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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) 

 

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.  

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 pattern 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 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-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 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 

patient 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 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 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.   

 


