients collected 24-hour urine samples, blood 

pressure was measured, and a blood sample was taken after overnight fasting. Albuminuria was 

measured using a turbidimetric assay using benzethonium chloride (Modular, Roche Diagnostics, 

Mannheim, Germany). Blood pressure was evaluated during every outpatient clinic visit under 

constant conditions, at one-minute intervals for 15 min by an automatic device (Dinamap; DE 

Medical systems, Milwaukee, WI), with the patient in a semi-supine position. The mean of 

three readings was used for further analysis.45 Blood electrolytes, lipids, proteins, and urinary 

electrolytes were determined by using an automated multi-analyzer (Modular, Roche Diagnostics, 

Mannheim, Germany). Plasma renin concentration was measured using a 2-site immunoradiometric 

assay (Beckman Coulter, Immunotech, Prague, Czech Republic). Parathyroid hormone (PTH) 

concentrations were assessed with the Roche Cobas electrochemoluminescent immunometric 

assay (Roche Diagnostics, Mannheim, Germany). 25-hydroxyvitaminvitamin D3 (25[OH]D) levels 

were determined by liquid chromatography tandem mass spectrometry (LC-MS/MS). Carboxyl-

terminal FGF23 was determined in duplicate using a human FGF23 ELISA (Immutopics, San 

Clemente, CA, USA).

Dietary sodium intake was assessed from urinary sodium excretion in 24-hour urine samples. 

Creatinine clearance was calculated from creatinine concentrations in plasma and in 24-hour 

urine collections, and eGFR was calculated using the creatinine-based CKD Epidemiology 

Collaboration (EPI) formula.46 Serum calcium was adjusted for hypoalbuminemia as follows: 

corrected calcium = serum calcium (mmol/L) + 0.023 * (40 – serum albumin [g/L]) if serum albumin 

< 35 g/L. Peripheral pitting edema was assessed at the pre-tibia area of both legs by visual and 

manual examination and scored dichotomously (absent or present).

Statistical analysis

Based upon data from a previous study,8 a sample size of 39 patients was calculated to detect 

a difference of 23% in albuminuria (log delta albuminuria −0.26) between HS+placebo and 

LS+paricalcitol with 90% power, considering a standard deviation of 0.5 for the log delta 

albuminuria.45 Assuming a dropout rate of 15%, we aimed to include 45 patients. The sample 
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size calculation took into account that each patient serves as his own internal control, increasing 

statistical power.

Data are presented as mean ± SD in case of normally distributed data, geometric mean [95% 

confidence interval] for non-normally distributed data, and number (percentage) for nominal data, 

unless stated otherwise. The relative change in albuminuria between study periods is presented 

as median [interquartile range]. Variable distribution was tested with histograms and probability 

plots. P for differences between the four treatment sequences were assessed with ANOVA for 

normally distributed continuous data, Kruskal-Wallis test for non-normally distributed data, and 

the χ2 test for nominal data. Data at the end of the run-in period were considered baseline 

values. To determine the effect of treatment, we used linear mixed-effect models for repeated 

measurements, using the unstructured covariance structure with random intercept, and ‘center’, 

‘treatment’ and ‘sequence’ as well as their interaction (‘treatment*sequence’) as fixed factors. 

Non-normally distributed variables were 2log transformed before entering the model. Linear 

mixed model analysis was used to investigate possible carryover effects: non-significant (P>0.05) 

effects of sequence and treatment*sequence were interpreted as indicating that carryover effects 

were absent.

To investigate a possible interaction between the interventions on the primary endpoint we also 

analyzed the primary outcome (2log transformed albuminuria) by linear mixed-effect models for 

repeated measurements, using the unstructured covariance structure with random intercept, 

and ‘center’, ‘period’, ‘sequence’, ‘medication’ (placebo or paricalcitol) and ‘diet’ (normal or low 

sodium diet) as well as their interaction (‘medication’*’diet’) as fixed factors.

For the primary analysis, all available data from all 45 patients were included (intention-to-treat 

analysis). As a per protocol analysis, we re-analyzed the primary endpoint in a study population 

restricted to those participants with ≥95% compliance to the study medication (assessed by 

counting the returned paricalcitol capsules), for each treatment period. There were 31-34 

participants available for this analysis. To account for missing data, we report the estimated 

(geometric) means obtained from the linear mixed modelling for this analysis. In another secondary 

analysis we addressed the compliance to the dietary sodium restriction by adding 24h urinary Na+ 

excretion (as a continuous variable) to the linear mixed model analysis.

A two-tailed P<0.05 was considered to indicate statistical significance. Statistical analyses were 

performed using SPSS 22.0 for Windows (IBM SPSS, Chicago, IL) and GraphPad Prism version 

5.00 for Windows (GraphPad Software, San Diego, CA).

7
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Results

Study population

Of 212 eligible patients, 68 patients gave written informed consent and were subsequently 

enrolled in the run-in period in which blood pressure was targeted <140/90 mmHg using a 

standardized regimen (Figure 1). During the run-in period, 23 patients discontinued the study. 

Of the 45 patients subsequently randomized, three patients were excluded during the study after 

completion of at least one study period. Supplemental Table 1 shows the baseline characteristics 

of the 45 study participants after randomization, according to the sequence of the study periods. 

All patients received background ACEi in a fixed dose throughout the study (ramipril 10 mg/d).

Figure 1. Trial profile of the ViRTUE-CKD study.

Primary efficacy analysis

During regular sodium (RS) diet combined with placebo treatment, residual albuminuria was 1,060 

[778 to 1,443] mg/24h, Figure 2). In the intention to treat analysis, paricalcitol provided a weak and 

non-significant albuminuria reduction to 990 [755 to 1,299] mg/24h (-12.5% [-26.0% to 26.3%] 

vs. RS+placebo, P=0.2; Figure 3). During a low sodium (LS) diet combined with placebo treatment, 

albuminuria was reduced to 717 [512 to 1,005] mg/24h (-25.4% [-52.6% to -2.3%] vs. RS+placebo, 

P<0.001). The strongest albuminuria reduction was reached by LS+paricalcitol, to 683 [502 to 929] 

mg/24h (-31.7% [-55.0% to -0.9%], P<0.001 vs. RS+placebo). Paricalcitol did not reduce albuminuria 

further than the effect of the LS diet in itself (P=0.6). Adjustment for blood pressure did not change 

the results. Results were similar for the urinary albumin/creatinine ratio (Table 1). Linear mixed-effect 

model analysis indicated no carryover effects (center P=0.7, treatment P<0.001, sequence P=0.9 and 
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treatment*sequence P=0.4). Linear mixed-effect model analysis also indicated no interaction between 

the two interventions (center P=0.6, period P=0.3, sequence P=0.7, medication P=0.3, diet P<0.001 and 

medication*diet P=0.8). During RS+placebo albuminuria and 25(OH)D were not significantly correlated 

(linear regression β=-0.02, P=0.1). The albuminuria lowering effect of dietary sodium restriction and 

paricalcitol was not influenced by the level of 25(OH)D (linear mixed-effect model analysis P=0.5).

Figure 2. Effect of sodium restriction and paricalcitol on albuminuria in the intention-to-treat analysis. Albuminuria during 

regular sodium diet or dietary sodium restriction in combination with paricalcitol (2 microgram/day) or placebo. Data is shown 

as geometric mean (95% CI). P value shows treatment effect by linear mixed modelling with center, treatment, sequence and 

the interaction treatment*sequence as fixed factors.

Figure 3. Relative change in residual albuminuria compared to RS+placebo in the intention-to-treat analysis. The percentage 

change is shown as individual data with median and interquartile range. Data for one participant with extreme values (+259%, 

-61% and +165%, respectively) are not shown.

7
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Secondary and exploratory outcomes

Mean arterial pressure (MAP) was 95 [92 to 98] mmHg during RS+placebo (Figure 4). Paricalcitol 

did not affect MAP, neither during RS diet (95 [91 to 98] mmHg; P=0.8 vs RS+placebo), nor during 

LS diet (90 [87 to 93] mmHg; P=0.5 vs. LS+placebo). Dietary sodium restriction in itself reduced 

MAP to 90 [88 to 93] mmHg (P<0.001 LS+placebo vs RS+placebo). Treatment effects were similar 

for systolic and diastolic blood pressure (Table 1).

Figure 4. Effect of sodium restriction and paricalcitol on blood pressure in the intention-to-treat analysis. Mean arterial pres-

sure during regular sodium diet or dietary sodium restriction in combination with paricalcitol (2 microgram/day) or placebo. 

Data is shown as mean (95% CI). P value shows treatment effect by linear mixed modelling with center, treatment, sequence 

and the interaction treatment*sequence as fixed factors.

Creatinine clearance was 101±41 mL/min during RS+placebo (Table 1), and was not 

significantly changed by paricalcitol (97±38 mL/min; P=0.2). Sodium restriction induced a 

reduction in creatinine clearance, both during placebo (91±38 mL/min; P=0.01 vs. RS+placebo) 

and during paricalcitol (90±35 mL/min; P=0.004). Paricalcitol did not influence creatinine 

clearance beyond the effect of dietary sodium restriction (P=0.7 vs. LS+placebo).

Both during RS and during LS diet, paricalcitol increased serum phosphate and urinary calcium 

excretion and reduced parathyroid hormone (PTH), consistent with the known effects of 

paricalcitol on calcium and phosphate metabolism (Table 1). During dietary sodium restriction, 

paricalcitol also increased serum calcium. Dietary sodium restriction decreased body weight 
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and plasma sodium, and increased plasma renin and albumin concentrations, consistent 

with a reduction of extracellular volume. Paricalcitol did not affect these parameters (Table 

1). Both LS diet and paricalcitol increased plasma carboxy-terminal fibroblast growth factor 

23 (FGF-23; Table 1). Serum 25(OH)D was not affected by LS diet or by paricalcitol (Table 1).

Adverse effects

Nine patients developed hypercalcemia during a paricalcitol treatment period, and in five of 

these patients hypercalcemia was also present during a placebo treatment period. From these 

five patients two developed hypercalcemia during a placebo treatment period before having 

received paricalcitol treatment, and the other three had at least one normal calcium measurement 

between hypercalcemia during a paricalcitol treatment period and hypercalcemia during a placebo 

treatment. There was no persisting hypercalcemia when paricalcitol was ceased. Hypercalcemia 

during a safety control visit led to a dose reduction in five patients: two during RS+paricalcitol and 

three during LS+paricalcitol. Severe orthostatic complaints required tapering of antihypertensive 

medication in one patient during LS+paricalcitol. Mild orthostatic complaints, not necessitating 

drug withdrawal, occurred in two patients on RS+placebo and one patient on paricalcitol+RS, and 

in ten patients on LS+placebo and four patients on LS+paricalcitol. These and all other reported 

adverse effects possibly or probably related to treatment are listed in Supplemental Table 2.

Compliance 

We assessed compliance to the diet by 24-hour urinary sodium excretion and compliance to 

study medication from counting returned capsules. Mean urinary sodium excretion was 174 ± 64 

mmol Na+/day (approximately 4000 mg Na+/day or 10 g NaCl/day) during the two study periods 

on the RS diet, and 108 ± 61 mmol Na+/day (approximately 2500 mg Na+/day or 6.2 g NaCl/day; 

P<0.001 vs. RS diet) during the two LS periods. Compliance to the pharmacological intervention 

was similar among the four treatment periods (Table 1). 

Per protocol analysis

The primary endpoint was re-analyzed in participants with ≥95% compliance to the study 

medication, assessed per study period. For each study period, data from 31-34 participants 

were available for this analysis. Compliance of the excluded participants during the excluded 

study periods was 88±7%, and unknown for 5 patients (during 10 study periods). Supplemental 

Table 3 shows the main clinical parameters during the four treatment periods of participants in 

the per protocol analysis. Here, estimated albuminuria was 1,177 [823 to 1,682] mg/24h during 

RS+placebo. During RS diet, paricalcitol provided a non-significant albuminuria reduction to 1,082 

[772 to 1,516] mg/24h (-18.0% [-27.0% to 29.1%]; P=0.3 vs. RS+placebo). In contrast, dietary 

7
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Table 1. Clinical parameters during the four treatment periods; intention-to-treat analysis

Regular sodium diet Sodium restriction diet

Placebo Paricalcitol Placebo Paricalcitol

N= 44 N= 44 N= 43 N= 43

Plasma/Serum

Hb, mmol/L 9.0 ± 0.9 9.0 ± 0.8 9.1 ± 0.9 9.0 ± 0.8

Sodium, mmol/L 140.6 ± 2.3 140.1 ± 2.0 139.8 ± 2.4* 140.4 ± 2.4‡

Potassium, mmol/L 4.3 ± 0.4 4.2 ± 0.4 4.3 ± 0.4† 4.4 ± 0.5†

Calcium, mmol/L 2.35 ± 0.11 2.37 ± 0.10 2.37 ± 0.13 2.41 ± 0.15*‡

Phosphate, mmol/L 0.94 ± 0.17 0.98 ± 0.16* 0.94 ± 0.14 1.00 ± 0.15*‡

Creatinine, µmol/L 110 ± 32 112 ± 32 113 ± 31 120 ± 35*†‡

eGFR, ml/min/1.73m2 68 ± 25 67 ± 24 67 ± 24 63 ± 25*†‡

Albumin, g/L 38 ± 5 39 ± 5 40 ± 4* 40 ± 4*

Total cholesterol, mmol/L 5.2 ± 1.2 5.2 ± 1.2 4.9 ± 1.0*† 5.1 ± 1.2‡

HDL cholesterol, mmol/L 1.4 ± 0.4 1.4 ± 0.4 1.3 ± 0.4*† 1.3 ± 0.4

LDL cholesterol, mmol/L 3.1 ± 0.9 3.0 ± 1.0 2.9 ± 0.7* 3.1 ± 0.90

Renin, pg/mL 42.9 [30.9-59.5] 45.3 [32.5-63.1] 61.3 [44.6-84.2]*† 66.5 [48.4-91.4]*†

PTH, pmol/L 5.0 [4.4-5.7] 3.5 [3.0-4.1]* 5.5 [4.8-6.2]† 3.4 [3.0-4.0]*‡

25(OH)D, nmol/L 50.4 ± 22.8 50.6 ± 23.4 52.7 ± 22.6 56.4 ± 24.2

FGF23, RU/mL 114 [102-128] 139 [122-158]* 120 [106-135]*† 152 [130-178] *†‡

Urine

Creatinine, mmol/24h 14.7 ± 3.9 14.5 ± 3.8 13.8 ± 3.7* 14.4 ± 3.4‡

Sodium, mmol/24h 170 ± 61 178 ± 68 104 ± 59*† 111 ± 63*†

Urea, mmol/24h 419 ± 128 416 ± 132 383 ± 120* 404 ± 118

Potassium, mmol/24h 78 ± 25 80 ± 25 81 ± 26 82 ± 24

Calcium, mmol/24h 2.4 ± 2.0 4.5 ± 3.3* 2.2 ± 2.4† 3.9 ± 2.9*‡

Phosphate, mmol/24h 32.4 ± 9.5 33.8 ± 13.3 30.4 ± 13.2 31.5 ± 9.9

Albuminuria mg/24h 1,060 [778-1,443] 990 [755-1,299] 717 [512-1,005] 683 [502-929]

Proteinuria, g/24h 1.4 [1.0-1.8] 1.3 [1.0-1.6] 1.0 [0.7-1.3]*† 0.9 [0.7-1.2]*†

Albumin/creatinine ratio 75 [55-101] 71 [53-94] 54 [39-75]*† 49 [36-66]*†

Creatinine clearance, mL/min 101 ± 41 97 ± 38 91 ± 38* 90 ± 35*

Other

Systolic blood pressure, mmHg 129 ± 14 128 ± 14 123 ± 12*† 122 ± 12*†

Diastolic blood pressure, mmHg 77 ± 9 78 ± 11 74 ± 9*† 74 ± 9*†

Mean arterial pressure, mmHg 95 ± 10 95 ± 11 90 ± 9*† 90 ± 9*†

Heart rate, bpm 65 ± 10 66 ± 10 65 ± 10 65 ±10

Body weight, kg 90 ± 17 89 ± 17 88 ± 18*† 87 ± 17*†

Compliance, % 95 ± 7 97 ± 6 97 ± 5 97 ± 4

Data are presented as mean ± SD or geometric mean [95% CI] for normally or skewed distributed data, respectively. P value 

shows treatment effect by linear mixed modelling with center, treatment, sequence and the interaction treatment*sequence 

as fixed factors.

*P< 0.05 versus placebo on regular sodium diet

†P<0.05 versus paricalcitol on regular sodium diet

‡P<0.05 versus placebo on sodium restriction diet
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sodium restriction in itself reduced albuminuria to 804 [564 to 1,146] mg/24h (-35.1% [-53.9% 

to -6.8%]; P<0.001 vs. RS+placebo), and the combination of paricalcitol and dietary sodium 

restriction further reduced albuminuria to 690 [480 to 993] mg/24h (-42.0% [-59.6% to -5.9%]; 

P=0.04 vs. RS+placebo). In this analysis, paricalcitol significantly reduced albuminuria beyond the 

effect of sodium restriction (P=0.04 LS+paricalcitol vs. LS+placebo). Similar results were observed 

when considering the urinary albumin/creatinine ratio (Supplemental Table 3). There was no 

interaction between the two interventions on the primary endpoint (center P=0.8, period P=0.2, 

sequence P=0.9, medication P=0.03, diet P<0.001 and medication*diet P=0.3).

During regular sodium diet, but not during sodium restriction, paricalcitol treatment resulted in 

a small but significant reduction in MAP (P=0.045; Supplemental Table 3). Additional adjustment 

for urinary sodium excretion did not materially influence the results on residual albuminuria, but 

the effect of paricalcitol during regular sodium intake on MAP was no longer significant (P=0.07).

Discussion

The main aim of this trial was to prospectively study the separate and combined effect of 

paricalcitol and dietary sodium restriction to lower residual albuminuria during fixed-dose single-

agent RAAS-blockade in non-diabetic patients with CKD. Moderate dietary sodium restriction 

substantially reduced residual albuminuria, whereas the effect of paricalcitol was non-significant. 

There was no interaction between the dietary sodium intake and paricalcitol on albuminuria 

reduction. Our prospective data did not confirm the previously raised suggestion that albuminuria 

reduction by paricalcitol is optimal during high sodium intake.16,21

The capacity of paricalcitol to reduce albuminuria or proteinuria has been suggested in several 

clinical studies in different CKD populations, predominantly, albeit not exclusively in diabetic 

patients.16,21-26 Two previously published reports based on post-hoc analyses from clinical studies 

suggested that paricalcitol provides stronger albuminuria reduction in patients with higher baseline 

sodium intake.16,21 This was interpreted as related to suboptimal RAAS-blockade efficacy during 

high sodium intake,21 and consequently paricalcitol was suggested to be a suitable add-on to 

RAAS-blockade for patients on high sodium intake.16 Our prospective intervention is at variance 

with the latter suggestion. 

Our results are consistent with several clinical studies showing that sodium intake potentiates 

RAAS-blockade,8-10,27,28  as well as with recent data from a prospective study in a rat model of 

proteinuric nephropathy19. In this study combined treatment with paricalcitol and an ACEi reduced 
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proteinuria, renal interstitial inflammation, glomulerosclerosis and interstitial prefibrotic changes 

during low sodium, but not during high sodium intake.19 Dietary sodium restriction reduced 

residual albuminuria and blood pressure during single-agent RAAS-blockade, in line with previous 

studies.8-10 Paricalcitol in itself provided only a mild further reduction of residual albuminuria 

beyond dietary sodium restriction, in contrast with prior findings with hydrochlorothiazide, which 

further reduced residual proteinuria beyond the effect of sodium restriction and angiotensin 

receptor blockade in a previous study.8 The effect of paricalcitol added to sodium restriction 

was stronger and reached statistical significance in a per protocol analysis restricted to patients 

with >95% compliance to study medication. A possible explanation for the relatively small effect 

of paricalcitol on albuminuria during ACEi and sodium restriction could be the substantially 

lower albuminuria elicited by sodium restriction in itself. Residual proteinuria during sodium 

restriction was relatively low compared with other trials in non-diabetic CKD patients treated with 

paricalcitol,21,24 suggesting that the efficacy of ACEi combined with LS diet may have diluted the 

residual treatment effect of paricalcitol. Furthermore, it should also be taken into consideration 

that our study had a run-in period to optimize RAAS-blockade and antihypertensive treatment, 

because we were interested in the effect of add-on paricalcitol on residual albuminuria during 

optimal treatment. The albuminuria-lowering effect of paricalcitol was not influenced by the 

baseline 25(OH)D level; therefore pre-existent vitamin D status is unlikely to explain the non-

significant effect of paricalcitol.

The renoprotective effects of moderate sodium restriction during single RAAS-blockade, lowering 

albuminuria and blood pressure, are likely multifactorial. The capacity of sodium restriction to 

reduce residual albuminuria is probably not only mediated by blood pressure,8 but additionally 

by anti-inflammatory and anti-fibrotic pathways,29-31 and local tissue RAAS activity in kidney, 

vasculature and brain.32

Experimental studies have shown that VDRA treatment exerts direct protective effects on 

podocytes,33 negatively regulates the RAAS by suppressing renin production,17,34,35 and has anti-

inflammatory and anti-fibrotic effects.13,36,37 These effects could either alone or, most likely; in 

combination, explain the anti-albuminuric effect of VDRA in addition to RAAS-blockade, as also 

supported by our recent preclinical data, showing renal tissue protection during ACEi, paricalcitol 

and dietary sodium restriction in experimental proteinuric nephropathy.19  In our trial in non-

diabetic CKD patients, the intention to treat analysis showed no additional albuminuria lowering 

effect of paricalcitol on top of the dietary sodium restriction. Our results are in line with recent 

studies in non-diabetic CKD25,38,39 where the anti-albuminuric effect of paricalcitol was less than 

expected based on studies in diabetic CKD, or even absent. In the absence of head-to-head 
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comparisons between diabetic and non-diabetic CKD however, it remains unclear whether there 

is a consistent difference in responsiveness to paricalcitol between diabetic and non-diabetic 

patients.  The absence of an antihypertensive effect of paricalcitol is in accordance with a recent 

meta-analysis showing that neither paricalcitol nor other vitamin D analogues are effective in 

lowering blood pressure.40

Both sodium restriction and paricalcitol were well tolerated. The most common adverse effects 

were mildly symptomatic hypotension (sodium restriction) and hypercalcemia (paricalcitol). 

Creatinine clearance was significantly reduced by the dietary sodium restriction. This decline was 

reversible and therefore probably reflects a reduction of glomerular pressure. It has been shown 

that a reduction in renal function during initiation of RAAS-blockade predicts a slower rate of 

long-term renal function decline.41,42 These data suggest that the initial fall in renal function in 

response to antihypertensive therapy reflects renal protection, but whether this is also true for the 

effect of dietary sodium restriction on top of RAAS-blockade has not been established. Paricalcitol 

also increased serum creatinine and (consequently) decreased creatinine-based eGFR, creatinine 

clearance was not influenced by paricalcitol treatment on either sodium intake. An increase in 

serum creatinine without altering the true GFR has been reported previously for paricalcitol,43 

and may be related to an effect on muscle metabolism. 

Whether the combination of paricalcitol and dietary sodium restriction translates into beneficial 

long-term outcomes remains to be addressed, but caution is warranted in extrapolation from 

anti-albuminuric effects only, as potential beneficial effects of the lower albuminuria could be 

counterbalanced by unfavorable effects of the rise in serum phosphate and the phosphate-

regulating hormone FGF23 triggered by paricalcitol.44 To investigate the overall effect of VDRA 

treatment, combined with moderate sodium restriction, on long-term clinical outcomes in CKD, 

a large randomized controlled clinical trial would be needed. 

A limitation of our study is the limited exposure time to paricalcitol, precluding conclusions on the 

effect of paricalcitol and dietary sodium restriction on long-term clinical outcomes. The length 

of treatment periods was based on previous studies with paricalcitol demonstrating maximum 

albuminuria reduction at 4-6 weeks after treatment initiation.16, 23 No washout periods were 

included in the study design; the 8-week period was long enough to minimize potential carryover. 

Furthermore, the sample size is relatively small, which increases the chance of a false negative 

finding; on the other hand, the cross-over design increased statistical power as subjects served as 

their own internal control and the within-patient variability is smaller than the variability between 

patients. Third, our study was performed in a selection of highly motivated patients under well-

7
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controlled and intensive treatment, limiting the external validity of our findings. Because we 

aimed to study the effect of sodium restriction in a clinically relevant set up, we applied sodium 

intervention by dietary counseling, rather than in a blinded design with add-on placebo or sodium 

supplement. Lastly, blood pressure was evaluated during outpatient clinic visits for 15 min by 

an automatic device and not by 24-hour ambulatory blood pressure monitoring. On the other 

hand, major strengths of our study include the cross-over design with participants serving as their 

own internal control, the documentation of sodium intake by 24-hour urinary excretion and the 

prospective intervention design to investigate the influence of sodium intake on the renoprotective 

efficacy of add-on paricalcitol. 

In conclusion, moderate dietary sodium restriction strongly and significantly reduced residual 

albuminuria during single-agent RAAS-blockade. Furthermore, paricalcitol had a small, non-

significant effect on reducing residual albuminuria in non-diabetic patients with CKD. In this 

prospective study we did not confirm that albuminuria reduction by paricalcitol is optimal during 

high sodium intake; oppositely, there was a trend towards optimal albuminuria reduction of 

paricalcitol during sodium restriction.  The capacity of moderate sodium restriction to potentiate 

the antiproteinuric effect of conventional RAAS-blockade has been associated with cardiorenal 

protection in both diabetic12 and non-diabetic11 CKD. Future studies should address whether 

the combination of paricalcitol and dietary sodium restriction may further enhance cardiorenal 

protection in addition to conventional RAAS-blockade.
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Supplemental Table 2. Adverse effects possibly or probably related to treatment

Regular sodium diet Sodium restriction 

diet

Placebo Paricalcitol Placebo Paricalcitol

N = 44 N= 44 N = 43 N = 43

Laboratory

Hypercalcemia 

corrected calcium > 2.60 mmol/L

4 3 2 8

Hypoparathyroidism 

PTH < 1.5 pmol/L

0 2 0 2

Elevated liver enzymes 

ASAT > 40 U/L, ALAT > 45 U/L, GGT > 50 U/L

9 14 8 7

Anaemia 0 0 1 1

Acute-on-chronic kidney disease 0 0 0 1

Hyperkalaemia 

potassium > 5.0 mmol/L

2 3 4 5

Hypokalaemia 

potassium < 3.50 mmol/L

0 2 0 0

Hyponatraemia 

sodium < 135 mmol/L

1 0 1 0

Hypophosphataemia 

phosphate <0.80 mmol/L

10 5 6 2

Hypocalcaemia 

corrected calcium <2.20 mmol/L

2 2 3 1

Elevated alkaline phosphatase 

ALP > 150 U/L

0 1 2 0

Worsening hypothyroidism 0 1 0 0

Rhabdomyolysis 0 1 0 0

Physical

Peripheral oedema 13 12 8 5

De novo atrial fibrillation 0 0 1 0

Foot drop 0 0 1 0

Peripheral artery occlusive disease (Fontaine IIB) 1 0 0 0

Reported adverse effects

Severe symptomatic hypotension 0 0 0 1

Mild symptomatic hypotension 2 1 10 4

Fatigue 1 5 3 7

Malaise 2 2 1 2

Headache 7 7 4 3

Vertigo 2 4 4 3

Visual complaint 1 2 0 1

Dry mouth 1 1 2 1

Itchiness 1 1 1 0
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Regular sodium diet Sodium restriction 

diet

Placebo Paricalcitol Placebo Paricalcitol

N = 44 N= 44 N = 43 N = 43

Skin complaint 2 0 0 1

Excessive sweating 0 1 0 0

Dyspnoea 1 2 1 0

Dry cough 3 4 2 1

Lower respiratory tract infection 1 0 1 1

Palpitations 0 0 2 1

Gastrointestinal complaints* 1 2 7 3

Pain 5 5 4 3

Myalgia 5 5 4 6

Muscle spasm or cramp† 3 0 1 2

Arthritis including gout 3 3 3 2

Bursitis 0 1 1 1

Micturition complaints including urinary tract infection 2 4 1 0

Erectile dysfunction† 1 0 0 0

Data represent numbers of patients with a particular adverse effect per study period. Some patients had more than 

one treatment-related adverse effect. * Gastrointestinal complaints including heartburn, dyspepsia, constipation 

and diarrhoea. † Two patients had complaints possibly related to ramipril (muscle pain and erectile dysfunction) and 

switched to another ACEi (enalapril 40 mg/day and fosinopril 10 mg/day, resp.). 
7
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Supplemental Table 3. Clinical parameters during four treatment periods; per protocol analysis

Regular sodium diet Sodium restriction diet

Placebo Paricalcitol Placebo Paricalcitol

N= 31 N= 34 N= 34 N= 32

Plasma/Serum

Hb, mmol/L 9.1 [8.8-9.4] 9.1 [8.9-9.4] 9.1 [8.8-9.4] 9.1 [8.8-9.4]

Sodium, mmol/L 140 [139-141] 140 [139-141] 140 [139-140] 140 [139-141]

Potassium, mmol/L 4.3 [2.7-5.9] 4.2 [2.5-5.9] 4.4 [2.6-6.1]† 4.4 [3.1-5.6]†

Calcium, mmol/L 2.35 [2.09-2.60] 2.37 [2.13-2.61] 2.36 [2.14-2.59] 2.41 [1.75-3.07]*

Phosphate, mmol/L 0.91 [0.85-0.98] 0.95 [0.90-1.01]* 0.93 [0.88-0.96] 0.97 [0.91-1.03]*

Creatinine, µmol/L 112 [85-140] 114 [86-141] 112 [85-139] 121 [93-149]*†‡

eGFR, ml/min/1.73m2 68 [59-76] 66 [58-74] 67 [59-75] 62 [53-70]*†‡

Albumin, g/L 39 [37-41] 39 [38-41] 40 [38-41] 40 [38-41]*

Total cholesterol, mmol/L 5.1 [4.7-5.5] 5.1 [4.7-5.6] 4.7 [4.3-5.1]*† 4.9 [4.5-5.4]†‡

HDL cholesterol, mmol/L 1.4 [1.2-1.5] 1.3 [1.2-1.5] 1.3 [1.1-1.4]*† 1.3 [1.2-1.4]

LDL cholesterol, mmol/L 3.0 [2.7-3.3] 3.0 [2.7-3.4] 2.8 [2.5-3.1] 2.9 [2.6-3.3]

Renin, pg/mL 44.0 [17.1-113.1] 48.6 [18.8-125.5] 60.3 [23.4-155.7]*† 62.7 [24.2-162.4]*†

PTH, pmol/L 5.3 [4.5-6.2] 3.6 [3.1-4.3]* 5.4 [4.7-6.3]† 3.4 [2.8-4.0]*‡

25(OH)D, nmol/L 53.5 [45.1-61.8] 52.2 [44.1-60.3] 52.6 [44.8-60.3] 58.0 [49.4-66.6]

FGF23, RU/mL 115 [100-132] 141 [120-166]* 123 [106-142]† 156 [130-188]*†‡

Urine

Creatinine, mmol/24h 15.5 [14.2-16.9] 15.0 [13.8-16.3] 14.6 [13.3-15.8] 15.2 [14.1-16.4]

Sodium, mmol/24h 187 [164-210] 183 [163-202] 105 [88-123]*† 112 [96-129]*†

Urea, mmol/24h 446 [402-490] 427 [383-471] 401 [359-443]* 422 [382-462]

Potassium, mmol/24h 85 [76-94] 84 [75-93] 86 [76-97] 88 [77-98]

Calcium, mmol/24h 3.2 [2.5-3.8] 5.1 [4.1-6.1]* 2.6 [1.8-3.4]† 4.5 [3.6-5.5]*‡

Phosphate, mmol/24h 33.8 [30.6-36.9] 33.9 [29.9-37.9] 32.6 [27.4-37.9] 32.0 [28.8-35.2]

Albuminuria, mg/24h 1,177 [823-1,682] 1,082 [772-1,516] 804 [564-1,146]*† 690 [480-993]*†‡

Proteinuria, g/24h 1.5 [1.1-2.1] 1.4 [1.0-1.9] 1.1 [0.8-1.5]*† 1.0 [0.7-1.3]*†

Albumin/creatinine ratio 77 [54-109] 74 [52-103] 57 [40-81]*† 46 [32-67]*†‡

Creatinine clearance, mL/min 105 [88-121] 98 [85-111] 97 [83-110] 93 [81-104]*

Other

Systolic blood pressure, mmHg 129 [125-134] 125 [120-129]* 120 [116-125]*† 121 [116-125]*

Diastolic blood pressure, mmHg 79 [76-82] 77 [73-81] 74 [70-77]*† 74 [70-77]*

Mean arterial pressure, mmHg 96 [92-99] 93 [89-97]* 89 [86-93]*† 90 [86-93]*

Heart rate, bpm 65 [61-69] 66 [62-70] 66 [62-70] 64 [60-68]†‡

Body weight, kg 95 [89-101] 95 [89-100] 93 [87-98]*† 93 [87-98]*†

Data are presented as estimated mean [95% CI] or estimated geometric mean [95% CI] for normally or skewed 

distributed data, respectively. P value shows treatment effect by linear mixed modelling with centre, treatment, 

sequence and the interaction treatment*sequence as fixed factors.

*P< 0.05 versus placebo on regular sodium diet

†P<0.05 versus paricalcitol on regular sodium diet

‡P<0.05 versus placebo on sodium restriction diet
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Summary

Patients with chronic kidney disease (CKD) are characterized by an increased risk, not only for 

progression of CKD, but even more so for cardiovascular events. The main goal in treatment of 

patients with CKD is to improve outcome, which therefore not only requires protection from 

CKD progression, but importantly also prevention of cardiovascular complications. Currently, the 

strategy for cardiovascular risk management is to treat traditional risk factors (blood pressure, 

obesity, smoking, dyslipidemia and diabetes if applicable) and CKD specific risk factors (proteinuria, 

anemia, vitamin D deficiency and possibly elevated FGF23) in isolation. Unfortunately, despite 

optimizing risk profiles, the protection against CVD remains far from satisfying. In part, this 

may be explained by interactions between risk factors, by residual gaps in our understanding of 

the pathophysiology of CVD in CKD and untoward effects of pharmacological treatment. This 

is exemplified by the finding that active vitamin D treatment, while possibly having beneficial 

effects on proteinuria as discussed below, may raise FGF23, which in turn may counterbalance 

the presumed beneficial effect of proteinuria reduction.

This thesis focused specifically on the interaction between different CKD specific risk factors for 

CVD in patients with kidney failure. This concept is illustrated in figure 1 in chapter 1. FGF23, iron 

deficiency, vitamin D deficiency and proteinuria have been introduced as important risk factors 

for CVD and the direct effects of these different risk factors on cardiovascular risk are described. 

Currently, the knowledge about connections between these risk factors is expanding and the 

newly discovered regulating pathways are described. However, there are still important pieces of 

the puzzle missing in this highly complex mechanism, which triggered our curiosity and in order to 

clarify the gap in our knowledge, we have carried out the studies described in this thesis (figure1) 
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Figure 1. The isolated impact of CKD specific risk factors like FGF23, proteinuria, vitamin D deficiency and iron deficiency on 

CVD has been investigated last decade (yellow arrows). During last years, more evidence has emerged pointing to amplifying 

effects among these risk factors (green arrows). This thesis focused on the interaction among different CKD specific risk factors 

for CVD in patients with kidney failure (red bullets). Explanations for the numbers follow in the text below. 

In chapter 2, we focused on the association between FGF23 and red cell distribution width (RDW) 

as two major risk factors for CVD (1-3). RDW is a measure of the variability in size of circulating 

erythrocytes and is strongly associated with increased risk for cardiovascular disease (4-6). Iron 

deficiency is a clinical condition in which RDW is elevated, caused by ineffective red blood cell 

production and increased retrieval from the circulation (7). It is known that iron deficiency also 

induces expression of FGF23 followed by increased cleavage of biologically active intact FGF23 

(iFGF23) into inactive fragments including c-terminal FGF23 (cFGF23), leaving circulating iFGF23 

levels unchanged as a net result (8). Like RDW, FGF23 is associated with cardiovascular risk but 

currently it is not clear whether and how the ratio of iFGF23 and cFGF23 contributes to these 

poor outcomes. In order to elucidate the relative contribution of these factors to the risk profile of 

patients with CKD, we hypothesized that a higher RDW is associated with more FGF23 cleavage, 

providing a common pathway in which both markers lead to adverse outcome (figure 1, bullet 

1). We performed a post-hoc analysis of baseline data from a cohort of 52 patients with CKD 

and chronic heart failure (CHF) enrolled in the EPOCARES trial and examined the relationship 

between cFGF23, iFGF23 and RDW as a marker of iron deficiency.  Our analysis showed a 

statistically significant positive relation between cFGF23 and RDW (β= 1.63x10-3, P< 0.001), but 

not between iFGF23 and RDW (β= 1.38x10-3, P= 0.336). After correction for parameters of renal 

function, phosphate metabolism and inflammation, the association between cFGF23 and RDW 

persisted. Remarkably, correction for iron status (TSAT and ferritin) did also have no effect on the 

relationship between cFGF23 and RDW, suggesting that other underlying mechanisms explain 

the link between these two risk factors. 

8
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In chapter 3, we investigated the role of different iron conditions on FGF23 metabolism in healthy 

mice and mice after 5/6 nephrectomy (figure 1, bullet 2). Since it has been described that ferric 

carboxymaltose (FCM), but not iron dextran (ID), can induce hypophosphatemia, several studies 

have been undertaken to unravel the mechanism underlying this feature. FGF23 may play a role in 

this iron-induced hypophosphatemia and therefore we investigated the effect of treatment with 

either FCM or ID on iFGF23 and cFGF23 levels, besides phosphate excretion, in our experimental 

groups. Despite the clear differences in ferritin levels and creatinine levels, supporting the validity 

of the experimental mouse models, no differences were observed for cFGF23 and iFGF23 levels 

between different iron groups.  Additionally, FCM and ID didn’t induce different patterns of iFGF23 

and cFGF23 levels. In order to test the role of iron status on FGF23 sensitivity, recombinant FGF23 

was given during the last 24 hours of the experiments. No effect on fractional phosphate excretion 

was observed among the study groups. Because of these remarkable and unexpected results, 

especially the lack of effect of low-iron conditions, we reevaluated the difference in iron status in 

our model. Additional measurement of iron concentrations in mice livers showed no differences 

in iron content between mice with iron deficiency and iron loading and this could indicate that 

ferritin concentrations may be a poor reflection of iron status in a relatively short-term mouse 

model of iron deficiency. To answer the original hypothesis and unravel the elusive metabolic 

connection between iron and FGF23 concentrations and bioactivity, we are currently planning to 

perform additional experiments in mice with more pronounced differences in iron status. 

Renal anemia is a common complication in CKD patients and is consistently associated with 

cardiovascular risks (9-12). Hepcidin is the main regulatory protein of systemic iron metabolism 

and contributes to development of renal anemia in CKD patients due to internalization of the iron 

transporter ferroportin in enterocytes, macrophages and hepatocytes leading to functional iron 

deficiency (13). Hepcidin is primarily expressed in the liver and is down regulated in response to low 

iron stores, anemia and hypoxia, thereby facilitating iron uptake and bioavailability (14). Conversely, 

hepcidin expression is upregulated by iron overload and inflammation. Due to micro-inflammation 

in a uremic environment, hepcidin expression in CKD patients is increased leading to functional 

iron deficiency contributing subsequently to renal anemia. Most studies focused on the function 

and regulation of hepcidin in the liver as the main hepcidin production site but accumulating data 

suggest production of hepcidin in other tissues as well, like the myocardium (15, 16). Haddad 

et al. showed that iron deficiency in cardiomyocytes impaired mitochondrial respiration and 

hampered adaptation to acute and chronic increase in workload (17). FCM supplementation 

restored cardiac energy reserve and function in iron-deficient hearts. In patients with heart failure 

and iron deficiency, iron administration improved symptoms and exercise and may reduce the 

number of hospital admissions, independent of its effect on anemia (18, 19). However, the role 
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of hepcidin expression in the heart has not been clarified yet, while it can be speculated that local 

expression might modulate iron availability to cardiomyocytes. In vitro, hepcidin is thought to act 

in an autocrine fashion to regulate cardiac iron turnover (20). To get insight in hepcidin expression 

at the tissue level, we investigated the hypothesis that hepcidin expression in liver and heart is 

differentially regulated (figure 1, bullet 3). In chapter 4, we hypothesized that cardiac hepcidin 

expression is upregulated in response to damage and is related to the severity of cardiac injury 

and increased local iron content. We studied the expression of hepcidin in liver and cardiac tissue 

in response to myocardial infarction and/or CKD. To this end, rats were subjected to subtotal 

nephrectomy and/or coronary ligation or sham surgery to create 4 groups: control, rats with CKD, 

rats with myocardial infarction and rats with both CKD and myocardial infarction. Cardiac hepcidin 

mRNA expression was increased in rats with myocardial infarction and even more in CKD rats. 

Rats with both myocardial infarction and CKD showed the highest increase in cardiac hepcidin 

mRNA expression. Remarkably, cardiac ferritin staining was not different among groups. However, 

cardiac hepcidin mRNA expression correlated significantly with injury markers of the heart (BNP 

and CTGF). In contrast, liver hepcidin expression was unaffected by myocardial infarction or CKD, 

while it was significantly decreased in rats with both myocardial infarction and CKD. This study 

indicates that hepcidin regulation is different in liver and heart and suggests a role for cardiac 

injury rather than (local) iron status as inducer for cardiac hepcidin expression in cardiorenal failure. 

Besides iron metabolism and epo deficiency, vitamin D plays a role in renal anemia. In chapter 

5, we reviewed the literature to provide an overview of the potential link between the vitamin 

D system and erythropoiesis (figure 1, bullet 4). Epidemiological studies show a clear association 

between vitamin D deficiency and anemia (21, 22) but the pathophysiological mechanism behind 

this association has not been fully explained. Several hypotheses are formulated to explain a 

potential causal connection. We concluded that high dose vitamin D therapy suppresses hepcidin 

expression directly but also indirectly by reducing inflammatory cytokines that induce hepcidin. 

This would improve bioavailability of iron for erythropoiesis. We also noted that there is evidence 

for a direct positive effect of vitamin D on erythroid precursors with a synergistic action when 

combined with epoetin. The effect of vitamin D on HIF-1α is described and the assumed impact 

of vitamin D on inflammatory cytokines leading to anemia of chronic disease is discussed. 

Thereafter, the interaction of the vitamin D receptor (VDR) and the EPO receptor is discussed and 

in addition several hypotheses about the role of dysregulation of the parathyroid gland leading 

to hyperparathyroidism in developing renal anemia are described. 

Another major risk factor contributing to CKD progression and dismal cardiovascular outcome 

is albuminuria (23). Despite optimal treatment with pharmacological blockade of the renin-

8
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angiotensin-aldosterone system (RAAS) by angiotensin converting enzyme (ACE) inhibitors or 

angiotensin receptor blockers (ARB), residual albuminuria exists in many CKD patients, which 

is associated with unfavorable renal and cardiovascular outcomes (24, 25). In addition to RAAS 

blockade, both active vitamin D treatment and dietary sodium restriction are known to possess 

additional antiproteinuric effects (26-28). However, whether the capacity of active vitamin D to 

lower residual albuminuria depends on dietary sodium intake has been unresolved. We therefore 

designed an interventional trial (chapter 6) to prospectively investigate the separate and combined 

effect on albuminuria of paricalcitol and dietary sodium restriction in non-diabetic CKD patients 

treated with a fixed dose of RAAS blockade (figure 1, bullet 5). In chapter 7, we conclude 

that the combination of paricalcitol with dietary sodium restriction provided the strongest 

reduction of residual albuminuria during fixed dose ACEi therapy. However, patients with dietary 

sodium restriction showed no additional significant albuminuria reduction when co-treated with 

paricalcitol compared with patients with dietary sodium restriction and placebo. Furthermore, 

absolute reduction of albuminuria was highest in low versus high sodium restriction instead of 

paricalcitol versus placebo. Based on these findings, we conclude that reduction of albuminuria 

was mainly driven by restricting dietary sodium intake.

General discussion

For many years, attempts have been undertaken to adequately protect CKD patients from CVD. 

Modifiable risk factors specific for CKD have been identified, like anemia, iron deficiency, vitamin D 

deficiency and proteinuria.  Research has been performed in order to study the effect of modifying 

these risk factors, either pharmacologically or by diet. Recently it has been recognized that these 

risk factors not only influence clinical outcomes, but also interact with each other. These insights 

may lead to further optimizing risk management. 

In this thesis we postulate the concept of intertwined relationships between CKD specific risk 

factors. We suggest that intervening in one risk factor might have adverse (or beneficial) effects 

on the other risk factor. We argue for a more integrated concept and we believe that research 

should be done taking into account the whole cascade of risk factors. As an example, we highlight 

the ongoing discussion about potential beneficial effects of iron therapy in CKD, which is not fully 

settled as exemplified by the contradictory results of the FIND-CKD and REVOKE trials (29, 30). 

The multicenter, multinational FIND-CKD study of 626 patients with non-dialysis dependent CKD 

showed that intravenous iron treatment targeting high ferritin levels (400-600 µg/L) improved 

anemia management, with no safety concerns in terms of CV events. Conversely, in the single-

center REVOKE trial, 136 patients with CKD and iron deficient anemia were randomly assigned 
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to either oral or intravenous iron therapy in order to compare the effect on progression of CKD. 

This trial was terminated early based on little chance of finding differences in measured GFR 

slopes at interim analyses, but a higher incidence rate of serious adverse events in the intravenous 

iron treatment group, including CV complications. In addition to data from RCT’s, a number of 

epidemiological studies pertaining intravenous iron safety and efficacy have been published with 

contradictory results. An analysis of data from the Dialysis Outcomes and Practice Patterns study 

(DOPPS) considering 32435 patients showed an association between high intravenous iron and 

mortality (31). In contrast, an analysis from the Developing Evidence to Inform Decisions about 

Effectiveness (DEcIDE)-ESRD study in 14078 HD patients showed no associations of intravenous 

iron with mortality (32). More rigorous scientific evaluation of the use of high dose iron therapy in 

patients with kidney failure was needed and encouraged the researchers of the recently published 

PIVOTAL trial to conduct a non-inferiority trial on safety and efficacy of a high-dose regimen of 

intravenous iron administered proactively (400 mg monthly, unless the ferritin concentration 

was >700 µg/L or the transferrin saturation was > 40%) compared with low dose intravenous 

iron reactively (0 to 400 mg monthly, with a ferritin concentration of <200 µg/L or a transferrin 

saturation of <20% being a trigger for iron administration) in 2141 hemodialysis patients (33). 

Among hemodialysis patients, the high dose intravenous iron regimen administered proactively 

was superior to a low dose regimen administered reactively. Although the differences were 

small in absolute terms, the use of a high-dose regimen of intravenous iron proactively resulted 

in significantly lower risk of death or major nonfatal cardiovascular events and lower ESA use as 

compared with patients who received a reactive, low-dose iron regimen. Incidence of infection 

and hospitalization for any cause did not differ significantly. Reconciling the conclusions of these 

studies, one could speculate that some individuals may benefit from iron administration, while 

others do not, possibly because of currently undetermined causes. In our concept of intertwined 

relationships between risk factors, it would be plausible to measure both iFGF23 and cFGF23 

levels in addition to measuring iron markers. An unfavorable shift in the iFGF23/cFGF23 ratio 

could explain the variable effect of iron on cardiovascular risk. This may provide an answer to 

the question whether the diverging effects of iron on cardiovascular risk may be mediated by 

individually determined effects on FGF23 metabolism in patients with CKD. However, if this 

theory is correct, the causes of diverging effects of iron on FGF23 metabolism between individual 

patients, require further research. 

In the search for the role of iron on FGF23 metabolism, Farrow et al demonstrated that iron 

deficiency stimulates FGF23 transcription which is counterbalanced by an increased cleavage 

of iFGF23 into cFGF23 within the osteocytes to prevent release on non-physiologically high 

bioactive FGF23, which would induce hypophosphatemia (34). Similarly, in female patients with 

8
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iron deficient anemia markedly elevated C-terminal FGF23 (cFGF23) levels but not intact FGF23 

(iFGF23) levels were found (35). In accordance with these results, we found a robust association 

between cFGF23 and RDW but not between iFGF23 and RDW in patients with both CHF and 

CKD. As mentioned in chapter 2, both cFGF23 and RDW are associated with adverse clinical 

outcomes in patients with CKD  (36-38).  In order to determine the effect of iron on CVD in CKD, 

it is necessary to understand whether this effect is mediated by RDW and/ or cFGF23, because this 

knowledge would change therapeutic decisions on an individual basis. We speculate that patients 

who benefit from iron therapy are the ones in which this intervention induces a decrease in cFGF23 

and/or RDW. Since studies reported some evidence for an association between cFGF23 and dismal 

outcomes (37, 39), that would imply that patients that do not benefit from iron therapy, might 

be characterized by a lack of reduction of cFGF23 and/or RDW. By gaining insight into collateral 

effects of iron on cFGF23 and RDW, it could be possible to delineate a more differentiated risk 

profile and follow the effects of its management for an individual patient in order to be able to 

estimate whether treating with IV iron is beneficial or not. 

This concept of amplifying or attenuating the impact of risk factors seems even more complex 

due to our finding that the regulation of hepcidin is regulated differently in liver and other tissues, 

in particular the heart. This finding provides a new perspective because the effects of hepcidin 

(and perhaps also other risk factors) may not be accurately reflected by its serum concentrations, 

but by its local tissue expression instead. Since the results of the FAIR-HF trial were published 

(18), it is generally accepted that treatment with intravenous iron therapy in patients with chronic 

heart failure and iron deficiency, with or without anemia, improves cardiac function. Recently, 

this conclusion was substantiated in both animal (40) and human isolated cardiomyocytes (41). 

Since we demonstrated that hepcidin regulation in the heart can be different from that in the 

liver and taking into account that cardiomyocytes benefit from normal iron status, it is conceivable 

that cardiac hepcidin functions to counteract the effects of reduced systemic iron availability by 

promoting iron retention within the cardiomyocyte. However, instead of hepcidin expression in the 

liver, our data suggest a role for injury rather than iron status as an inducer for cardiac expression 

of hepcidin. This new understanding raises questions on the interplay between systemic and local 

iron control in the context of heart failure and CKD. Having insight into possible interactions at 

tissue levels beside interactions on systemic levels might make it possible to fine-tune therapies 

targeting the systemic or local hepcidin/ferroportin axis. Unfortunately, clinically quantifying 

molecular patterns at the tissue level is currently not possible.

In this thesis, we demonstrate that the mainstay of proteinuria reduction, on top of adequate RAS 

inhibition, with limited additional effect of paricalcitol. Furthermore, we demonstrated that the 
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additional effect of paricalcitol was not accomplished by changes in blood pressure. Therefore, 

the most important role of active vitamin D as antiproteinuric treatment, may be in setting where 

up titration of RAS inhibition is hampered by too low blood pressure. Once blood pressure is 

normalized or low-normal and sodium intake is restricted, paricalcitol could be an option to further 

reduce proteinuria. As outlined, not only the effect of active vitamin D in addition to RAAS-

blockade and low salt diet should be considered, but also the other CKD specific risk factors that 

may be influenced by vitamin D. In our clinical trial, paricalcitol treatment was accompanied by an 

increase in serum phosphate. Considering our concept of intertwining risk factors, we cannot rule 

out the possibility that this increase in phosphate levels would increase FGF23 production, besides 

a direct effect of active vitamin D on FGF23, ultimately nullifying the presumed beneficial effect 

of vitamin D when the integral risk profile is considered. Elaborating on this concept, high FGF23 

levels could increase inflammatory proteins (42) which in turn increases the production of hepcidin 

leading to functional iron deficiency resulting in anemia. There are many studies investigating the 

assumed beneficial effects of vitamin D supplementation in patients with CKD but results are still 

contradictive indeed (43-45). However, the almost binary character of these study results makes 

that the effect of vitamin D on a single CKD specific risk factor is studied instead of studying the 

effect of vitamin D on all the CKD specific risk factors and their mutual influences on each other. 

Only once there is insight into the effects of vitamin D (and any other intervention) on all risk 

factors collectively, we will be able to identify patients that may benefit of vitamin D treatment. 

Future perspectives 

Despite the expanding knowledge about the interactions of CKD specific risk factors leading to 

novel regulating pathways, there are multiple pieces of the puzzle missing. Exploring biological 

effects and changes of both tissue expression and circulating levels of the whole cascade of risk 

factors in response to pharmacological or dietary intervention, should lead to possibilities to better 

modulate the risk on CVD on an individual basis for CKD patients. 

In conclusion, the complex interactions between deregulated CKD specific risk factors drive 

cardiovascular complications and may explain why targeting the classical and CKD specific risk 

factors in isolation is unsatisfying in terms of prevention of complications. Current treatments, 

directed at CKD-specific targets, may have untoward effects on other components of the risk 

profile. Future studies should focus on simultaneous interventions in multiple pathways.  Ultimately, 

accurate knowledge of these pathways will lead to patient specific risk profiles, paving the way 

towards personalized medicine, both at the stage of initiating treatment and its evaluation, aiming 

to further reduce cardiovascular complications in patients with CKD, beyond current strategies.  

8
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Achtergrond

Chronische nierschade (CNS) komt bij 8-16% van de wereldbevolking voor en is dus een veel 

voorkomend gezondheidsprobleem. De meeste mensen hebben twee nieren en die hebben 

verschillende belangrijke functies in het lichaam. Zo zorgen de nieren ervoor dat afvalstoffen 

worden uitgescheiden via de urine, dat de bloeddruk netjes op peil blijft door het regelen van de 

vocht- en de zoutbalans en worden er meerdere hormonen geproduceerd door de nieren, zoals 

renine, erytropoëtine en vitamine D. Wanneer de nierfunctie meer dan drie maanden niet goed 

is, spreekt men van CNS. De mate van nierfalen wordt ingedeeld in 5 stadia van ernst en er zijn 

verschillende ziekten die nierfalen kunnen veroorzaken. Mensen die een vorm van CNS hebben, 

ondervinden daar doorgaans geen klachten van. Helaas is het wel zo dat het hart en de bloedvaten 

behoorlijke, ongunstige veranderingen doormaken gedurende het nierfalen waardoor de meeste 

sterfgevallen onder mensen met CNS niet worden veroorzaakt door de nierziekte zelf, maar door 

de gevolgen daarvan op hart- en bloedvaten. Er zijn een aantal risicofactoren geïdentificeerd die 

de kans op hart- en vaatziekten (HVZ) doen verhogen zoals roken, overgewicht, hoge bloeddruk 

of suikerziekte. Echter, deze risicofactoren blijken het verhoogde risico op HVZ bij mensen met 

CNS niet geheel te verklaren. En zijn dus andere, CNS-specifieke factoren zoals lekkage van 

eiwit in de urine (proteinurie), het optreden van ijzergebrek en bloedarmoede, stoornissen in de 

calcium-fosfaat huishouding/fibroblast growth factor 23 (FGF23) levels en een tekort aan vitamine 

D die ook een belangrijke rol lijken te spelen. Om de klinische uitkomsten van mensen met CNS 

te verbeteren, is het niet alleen belangrijk om de nierfunctie te beschermen, maar hen juist ook 

te beschermen tegen HVZ.

De huidige strategie voor het voorkomen van HVZ bij CNS patiënten is erop gericht om al deze 

risicofactoren apart te verbeteren middels leefstijladviezen danwel medicatie. Echter, ondanks deze 

aanpak blijft deze patiëntengroep een flink verhoogd risico houden op HVZ. Er zijn verschillende 

verklaringen voor deze onbevredigende conclusie: zo zouden de risicofactoren onderling effect 

op elkaar uit kunnen oefenen, zijn er hiaten in onze kennis over de pathofysiologie van HVZ bij 

CNS en is het effect van de medicatie die voorgeschreven wordt voor een bepaalde risicofactor 

mogelijk ongunstig voor een andere. Een voorbeeld is dat behandeling met actief vitamine D 

mogelijk een gunstig effect heeft op eiwitverlies in de urine, maar tegelijkertijd een verhoging 

van FGF23 kan veroorzaken, hetgeen juist weer geassocieerd is met HVZ bij CNS.
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Resultaten

In dit proefschrift is gekeken naar de onderlinge effecten van de verschillende CNS specifieke 

risicofactoren op elkaar. Het concept hiervan wordt geïllustreerd in figuur 1 in hoofdstuk 1. Hierin 

wordt beschreven dat FGF23, ijzer en vitamine D tekort en proteïnurie belangrijke risicofactoren 

zijn voor het krijgen van HVZ bij patiënten met CNS. Ook leggen we uit hoe deze factoren direct 

en indirect zorgen voor die schadelijke effecten op het hart- en vaatstelsel. Er wordt een overzicht 

gegeven van wat er momenteel bekend is over de onderlinge relaties tussen deze risicofactoren en 

waar de hiaten in de kennis liggen. Om deze hiaten (deels) op te vullen zijn de studies uitgevoerd 

zoals beschreven in dit proefschrift.

In hoofdstuk 2 hebben we gekeken naar de relatie tussen twee belangrijke afwijkingen in het 

bloed die kunnen zorgen voor complicaties bij CNS, nl FGF23 en red cell distribution width (RDW). 

RDW is een maat voor de variatie in volume van rode bloedcellen en het is een risicofactor voor het 

krijgen van HVZ. Als er te weinig ijzer in het lichaam aanwezig is, zal de RDW gaan stijgen. Ook 

heeft ijzer effect op FGF23, een hormoon dat wordt uitgescheiden door de botten en ervoor zorgt 

dat het fosfaatgehalte in het bloed binnen bepaalde grenzen blijft. Bij mensen met CNS wordt er 

veel meer FGF23 uitgescheiden dan bij mensen die een normale nierfunctie hebben. Het FGF23 

dat zorgt voor het in stand houden van die fosfaatbalans noemen we de intacte vorm van FGF23 

(iFGF23). Dit iFGF23 kan echter ook gekliefd worden in inactieve FGF23 fragmenten, waaronder 

C-terminaal FGF23 (cFGF23). FGF23 is ook een risicofactor voor HVZ, maar het is niet bekend of 

de verschuiving tussen de hoeveelheid iFGF23 en cFGF23 hier een rol in speelt. In dit onderzoek 

hebben wij gekeken bij 52 mensen met CNS en hartfalen hoe de relatie is tussen cFGF23, iFGF23 

en RDW. Onze analyse toonde aan dat er een duidelijke relatie is tussen cFGF23 en RDW, maar 

niet tussen iFGF23 en RDW. Na correctie voor nierfunctie, fosfaat metabolisme en inflammatie 

parameters bleef deze relatie bestaan. Opmerkelijk hierbij is dat correctie voor ijzerstatus deze 

relatie niet beïnvloedt, wat suggereert dat er nog een ander mechanisme dan ijzer moet bestaan 

om de link tussen deze risicofactoren te verklaren.

Er zijn in het recente verleden onderzoeken gedaan waaruit blijkt dat ijzergebrek invloed heeft op 

de productie en klieving van FGF23. Om een beter inzicht te krijgen in het effect van ijzer op FGF23 

uitscheiding en klieving, hebben wij in hoofdstuk 3 gekeken naar het effect van verschillende 

ijzercondities op iFGF23 en cFGF23. Hiervoor hebben wij verschillende muizengroepen gecreëerd 

door bij een deel van de muizen een ijzer gebrek te bewerkstelligen middels dieet en een deel 

van de muizen nierinsufficiënt te maken middels het operatief wegnemen van 5/6 deel van 

de nieren. Ondanks een duidelijk verlaagd ijzergehalte in het bloed van de muizen met het 

ijzerarme dieet ten opzichte van bloed van muizen met normaal dieet, zagen wij geen verschillen 

9
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in iFGF23 en cFGF23 in gezonde muizen en bij muizen met CNS. Daarnaast is het bekend dat 

verschillende ijzerpreparaten zorgen voor een verschuiving in de FGF23 ratio, echter na toediening 

van ijzercarboxymaltose of ijzerdextraan zagen wij geen verschuiving in iFGF23 en cFGF23 levels. 

Om te kijken of ijzer effect heeft op de gevoeligheid voor FGF23, hebben wij recombinant FGF23 

(rFGF23) toegediend. Er is gekeken of er meer fosfaatuitscheiding in de urine zou zijn door deze 

rFGF23 toevoeging in de verschillende muizengroepen. Echter, 24 uurs urine sparingen bij de 

muizen toonden geen verschil tussen groepen met een verschillende ijzerstatus. Wij hebben met 

deze studie geen relatie aan kunnen tonen tussen FGF23 en ijzer en zullen in de toekomst deze 

experimenten gaan herhalen in een muizenmodel met meer uitgesproken ijzertekort.

Renale anemie wordt voornamelijk veroorzaakt doordat de nieren minder erythropoetine 

uitscheiden en er minder ijzer opgenomen wordt vanuit de darm. Deze vorm van bloedarmoede 

komt vaker voor naarmate de nierfunctie verslechtert en is geassocieerd met het krijgen van 

HVZ. De reden voor verminderde ijzeropname is de verhoogde aanmaak van het stofje hepcidine 

door de nierziekte, waardoor de ijzerpoorten in de darm afgesloten worden. In de darm zitten 

namelijk kleine kanaaltjes, ferroportine, waar het ijzer door naar binnen moet, die door hepcidin 

gesloten worden. Wanneer het lichaam zich moet beschermen tegen teveel ijzer is dit een goed 

verdedigingsmechanisme, maar bij CNS zorgt het voor ijzertekort. Er komt steeds meer bewijs 

voor de aanname dat hepcidine ook in andere weefsels aangemaakt wordt, bijvoorbeeld in het 

hartweefsel. Het is nog niet opgehelderd of de productie van hepcidine op dezelfde manier 

gestimuleerd wordt als in de lever, de gebruikelijke productieplaats, of dat er andere factoren 

zijn die hepcidine productie in het hart aanzwengelen. In hoofdstuk 4 onderzochten wij de 

hypothese dat cardiale hepcidine expressie wordt gestimuleerd door schade aan het hart en door 

de aanwezigheid van ijzer. We hebben hiervoor gekeken naar de mate van hepcidine expressie in 

lever en hartweefsel van ratten die een myocard infarct kregen al dan niet bij het bestaan van CNS. 

We zagen dat bij ratten met hartschade de hepcidine expressie hoger was dan bij gezonde ratten, 

maar dat er bij ratten met CNS nog meer hepcidine expressie was. Ratten die beide aandoeningen 

hadden, toonden de hoogste expressie. In de lever zagen we een ander expressiepatroon van 

hepcidine. Er bleek geen relatie tussen hepcidine en ijzer in het hart te zijn, maar wel zagen we een 

duidelijke relatie van cardiale hepcidine expressie en schademarkers van het hart. Wij concluderen 

dus dat de hepcidine expressie in het hart op een andere manier gereguleerd wordt dan in de 

lever en dat het onder invloed staat van schade ipv ijzer.

Naast ijzer, erythropoetine en hepcidine, speelt ook vitamine D een rol in renale anemie. In 

hoofdstuk 5 wordt een overzicht gegeven van de bestaande hypothesen over de link tussen 

vitamine D en anemie. Uit epidemiologisch onderzoek blijkt er een duidelijke associatie te bestaan, 
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maar het pathofysiologische mechanisme is niet opgehelderd. De beschikbaarheid van ijzer voor 

bloedaanmaak zou verhoogd worden door vitamine D omdat het zowel hepcidine productie als 

de productie van inflammatoire cytokines onderdrukt. Daarnaast is er ook bewijs dat er directe 

positieve effecten zijn van vitamine D op de voorlopercellen van rode bloedcellen. We beschrijven 

het effect van vitamine D op HIF-1α (een regulator van EPO productie) en de relatie tussen de 

vitamine D receptor en de EPO receptor. Als laatste wordt de rol van een disfunctionerende 

bijschildklier, als gevolg van een vitamine D tekort, op het ontstaan van anemie beschreven.

Zoals eerder genoemd is eiwitverlies vanuit de nieren in de urine (proteïnurie) een belangrijke 

risicofactor voor het krijgen van HVZ. Bovendien kan het ook zorgen voor versnelde verslechtering 

van de nierfunctie. Met de huidige medicamenteuze behandeling middels zogenoemde angiotensin 

converting enzym blokkers (ACE inhibitors) is de proteïnurie vaak weliswaar te verbeteren, maar 

niet volledig te normaliseren. Van de combinatie vitamine D met lage zoutinname is bekend 

dat dit bij kan dragen aan vermindering van de restproteinurie. Het is echter niet bekend of het 

effect van vitamine D ook aanwezig is als er geen lage zoutinname is. In hoofdstuk 6 beschrijven 

wij een studieontwerp waarin gekeken wordt of het effect van vitamine D op restproteinurie 

onafhankelijk is van zoutinname bij mensen met CNS die al de behandeling met de ACEi kregen. 

In hoofdstuk 7 beschrijven wij de resultaten van deze studie waaruit blijkt dat de combinatie 

van verlaagde zoutinname en vitamine D suppletie het grootste effect had op het verlagen van 

de hoeveelheid eiwit in het bloed. Bij nadere analyse blijkt dat het eiwit verlagend effect echter 

vooral bewerkstelligd werd door verminderen van zoutinname.

Conclusie en implicaties

Al jarenlang proberen artsen hun patiënten met CNS te beschermen tegen HVZ door de bekende 

risicofactoren aan te pakken middels leefstijladviezen en/of medicijnen. Ook de zogenoemde CNS 

specifieke risicofactoren, zoals bloedarmoede, ijzer tekort, vitamine D tekort en restproteïnurie, 

worden elke apart geoptimaliseerd. Ondanks deze pogingen is de kans op overlijden aan 

cardiovasculaire complicaties bij deze groep patiënten erg hoog. Het besef dat deze risicofactoren 

elkaar ook onderling beïnvloeden zorgt ervoor dat er mogelijk nieuwe strategieën ontwikkeld 

kunnen worden om het risicomanagement te optimaliseren.

In dit proefschrift hebben we gekeken naar de onderlinge relaties tussen CNS specifieke 

risicofactoren. Als dit concept klopt, dan zou het beïnvloeden van de ene risicofactor wel eens juist 

een nadelig effect op een andere risicofactor kunnen hebben. Om dit concept verder te ontrafelen, 

zou er meer wetenschappelijk onderzoek verricht moeten worden waarbij het geïntegreerde 

risicoprofiel bekeken wordt. Als voorbeeld noemen wij de nog altijd voortdurende discussie over 
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ijzerinfusie bij CNS patiënten. Sommige studies laten zien dat ijzer gunstig is bij CNS patiënten om 

HVZ te voorkomen, andere studies spreken dit weer tegen. Ons voorstel zou zijn om in dergelijke 

studies ook de iFGF23 en cFGF23 levels te meten, naast andere componenten van een mogelijk 

veranderend risicoprofiel zodat er gekeken kan worden of, hoe en bij wie ijzer deze concentraties 

beïnvloedt. Een onvoordelige shift in iFGF23/cFGF23 ratio bijvoorbeeld, zou misschien wel het 

variabele effect van ijzerinfusie op het cardiovasculaire risico kunnen verklaren. Een ander 

voorbeeld is het voorschrijven van vitamine D aan CNS patiënten. Zoals wij beschreven hebben 

zou vitamine D gunstige effecten hebben op vermindering van restproteïnurie, echter vitamine 

D zorgt ook voor een verhoging van FGF23 waardoor het risico op HVZ juist weer toeneemt.

Concluderend weten we tegenwoordig steeds meer over de wisselwerking van de CNS specifieke 

risicofactoren op elkaar, maar zijn de complexe interacties nog niet volledig opgehelderd. 

Toekomstige studies zouden zich moeten richten op een geïntegreerde interventie in meerdere 

routes met behulp van leefstijlinterventies en/of medicijnen. Als deze complexe pathways volledig 

opgehelderd zijn dan kunnen we in de toekomst patiënt specifieke risicoprofielen opstellen 

waardoor we mensen met CNS zo optimaal mogelijk kunnen beschermen tegen complicaties 

in hart en bloedvaten.
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Dankwoord

Toen ik begon met promoveren werd ik door verschillende mensen ‘gewaarschuwd’ voor het doen 

van onderzoek. Ik hoorde ‘je bent daar niet het type voor’, ‘ga je dat echt doen tijdens je opleiding 

tot internist?’ en ‘het is echt een uitputtingsslag die artikelen schrijven’. Maar ik besloot het toch 

te doen. Om aan mezelf te bewijzen dat ik het kon. Om te ervaren of ik het leuk zou vinden....

Wat ben ik blij dat ik mijn hart gevolgd heb! Want ondanks dat het inderdaad een uitdagende en 

stressvolle tijd was door de verschillende ballen die ik zowel zakelijk als privé in de lucht moest 

houden, heeft het mij persoonlijk erg veel gebracht. Echter, het zou allemaal niet gelukt zijn 

zonder de mensen om mij heen. Wat heb ik een steun ervaren, alleen dat al was het promoveren 

meer dan waard!

Allereerst wil ik mijn promotor Prof.dr. Vervloet bedanken. Beste Marc, wat ben je toch goed 

in wat je doet! Als ik even vastzat kon jij mijn gedachten weer ordenen door een paar heldere 

overzichtsplaatjes te schetsen. Echt, zonder jou was dit allemaal niets geworden. Ik bewonder je 

enorm en ben blij dat we collega’s blijven. Zo hoop ik stiekem nog heel veel van je te leren en de 

kunst nog meer van je af te mogen kijken. Dank, voor alles.

Professor C.A.J.M. Gaillard, beste Carlo: dank je wel voor het vertrouwen dat je in mij had om 

te starten met een project over ijzer en FGF23. Ik vergeet nooit dat je naar mij toe kwam om te 

vertellen dat je naar Groningen ging. Stress alom! Gelukkig hebben we ondanks de afstand altijd 

goed kunnen samenwerken en heeft dit toch binnen redelijke tijd geleid tot dit boekje. Inmiddels 

werk je in Utrecht: iets dichterbij en hopelijk blijven we elkaar zo nu en dan spreken. 

Dr. M.H. de Borst, beste Martin: jij bent in mijn promotieteam gekomen toen Carlo naar Groningen 

ging. We hebben elkaar niet heel veel gezien, maar jouw prikkelende opmerkingen bij mijn stukken 

hebben mij een stuk wijzer gemaakt. Dank je wel hiervoor. Succes met alle mooie projecten die 

je hebt lopen in Groningen en veel geluk met je gezin. 

De leden van mijn promotiecommissie: Prof.dr. M. Kramer, Prof.dr. P. Evenepoel, Prof.dr. J. van der 

Velden, dr. B. Braam, dr. L. Vogt en dr. J.H. van der Heijden, hartelijk dank voor uw beoordeling 

van dit proefschrift. Dr. B. Braam, beste Branko, jou wil ik in het bijzonder bedanken voor de 

bijdrage aan mijn hepcidine artikel en voor het feit dat je vanuit Canada overgekomen bent om 

aanwezig te zijn bij de verdediging van mijn proefschrift. 
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Hoewel niet in mijn officiële promotieteam maar o zo waardevol geweest in deze jaren als 

afdelingshoofd: Prof.dr. F.J. van Ittersum. Beste Frans, wat geef jij mij een gevoel van vertrouwen. 

Altijd kan ik je kamer binnenlopen voor een heerlijk nuchter maar zeer genuanceerd en doordacht 

advies. Op dagen dat ik van jou thuis mocht schrijven heb ik flinke meters kunnen maken. 

Alle collega’s van de afdeling nefrologie: Muriel Grooteman, Joost van der Heijden (wat leuk dat je 

mijn opponent bent!), Azam Nurmohamed, Brigit van Jaarsveld, Wim Ruger, Piet ter Wee, Annet 

Bouma, Janneke Rood, Catherine Jurgens, Yu-Sok Kim, Frederiek Heenan en de aanstormende 

bijna klare nefrologen: het voelt als een voorrecht om te mogen werken in zo’n bevlogen team 

waar ik me mag ontwikkelen op gebied van klinisch werk, onderzoek en management. Dank jullie 

wel voor de gezelligheid en collegialiteit. Muriel, als kamermaatje had ik het niet beter kunnen 

treffen: op onze 2 m2 wordt het harde werken regelmatig afgewisseld met het delen van ons wel 

en wee. Dank voor je oprechte interesse. Ook alle verpleegkundigen van de afdeling nefrologie 

VUmc, Niercentrum aan de Amstel en Diapriva wil ik bedanken voor de gezelligheid en de fijne 

samenwerking. Hopelijk blijft ons team net zo hecht als nu na de fusie met het AMC. 

Bij aanvang van dit promotieonderzoek hebben Carlo en Marc mij wel een beetje in het zadel 

gehesen door mij in contact te brengen met Mireille Emans, Lennart Bongartz, Charlotte te 

Velde-Keyzer, Melissa Verkaik en Jaap Joles. Dank jullie wel voor jullie kennis en kunde, ik heb 

veel van jullie mogen leren. 

Eelco Keuning: mijn muizenheld! Jij weet echt alles over de DEC, ongerief, de 3 V’s, verdunningen 

etc. Met heel veel geduld heb jij mij geholpen met het opzetten en uitvoeren van mijn muizenstudie. 

Uren hebben we samen zitten sparren, etiketjes plakken en boven muizenstaartjes gehangen om 

die druppels bloed te oogsten. Samen met Rika en de andere medewerkers van het Universitair 

Proefdier Centrum hebben jullie mij door de meest angstige momenten heen geloodst. Want 

helaas, de angst voor muizen heb ik nog steeds...... Dank je wel voor alles. 

Mijn vroegere kamergenoten in ‘het kippenhok’. Camiel en Aaltje; dank jullie wel voor de gezellige 

tijd en het luisteren naar mijn ‘blonde vragen en opmerkingen’. Tiny, met veel geduld maakte jij 

mij wegwijs in SPSS al raakten we regelmatig in de war van al die groepen muizen. Dank je wel 

voor al je geduld. 

Als je hard werkt, heb je ook genoeg ontspanning nodig. Mijn vriendinnen zorgden daar wel voor. 

Lieve Jamila, Nicole, Marloes, Sanne, Avital, Agnes, Anouk, Ingeborg en Suzanne: dank jullie wel 

voor alle gezellige wandelingen, lunches, weekendjes weg, maandborrels en serieuze gesprekken. 
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Door jullie word ik eraan herinnerd dat het leven niet alleen maar uit werken bestaat. Op naar 

heel veel leuke uitjes met elkaar!

En dan onze lieve oppassen. Maartje, jij bent vanaf het begin betrokken bij ons gezin. Ik kan je 

niet vaak genoeg zeggen hoe dankbaar wij zijn voor alle hulp en liefde die jij in de beginjaren 

gegeven hebt. Rosanne en Lisette, door jullie ga ik elke dag zonder zorgen naar mijn werk. 

Duizendmaal dank voor alles wat jullie doen om ons gezin draaiende te houden. Jullie zijn mijn 

steun en toeverlaat.

Ook een woord van dank aan mijn schoonouders Ria en Leo. Onvermoeibaar kwamen jullie 

jarenlang elke vrijdag naar Lisse om op onze meiden te passen. Door jullie goede zorgen kon ik 

vrijdagmiddag vaak nog even doortrekken en net dat stukje afmaken waar ik mee bezig was. Om 

dan in een heerlijk opgeruimd huis thuis te komen met gewassen meisjes en een lekkere maaltijd. 

Jullie hulp tijdens de verhuizing was ongelofelijk. Dank jullie wel!

Pap en mam: jullie hebben mij gemaakt tot wie ik ben. Wat hebben jullie ons een heerlijke jeugd 

gegeven en een stevige basis. Vanuit die basis is het fijn uitvliegen! Om regelmatig weer even 

op het nest terug te komen voor een dagje schrijven, lunchen met zijn allen, een kopje thee of 

gewoon even kletsen. Ik gun jullie de komende jaren veel mooie reizen met jullie nieuwe camper, 

geniet ervan!

En dan mijn zusjes en paranymfen. Rieke, ik leer van jou hoe je zelf de slingers op kunt hangen in 

het leven. Je geeft mij vaak net even het laatste zetje om iets voor mezelf te gaan doen in plaats 

van altijd maar doorwerken. Dank je wel daarvoor. Arda, heerlijk om soms samen te sparren 

over patiënten en het moederschap. Hopelijk blijft jullie nieuwe aanwinst tot op de uitgerekende 

datum zitten want ik zou het fantastisch vinden om jou naast mij te hebben op deze voor mij 

zo belangrijke dag. Ik zeg het niet vaak, maar ik ben ongelofelijk trots dat jullie mijn zusjes zijn. 

Teske, Bente, Mille. Jullie zijn mijn alles, dat weten jullie. Wat een vreugde, geluk, zingeving (maar 

ook drukte) brengen jullie in ons leven! Ik ben super trots op mijn nieuwsgierige, slimme, sociale en 

liefste kinderen van de wereld. Ik hoop dat jullie mij vergeven dat ik soms tijd aan mijn onderzoek 

moest besteden in plaats van aan jullie. Ik hoop dat jullie mijn promotie, zeker later, zullen zien 

als motivatie om je ambities waar te maken. Ook al denken anderen, en jezelf wellicht ook, dat 

je het niet kunt. En dat het combineren van een carrière en het hebben van een prachtig gezin 

gewoon mogelijk is met een gezonde dosis doorzettingsvermogen. Meiden, we gaan er mooie 

jaren van maken samen!
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Lieve Rick, de allerlaatste woorden van dit proefschrift zijn voor jou. Dank je wel dat je mij zo 

gelukkig maakt. De enige man in ons gezin, zo nuchter als maar kan en niet van zijn stuk te 

brengen. Wat heb ik een ongelofelijk respect voor hoe jij in het leven staat en wat vullen we 

elkaar goed aan. Zonder jou zou ik de helft nog niet zijn van wat ik nu ben. Met heel mijn hart 

hoop ik op een voortzetting van onze mooie jaren samen. Voor altijd.....
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