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INTRODUCTION
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Chronic kidney disease (CKD) is a major health problem, affecting 8-16% of the global population.1 

Diabetes and hypertension, i.e. chronic lifestyle-related diseases, are the leading causes of CKD 

in all developed and many developing countries.1 Progressive renal function loss ultimately 

results in end-stage renal disease (ESRD) requiring renal replacement therapy, i.e. dialysis or 

transplantation. Albuminuria and blood pressure are the main factors contributing to progressive 

renal function loss. Therefore, both are considered key targets for intervention in chronic kidney 

disease. Pharmacological blockade of the renin-angiotensin-aldosterone system (RAAS) targets 

both blood pressure and albuminuria, and has been the cornerstone of CKD treatment for the 

last two decades. In many patients however, RAAS-blockade is insufficient to normalize blood 

pressure and albuminuria. The residual albuminuria, in particular, is a major risk factor for adverse 

renal and cardiovascular outcomes in CKD. Adjunct therapies are therefore urgently needed to 

further reduce albuminuria.

Of note, CKD is characterized by a strikingly elevated risk for cardiovascular complications, 

including heart failure, stroke, coronary heart disease and peripheral artery disease. The excess 

cardiovascular risk is proportional to the decrease in renal function, and further aggravated 

in patient with albuminuria. In patients with eGFR 30-59 mL/min (CKD stage 3) cardiovascular 

mortality is twice as high as in individuals with normal kidney function, and when eGFR is 15-

29 mL/min (CKD stage 4) the risk triples compared to individuals with normal kidney function.2 

Among dialysis patients the cardiovascular mortality risk is even 10 to 30 times higher than the 

general population.3  

For patients with ESRD, kidney transplantation is the preferred mode of renal replacement 

therapy, resulting in substantial improvements in quality of life and life expectancy compared to 

dialysis.4 In 2014 approximately 1.000 patients received a kidney transplant in the Netherlands, of 

whom 53% from a living donor.5 Over the past decades, the short-term patient and graft survival 

have improved markedly thanks to improved immunosuppressive therapy, surgical techniques, 

and treatment of infectious complications. For instance, the incidence of acute rejection 

during the first year has declined from around 50% in 1996 to approximately 10% in 2006.6 At 

variance with the substantial improvements in short-term outcome, improving long-term graft 

and patient survival remains a major challenge.7 The proportion of patients with graft failure 

within the first decade after transplantation remains over 30% (26% for living donor transplant 

and 36% for deceased donor transplant).6 Moreover, in spite of restoration of kidney function, 

mortality remains substantially higher than in the general population with a 10-year mortality 

rate of 24% for recipients of a living donor kidney and 38% for recipients of a deceased donor 

kidney.6 Cardiovascular disease is the leading cause of death8, being nearly twice as common as 

infection or malignancy.6 Strikingly, three years after transplantation, nearly 40% of the patients 

have experienced a cardiovascular event.6 

Thus, improving outcome in kidney patients requires not only protection of kidney function, 

but also protection against cardiovascular disease. This requires proper treatment of traditional 

risk factors such as blood pressure and albuminuria, as well as exploration of other pathways 

of cardiorenal damage, such as abnormalities in mineral metabolism. The latter are frequent in 

patients with kidney disease and were traditionally linked to bone disease in particular. More 
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recent evidence, however, highlights the progressive vascular calcification that occurs in many 

renal patients and strongly predicts cardiovascular disease and all-cause mortality.9 Of note, 

vascular calcification may progress substantially even in stable renal transplant recipients.10 

Interestingly, there is evidence for interaction between the RAAS, as a main pathway for the 

traditional risk factors, and derangement of mineral metabolism in CKD. Abnormalities in vitamin 

D, fibroblast growth factor 23(FGF23) and klotho are common, and interlinked in CKD patients. In 

2011 our group proposed the concept of cross-talk between the RAAS and the vitamin D-FGF23-

klotho axis, and its impact cardiorenal outcomes.11 In this thesis, we will study clinical implications 

of deregulated cross-talk between the RAAS and the vitamin D-FGF23-klotho axis. 

PART I – CLINICAL IMPACT OF TARGETING CROSS-TALK: 
ALBUMINURIA AND RENO-PROTECTIVE TREATMENT

Albuminuria
Albuminuria is a hallmark of CKD, and a predictor of renal function loss and cardiovascular 

complications. Reduction of albuminuria, either spontaneously or by intervention is associated 

with a beneficial effect on long term renal function loss, delay of the onset of ESRD, and 

protection against cardiovascular complications.12-14 The underlying mechanism of its effect 

on renal prognosis seems to be related to tubulotoxic effects of albumin leaking through the 

diseased glomerular filter.15,16 The consistent association of albuminuria with cardiovascular 

morbidity and mortality across CKD populations17 might be explained by the Steno-hypothesis18 

that states that albuminuria reflects a generalized vascular endothelial dysfunction. Inflammation 

and thrombogenic factors have also been implicated to underlie the relationship between 

albuminuria and cardiovascular disease. 

Renin-angiotensin-aldosterone system
The RAAS is considered a major pathway underlying hypertension and progressive renal 

damage in CKD, by its effects on blood pressure and volume regulation, as well as by direct 

profibrotic and pro-inflammatory effects in the kidney (as reviewed by Fogo19). Accordingly, 

RAAS-blockade is the pharmacological cornerstone of treatment in CKD, most commonly by 

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

blockade reduces albuminuria and blood pressure, retards progression of renal function loss, 

and lowers the risk of cardiovascular morbidity and mortality.20-23 However, despite optimally 

dosed RAAS-blockade residual proteinuria (or albuminuria) persists in a substantial number of 

CKD patients, which is strongly associated with both long-term renal and cardiovascular adverse 

outcomes.24,25 This is, at least partly, attributed to limitations inherent to RAAS-blockade as such. 

Pharmacological blockade with ACEi or ARB elicits a reactive increase of renin, upstream in the 

RAAS.26 This rise may limit the efficacy of RAAS-blockade and also has adverse effects in itself. 

Several add-on therapies have been investigated, including dual RAAS-blockade, add-on by other 

drugs and dietary measures, to potentiate the cardiorenal protective efficacy of RAAS-blockade. 

A consistent line of evidence shows that sodium overload annihilates the antihypertensive 
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and antiproteinuric effects of RAAS blockers.27-30 Post-hoc studies demonstrated that renal and 

cardiovascular protective effects of RAAS blockers are blunted with high sodium intake.31,32 

Conversely, combining RAAS-blockade with a moderate sodium restriction synergistically 

increases the maximum therapeutic gain of single-agent RAAS-blockade in both diabetic and 

non-diabetic CKD patients.33-35 Furthermore CKD patients generally have a salt-sensitive blood 

pressure36, related to inappropriate activity of sodium-retaining pathways, and possibly also 

diminished non-osmotic sodium storage capacity37. 

Vitamin D
Vitamin D

3
 is synthesized in the skin under the influence of UV-B radiation or is obtained from 

dietary sources, such as fish and dairy products, by absorption through the intestine. In the liver, 

vitamin D
3
 is converted to 25-hydroxyvitamin D

3
 (25[OH]D) by 25-hydroxylase. Subsequently 

25(OH)D is converted to the active vitamin D metabolite, 1,25-dihydroxy vitamin D
3
 (1,25[OH]

2
D), 

in the kidney by the enzyme 1α-hydroxylase. Vitamin D interacts with the phosphaturic hormone 

FGF23 and the calcium regulating hormone parathyroid hormone (PTH). Furthermore FGF23 and 

Figure 1. Vitamin D-FGF23-PTH axis

Vitamin D
3
 is synthesized in the skin or is absorbed through the intestine. In the liver, vitamin D

3
 is converted 

to 25(OH)D by 25-hydroxylase. Afterwards 25(OH)D is converted to 1,25(OH)
2
D in the kidney by the enzyme 

1α-hydroxylase. 1α-hydroxylase is regulated by several mechanisms, including PTH and FGF23.
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PTH regulate each other in a negative feedback loop, where PTH stimulates FGF23 production 

and FGF23 in turn suppresses PTH synthesis (Figure 1).

In CKD, vitamin D deficiency is common, generally attributed to insufficient renal conversion 

of 25(OH)D.38,39 Vitamin D deficiency not only leads to secondary hyperparathyroidism and 

mineral bone disorder (MBD), but has also been implicated in extraskeletal conditions including 

hypertension, insulin resistance, a more rapid decline in renal function, increased albuminuria and 

eventually an increased risk of cardiovascular disease and mortality (as reviewed by Doorenbos 

et al40 and De Borst et al41). The Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines 

advise vitamin D supplementation in CKD stage 3-4 if serum 25(OH)D is below 75 nmol/L to 

treat secondary hyperparathyroidism, to increase bone mineral density and to reduce the risk of 

hip fracture.42 The increasing evidence on the renoprotective effects of vitamin D analogues (as 

reviewed by Mirkovic et al43) could provide an additional reason for early initiation of vitamin D 

treatment in CKD. 

FGF23 and klotho
FGF23 is a hormone involved in the regulation of phosphate metabolism by inducing 

phosphaturia. Klotho is an essential co-factor for the FGF23 receptor, FGFR1, in the kidney and 

parathyroid gland. Of interest, both FGF23 and klotho have been implicated in the cardiorenal 

complications of CKD. Klotho is a single-pass transmembrane protein with a large extracellular 

domain and is predominantly expressed in the kidney.44 The extracellular domain of klotho is 

cleaved and secreted (shedded) into extracellular fluids, including blood, urine, and cerebrospinal 

fluid.45 The secreted and membrane-bound klotho have distinct functions. The shedded part 

of klotho retains enzymatic activity, which affects distant channels including transient receptor 

potential vanilloid type 5 (TRPV5), renal outer medullary K+ channel (ROMK1) and type 2a 

sodium-dependent phosphate co-transporters (NaPi-2a) which increases calcium reabsorption, 

potassium excretion and phosphate reabsorption, respectively (reviewed by John et al46). 

Reduction of klotho gene expression in mice results in a syndrome resembling human ageing, 

characterized by a short life span, osteoporosis, renal fibrosis, arteriosclerosis and calcifications.44 

CKD patients remarkably share phenotypic properties of accelerated ageing, including the 

tendency to develop soft tissue calcification47, bone disease48 and reduced life expectancy49. 

Furthermore, in CKD both membrane-bound and secreted klotho are decreased.50,51 Injection 

of recombinant soluble klotho and transgenic overexpression of klotho dramatically improve 

kidney function and morphological lesions in several experimental CKD models.52-54 Restoring 

soluble klotho levels might be a target for cardiorenal protective therapy in CKD, but whether 

soluble klotho levels are affected by the current standard renoprotective therapy is largely 

unknown.

A consequence of klotho downregulation is a disrupted FGF23 signaling, resulting in 

(excessively) high FGF23 levels. Higher FGF23 levels suppress the activation of vitamin D and 

are associated with CKD progression55, left ventricular hypertrophy56, vascular calcification57 and 

increased risk of cardiovascular events58 and all-cause mortality58,59 in CKD patients. Serum levels 

I
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of FGF23 increase gradually as kidney function decreases. Moreover, higher FGF23 is associated 

with proteinuria in patients with moderate to severe CKD.60

Cross-talk between RAAS and vitamin D-FGF23-klotho axis
The RAAS and the vitamin D-FGF23-klotho axis interact at several levels under physiological 

conditions, and this cross-talk appears to be disturbed in CKD, as proposed by De Borst et al11. Several 

preclinical studies have shown negative regulation of renin production by vitamin D. Vitamin D 

receptor (VDR) knock-out mice have increased renin expression, angiotensin II (Ang II) synthesis 

and subsequently develop hypertension and myocardial hypertrophy.61 Mechanistically, the 

VDR can directly downregulate prorenin gene expression through interaction with its promoter 

region.62 Conversely, Ang II negatively regulates renal klotho expression.63,64 This subsequently 

causes FGF23 resistance and rising FGF23 levels, leading to suppression of 1α-hydroxylase and 

reduced production of 1,25(OH)
2
D. These lower vitamin D levels then in turn stimulate the RAAS, 

causing a vicious cycle (Figure 2). In light of these findings, it is plausible that vitamin D deficiency 

contributes to the inappropriate RAAS activation in the initiation and progression of chronic 

proteinuric nephropathies.

Figure 2. Cross-talk between renin-angiotensin-aldosterone 
system and vitamin D-FGF23-klotho axis

In chronic kidney disease, activity of 1α-hydroxylase is reduced due to nephron loss and high 
FGF23, leading to reduced production of 1,25(OH)

2
 vitamin D, which in turn upregulates renal renin 

production. The activation of RAAS, through higher levels of angiotensin II, causes renal klotho loss 
and disrupted FGF23 signaling. Figure adapted from De Borst et al11.

The clinical implications of this cross-talk are not yet clear. Up until now deregulations of the RAAS 

or vitamin D-FGF23-klotho axis are largely considered separately, regarding the natural course 

of kidney disease as well as regarding intervention treatment. The cross-talk concept elicits the 

hypothesis that derangements in both pathways interact in the development of cardiorenal 
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damage. Moreover, for intervention treatment the cross-talk concept suggest that the vicious 

cycle of deregulation of the RAAS and the vitamin D-FGF23-klotho axis can best be interrupted 

by simultaneous modulation of both pathways. It is hypothesized that treatment with a vitamin 

D receptor activator (VDRA), in addition to RAAS-blockade, could provide additional cardiorenal 

protection by suppressing renin. Indeed, several preclinical studies confirm that renoprotective 

effects of VDRA are mediated – at least in part – by suppression of renin.65-67 Other possible 

mechanisms explaining the renoprotective effects of VDRA include anti-inflammatory and anti-

fibrotic effects. Vitamin D suppresses NF-κB activity in macrophages, resulting in inhibition of 

inflammatory genes.68,69 Furthermore, VDRA administration blocks Wnt/β-catenin signaling, 

a pathway involved in the development and progression of renal fibrosis, and subsequently 

improves podocyte function, proteinuria and kidney injury.70 In several clinical trials among 

different CKD populations, VDRA treatment reduced proteinuria.71-77 Furthermore, a recent meta-

analysis confirmed that vitamin D analogues reduced proteinuria by 16% in CKD patients.78 The 

next step would be to investigate whether VDRA treatment in combination with optimized 

RAAS-blockade, by means of dietary sodium restriction, would provide further reduction of 

albuminuria in CKD patients.

PART II – CLINICAL IMPACT OF CROSS-TALK: NOVEL CLINICAL 
READOUTS AND DOWNSTREAM FACTORS

To provide more insight in the clinical implications of cross-talk between the RAAS and vitamin 

D-FGF23-klotho axis, it is important to consider the best clinical readouts. In the second part 

of this thesis we study the clinical impact of novel clinical readouts and factors downstream 

of the cross-talk in the renal transplantation population. Novel clinical readouts are needed to 

investigate how deregulations of the cross-talk are related to worse cardiorenal outcomes and to 

guide treatment to improve cardiorenal outcomes. Identifying novel readouts and downstream 

factors of the cross-talk might also provide insights in novel pathways, extending the original 

cross-talk paradigm. 

Vitamin D and Wnt/β-catenin pathway
25(OH)D deficiency is considered one of the main clinically relevant readouts of deregulations in 

the vitamin D-FGF23-klotho axis, and is associated with adverse cardiorenal outcomes. 25(OH)D 

deficiency is highly prevalent in CKD40 and after kidney transplantation79,80. Many patients with 

CKD have 25(OH)D deficiency possibly due to reduced endogenous synthesis of vitamin D
3
 in the 

skin81 and reduced activity of 1α-hydroxylase38,39. In transplant recipients, the high prevalence of 

25(OH)D deficiency is also due to avoidance of direct sunlight exposure to reduce the enhanced 

risk of non-melanoma skin cancer caused by immunosuppressive treatment.82 A recent study 

documented that low levels of 25(OH)D, but not the active metabolite 1,25(OH)
2
D, measured 

3 months after transplantation are associated with renal histological abnormalities and lower 

I
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renal function one year after kidney transplantation.83 However, vitamin D levels may vary 

considerably along with renal function, FGF23, and PTH during the first year after transplantation. 

Consequently, vitamin D status (both 25[OH]D and 1,25[OH]
2
D) early after transplantation may 

not represent vitamin D status during later stages post-transplantation. Therefore, the long-term 

clinical implications of vitamin D deficiency in the renal transplant population remain unclear. 

Preclinical studies have demonstrated renoprotective effects of vitamin D analogues, 

including amelioration of renal fibrosis. Treatment with the VDRA paricalcitol significantly and 

dose-dependently reduced the fibrotic lesions in an aggressive renal fibrosis mouse model.84 

These antifibrotic effects of vitamin D could at least in part be mediated through the Wnt/β-

catenin pathway. Increasing evidence indicates that Wnt/β-catenin signaling, originally known 

as a major signaling cascade in bone development and bone homeostasis, plays an important 

role in renal tissue responses to injury.85-87 The Wnt/β-catenin pathway controls the expression 

of several pro-inflammatory and pro-fibrotic genes.88 Of interest, multiple RAAS genes are also 

downstream targets of Wnt/β-catenin signaling.89 Indeed, a previous preclinical study showed 

that paricalcitol improved podocyte function and reduced proteinuria and kidney injury, at least 

in part, by blocking Wnt/β-catenin-mediated gene transcription.70 

After kidney transplantation, renal interstitial fibrosis and tubular atrophy (IF/TA), previously 

included within the term chronic allograft nephropathy, is recognized as a final common 

pathway leading to graft failure. Pro-fibrotic processes drive the development of IF/TA and may 

determine an individual’s susceptibility to develop IF/TA.90 Aberrant regulation of the Wnt/β-

catenin pathway has been observed in a preclinical model of chronic renal allograft damage.91 

Inhibition of the aberrant Wnt/β-catenin pathway may reduce pro-fibrotic processes in the 

transplanted kidney. An endogenous extracellular antagonists of the Wnt signaling pathway is 

Dickkopf-1 (Dkk-1), which binds to the Wnt co-receptors low-density lipoprotein receptor-related 

protein 5 and 6 (LRP-5 and LRP-6) and subsequently prevents the formation of an active Wnt 

receptor complex.92 Indeed, ectopic expression of Dkk-1 resulted in suppression of Wnt/β-catenin 

target genes and attenuation of renal interstitial fibrosis.93 Considering the preclinical data Dkk-1 

could, parallel to other bone-mineral markers, play an important role in de development and 

progression of renal damage after kidney transplantation.

Vascular calcification
Kidney transplantation restores renal function but incompletely mitigates cardiovascular risk, 

which remains strongly elevated compared to the general population.94 The long-term risk of 

redeveloping ESRD, i.e. returning to dialysis or retransplantation, has not improved over the 

last decades. The classical cardiovascular risk factors in the general population, i.e. tobacco 

use, diabetes, obesity, hypertension and dyslipidemia, are also considered risk factors for 

cardiovascular disease after kidney transplantation, according to current KDIGO guidelines95. 

However, these classical risk factors underestimate the real risk of cardiovascular events in renal 

transplant recipients.96,97 After kidney transplantation, a combination of deregulated mineral 

metabolism, chronic inflammation and loss of calcification inhibitors give rise to an extracellular 

environment that triggers vascular mineralization. Of note, in the majority of stable renal 
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transplant recipients, coronary artery and aorta calcification may still progresses substantially.10 

Vascular calcification is determined by both inhibitors and promoters (Figure 3). Elevated serum 

phosphorus is a major promoter of vascular calcification98. Furthermore, klotho loss also seems 

to be an intermediate factor in the pathogenesis of vascular calcification (as reviewed by Vervloet 

et al99). Matrix gla protein (MGP) is one of the strongest endogenous calcification inhibitors. 

Its suppression, by any cause, contributes importantly to vascular calcification.100-102 Vitamin 

K
1
 and vitamin K

2
 serve as crucial cofactors to activate MGP by converting specific protein-

bound glutamate residues into g-carboxyglutamate (Gla). Vitamin K insufficiency therefore 

results in increased plasma levels of uncarboxylated (uc) inactive MGP proteins, including 

desphosphorylated-ucMGP (dp-ucMGP).103,104 High circulating dp-ucMGP levels have been 

associated with vascular calcification and increased cardiovascular risk in CKD.105,106 The majority 

of stable kidney transplant recipients are vitamin K insufficient, reflected by increased dp-

ucMGP levels.107 Moreover, a recent preclinical study found a cause-effect relationship between 

decreased kidney function and vitamin K insufficiency through reduced endogenous vitamin K 

recycling.108  Through renal function loss, deregulated RAAS-vitamin D-FGF23-klotho cross-talk 

could therefore reduce endogenous calcification inhibitors such as MGP. Furthermore, the RAAS 

could directly influence MGP metabolism.109 However, the clinical implications of functional 

vitamin K insufficiency after kidney transplantation have not been addressed so far.

Figure 3. Inhibitors and promoters of vascular calcification

An imbalance between promoters and inhibitors of mineralization results in vascular smooth muscle cells developing an 
osteoblast-like phenotype. These cells lay down mineralized matrix resulting in vascular calcification. 

I
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A drawback of current modalities quantifying vascular calcification, e.g. coronary CT scans, is 

that these provide information on prevalent calcification, rather than calcification development 

or progression. This limits their potential to identify renal transplant recipients with no ongoing 

vascular calcification after transplantation. Since vascular calcification is the net result of several 

calcification-promoting and -inhibiting factors (Figure 3), a single component such as serum 

phosphate cannot serve as a marker of overall calcification propensity. Importantly, a test was 

recently developed that monitors the calcification propensity in serum, i.e. the transformation 

time (T
50

) of primary to secondary calciprotein particles (CPPs).110 

In serum, fetuin-A can form a complex with calcium and phosphate in the circulation, which 

protects soft tissues from the precipitation of supersaturated calcium and phosphate by the 

formation of primary CPPs (reviewed by Jahnen-Dechent et al111). Primary CPPs spontaneously 

undergo topological rearrangement and convert to secondary CPPs.112 A long delay of 

transformation time indicates a high residual capacity of the patient’s serum to prevent the 

formation of secondary CPPs and is therefore indicative of an intact endogenous defense 

against calcification. Serum calcification propensity defines the future calcification risk largely 

related to common mineral and bone factors. The balance of potentiating and inhibitory factors 

present in each serum sample governs the transformation time. Furthermore, serum calcification 

propensity has a marked between-individual variance but apparent stability over time in the 

same individual, which makes it a favorable predictive risk marker.113 In CKD patients increased 

calcification propensity was independently associated with progressive aortic stiffness and an 

increased risk of all-cause mortality.113 Thus, serum T
50

 could be a valuable tool to evaluate the 

impact of (deregulations in) the cross-talk between RAAS and vitamin D-FGF23-klotho axis on 

calcification propensity.
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AIMS OF THE THESIS

The general aim of this thesis is to translate the implications of the cross-talk between the 

RAAS and vitamin D-FGF23-klotho axis into its clinical implications.  In the first part we explore 

the impact of modulation of the RAAS and the vitamin D-FGF23-klotho axis on albuminuria 

development and on renoprotective treatment. In the second part we study the clinical impact 

of novel clinical readouts and factors downstream of the cross-talk, in renal transplantation. 

OUTLINE OF THE THESIS

Part I - Clinical impact of targeting cross-talk: albuminuria and renoprotective 
treatment. 
Vitamin D deficiency and excessive sodium intake are both associated with increased 

albuminuria and progressive renal function loss in CKD. In chapter 1 we investigate whether 

plasma 25(OH)D or 1,25(OH)
2
D levels are associated with the risk of developing CKD, estimated 

glomerular filtration rate (eGFR) below 60 mL/min and/or urinary albumin excretion above 

30 mg per day, and whether these associations depend on sodium intake. Both VDRA treatment 

and dietary sodium restriction potentiate the efficacy of renin-angiotensin-aldosterone system 

(RAAS)-blockade to reduce albuminuria. These previous – independent – observations led us 

to investigate in chapter 2 whether a VDRA (paricalcitol) in combination with dietary sodium 

restriction provides further albuminuria reduction in non-diabetic CKD patients on top of single 

RAAS-blockade. 

In experimental CKD, renal klotho expression is decreased and soluble klotho in urine and 

blood is barely detectable.47,114 Preclinical observations imply that proteinuria decreases renal 

klotho expression115 and that the renoprotective effects of ARB therapy may be partially explained 

through – indirectly or directly - preserving klotho expression.63,64 Dietary sodium restriction 

addition and/or a second RAAS blocker (dual blockade) potentiate the antiproteinuric efficacy of 

single RAAS blockade. In chapter 3 we explore in a post-hoc analysis whether serum klotho is 

affected by addition of dietary sodium restriction or ARB, or their combination, in non-diabetic 

CKD patients receiving background treatment with ACEi.

Part II - Clinical impact of cross-talk: novel clinical readouts and downstream factors

In renal transplant recipients, the elevated post-transplant cardiovascular risk is mainly due 

to premature and markedly accelerated vascular calcification. Biomineralization is the result of 

several promoting and suppressing factors of calcification, together determining calcification 

propensity. In chapter 4 we report on the association between serum calcification propensity 

and graft and patient survival in stable renal transplant recipients. Furthermore, we set out to 

identify potentially modifiable determinants of serum calcification propensity in this population. 

One of the most powerful endogenous inhibitors of vascular calcification is MGP, which is 

activated through carboxylation by vitamin K. In renal transplant recipients, vitamin K insufficiency 
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is common, but the implications for renal and patient survival after kidney transplantation are 

unclear. To provide more insight in the clinical implications of functional vitamin K insufficiency, 

we explore in chapter 5 whether plasma dephosphorylated-uncarboxylated MGP (dp-ucMGP), 

indicating vascular vitamin K deficiency, is an independent risk factor of clinical outcomes in 

renal transplant recipients. 

Vitamin D deficiency is considered one of the main clinically relevant consequences of 

deregulations in the vitamin D-FGF23-klotho axis, and is associated with adverse cardiorenal 

outcomes. Vitamin D status could be a clinically relevant readout of the deregulated cross-talk. 

Therefore, we investigate whether circulating 25(OH)D or 1,25(OH)
2
D are associated with long-term 

patient or graft outcomes in chapter 6. The adverse renal effects of vitamin D deficiency might be 

mediated by loss of Wnt/β-catenin suppression. Preclinical data suggest that vitamin D receptor 

activators improve podocyte function and reduce albuminuria, at least in part, by blocking the 

increased Wnt/β-catenin signaling pathway.70 The Wnt/β-catenin pathway controls the expression 

of several pro-inflammatory and pro-fibrotic genes.88 Dickkopf-1 (Dkk-1), a soluble endogenous 

inhibitor of Wnt signaling pathway, may be considered as an anti-fibrotic factor detectable in the 

circulation. Thus, in chapter 7 we study the association between serum Dkk-1 and renal fibrosis 

as well as the risk of developing graft failure. Besides acting as a marker of renal fibrosis and graft 

failure, Dkk-1 may serve as a novel target for renoprotective therapy in kidney transplantation. 
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ABSTRACT

Background and objectives. A low circulating 25-hydroxyvitamin D (25(OH)D) level and 

high sodium intake are both associated with progressive albuminuria and renal function loss 

in chronic kidney disease (CKD). Both vitamin D and sodium intake interact with the renin-

angiotensin-aldosterone system (RAAS). We therefore investigated whether plasma 25[OH]D or 

1,25-dihydroxyvitamin D (1,25[OH]
2
D) are associated with developing increased albuminuria or 

reduced renal function, and whether these associations depend on sodium intake. 

Design, setting, participants, and measurements. Baseline plasma 25(OH)D and 1,25(OH)
2
D 

were measured by LC-MS/MS and sodium intake was assessed by 24h-urine collections in 

the general population-based PREVEND cohort (n=5051). The two primary outcomes were 

development of urinary albumin excretion >30 mg/24h or an eGFR (creatinine/cystatin C-based 

CKD-EPI) <60 ml/min/1.73m2. Participants with CKD at baseline were excluded. In Cox regression 

analyses, we assessed associations of vitamin D with developing increased albuminuria or 

reduced eGFR, and potential interaction with sodium intake. 

Results. During a median follow-up of 10.4 [6.2-11.4] years, 641 (13%) participants developed 

increased albuminuria and 268 (5%) participants developed reduced eGFR. Plasma 25(OH)

D was inversely associated with increased albuminuria (fully adjusted HR per SD higher 0.86 

[95%CI 0.78-0.95], P=0.003), but not with reduced eGFR (HR 0.99 [0.87-1.12], P=0.85). There was 

interaction between 25(OH)D and sodium intake for the risk of developing increased albuminuria 

(P-interaction=0.03). In participants with high sodium intake, the risk of developing increased 

albuminuria was inversely associated with 25(OH)D (lowest vs. highest quartile: adjusted HR 

1.81 [1.20-2.73], P=0.005), whereas this association was non-significant in participants with low 

sodium intake (HR 1.29 [0.94-1.77], P=0.12). Plasma 1,25(OH)2
D was not significantly associated 

with increased albuminuria or reduced eGFR. 

Conclusions. Low plasma 25(OH)D is associated with a higher risk of developing increased 

albuminuria. Especially participants with low plasma 25(OH)D and high sodium intake are at risk 

for developing increased albuminuria.
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INTRODUCTION

The current prevalence of CKD in the United States is estimated at 14%, and has increased by 2% 

over the past two decades.1 Early diagnosis and treatment or, ideally, prevention of CKD is likely 

to reduce the risk of cardiovascular events and renal failure, and the high CKD-associated costs. 

Therefore, it is crucial to identify modifiable factors affecting the development of CKD. 

Vitamin D deficiency, usually defined as a 25(OH)D level below 15 or 20 ng/mL (<37 or 50 

nmol/L)2 is common in CKD and has been associated with increased albuminuria and progressive 

renal function loss.3-5 The 25-hydroxylation of vitamin D is mainly substrate-dependent; 

consequently, circulating levels of 25(OH)D are used to determine vitamin D status. In the second 

hydroxylation step, 25(OH)D is converted into the biologically active form 1,25-dihydroxyvitamin 

D (1,25[OH]
2
D) by 1α-hydroxylase, which is predominantly, but not exclusively, expressed in renal 

proximal tubular cells. A previous study suggested that 25(OH)D deficiency is associated with 

increased albuminuria.6 Whether 1,25(OH)
2
D is associated with CKD development is unknown. 

Vitamin D may influence the course of CKD by cross-talk with the renin-angiotensin-

aldosterone system (RAAS).7 Moreover, several lines of evidence suggest interaction between 

the renal effects of vitamin D deficiency and sodium intake. High dietary sodium intake adversely 

affects albuminuria levels and glomerular hemodynamics, even independent of blood pressure, 

and induces renal fibrosis,8-11 which might be related to activation of the intrarenal renin-

angiotensin-aldosterone system (RAAS)12. Furthermore, recent studies suggest an interaction 

between sodium intake and the anti-albuminuric efficacy of vitamin D receptor activator (VDRA) 

treatment.13,14  

We therefore prospectively investigated whether 25(OH)D or 1,25(OH)
2
D levels are associated 

with the risk of developing increased albuminuria or reduced renal function, and whether these 

associations depend on sodium intake, in a general population-based cohort with long-term 

follow-up. 

MATERIALS AND METHODS

Study design and population
This study was performed using data of PREVEND (Prevention of Renal and Vascular End-stage 

Disease, http://www.prevend.org), a large prospective population-based cohort investigating 

albuminuria, renal, and cardiovascular disease. Details of this study have been described 

elsewhere.15,16 In summary, from 1997 to 1998, all inhabitants of Groningen, the Netherlands, 

aged 28 to 75 years (n=85,421), received a questionnaire and a vial to collect a first-morning 

void urine sample. Pregnant women and patients with type 1 diabetes mellitus were excluded. 

Some participants in which existence of type 2 diabetes was newly discovered at the PREVEND 

screening were included. Urinary albumin concentration (UAC) was assessed in 40,856 responders. 

Participants with a UAC >10 mg/L (n=7,768) were invited to participate, of whom 6,000 were 

enrolled. In addition, a randomly selected group with a UAC <10 mg/L (n=3,394) was invited to 
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participate, of whom 2,592 enrolled.  In the present study sample, 1,928 participants (38%) had 

UAC <=10 mg/L, whereas 3,122 participants (62%) had UAC >10 mg/L. The PREVEND study was 

approved by the institutional Medical Ethics Committee and conducted in accordance with the 

Declaration of Helsinki. All participants provided written informed consent.

For this study, we excluded participants with missing data on 25(OH) or 1,25(OH)
2
D (n=661), 

serum creatinine, serum cystatin, urinary albumin excretion (UAE) (n=397) or urinary sodium 

excretion (n=31) at baseline, with eGFR <60 ml/min/1.73m2 or albuminuria >30 mg/24h at 

baseline (n=1,236), on vitamin D analogues, lithium or thyroid therapy at baseline (n=132), or 

with no follow-up data on kidney function (n=1,084), leaving 5,051 participants for the analyses. 

Each examination included two outpatient clinic visits separated by three weeks.

Data collection
Prior to the first visit, all participants completed a self-administered questionnaire regarding 

demographics, cardiovascular and renal disease history, smoking habits and medication use. 

Information on medication use was combined with information from a pharmacy-dispensing 

registry. Weight and height were measured at the outpatient clinic, and blood pressure was 

measured by an automatic Dinamap. The mean of the last two recordings from each visit was 

used. The week before the second baseline visit, participants collected 24h-urine twice, on two 

consecutive days. Participants were instructed to postpone urine collection in case of urinary 

tract infection, menstruation or fever. Urine specimens were stored at -20°C. Furthermore, fasting 

blood samples were taken and stored at -80°C. Type 2 diabetes was defined as fasting plasma 

glucose >7.0 mmol/L, non-fasting plasma glucose >11.1 mmol/L, or use of anti-diabetic drugs. 

Albuminuria and eGFR ascertainment
Albuminuria was calculated as the average from two consecutive 24h-urine collections. eGFR 

was calculated based on the CKD Epidemiology equation (EPI) combining creatinine and 

cystatin C.17 The primary outcomes were either new onset albuminuria >30 mg/24h or eGFR <60 

mL/min/1.73m2, respectively.

Laboratory measurements
Circulating 25(OH) and 1,25(OH)

2
 vitamin D

3
 levels were measured in baseline plasma samples 

using liquid chromatography tandem mass spectrometry (LC-MS/MS), with intra- and interassay 

coefficients of variation for 25(OH)D of 7.2% and 6.7%, respectively and for 1,25(OH)
2
D of 5.0% 

and 14.1%, respectively. UAC was determined by nephelometry (BNII, Dade Behring Diagnostic, 

Marburg, Germany) with a threshold of 2.3 mg/L and intra- and interassay coefficients of 

variation of 2.2% and 2.6%, respectively. Serum creatinine was measured by an enzymatic 

method on a Roche Modular analyzer (Roche Diagnostics Mannheim, Germany, intra- and 

interassay coefficients of variation 0.9% and 2.9%, respectively). Serum cystatin C concentrations 

were determined by Gentian Cystatin C Immunoassay (Gentian AS, Moss, Norway) on a Roche 

Diagnostics Modular auto-analyzer. Cystatin C was calibrated using the standard supplied by the 
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manufacturer (traceable to the International Federation of Clinical Chemistry Working Group for 

Standardization of Serum Cystatin C). Intra- and interassay coefficients of variation were <4.1% 

and <3.3%, respectively. Urinary sodium concentration was determined with a MEGA clinical 

chemistry analyzer (Merck, Darmstadt, Germany). Urinary sodium excretion was calculated as 

the average value from two consecutive 24h-urine collections. Other laboratory measurements 

have been described before.18

Statistical analysis
The study population was subdivided into four groups according to baseline 25(OH)D level (above 

versus below the median) and baseline urinary sodium excretion. High sodium represented the 

third tertile of sodium excretion, whereas low sodium represented the first and second tertile 

of sodium excretion, in line with our pre-specified hypothesis that high sodium intake interacts 

with the association between vitamin D status and increased albuminuria or reduced eGFR. 

Differences between categories were assessed with ANOVA for normally distributed continuous 

data, Kruskal-Wallis test for skewed data, and χ2 test for nominal data. 

To examine the prospective association between baseline vitamin D status and risk of 

developing increased albuminuria or reduced eGFR, we performed Cox proportional hazards 

regression models. Because the PREVEND study is enriched with the presence of an elevated 

urinary albumin concentration (>10 mg/L), all models took the sampling design of the study into 

account by specifying stratum-specific baseline hazard functions. These design-based analyses 

allow us to draw conclusions that are valid for the general population. In the Cox regression 

models, follow-up time was counted from the date of the first examination until the date the 

renal outcome was reached, or the date of the last examination. The multivariable-adjusted 

model included baseline age, sex, type 2 diabetes, history of cardiovascular disease, current 

smoking, use of lipid-lowering drugs, use of blood pressure-lowering drugs, body mass index, 

systolic blood pressure, day of blood sampling, total-HDL cholesterol ratio, triglycerides, baseline 

eGFR and baseline albuminuria as potential confounders. To adjust for day of blood sampling, 

the time variable t (day) was transformed as sine ((2π / 365) x t) and cosine ((2π / 365) x t), which 

was then fitted as two variables in multivariable-adjusted models.19 As an alternative approach to 

account for seasonal variation, we performed additional analyses using month-specific quartiles 

of 25(OH)D.20 The methods of the other sensitivity analyses performed are presented in the 

Supplemental information.

We explored potential interaction between sodium excretion and 25(OH)D levels for 

increased albuminuria or reduced eGFR. This was evaluated for sodium excretion and 25(OH)

D as continuous variables, for categories of sodium (high versus low) and 25(OH)D (high versus 

low), and for quartiles or clinical categories (i.e. <12 ng/mL, 12-15 ng/mL, 15-20 ng/mL, 20-40 ng/

mL, and >40 ng/mL) of 25(OH)D. Interactions were assessed in a crude model and multivariable-

adjusted models identical to the Cox regression models outlined above except for baseline 

albuminuria, because we have previously shown that sodium intake is cross-sectionally related to 

albuminuria and is longitudinally associated with albuminuria increase in the PREVEND study.9,21
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Baseline continuous data are reported as mean ± standard deviation (SD) for normal distributed 

data or median and interquartile range (IQR) for skewed data. Categorical data are presented 

as percentiles. A P-value <0.05 (two-tailed) was considered to indicate statistical significance. 

Statistical analyses were performed using SPSS 22.0 for Windows (SPSS Inc., Chicago, IL), R 

Foundation for Statistical Computing (Vienna, Austria), GraphPad Prism version 5.00 for Windows 

(GraphPad Software, San Diego, CA) and Stata Statistical Software: Release 11 (College Station, TX). 

RESULTS

Participants
At baseline, mean age was 48±12 years, and 47% were male. Mean 25(OH)D and 1,25(OH)

2
D 

levels were 23.2±9.3 ng/mL and 60.6±19.6 pg/mL, respectively. Mean urinary sodium excretion 

was 141±50 mmol/24h, corresponding to 3.2 grams of sodium (8.1 grams of salt) daily. Overall, 

20.7% (n=1,045) had 25(OH)D <15 ng/mL and 40.0% (n=2,020) had 25(OH)D <20 ng/mL. Baseline 

characteristics of the study population according to urinary sodium excretion and 25(OH)D 

groups are shown in Table 1. Significant differences between the four groups were observed 

for age and sex, season of sampling, ethnicity, body mass index, blood pressure, serum glucose, 

lipids, serum albumin, eGFR, and urinary excretion of calcium, potassium and albumin. The 

subgroup of patients excluded due to missing follow-up showed small but significant differences 

regarding baseline 25(OH)D levels, sodium excretion, and UAE, compared with participants 

included in the cohort (Supplemental Table 1). 

Vitamin D and the risk of increased albuminuria or reduced eGFR
During a median follow-up period of 10.4 (IQR, 6.2-11.4) years, a total of 641 (13%) participants 

developed increased albuminuria (>30 mg/24h) and 268 (5%) participants developed reduced 

eGFR (<60 ml/min per 1.73m2). The subgroup of participants who developed increased 

albuminuria (>30 mg/24h) had a median baseline albuminuria of 15.6 (IQR, 10.1-22.1) mg/24h. The 

median absolute change from baseline to the visit at which the outcome was reached was +27.8 

(IQR, +19.6 to +43.7) mg/24h. Plasma 25(OH)D was inversely associated with the risk of increased 

albuminuria (HR per SD higher 0.86, [95%CI 0.80-0.94], P<0.001). This inverse association was 

independent of potential confounders (adjusted HR per SD higher 0.85, [0.78-0.94], P=0.001, 

Figure 1, Table 2). When using month-specific quartiles results were similar (adjusted HR 0.91 

[0.85-0.98], P=0.009).

The subgroup of participants who developed reduced eGFR had a mean baseline eGFR of 

74.3±10.4 mL/min/1.73 m2. The median absolute change from baseline to the visit at which the 

outcome was reached was -17.2 (IQR, -26.0 to -10.4) mL/min/1.73 m2. Plasma 25(OH)D was not 

associated with reduced eGFR (HR per SD higher 0.99, [0.87-1.12], P=0.85). Plasma 1,25(OH)
2
D was 

neither significantly associated with reduced eGFR nor with increased albuminuria (Figure 1, 

Table 2). Results were similar when the eGFR endpoint (<60 ml/min/1.73 m2) was defined 
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Table 1. Baseline characteristics of the study population according to urinary sodium excretion-
25(OH)D groups

Total
n=5,051

low Na+- 
low 25(OH)D 

n=1,726

low Na+- 
high 25(OH)D 

n=1,640

high Na+- 
low 25(OH)D 

n=803

high Na+-  
high 25(OH)D 

n=882
P

Urinary sodium excretion, mmol/24h <156.8 <156.8 ≥156.8 ≥156.8 -
Plasma 25(OH)D, ng/mL <22.6 ≥22.6 <22.6 ≥22.6
Male sex, n (%) 2,391 (47) 687 (40) 589 (36) 528 (66) 587 (67) <0.001
Age, y 48.4±11.7 49.3±12.4 48.6±11.5 46.8±11.1 47.6±10.9 <0.001
Season - - - - - <0.001
   Summer (Jun-Aug), n (%) 1,069 (21) 216 (13) 476 (29) 95 (12) 282 (32) -
   Autumn (Sep-Nov), n (%) 1,555 (31) 442 (26) 596 (36) 179 (22) 338 (38) -
   Winter (Dec-Feb), n (%) 1,039 (21) 481 (28) 214 (13) 247 (31) 97 (11) -
   Spring (Mar-May), n (%) 1,388(28) 587 (34) 354 (22) 282 (35) 165 (19) -
Ethnicity - - - - - <0.001
   Caucasian, n (%) 4,810 (96) 1588 (93) 1615 (99) 735 (93) 872 (99) -
   Black, n (%) 45 (1) 28 (2) 1 (0.1) 15 (2) 1 (0.1) -
   Asian, n (%) 100 (2) 61 (3.6) 9 (1) 28 (4) 2 (0.2) -
   Others, n (%) 60 (1) 31 (2) 7 (0.4) 17 (2) 5 (1) -
Body mass index, kg/m2 25.7±3.9 25.4±4.0 24.9±3.4 27.1±4.6 26.5±3.6 <0.001
Smoking status - - - - - <0.001
  Never, n (%) 1,597 (32) 553 (32) 507 (31) 266 (33) 271 (31) -
  Quit > 1 yr, n (%) 1622 (32) 501 (29) 545 (33) 239 (30) 337 (38) -
  Quit < 1 yr, n (%) 197 (4) 64 (4) 69 (4) 28 (4) 36 (4) -
  Current, n (%) 1621 (32) 599 (35) 517 (32) 267 (33) 238 (27) -
Type 2 diabetes, n (%) 95 (2) 33 (2) 27 (2) 20 (3) 15 (2) 0.52
History of CVD, n (%) 168 (3) 72 (4) 52 (3) 22 (3) 22 (3) 0.08
Systolic blood pressure, mmHg 125.8±17.9 126.0±19.3 123.5±17.7 128.4±16.6 127.3±16.2 <0.001
Diastolic blood pressure, mmHg 72.8±9.1 72.5±9.3 72.0±9.0 74.1±8.9 73.8±8.7 <0.001
Blood pressure-lowering drugs, n (%) 583 (12) 225 (13) 179 (11) 93 (12) 86 (10) 0.07
ACEi or ARB, n (%) 160 (4) 51 (4) 45 (3) 36 (6) 28 (4) 0.07
Lipid-lowering drugs, n (%) 254 (5) 85 (5) 90 (6) 40 (5) 39 (4) 0.70
Serum glucose,  mg/dL 82.9 [77.5-90.1] 82.9 [77.5-90.1] 82.9 [75.7-88.3] 84.7 [79.3-91.9] 84.7 [79.3-93.7] <0.001
Serum total cholesterol, mg/dL 215±43 214±43 215±43 217±41 217±42 0.20
Serum HDL cholesterol, mg/dL 52.1±15.4 52.6±15.5 54.6±15.4 48.1±13.9 50.3±15.3 <0.001
Serum triglycerides, mg/dL 98.2 [71.7-141.6] 93.8 [69.0-136.3] 94.7 [69.9-132.7] 108.8 [77.9-161.1] 107.1 [78.8-149.6] <0.001
hsCRP, mg/L 1.08 [0.49-2.55] 1.08 [0.48-2.59] 1.08 [0.49-2.45] 1.11 [0.48-2.77] 1.07 [0.54-2.37] 0.88
Plasma phosphate, mg/dL 3.11±0.49 3.12±0.49 3.10±0.49 3.14±0.50 3.10±0.50 0.35
Plasma calcium, mg/dL 9.11±0.37 9.11±0.36 9.12±0.37 9.10±0.35 9.13±0.39 0.56
Serum albumin, g/dL 4.11±0.80 4.05±0.85 4.07±0.78 4.15±0.80 4.31±0.72 0.006
Plasma 1,25(OH)

2
D, pg/mL 60.6±19.6 52.7±15.8 68.6±19.5 52.1±15.9 68.8±20.4 <0.001

eGFR, mL/min/1.73m2 97.3±14.6 96.9±15.2 95.6±14.5 100.2±13.8 98.3±14.0 <0.001
Urine potassium, mmol/24h 71.8±21.0 65.4±19.2 68.0±19.0 81.3±21.2 82.8±20.5 <0.001
Urine calcium, mmol/24h 4.0±2.0 3.4±1.6 3.7±1.6 4.8±2.2 5.1±2.2 <0.001
Urine albumin, mmol/24h 8.1 [5.9-12.1] 8.0 [5.7-11.8] 7.4 [5.6-11.1] 9.3 [6.8-14.2] 8.9 [6.5-12.7] <0.001
P-values for differences between groups were assessed with ANOVA for normally distributed continuous data, the Kruskal-Wallis test for skewed 
distributed data, and the χ2 test for nominal data. 
Abbreviations: 1,25(OH)

2
D, 1,25 dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; ACEi, angiotensin converting enzyme inhibitor; ARB, 

angiotensin receptor blocker; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein.

according to the creatinine-based CKD-EPI formula (Supplemental Table 2). Other independent 

determinants of increased albuminuria and reduced eGFR are presented in Supplemental Table 3.
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The line in the graphs represents the risk for developing either renal outcome compared to average 25(OH)
D or 1.25(OH)

2
D level, respectively. The grey area represents the 95% confidence interval of the hazard 

ratio. The hazard ratios of the multivariable-adjusted model are shown. Data of one participant with an 
extreme value of 1,25(OH)

2
D (260 pg/mL) is not shown.

Figure 1. The relative risk of developing increased albuminuria (A+B) 
or reduced eGFR (C+D) according to 25(OH)D (A+C) or 1.25(OH)2D 
levels (B+D), respectively, in the PREVEND study 

Table 2. Associations of 25(OH) and 1,25(OH)2 vitamin D levels with risk of developing reduced 
estimated glomerular filtration rate (eGFR) or increased albuminuria in the PREVEND study 

25-hydroxyvitamin D

Univariable No. of cases P Multivariable No. of cases P

Reduced eGFR 0.99 (0.87-1.12) 268 0.85 0.96 (0.84-1.10) 260 0.59

Increased albuminuria 0.86 (0.80-0.94) 641 <0.001 0.85 (0.78-0.94) 628 0.001

   1,25 dihydroxyvitamin D

Univariable No. of cases P Multivariable No. of cases P

Reduced eGFR 0.90 (0.80-1.02) 268 0.11 0.99 (0.86-1.13) 260 0.86

Increased albuminuria 1.00 (0.93-1.09) 641 0.91 0.99 (0.91-1.08) 628 0.79
Data are presented as hazard ratio (HR) per standard deviation higher in 25(OH)D and 1,25(OH)

2
D concentrations plus 95% confidence interval (CI). 

Reduced eGFR is defined as an eGFR <60 ml/min/1.73m2 and increased albuminuria is defined as urinary albumin excretion (UAE) >30 mg/24h. 
Multivariable model includes adjustment for age, sex, presence of type 2 diabetes, history of cardiovascular disease, current smoking, use of lipid-
lowering drugs, use of blood pressure-lowering drugs, body mass index, systolic blood pressure, day of blood sampling, cholesterol - high-density 
lipoprotein cholesterol ratio, triglyceride level, baseline UAE and eGFR. 
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Sodium intake, vitamin D status, and increased albuminuria
The association between 25(OH)D levels and the development of increased albuminuria was 

modified by baseline sodium intake (P-interaction=0.03), and persisted in multivariable-adjusted 

analysis (P-interaction=0.01).  Participants with high sodium intake and low 25(OH)D levels had 

a higher risk of developing increased albuminuria than participants with low sodium intake 

and high 25(OH)D levels (Table 3). Excluding participants using ACEi/ARB therapy (3%) did not 

materially change the results (P-interaction=0.03). In participants with high sodium intake, the risk 

of developing increased albuminuria was inversely associated with quartiles of 25(OH)D (lowest 

vs. highest quartile: adjusted HR 1.81 [1.20-2.73], P=0.005), whereas this effect was non-significant 

in participants with low sodium intake (HR 1.29 [0.94-1.77], P=0.12; P-interaction=0.04; Figure 2). 

Using clinical cut-offs for 25(OH)D levels yielded highly similar results (P-interaction=0.04).

We found no interaction by sodium intake for the association between 25(OH)D and reduced 

eGFR (P-interaction=0.27).

Increased albuminuria is defined as urinary albumin excretion (UAE) >30 mg/24h. Crude model (A) 
and multivariable model (B) are shown. Model B includes adjustment for age, sex, presence of type 2 
diabetes, history of cardiovascular disease, current smoking, use of lipid-lowering drugs, use of blood 
pressure-lowering drugs, body mass index, systolic blood pressure, day of blood sampling, cholesterol - 
high-density lipoprotein cholesterol ratio, triglyceride level and eGFR.  
Model A: P interaction low/high urinary sodium excretion × 25(OH)D quartiles = 0.04 (crude model) 

Model B: P interaction low/high urinary sodium excretion × 25(OH)D quartiles = 0.02 (multivariable 
model)

Figure 2. Hazard ratios of 25(OH)D quartiles with increased 
albuminuria events stratified by urinary sodium excretion 
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Sensitivity analyses
After exclusion of non-Caucasian participants, plasma 25(OH)D was inversely associated with 

increased albuminuria (adjusted HR 0.87, [0.79-0.97], P=0.008, 594 events), but not with reduced 

eGFR (adjusted HR 0.95, [0.83-1.10], P=0.50, 253 events). The interaction between sodium intake 

and 25(OH)D on increased albuminuria did not materially change (P-interaction=0.02). Second, 

after excluding 24h-urine samples with possible over- or under-collection, 25(OH)D was inversely 

associated with increased albuminuria (adjusted HR 0.87, [0.79-0.96], P=0.005, 589 events), but 

not with reduced eGFR. Additional adjustment for urine volume and creatinine excretion did not 

materially change the results (adjusted HR for albuminuria>30 mg/24h 0.89 [0.81-0.98], P=0.02). 

Interaction by urinary sodium excretion persisted for the association between 25(OH)D and the 

risk of increased albuminuria (P-interaction=0.02). Third, we redefined increased albuminuria as 

UAE>40 mg/24h (instead of >30 mg/24h). Plasma 25(OH)D remained inversely associated with 

increased albuminuria (adjusted HR 0.79, [0.70-0.89], P<0.001, 428 events). The interaction of 

25(OH)D and developing increased albuminuria remained (P-interaction=0.002). Fourth, when 

we redefined reduced eGFR as <54 mL/min/1.73m2 (instead of <60 mL/min/1.73m2), 25(OH)

D was not associated with reduced eGFR (adjusted HR per SD higher 1.04, [0.85-1.26], P=0.70, 

125 events). Last, when we re-analyzed the association between 25(OH)D and outcomes in 

participants followed up until the last time-point, 25(OH)D was associated with a lower risk of 

increased albuminuria (odds ratio [OR] per 1 SD higher 0.83 [95% CI 0.70-0.98], P=0.03), but not of 

reduced eGFR (OR 1.04 [0.88-1.23], P=0.68).

In the above sensitivity analyses, plasma 1,25(OH)
2
D was consistently not associated with the 

risk of developing increased albuminuria or reduced eGFR.

Table 3. Associations of categories based on 25(OH)D and urinary sodium excretion with 
increased albuminuria events in the PREVEND study 

Na+/25(OH)D category Participants Events Crude model a  
HR (95%CI)

Multivariable model b  
HR (95%CI)

Low Na+- high 25(OH)D 1,640 176 1.00 (reference) 1.00 (reference)

Low Na+- low 25(OH)D 1,726 216 1.18 (0.97-1.44) 1.13 (0.92-1.40)

High Na+- high 25(OH)D 882 106 1.04 (0.82-1.33) 0.90 (0.70-1.16)

High Na+- low 25(OH)D 803 143 1.62 (1.30-2.02) 1.42 (1.11-1.82)

Data are presented as hazard ratio (HR) per standard deviation higher in 25(OH)D concentrations plus 95% confidence interval (CI). Increased 
albuminuria is defined as urinary albumin excretion (UAE) >30 mg/24h. Multivariable model includes adjustment for age, sex, presence of type 2 
diabetes, history of cardiovascular disease, current smoking, use of lipid-lowering drugs, use of blood pressure-lowering drugs, body mass index, 
systolic blood pressure, day of blood sampling, cholesterol - high-density lipoprotein cholesterol ratio, triglyceride level and eGFR. 
a P interaction urinary sodium excretion × 25(OH)D categories = 0.07 (crude model) 
b P interaction urinary sodium excretion × 25(OH)D categories = 0.04 (multivariable model)
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DISCUSSION

In this prospective, observational, general population-based cohort study, a low plasma 25(OH)

D level was associated with a higher risk of developing increased albuminuria (UAE>30 mg/24h). 

Moreover, we found effect modification by sodium intake, with a more prominent association 

between low 25(OH)D and increased albuminuria in individuals with high sodium intake. Plasma 

25(OH)D was not associated with reduced eGFR, nor was plasma 1,25(OH)
2
D associated with 

either outcome.

The inverse association between 25(OH)D and increased albuminuria is in line with a 

previous cross-sectional study4 and a prospective general population-based study showing 

an association between 25(OH)D deficiency and 5-year incidence of increased albuminuria6. 

We extend these observations by demonstrating an association between low 25(OH)D and 

incident increased albuminuria during 10 year’ follow-up. Several mechanisms could underlie 

the relationship between low 25(OH)D levels and increased albuminuria, including interaction 

with the RAAS. The vitamin D receptor (VDR) directly modulates prorenin gene expression 

by binding to its promoter region.22 In line, 1α-hydroxylase- and VDR-knockout mice display 

elevated renin expression and a strongly activated RAAS23-25, whereas treatment with vitamin 

D analogues decreases renin expression26. Thus, low vitamin D levels, through excessive RAAS 

activation resulting in high levels of angiotensin II (Ang II), can induce systemic hypertension 

and stimulates renal inflammation and fibrosis.27,28 Furthermore, effects of vitamin D on Wnt/β-

catenin signaling29, transforming growth factor beta (TGF-β)30, or suppression of NF-κB activity in 

macrophages31,32 could mediate the effect of vitamin D on albuminuria. 

Interestingly, we observed that the association between 25(OH)D and increased albuminuria 

was modified by sodium intake. We found that individuals with high sodium intake (>3.6 grams 

sodium/24h) who also have low 25(OH)D levels are at particular risk to develop increased 

albuminuria. In our population, only 12% reached the sodium intake recommended by the World 

Health Organization (WHO, <2.0 grams).33 The interaction of vitamin D and increased albuminuria 

by sodium intake could, at least partly, be mediated by the intrarenal RAAS. Preclinical studies 

have shown that high sodium intake increases several components of the intrarenal RAAS, 

including angiotensinogen12, ACE-activity34, and Ang II35. Accordingly, in humans, high sodium 

intake increased the peripheral vascular conversion of Ang I to Ang II, indicating an increase 

in tissue ACE activity.36 Increased renal ACE activity due to high sodium intake combined with 

increased renin production due to low vitamin D24,37 may concertedly promote progression of 

albuminuria. Pro-inflammatory and pro-fibrotic pathways could also underlie the interaction, 

since both vitamin D deficiency37-40 and high sodium intake11,41,42 have been linked to increased 

renal inflammation and fibrosis. 

We could not demonstrate an association between 25(OH)D levels and reduced eGFR. This 

is in line with previous studies6,43, although others did report an association with renal function 

loss44. The relatively small decrease in eGFR during follow-up (-17.2 [IQR, -26.0 to-10.4] mL/

min/1.73m2) may explain this negative result; studies with longer follow-up may be needed to 

further explore this association. 
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Plasma 1,25(OH)
2
D was not associated with increased albuminuria or reduced renal function. 

We hypothesize that the discordant associations of 25(OH)D and 1,25(OH)
2
D with increased 

albuminuria may be explained by autocrine/paracrine activation of 25(OH)D. This is supported 

by the fact that 1a-hydroxylase is expressed by various cell types other than tubular epithelial 

cells including podocytes, with subsequent local activation of VDRs45-47, and by circulating levels 

of 25(OH)D exceeding 1,25(OH)
2
D by ~400-fold in our study.

Potential limitations of our study should be acknowledged. First, our findings are 

observational, and therefore, despite extensive adjustment for potential confounders, residual 

confounding may be present. Second, vitamin D and urinary sodium excretion were measured at 

a single time point only; therefore, we could not take changes over time into account. Third, the 

endpoint reduced eGFR was defined using a single measurement rather than two values at least 

90 days apart, as recommended by KDIGO. Although 24h urinary sodium excretion is considered 

the method of choice to assess sodium intake33, the day-to-day variability of sodium excretion 

could not be accounted for since we assessed baseline collections only. On the other hand, this 

variability is more likely to weaken, rather than to enhance the effect. Furthermore, participants 

excluded due to missing follow-up showed small but significant differences from participants 

included in the cohort, which could have introduced selection bias. The Cox regression models 

were discrete-time analyses, limiting the collection of outcomes to visits instead of continuous 

registration. Last, this cohort consisted almost entirely of whites, which limits the generalizability 

of our results. On the other hand, major strengths of our study are the large sample size, the 

serial screenings for CKD during follow-up using robust methods (creatinine-cystatin C-based 

eGFR and two consecutive 24h UAE measurements at each screening) and the measurement of 

vitamin D levels using LC-MS/MS.

In conclusion, we found that sodium intake modifies the association between plasma 25(OH)

D level and the risk to develop increased albuminuria. Participants with both high sodium intake 

and a low 25(OH)D level have an elevated risk to develop increased albuminuria.
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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 

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 
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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.

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. 
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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.

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. 
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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 

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. 

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 
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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. 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 

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.

 Figure 1. Study design of the ViRTUE study 
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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). 

The interventions are a liberal sodium diet or dietary sodium restriction in combination with paricalcitol (2 µg/day) or placebo. 

Figure 2.  Four different sequences of treatment periods in the ViRTUE study
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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 

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). 

VITAMIN D AND SODIUM RESTRICTION TO REDUCE ALBUMINURIA

2a

Proefschrift Charlotte Keyzer.indd   53 19-09-15   16:07



54

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.

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. 

PA
R

T 
I

Proefschrift Charlotte Keyzer.indd   54 19-09-15   16:07



55

ACKNOWLEDGMENTS

This trial was made possible by a consortium grant from the Dutch Kidney Foundation (NIGRAM 

consortium, grant no. CP10.11). The NIGRAM consortium consists of the following principal 

investigators: Piet ter Wee and Marc Vervloet (VU University Medical Center, Amsterdam, the 

Netherlands), René Bindels and Joost Hoenderop (Radboud University Medical Center Nijmegen, 

the Netherlands), Gerjan Navis, Jan-Luuk Hillebrands and Martin de Borst (University Medical 

Center Groningen, the Netherlands). M.H.d.B. is supported by personal grants from the Dutch 

Kidney Foundation (grant no. KJPB.08.07) and the Netherlands Organization for Scientific 

Research (Veni grant). H.J.L.H. is supported by a grant from the Netherlands Organization for 

Scientific Research (Veni grant). We thank Prof. Dr. E. R. van den Heuvel for his valuable statistical 

support. We thank AbbVie for providing the study medication (paricalcitol and placebo).

 
Authors’ contributions
C.A.K., M.G.V., G.D.L., M.H., W.M.J., H.L.H., G.N. and M.H.d.B. participated in the design of the study. 

C.A.K., M.A.d.J., G.F.v.B., M.G.V., G.D.L., M.H., W.M.J., G.N. and M.H.d.B. participated in the execution 

and coordination of the study. C.A.K., M.A.d.J. and M.H.d.B. drafted the manuscript. All authors 

read and approved the final manuscript.

DISCLOSURES
None declared.

VITAMIN D AND SODIUM RESTRICTION TO REDUCE ALBUMINURIA

2a

Proefschrift Charlotte Keyzer.indd   55 19-09-15   16:07



56

REFERENCES

1.  Jafar TH, Stark PC, Schmid CH, Landa M, Maschio G, Marcantoni C, et al. Proteinuria as a modifiable risk factor for the 
progression of non-diabetic renal disease. Kidney Int 2001; Sep;60(3):1131-40. 

2.  Hemmelgarn BR, Manns BJ, Lloyd A, James MT, Klarenbach S, Quinn RR, et al. Relation between kidney function, 
proteinuria, and adverse outcomes. JAMA 2010; Feb 3;303(5):423-9. 

3.  Maschio G, Alberti D, Janin G, Locatelli F, Mann JF, Motolese M, et al. Effect of the angiotensin-converting-enzyme 
inhibitor benazepril on the progression of chronic renal insufficiency. The Angiotensin-Converting-Enzyme Inhibition 
in Progressive Renal Insufficiency Study Group. N Engl J Med 1996; Apr 11;334(15):939-45. 

4.  Randomised placebo-controlled trial of effect of ramipril on decline in glomerular filtration rate and risk of terminal 
renal failure in proteinuric, non-diabetic nephropathy. The GISEN Group (Gruppo Italiano di Studi Epidemiologici in 
Nefrologia). Lancet 1997; Jun 28;349(9069):1857-63. 

5.  Apperloo AJ, de Zeeuw D, de Jong PE. Short-term antiproteinuric response to antihypertensive treatment predicts 
long-term GFR decline in patients with non-diabetic renal disease. Kidney Int Suppl 1994; Feb;45:S174-8. 

6.  Eijkelkamp WB, Zhang Z, Remuzzi G, Parving HH, Cooper ME, Keane WF, et al. Albuminuria is a target for 
renoprotective therapy independent from blood pressure in patients with type 2 diabetic nephropathy: post hoc 
analysis from the Reduction of Endpoints in NIDDM with the Angiotensin II Antagonist Losartan (RENAAL) trial. J Am 
Soc Nephrol 2007; May;18(5):1540-6. 

7.  ONTARGET Investigators, Yusuf S, Teo KK, Pogue J, Dyal L, Copland I, et al. Telmisartan, ramipril, or both in patients at 
high risk for vascular events. N Engl J Med 2008; Apr 10;358(15):1547-59. 

8.  Parving HH, Brenner BM, McMurray JJ, de Zeeuw D, Haffner SM, Solomon SD, et al. Cardiorenal end points in a trial of 
aliskiren for type 2 diabetes. N Engl J Med 2012; Dec 6;367(23):2204-13. 

9.  Fried LF, Emanuele N, Zhang JH, Brophy M, Conner TA, Duckworth W, et al. Combined angiotensin inhibition for the 
treatment of diabetic nephropathy. N Engl J Med 2013; Nov 14;369(20):1892-903. 

10.  Heerspink HJ, Gao P, Zeeuw D, Clase C, Dagenais GR, Sleight P, et al. The effect of ramipril and telmisartan on serum 
potassium and its association with cardiovascular and renal events: results from the ONTARGET trial. Eur J Prev Cardiol 
2014; Mar;21(3):299-309. 

11.  Vogt L, Waanders F, Boomsma F, de Zeeuw D, Navis G. Effects of dietary sodium and hydrochlorothiazide on the 
antiproteinuric efficacy of losartan. J Am Soc Nephrol 2008; May;19(5):999-1007. 

12.  Slagman MC, Waanders F, Hemmelder MH, Woittiez AJ, Janssen WM, Lambers Heerspink HJ, et al. Moderate dietary 
sodium restriction added to angiotensin converting enzyme inhibition compared with dual blockade in lowering 
proteinuria and blood pressure: randomised controlled trial. BMJ 2011; Jul 26;343:d4366. 

13.  Vegter S, Perna A, Postma MJ, Navis G, Remuzzi G, Ruggenenti P. Sodium intake, ACE inhibition, and progression to 
ESRD. J Am Soc Nephrol 2012; Jan;23(1):165-73. 

14.  Lambers Heerspink HJ, Holtkamp FA, Parving HH, Navis GJ, Lewis JB, Ritz E, et al. Moderation of dietary sodium 
potentiates the renal and cardiovascular protective effects of angiotensin receptor blockers. Kidney Int 2012; 
Aug;82(3):330-7. 

15.  Heeg JE, de Jong PE, van der Hem GK, de Zeeuw D. Efficacy and variability of the antiproteinuric effect of ACE 
inhibition by lisinopril. Kidney Int 1989; Aug;36(2):272-9. 

16.  Mirkovic K, van den Born J, Navis G, de Borst MH. Vitamin D in chronic kidney disease: new potential for intervention. 
Curr Drug Targets 2011; Jan;12(1):42-53. 

17.  de Borst MH, Hajhosseiny R, Tamez H, Wenger J, Thadhani R, Goldsmith DJ. Active vitamin D treatment for reduction 
of residual proteinuria: a systematic review. J Am Soc Nephrol 2013; Nov;24(11):1863-71. 

18.  Zhang Y, Kong J, Deb DK, Chang A, Li YC. Vitamin D receptor attenuates renal fibrosis by suppressing the renin-
angiotensin system. J Am Soc Nephrol 2010; Jun;21(6):966-73. 

19.  Vaidya A, Forman JP, Hopkins PN, Seely EW, Williams JS. 25-Hydroxyvitamin D is associated with plasma renin 
activity and the pressor response to dietary sodium intake in Caucasians. J Renin Angiotensin Aldosterone Syst 2011; 
Sep;12(3):311-9. 

20.  de Borst MH, Vervloet MG, ter Wee PM, Navis G. Cross talk between the renin-angiotensin-aldosterone system and 
vitamin D-FGF-23-klotho in chronic kidney disease. J Am Soc Nephrol 2011; Sep;22(9):1603-9. 

21.  Yuan W, Pan W, Kong J, Zheng W, Szeto FL, Wong KE, et al. 1,25-dihydroxyvitamin D3 suppresses renin gene 
transcription by blocking the activity of the cyclic AMP response element in the renin gene promoter. J Biol Chem 
2007; Oct 12;282(41):29821-30. 

22.  Ito I, Waku T, Aoki M, Abe R, Nagai Y, Watanabe T, et al. A nonclassical vitamin D receptor pathway suppresses renal 
fibrosis. J Clin Invest 2013; Nov 1;123(11):4579-94. 

23.  Zoccali C, Curatola G, Panuccio V, Tripepi R, Pizzini P, Versace M, et al. Paricalcitol and endothelial function in chronic 
kidney disease trial. Hypertension 2014; Nov;64(5):1005-11. 

24.  de Zeeuw D, Agarwal R, Amdahl M, Audhya P, Coyne D, Garimella T, et al. Selective vitamin D receptor activation with 
paricalcitol for reduction of albuminuria in patients with type 2 diabetes (VITAL study): a randomised controlled trial. 
Lancet 2010; Nov 6;376(9752):1543-51. 

PA
R

T 
I

Proefschrift Charlotte Keyzer.indd   56 19-09-15   16:07



57

25.  Arisz L, Donker AJ, Brentjens JR, van der Hem GK. The effect of indomethacin on proteinuria and kidney function in 
the nephrotic syndrome. Acta Med Scand 1976;199(1-2):121-5. 

26.  Laverman GD, Van Goor H, Henning RH, De Jong PE, De Zeeuw D, Navis G. Renoprotective effects of VPI versus ACEI in 
normotensive nephrotic rats on different sodium intakes. Kidney Int 2003; Jan;63(1):64-71. 

27.  Mirkovic K, Frenay AS, van den Born J, van Goor H, Navis GJ, de Borst MH. Renoprotective Effects of Vitamin D 
Receptor Agonist during Low but Not during High Dietary Sodium in Adriamycin Nephrosis [abstract] . J Am Soc 
Nephrol 2012;23:809A. 

28.  de Boer IH. Vitamin D and glucose metabolism in chronic kidney disease. Curr Opin Nephrol Hypertens 2008; 
Nov;17(6):566-72. 

29.  Thadhani R, Appelbaum E, Pritchett Y, Chang Y, Wenger J, Tamez H, et al. Vitamin D therapy and cardiac structure and 
function in patients with chronic kidney disease: the PRIMO randomized controlled trial. JAMA 2012; Feb 15;307(7):674-
84. 

30.  Fishbane S, Chittineni H, Packman M, Dutka P, Ali N, Durie N. Oral paricalcitol in the treatment of patients with CKD 
and proteinuria: a randomized trial. Am J Kidney Dis 2009; Oct;54(4):647-52. 

31.  Alborzi P, Patel NA, Peterson C, Bills JE, Bekele DM, Bunaye Z, et al. Paricalcitol reduces albuminuria and inflammation 
in chronic kidney disease: a randomized double-blind pilot trial. Hypertension 2008; Aug;52(2):249-55. 

32.  Apperloo AJ, de Zeeuw D, Donker AJ, de Jong PE. Precision of glomerular filtration rate determinations for long-term 
slope calculations is improved by simultaneous infusion of 125I-iothalamate and 131I-hippuran. J Am Soc Nephrol 
1996; Apr;7(4):567-72. 

VITAMIN D AND SODIUM RESTRICTION TO REDUCE ALBUMINURIA

2a

Proefschrift Charlotte Keyzer.indd   57 19-09-15   16:07



Proefschrift Charlotte Keyzer.indd   58 19-09-15   16:07



59

VITAMIN D RECEPTOR ACTIVATION 
AND DIETARY SODIUM RESTRICTION 
TO REDUCE RESIDUAL ALBUMINURIA 
IN CHRONIC KIDNEY DISEASE: 
THE VIRTUE RANDOMISED 
CONTROLLED TRIAL

2B

Charlotte A. Keyzer1

G. Fenna van Breda2

Marc G. Vervloet2

Gozewijn D. Laverman3

Marc H. Hemmelder4

Wilbert M.T. Janssen5

Hiddo J. Lambers Heerspink6

Stephan J.L. Bakker1

Gerjan Navis1 and Martin H. de Borst1 for the Holland Nephrology Study (HONEST) Network

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

2 Department of Nephrology and Institute for Cardiovascular Research, VU University Medical Centre, Amsterdam, the 
Netherlands; 

3 Department of Internal Medicine, Division of Nephrology, ZGT Hospital, Almelo, the Netherlands; 
4 Department of Internal Medicine, Division of Nephrology, Medical Centre Leeuwarden, Leeuwarden, the Netherlands; 
5 Department of Internal Medicine, Division of Nephrology, Martini Hospital Groningen, Groningen, the Netherlands;
6 Department of Clinical Pharmacy and Pharmacology University Medical Center 

 Groningen, University of Groningen, the Netherlands.

Submitted

Proefschrift Charlotte Keyzer.indd   59 19-09-15   16:07



60

ABSTRACT

Objective. To study the separate and combined effect of vitamin D receptor activator (VDRA)

treatment and dietary sodium restriction on residual albuminuria in non-diabetic patients with 

chronic kidney disease (CKD) receiving background treatment with angiotensin converting 

enzyme inhibition (ACEi) at maximum dose.

Setting. Nephrology outpatient clinics in the Netherlands.

Participants. 45 patients with non-diabetic CKD stage 1-3 (creatinine clearance >30 mL/min) 

and residual albuminuria >300 mg/24h despite fixed-dose ACEi (ramipril 10 mg/day) and well-

controlled blood pressure.

Interventions. All patients were treated during four 8-week periods, in random order, with the 

VDRA paricalcitol (2 µg/day) or placebo, each combined with either a low sodium diet (LS, target 

50 mmol Na+/day) or a regular sodium diet (RS, target 200 mmol Na+/day). All patients received 

fixed-dose ACEi throughout the study.

Main outcome measure. Albuminuria in 24-hour urine collections at the end of each study 

period.

Results. Mean urinary sodium excretion, a measure of dietary sodium intake, was 174 ± 64 

mmol Na+/day (≈4000 mg Na+) during the RS diet and 108 ± 61 mmol Na+/day (≈2500 mg 

Na+) during sodium restriction (P<0.001). During RS+placebo, albuminuria was 1,060 [778 to 

1,443] (geometric mean [95% confidence interval]) mg/day. In the intention-to-treat analysis, 

RS+paricalcitol provided a non-significant albuminuria reduction to 990 [755 to 1,299] mg/24h 

(-12.5% [-26.0% to 26.3%] (median [IQR]) vs. RS+placebo, P=0.2). Dietary sodium restriction in 

itself reduced albuminuria to 717 [512 to 1,005] mg/24h (-25.4% [-52.6% to -2.3%] vs. RS+placebo, 

P<0.001). The combination of paricalcitol and dietary sodium restriction provided the most 

pronounced albuminuria reduction to 683 [502 to 929] mg/24h (-31.7% [-55.0% to -0.9%], P<0.001 

vs. RS+placebo). Paricalcitol did not significantly reduce albuminuria beyond the effect of sodium 

restriction (P=0.6 LS+paricalcitol vs. LS+placebo). Paricalcitol did not affect blood pressure or 

creatinine clearance during either sodium diet, but both parameters were reduced by sodium 

restriction, compared with the RS diet. 

Conclusions. The combination of paricalcitol with moderate dietary sodium restriction 

provided the strongest reduction of residual albuminuria during fixed-dose ACEi; the effect was 

mainly driven by sodium restriction. Our findings underline the relevance of sodium restriction, 

possibly in combination with paricalcitol, to optimize residual albuminuria reduction in CKD 

patients on ACEi. 

Trial registration. Netherlands Trial Register NTR2898.
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INTRODUCTION

Chronic kidney disease (CKD) affects 8-16% of the global population.1 In CKD, the presence 

of albuminuria is associated with an increased risk of progressive renal function loss and 

cardiovascular complications.2-6 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 CKD.7-11 However, in a 

considerable proportion of patients, RAAS-blockade is unable to halt the progression of CKD. 

Residual albuminuria (or proteinuria), persisting despite optimally dosed RAAS-blockade, is 

strongly associated with adverse long-term renal and cardiovascular outcomes,12,13 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 patients14-16, which has been associated with improved long-

term cardiorenal protection17,18. In addition, vitamin D receptor activator (VDRA) therapy may 

lower residual albuminuria during RAAS-blockade, as demonstrated in preclinical studies19,20 

and several small-to-medium-scale randomised controlled trials in CKD patients21,22. The 

renoprotective effect of VDRA therapy may at least in part be mediated by a direct inhibitory 

effect on the RAAS, by modulating prorenin gene expression23. Given the consistent finding that 

dietary sodium restriction potentiates the albuminuria-lowering efficacy of conventional RAAS-

blockade including angiotensin converting enzyme inhibition (ACEi)15 and angiotensin receptor 

blockade14, 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 nephropathy24, and that sodium intake modulates 

the inverse association between plasma vitamin D levels and the risk of developing increased 

albuminuria in the general population25. At variance, however, a post-hoc analysis of the VITAL 

trial22 as well as an earlier trial in non-diabetic CKD26 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 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, with 

paricalcitol or placebo combined with either dietary sodium restriction (target 50 mmol Na+/

day) or a regular sodium diet (target 200 mmol Na+/day), all during fixed-dose ACEi. 

PARICALCITOL AND SODIUM RESTRICTION TO REDUCE ALBUMINURIA
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MATERIAL AND METHODS 

Study design
We performed an investigator-initiated, multi-centre, randomised, 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 study have been published previously.27 

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, hyperkalaemia (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.27 During a run-

in period, patients received standardised RAAS-blockade (10 mg ramipril/day). Existing treatment 

with other RAAS-blocking agents and diuretics (except for furosemide) was discontinued. 

During the run-in period, pharmacological antihypertensive therapy was optimized according to 

a predefined schedule to titrate blood pressure to <140/90 mmHg.27 If this target blood pressure 

was reached, patients were allowed to enter the study protocol. 

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 randomised for each patient. Four different treatment sequences were defined.27 
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The study medication (paricalcitol or placebo) was provided by AbbVie. Placebo capsules had 

a similar appearance, smell and taste as compared with paricalcitol capsules. Randomisation 

was computer-generated by AbbVie. 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. 

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.

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 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 were used for further analysis.27 Blood electrolytes, lipids, proteins, and 

urinary electrolytes were determined by using an automated multi-analyser (Modular, Roche 

Diagnostics, Mannheim, Germany). Plasma renin concentration was measured using a 2-site 

immunoradiometric assay (Beckman Coulter, Immunotech, Prague, Czech Republic). 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 samples, 

and eGFR was calculated using the creatinine-based CKD Epidemiology Collaboration (EPI) 

formula28. 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. 
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Peripheral pitting oedema 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 study14, 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.27 Assuming a dropout rate of 15%, we aimed to include 45 patients. The sample 

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 nor-

mally 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 de-

termine the effect of treatment, we used linear mixed-effect models for repeated measurements, 

using the unstructured covariance structure with random intercept, and ‘centre’, ‘treatment period’ 

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 anal-

ysis 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.

For the primary analysis, all available data from all 45 patients were included (intention-to-treat 

analysis). As a per protocol analysis, we re-analysed the primary endpoint in a study population re-

stricted to those participants with ≥95% compliance to the study medication (assessed by count-

ing the returned paricalcitol capsules), for each treatment period. 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 

6.01 for Windows (GraphPad Software, San Diego, CA).

RESULTS

Study population
Of 212 eligible patients, 68 patients gave written informed consent and were subsequently 

enrolled in the run-in period (Figure 1). During the run-in period, 23 patients discontinued 

the study. Of the 45 patients randomised, three patients were excluded during the study after 
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completion of at least one study period. Supplementary Table 1 shows the baseline characteristics 

of the 45 study participants after randomisation, according to the sequence of the study periods. 

All patients received background ACEi in a fixed dose throughout the study.

Figure 1. Trial profile of the ViRTUE study 
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Primary efficacy analysis
During regular sodium (RS) diet combined with placebo treatment, residual albuminuria was 1,060 

[778 to 1,443] mg/24h, Figure 2A). 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). Low sodium (LS) diet reduced albuminuria to 717 [512 to 1,005] 

mg/24h (-25.4% [-52.6% to -2.3%] vs. RS+placebo, P<0.001). The lowest albuminuria level was achieved 

by LS+paricalcitol, to 683 [502 to 929] mg/24h (-31.7% [-55.0% to -0.9%], P<0.001 vs. RS+placebo). 

Adjustment for blood pressure did not change the results.  Results were similar for the urinary albumin/

creatinine ratio (Table 1). Linear mixed model analysis indicated no carryover effects. 

Secondary and exploratory outcomes
Mean arterial pressure (MAP) was 95 [92-98] mmHg (mean [95% CI]) during RS+placebo (Figure 

2B). Paricalcitol did not affect MAP, neither during RS diet (95 [91-98] mmHg; P=0.8 vs RS+placebo), 

nor during LS diet (90 [87-93] mmHg; P=0.5 vs. LS+placebo). Dietary sodium restriction in itself 

reduced MAP to 90 [88-93] mmHg (P<0.001 LS+placebo vs RS+placebo). Treatment effects were 

similar for systolic and diastolic blood pressure (Table 1). 
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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.

Figure 3.   Percentage change in residual albuminuria 
compared to RS+placebo in ViRTUE study patients; intention-
to-treat analysis 
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Figure 2.  Effect of sodium restriction and paricalcitol on albuminuria and blood pressure in 
ViRTUE study patients; intention-to-treat analysis

(A) Albuminuria and (B) mean arterial pressure during regular sodium diet or dietary sodium restriction in combination with paricalcitol (2 microgram/
day) or placebo. Albuminuria is shown as geometric mean (95% CI) and blood pressure is shown as mean (95% CI). P value shows treatment effect by 
linear mixed modelling with centre, treatment, sequence and the interaction treatment*sequence as fixed factors.
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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, 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 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). 

Table 1. Clinical parameters during 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
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]*†
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 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

PARICALCITOL AND SODIUM RESTRICTION TO REDUCE ALBUMINURIA

2b

Proefschrift Charlotte Keyzer.indd   67 19-09-15   16:07



68

Adverse effects
Nine patients developed hypercalcemia during paricalcitol treatment, and in five of these 

patients hypercalcemia was also present during placebo treatment. 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 Supplementary 

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-analysed in participants with ≥95% compliance to the study 

medication, assessed per study period. Supplementary 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 [715 to 1,939] mg/24h during RS+placebo. During RS diet, 

paricalcitol provided a non-significant albuminuria reduction to 1,082 [666 to 1,756] mg/24h 

(-15.0% [-27.7% to 31.8%]; P=0.3 vs. RS+placebo). In contrast, dietary sodium restriction in 

itself reduced albuminuria to 804 [489 to 1,321] mg/24h (-28.5% [-52.2% to 1.6%]; P<0.001 vs. 

RS+placebo), and the combination of paricalcitol and dietary sodium restriction further reduced 

albuminuria to 690 [417 to 1,143] mg/24h (-42.4% [-57.4% to -5.0%]; P=0.04 vs. RS+placebo). 

Paricalcitol significantly reduced albuminuria beyond the effect of sodium restriction (P=0.035 

LS+paricalcitol vs. LS+placebo). Similar results were observed when considering the urinary 

albumin/creatinine ratio (Supplementary Table 3). During regular sodium diet, but not sodium 

restriction diet, paricalcitol treatment resulted in a small but significant reduction in MAP 

(P=0.045; Supplementary 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).
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DISCUSSION

The main aim of this study 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. Optimal albuminuria reduction 

was achieved by the combination of dietary sodium restriction and paricalcitol. Although in the 

intention-to-treat analysis paricalcitol did not significantly reduce albuminuria beyond the effect 

of sodium restriction, this effect was observed in a per protocol analysis restricted to patients with 

≥95% compliance. Our prospective data refute the previously raised suggestion that albuminuria 

reduction by paricalcitol is optimal during high sodium intake.  

The capacity of paricalcitol to reduce albuminuria or proteinuria has been demonstrated 

in several trials among different CKD populations.22,26,29-33 Two previously published reports 

based on post-hoc analyses from clinical trials suggested that paricalcitol provides stronger 

albuminuria reduction in patients with higher baseline sodium intake.22,26 This was interpreted 

as related to suboptimal RAAS-blockade efficacy during high sodium intake26, and consequently 

paricalcitol was suggested to be a suitable add-on to RAAS-blockade for patients on high 

sodium intake22. Our prospective intervention is at variance with the latter suggestion, as the 

lowest albuminuria was achieved by the combination of paricalcitol and sodium restriction 

(Figure 2A). Our results are consistent with several clinical studies showing that sodium intake 

potentiates RAAS-blockade,14-16,34,35 as well as with recent data from a prospective study in a rat 

model of proteinuric nephropathy24. In this study, combined treatment with paricalcitol and 

an ACEi reduced proteinuria, renal inflammation, glomulerosclerosis and interstitial prefibrotic 

changes during low sodium, but not during high sodium intake.24

Dietary sodium restriction reduced residual albuminuria during single-agent RAAS-blockade, 

in line with previous studies.14-16 Paricalcitol in itself provided only a mild further reduction of 

residual albuminuria beyond dietary sodium restriction, in contrast with hydrochlorothiazide, 

which further reduced residual proteinuria beyond the effect of sodium restriction and 

angiotensin receptor blockade in a previous study.14 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 paricalcitol26,31, 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 reduction in albuminuria by paricalcitol was not accompanied by changes in blood 

pressure in our study, suggesting that the albuminuria-lowering effect of paricalcitol is due to 

PARICALCITOL AND SODIUM RESTRICTION TO REDUCE ALBUMINURIA

2b

Proefschrift Charlotte Keyzer.indd   69 19-09-15   16:07



70

intrarenal, rather than systemic effects. Experimental studies have shown that VDRA treatment 

exerts direct protective effects on podocytes36, negatively regulates the RAAS by suppressing 

renin production37-40, and has anti-inflammatory and anti-fibrotic effects19,41,42. These effects could 

either alone or, most likely, in combination explain the anti-albuminuric effect of VDRA in addition 

to RAAS-blockade observed in our study. Although add-on paricalcitol did not influence systemic 

plasma renin, it might have reduced intrarenal renin. Paricalcitol provided a small reduction 

in mean arterial pressure during the regular sodium diet in the per protocol analysis, but this 

significance was lost after additional adjustment for urinary sodium excretion, suggesting that 

the effect on blood pressure was explained by variations in sodium intake. 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.43 

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.44,45 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 paricalcitol46, and may be related to an effect on muscle metabolism. 

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.22,30 Furthermore, the 

sample size is relatively small. Third, our study was performed in a selection of highly motivated 

patients under well-controlled and intensive treatment, limiting the generalizability of our 

findings. 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, this study prospectively demonstrates that optimal reduction of residual 

albuminuria during single-agent RAAS-blockade by paricalcitol can be achieved when combined 

with dietary sodium restriction in non-diabetic patients with CKD. The capacity of moderate 

sodium restriction to potentiate the antiproteinuric effect of conventional RAAS-blockade 

has been associated with cardiorenal protection in both diabetic18 and non-diabetic17 CKD. 

Future studies should address whether reduction of residual albuminuria by the combination 

of paricalcitol and dietary sodium restriction may further enhance cardiorenal protection in 

addition to conventional RAAS-blockade.
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What is already known on this topic
•  In patients with chronic kidney disease (CKD) single-agent renin-angiotensin-aldosterone 

system (RAAS) blockade, with an angiotensin converting enzyme (ACE) inhibitor or an 

angiotensin receptor blocker (ARB), reduces the amount of residual albuminuria, an important 

risk factor for renal function loss and cardiovascular disease

•  Vitamin D receptor activation (VDRA) may reduce residual albuminuria beyond the effect of 

ACE inhibitor or ARB treatment

•  Two previous post-hoc analyses suggested that the albuminuria-lowering effect of VDRA 

treatment is more prominent during a high sodium diet than during a low sodium diet; 

oppositely, a recent preclinical study suggested that VDRA treatment is more effective during 

a low sodium diet

What this study adds
•  The VDRA paricalcitol reduces residual albuminuria during a low, but not during a liberal 

sodium diet, in CKD patients on standardised background ACE inhibition and optimized 

blood pressure control

•  Moderate sodium restriction seems to impact residual albuminuria more strongly than VDRA 

treatment in itself; the strongest reduction was achieved by combined treatment
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Supplementary Table 1. Baseline characteristics per treatment sequence

Treatment sequence*
Characteristics A (n=9) B (n=12) C (n=12) D (n=12)
Age, years 54.5 ± 15.8 53.2 ± 16.3 52.6 ± 10.7 46.9 ± 10.4
Male sex, n (%) 7 (78) 8 (67) 10 (83) 8 (67)
White ethnicity, n (%) 9 (100) 12 (100) 12 (100) 12 (100)
Body mass index, kg/m2 29.2 ± 4.8 26.6 ± 3.2 28.2 ± 4.5 28.5 ± 5.9
Renal diagnosis
   IgA nephropathy, n (%) 1 (11) 4 (33) 2 (17) 2 (17)
   Focal segmental glomerulosclerosis, n (%) 3 (33) 2 (17) 1 (8) 2 (17)
   Membranous nephropathy, n (%) 2 (22) 2 (17) 1 (8) 3 (25)
   Hypertensive nephropathy, n (%) 1 (11) 0 (0) 2 (17) 1 (8)
   Other/Inconclusive, n (%) 2 (22) 4 (33) 6 (50) 4 (33)
Season
   Winter, n (%) 1 (11) 3 (25) 4 (33) 3 (25)
   Spring, n (%) 2 (22) 4 (33) 3 (25) 1 (8)
   Summer, n (%) 3 (33) 4 (33) 4 (33) 8 (67)
   Autumn, n (%) 3 (33) 1 (8) 1 (8) 0 (0)
Medication use†
   ACE inhibitor, n (%) 9 (100) 12 (100) 12 (100) 12 (100)
   β-blocker, n (%) 2 (22) 2 (17) 4 (33) 4 (33)
   Calcium channel blocker, n (%) 1 (11) 5 (42) 5 (42) 3 (25)
   α-blocker, n (%) 1 (11) 0 (0) 1 (8) 1 (8)
   Diuretic, n (%) 4 (44) 2 (17) 2 (17) 4 (33)
   Lipid lowering agent, n (%) 6 (67) 6 (50) 7 (58) 5 (42)
Systolic blood pressure, mmHg 126 ± 15 125 ± 9 125 ± 11 126 ± 9
Diastolic blood pressure, mmHg 77 ± 10 76 ± 6 77 ± 7 76 ± 9
eGFR (CKD-EPI), ml/min/1.73m2 73 ± 17 71 ± 30 65 ± 23 70 ± 23
Calcium, mmol/L 2.36 ± 0.12 2.35 ± 0.11 2.36 ± 0.09 2.36 ± 0.11
Phosphate, mmol/Lǂ 0.86 ±0.17 0.94 ± 0.14 0.87 ± 0.20 1.07 ± 0.11
Albuminuria, mg/24h 1,372 [822-2,290] 1,154 [654-2,037] 1,295 [783-2,143] 951 [561-1,612]
Urinary protein excretion, g/24h 1.59 [0.96-2.65] 1.45 [0.88-2.39] 1.56 [0.99-2.44] 1.19 [0.77-1.83]
Urinary sodium excretion, mmol/24h 173 ± 56 192 ± 25 160 ± 45 175 ± 104
Creatinine clearance, mL/min 106 ± 24 99 ± 43 99 ± 36 100 ± 47
* A= placebo-regular sodium diet, paricalcitol-regular sodium diet, placebo-sodium restriction diet, paricalcitol-sodium restriction diet; B= 
paricalcitol-regular sodium diet, placebo-regular sodium diet, paricalcitol-sodium restriction diet, placebo- sodium restriction diet; C= placebo-
sodium restriction diet, paricalcitol-sodium restriction diet, placebo-regular sodium diet, paricalcitol-regular sodium diet; D= paricalcitol-sodium 
restriction diet, placebo-sodium restriction diet, paricalcitol-regular sodium diet, placebo-regular sodium diet.
Data are presented as mean ± SD, geometric mean [95% CI], and number (percentage) for normally, skewed distributed data, and nominal data, 
respectively. Differences between the four sequences were assessed with ANOVA for normally distributed continuous data, the Kruskal-Wallis test for 
skewed distributed data, and the χ2 test for nominal data. ǂ P<0.05. † At the end of the run-in period, all patients were treated with ramipril 10 mg 
once daily, except for one patient who received ramipril 5 mg due to low blood pressure. In one patient, diuretic therapy was stopped during the study 
and later on resumed because of oedema. In another patient the calcium channel blocker was stopped due to symptomatic hypotension. All other 
non-study-related medication was kept stable during the study periods.
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Supplementary 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
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,  respectively). 
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Supplementary 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
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]*†
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 [715-1,939] 1,082 [666-1,756] 804 [489-1,321]*† 690 [417-1,143]*†‡
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

Nov;80(10):1073-9. 
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ABSTRACT

Introduction. A decline of renal and soluble circulating α-klotho has been implicated in the 

progression of chronic kidney disease (CKD) and its cardiovascular complications. Restoring 

soluble α-klotho levels might be a target for cardiorenal protective therapy in CKD, but whether 

soluble α-klotho levels are affected by the current standard renoprotective therapy is largely 

unknown. We evaluated the additional effect of dietary sodium restriction upon single-agent 

renin-angiotensin-aldosterone system (RAAS) blockade on soluble α-klotho in patients with 

non-diabetic CKD. Further, we studied the effect of dual RAAS-blockade on soluble α-klotho in 

these patients.

Methods. In a post-hoc analysis of a crossover randomized controlled trial aimed at maximizing 

the antiproteinuric therapy, we measured serum soluble α-klotho and parameters of mineral 

metabolism. Patients (n=51) received background angiotensin-converting-enzyme inhibitor 

(ACEi) plus either angiotensin receptor blocker (ARB) or placebo, combined with either a 

regular sodium (RS) or low sodium (LS) diet. All patients underwent all four treatments during 

subsequent study periods in randomized order.

Results. Mean dietary sodium intake, estimated by urinary sodium excretion, was 184±62 

mmol Na+/24h during RS periods and was reduced to 106 ± 52 mmol Na+/24h during LS periods 

(P<0.001). At baseline (during ACEi + RS) proteinuria (UP) was 1.9 [IQR, 0.9-3.4] g/24h and creatinine 

clearance (CrCl) was 71 [IQR 50-109] mL/min. Therapy intensification resulted in a reduction of 

UP to 0.7 [0.4-1.4] g/24h and CrCl to 59 [42-81] mL/min during ACEi + ARB + LS (both P<0.001). 

Serum α-klotho at baseline was 636±133 pg/mL, and was reduced during concomitant sodium 

restriction (ACEi + LS; 597 ± 112 pg/mL, P<0.001). The addition of an ARB to ACEi during regular 

or low sodium diet did not influence soluble α-klotho levels. 

Conclusion. Although the addition of dietary sodium restriction on top of ACEi therapy 

ameliorated proteinuria, it was also accompanied by a small albeit significant reduction in serum 

α-klotho levels. This decline was not prevented by addition of an ARB. Considering the claimed 

protective effects of soluble α-klotho, further studies are required to explain the decline in serum 

α-klotho by dietary sodium restriction on top of RAAS-blockade.
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INTRODUCTION

Alpha-klotho (further indicated as klotho) was discovered as an anti-aging protein in 1997. 

Reduction of klotho gene expression in mice resulted in a syndrome resembling human ageing, 

characterized by a short life span, osteoporosis, infertility, renal fibrosis, arteriosclerosis and 

calcifications.1 Klotho is a single-pass transmembrane protein with a large ectodomain and is 

predominantly expressed in the renal distal convoluted tubule. The full-length transmembrane 

klotho functions as the co-receptor for fibroblast growth factor 23 (FGF23), a bone-derived 

phosphaturic hormone. In addition, after the extracellular domain of klotho is cleaved, klotho 

exists as a circulating soluble form detectable in blood, urine and cerebrospinal fluid. Soluble (or 

cleaved) klotho elicits biological effects on distant target cells suggesting that it functions as a 

circulating active humoral factor.2 Recombinant soluble klotho administration ameliorates the 

premature ageing phenotype in klotho knock-out mice.3 

Chronic kidney disease (CKD) patients remarkably share phenotypic properties of 

accelerated ageing, including the tendency to develop soft tissue calcification4, bone disease5, 

hypogonadism6, and reduced life expectancy7. Transgenic overexpression of klotho and injection 

of recombinant soluble klotho protein produce dramatic improvements in kidney function and 

morphological lesions in several experimental CKD and acute kidney injury (AKI) models.8-12 

In experimental CKD renal klotho expression is decreased and soluble klotho in urine and 

blood is barely detectable.4,12 The mechanism by which renal damage reduces renal klotho 

expression is unclear, but may involve epigenetic modification by uremic toxins, proteinuria 

and/or angiotensin II (AngII). In an animal model of CKD it was shown uremic toxins decrease 

renal klotho expression, possibly by epigenetic silencing, thru hypermethylation, of the 

klotho gene.13 Experimentally, induction of proteinuria decreased renal klotho expression.14 

Furthermore, in experimental models of CKD AngII downregulated renal klotho expression, 

but this downregulation was prevented by angiotensin receptor blocker (ARB) therapy.15,16 The 

renoprotective effects of RAAS-blockade may be in part attributed to their ability to preserve – 

directly or indirectly – klotho expression. 

The addition of dietary sodium restriction and/or a second RAAS blocker (dual blockade) 

potentiates the antiproteinuric efficacy of single-agent RAAS-blockade.17 Furthermore, 

potentiation of proteinuria by low sodium intake has been associated with increased 

renoprotection.18 We hypothesized that this increased renoprotection is at least in part mediated 

by an increase in serum klotho. To address this hypothesis, we performed a post-hoc analysis of 

a randomized clinical trial that was designed to lower proteinuria and blood pressure through 

addition of dietary sodium restriction, an ARB, or their combination, in patients with non-diabetic 

nephropathy receiving background treatment with angiotensin converting enzyme inhibition 

(ACEi) at maximum dose.

SERUM α-KLOTHO DURING INTENSIFIED RAAS-BLOCKADE
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METHODS

Study design
We performed a post-hoc analysis of a crossover, placebo-controlled, randomized controlled 

trial. The original study has been described by Slagman et al.17 During a run-in period of at least 

six weeks, patients received ACE inhibition at maximal dose (lisinopril 40 mg/day) and all other 

RAAS blockers were stopped. Patients continued this background ACEi during the entire study. 

Additional antihypertensive drugs were allowed and kept stable during the study. After the 

run-in period, patients were treated during four treatment periods of six weeks. Patients were 

randomized to start with two consecutive periods on respectively a regular sodium diet (RS, 

target 200 mmol Na+/day, equals 12 g NaCl/day) or a low sodium diet (LS, target 50 mmol Na+/

day, equals 3 g NaCl/day). During both diets, the patients received on top of the background 

ACEi, consecutively, angiotensin receptor blockade at maximal dose (valsartan 320 mg/day) and 

placebo. The protocol did not include wash-out periods. The primary outcome of the original 

study was proteinuria at the end of each study period, and the secondary outcome was blood 

pressure at the end of each study period.  

Participants
Inclusion criteria of the original study were; blood pressure above 125/75 mmHg in combination 

with residual proteinuria above 1.0 g/day during maximal ACEi therapy, creatinine clearance of 

30 mL/min or above, and age over 18 years. Exclusion criteria were: a systolic blood pressure of 

180 mm Hg or above, diastolic blood pressure of 110 mmHg or above, presence of diabetes or 

renovascular hypertension, decrease of creatinine clearance by at least 6 mL/min in the previous 

year, history of a cardiovascular event in the previous six months, use of immunosuppressive 

drugs or regular use of non-steroidal anti-inflammatory drugs, pregnancy or breast feeding. All 

study participants signed informed consent prior to participation in the study. The University 

Medical Center Groningen Institutional Review Board (METc2005/275) approved the study 

protocol. The study was conducted according to the principles expressed in the Declaration of 

Helsinki.

Measurements
At the end of each treatment period patients collected 24h urine samples, blood pressure was 

measured and blood samples were taken after an overnight fast. Blood and urine samples were 

stored at -80°C. In addition to the measurements performed in the original study17, we measured 

soluble klotho in serum using a sandwich ELISA (Immuno-Biological Laboratories [IBL] Co, 

Fujioka, Japan) with a within- and between-run variation of <5 and <8%, respectively.19 Reference 

serum soluble klotho levels in hemodialysis patients and healthy controls were obtained from 

Yokoyama et al.20 Parathyroid hormone (PTH) was measured in ethylenediamine tetraacetic acid 

(EDTA) plasma using radioimmunoassay (Elecsys, Roche Diagnostics, Mannheim, Germany). 

25-hydroxyvitaminvitamin D
3
 (25[OH]D) and 1,25-dihydroxyvitamin D

3
 (1,25[OH]

2
D) levels 
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were determined by isotope dilution–online solid phase extraction liquid chromatography–

tandem mass spectrometry (ID-XLC–MS/MS) and radioimmunoassay, respectively.21 Further 

plasma carboxyl-terminal FGF23 was determined using a human FGF23 ELISA (Immutopics, 

San Clemente, CA, USA). Creatinine clearance was calculated from 24h creatinine excretion and 

serum creatinine. The glomerular filtration rate (GFR) was estimated according to the creatinine-

based CKD-EPI formula.22

Statistical analysis
We analyzed data for the 52 patients who completed the trial. Differences between the four 

treatment sequences were determined in the original study.17 Linear mixed models were used 

to determine the effects of the different treatments, with participants as a random factor, and 

treatment, sequence, and their interaction (treatment x sequence) as fixed factors.  The skewed 

dependent variables, namely proteinuria, creatinine clearance, eGFR, FGF23 and PTH, were 

natural log transformed to obtain normal distribution. 

To investigate correlations between serum soluble klotho, eGFR and parameters of mineral 

metabolism linear regression analysis was used. The skewed dependent variables were natural 

log transformed to obtain normal distribution. The difference in serum soluble klotho and eGFR 

between the treatment period of dual RAAS-blockade under dietary sodium restriction (ACEi + 

ARB + LS) and the treatment period of single-agent RAAS-blockade under regular sodium diet 

(ACEi + RS) is given as an absolute delta. The association between delta serum klotho and delta 

eGFR was explored using linear regression analysis.

Data are reported as mean ± standard deviation (SD) or as median with interquartile range 

[25th - 75th percentile] depending on the distribution. A P-value <0.05 (two-tailed) was considered 

statistically significant. Statistical analyses were performed using SPSS 22.0 for Windows (SPSS 

Inc., Chicago, IL) and GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, 

CA).

RESULTS

Study participants
52 patients completed the initial study and were included in this post-hoc analysis. The study 

population consisted entirely of Caucasian patients, mainly males (83%) with age 51 ± 13 years. 

Other baseline characteristics have been previously published.17 Mean dietary sodium intake, 

estimated by urinary sodium excretion, was on average 184 ± 62 mmol Na+/day (approximately 

11 g NaCl/24h) during both study periods on the regular sodium diet and 106±52 mmol Na+/24h 

(approximately 6 g NaCl/day) during both low sodium periods (P<0.001).

During background ACEi combined with the regular sodium diet, residual proteinuria (UP) was 

1.9 [IQR, 0.9 to 3.4] g/day. Addition of ARB reduced UP to 1.6 [0.6 to 3.4] g/day (P=0.025), and addition 

of a low sodium diet reduced UP to 0.9 [0.5 to 1.7] g/day (P<0.001). The lowest level of residual UP 

SERUM α-KLOTHO DURING INTENSIFIED RAAS-BLOCKADE
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was achieved during combined dual RAAS-blockade (ACEi + ARB) in combination with a sodium 

restricted diet (0.7 [0.4 to 1.4] g/day; P<0.001). Systolic and diastolic blood pressure also decreased 

stepwise with intensification of treatment compared to background ACEi therapy as shown in the 

original study.17 Renal function (i.e. eGFR) was median 56 (IQR, 35 to 77) mL/min/1.73m2 on during 

background ACEi and regular sodium diet. eGFR was not significantly altered by the addition of 

angiotensin receptor blockade (55 [35 to 71] mL/min/1.73m2; P=0.83), but decreased when a dietary 

sodium restriction (53 [31 to 73] mL/min/1.73m2; P=0.04) or ARB plus dietary sodium restriction (47 

[31 to 63] mL/min/1.73m2; P<0.001) were added to ACEi (Table 1).

Table 1. Serum soluble klotho and parameters of phosphate metabolism during treatment periods

Regular sodium diet Low sodium diet
ACEi ACEi plus ARB ACEi ACEi plus ARB

Serum
Soluble klotho (pmol/L) 636 ± 133 625 ± 141 597 ± 112*† 586 ± 108*†
C-term FGF23 (RU/mL) 145 [118-243] 146 [106-202] 156 [112-220] 166 [128-253]†
Serum phosphate (mmol/L) 1.05 ± 0.20 1.07 ± 0.20 1.09 ± 0.19 1.11 ± 0.23*
25(OH)D (nmol/L) 56 ± 23 58 ± 26 60 ± 23 61 ± 21
1,25(OH)2D (pmol/L) 87 ± 31 89 ± 35 81 ± 28† 77 ± 28*†
PTH (pmol/L) 5.2 [3.6-8.3] 5.3 [3.4-10.8] 4.7 [3.4-7.5]† 5.5 [3.7-8.7]‡
eGFR, mL/min/1.73m2 56 [35-77] 55 [35-71] 53 [31-73]* 47 [31-63]*†‡
Urine
Creatinine clearance (mL/min) 71 [50-109] 72 [53-105] 70 [43-93]*† 59 [42-81]*†‡
Proteinuria (g/24h) 1.9 [0.9-3.4] 1.6 [0.6-3.4]* 0.9 [0.5-1.7]*† 0.7 [0.4-1.4] *†‡
Phosphate excretion (mmol/24h) 31 ± 10 33± 12 28 ± 10*† 27 ± 11*†
Data are mean with standard deviation or median with interquartile range [25th-75th percentile]. Analysis is performed using linear mixed models 
with participants as a random factor, and treatment, sequence and their interaction (treatment * sequence) as fixed factors. Abbreviations: 
1,25(OH)

2
D, 1,25-dihydroxyvitamin D

3
; 25(OH)D, 25-hydroxyvitamin D

3
; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor 

blocker; C-term; carboxyl-terminal; eGFR, estimated glomerular filtration rate; FGF23, fibroblast growth factor 23; PTH, parathyroid hormone. *P 
<0.05 versus ACEi on regular sodium diet. †P <0.05 versus ACEi + ARB on regular sodium diet. ‡P <0.05 versus ACEi on low sodium diet.

Effect of different RAAS-based treatments on serum soluble klotho 
The serum soluble klotho level during background ACEi with regular sodium diet was 636 ± 133 

pmol/L. Dietary sodium restriction resulted in a reduction of soluble klotho levels to 597 ± 112 

pmol/L (P<0.001 vs. background ACEi). The addition of ARB therapy to ACEi during either regular 

or low sodium diet did not influence soluble klotho levels (Table 1 and Figure 1). The difference 

in serum soluble klotho between dual RAAS-blockade during dietary sodium restriction and 

background ACEi during regular sodium diet (the delta serum soluble klotho) was positively – and 

strongly – associated with the change in estimated GFR (eGFR) (standardized [st.] ß=0.48, P=0.001). 

This association remained significant after adjustment for gender and age (st.ß=0.47, P=0.006). At 

the end of each treatment period serum klotho was not correlated with the eGFR; regular sodium 

diet and ACEi, st.β=0.25, P=0.09; regular sodium diet and ACEi plus ARB, st.β=0.18, P=0.2; low 

sodium diet and ACEi, st.β=0.12, P=0.4; and low sodium diet and ACEi plus ARB, st.β=0.19, P=0.2.

Using linear mixed model analysis we could exclude the presence of carryover effects: 

treatment was a significant determinant of serum soluble klotho (P<0.001), whereas sequence 

(P=0.93) and treatment*sequence (P=0.13) were not.
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Data are represented as mean with 95% confidence interval. P value shows treatment effect by linear mixed 
modeling with treatment, sequence and the interaction treatment x sequence as fixed factors.

Figure 1. Effect of add-on dietary sodium restiction, angiotensin 
receptor blockade (ARB), or both during angiotensin converting 
enzyme inhibition (ACEi) on serum soluble klotho in chronic kidney 
disease patients 

Intensified RAAS-blockade and other mineral metabolism parameters
In accordance with serum soluble klotho decline, fibroblast growth factor (FGF) 23 levels 

and serum phosphate increased when sodium restriction and ARB were added to the 

background ACEi (Table 1). In addition, 1,25[OH]
2
D levels decreased and PTH increased during 

sodium restriction and dual RAAS-blockade. These and other parameters of phosphate 

and vitamin D metabolism during the four treatment periods are shown in Table 1. 

Correlations of serum soluble klotho and other mineral metabolism parameters
At baseline, i.e. during ACEi background with regular sodium diet, soluble klotho did not 

significantly correlate with parameters of phosphate and vitamin D metabolism, including serum 

phosphate, phosphate excretion, 25(OH)D and 1,25(OH)
2
D, PTH and FGF23. Among the different 

parameters, FGF23 was positively associated with serum phosphate levels and PTH, and inversely 

associated with 1,25(OH)
2
D levels. Other correlations between the parameters of phosphate and 

vitamin D metabolism on baseline are shown in Table 2.
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DISCUSSION

Reduction of proteinuria and blood pressure are considered the main goals for renoprotective 

therapy in patients with CKD. RAAS-blockade, combined with control of volume status by 

dietary sodium restriction, may retard progression of renal function loss, although it does not 

completely prevent renal disease progression. We hypothesized that part of renoprotection 

of combined dietary sodium restriction on top of RAAS-blockade is mediated by an increase 

in serum klotho. However, in this post-hoc analysis we found that adding a dietary sodium 

restriction to background ACEi reduced soluble klotho levels. In addition dual RAAS-blockade 

by adding the ARB losartan to ACEi during dietary sodium restriction did not restore the soluble 

klotho levels. 

Several cross-sectional studies have analyzed serum soluble klotho levels in various cohorts 

of CKD patients.23-25 The results from studies on the association between soluble klotho and 

parameters of calcium-phosphate metabolism and renal function are contradictory. Shimamura 

et al23 and Rotondi et al24 analyzed soluble klotho in patients across the spectrum of CKD and 

found that soluble klotho levels were positively associated with renal function and inversely 

associated with FGF23 levels.  On the other hand, Seiler et al25 determined soluble klotho levels in 

patients with CDK stage 1-4, but could not find a decline in soluble klotho with impaired kidney 

function, nor any correlation of soluble klotho with other parameters of calcium-phosphate 

metabolism. In line with Seiler et al25, we also found no association of serum soluble klotho with 

parameters of phosphate metabolism, nor with eGFR at the end of each treatment period. We 

did however find an association between the change in serum klotho and the change in eGFR 

when comparing baseline levels with dual blockade combined with sodium restriction. 

Several mechanisms could be involved in the reduction in serum soluble klotho during 

Table 2. Correlations between serum soluble klotho and parameters of phosphate and 
vitamin D metabolism on baseline

Serum klotho Serum PO43− 25(OH)D 1,25(OH)
2
D PTH* Urinary PO43−

Serum PO43− St.β =-0.094
P = 0.554

25(OH)D St.β =-0.114
P = 0.478

St.β =-0.314
P = 0.052

1,25(OH)
2
D St.β = 0.061

P = 0.708
St.β =-0.308

P =0.060
St.β = 0.413

P = 0.006

PTH* St.β =-0.100
P = 0.522

St.β = 0.164
P = 0.311

St.β = 0.073
P = 0.660

St.β =-0.052
P = 0.754

Urinary PO43− St.β = 0.013
P = 0.937

St.β =-0.253
P = 0.120

St.β = 0.394
P = 0.014

St.β = 0.336
P = 0.042

St.β =-0.268
P = 0.104

C-term FGF23* St.β =-0.110
P = 0.488

St.β = 0.391
P = 0.013

St.β =-0.117
P = 0.466

St.β =-0.366
P = 0.020

St.β = 0.609
P < 0.001

St.β =-0.288
P = 0.064

Correlations are given during background angiotensin converting enzyme inhibitor (ACEi) and regular sodium diet. Indicated are standardized 
(st.) β and levels of significance (P). *PTH and FGF23 were natural log transformed to obtain normal distribution. Urinary PO43− is measured as 
mmol/24h. Abbreviations: 1,25(OH)

2
D, 1,25-dihydroxyvitamin D

3
; 25(OH)D, 25-hydroxyvitamin D

3
; C-term; carboxyl-terminal; FGF23, fibroblast 

growth factor 23; PO43-, phosphate; PTH, parathyroid hormone.
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dietary sodium restriction on top of RAAS-blockade. First of all, the simultaneous decline in renal 

function could be involved in decline of serum soluble klotho. With the decline in renal function, 

uremic toxins increase and these toxins have been shown to decrease renal klotho expression, at 

least in part by epigenetic silencing of the klotho gene.13 Second, a reduction in renal perfusion 

could have caused tissue hypoxia, which has been shown to reduce klotho expression26. Finally, 

dietary sodium restriction causes an increase in certain RAAS parameters including renin and 

Ang II.  In preclinical studies klotho expression was inversely correlated with intrarenal renin 

expression15 and aliskiren, a renin inhibitor, treatment significantly increased klotho expression27. 

Furthermore, infusion of AngII markedly downregulated renal expression of klotho.16 Thus, the 

reactive rise in renin and possibly also Ang II levels could have contributed to the decreased 

klotho levels. Regardless of the underlying mechanism, our finding that dietary sodium restriction 

is accompanied by a reduction of serum soluble klotho is in line with preclinical data obtained 

from models of renal damage and healthy animals; during dietary sodium restriction renal klotho 

expression was downregulated.15 

Of interest, in preclinical studies the downregulation of renal klotho caused by dietary 

sodium restriction or angiotensin II infusion was prevented by addition of an ARB.15,16 Furthermore 

two post-hoc studies among diabetic CKD patients showed that ARB treatment compared to 

calcium channel blockers or ACEi increased soluble klotho.28,29 Of note, we did not include a 

treatment period without RAAS-blockade (a control group). Perhaps the addition of a single-

agent RAAS-blockade (ACEi or ARB) would have increased serum soluble klotho. To the best 

of our knowledge, there are no prior studies investigating the effect on (serum soluble) klotho 

of dietary sodium restriction or initiation of ARB therapy during established ACEi. Therefore, 

the presence of background ACEi during all treatment periods in our study may explain the 

discrepancy with previous studies.

The reduction in serum soluble klotho by addition of dietary sodium restriction to RAAS-

blockade might limit the therapeutic benefits of intensified antiproteinuric treatment regimens 

in CKD. Although short-term blood pressure and residual proteinuria improved by add-on 

dietary sodium restriction on top of RAAS-blockade, the long-term renoprotective effects might 

be different. A preclinical study has shown that dissociation between the effect of treatment on 

intermediate parameters, i.e. blood pressure and proteinuria, and renal structural damage may 

occur.30 Clinical data suggest that achieving low blood pressure in CKD patients is not necessarily 

associated with improved long-term renal and cardiovascular outcomes.31,32 Furthermore 

multiple recent clinical studies have shown that dual RAAS-blockade compared to single agent 

RAAS-blockade did not result in increased renoprotection despite albuminuria reduction.33-35 

The reduction of serum soluble klotho could – partially – explain the dissociation between the 

effects on intermediate parameters and long-term cardiorenal outcomes.

Recently it was shown that loss of klotho activates Wnt/β-catenin signaling, a pathway that 

contributes to the development and progression of fibrosis, leading to activation of profibrotic 

genes in the kidney.12 Of interest, multiple RAAS genes are also downstream targets of Wnt/

β-catenin signaling36, causing a vicious cycle of increasing RAAS activation due to klotho loss 
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through increased Wnt/β-catenin signaling and the subsequent higher level of AngII causing 

further klotho loss. In addition, klotho loss may influence the RAAS through increased FGF23 

levels suppressing vitamin D activation (reviewed by De Borst et al37). In theory RAAS inhibition in 

combination with vitamin D receptor activators (VDRAs) could interrupt this vicious cycle. Indeed, 

recent preclinical and clinical studies demonstrated that VDRA reduces residual albuminuria 

on top of single RAAS-blockade.38,39 These renoprotective effects of VDRA may be – partly – 

mediated through increasing renal and soluble Klotho levels.40,41 Addition of VDRA on top of 

RAAS-blockade and dietary sodium restriction might be a potential strategy in this respect, and 

is currently being studied.42

Our study has several limitations, the first being its post hoc nature prone to confounding 

and the fact we did not include a non-ACEi treated group. Second, although it is assumed that 

circulating Klotho levels represent renal klotho expression4,43, we cannot exclude a discordance 

between renal klotho tissue expression and serum soluble klotho, especially given the fact that 

the amount of circulating klotho depends on the rate of membrane shedding.44 Furthermore, it 

is recently suggested that the kidney plays multiple roles in klotho homeostasis; producing and 

releasing klotho into the circulation and clearing klotho from the blood into the urinary lumen.45 

Thus kidney disease could affect both the production and the clearance of klotho. Quantification 

of membrane-bound klotho in renal cells was not possible in this study as this requires a renal 

biopsy. Although the within- and between-run variation of the IBL klotho ELISA was lower 

compared to other commercially available ELISA’s19, it is uncertain which forms of soluble 

klotho are detected in the serum by the IBL ELISA. Therefore, our data should be interpreted 

with caution. Furthermore, we were not able to measure urinary klotho with the IBL ELISA.46 The 

limited sample size impaired our power to investigate associations between klotho and mineral 

metabolism parameters. On the other hand, strengths of our study include its cross-over design 

with subjects serving as their own internal control. 

In conclusion, this post-hoc analysis shows that stepwise intensification of antiproteinuric 

and antihypertensive treatment by dietary sodium restriction and dual RAAS-blockade reduced 

proteinuria, however this was accompanied by reduced serum soluble klotho levels. Considering 

the claimed protective effects of membrane-bound and serum soluble klotho, its further 

reduction might limit the therapeutic benefits of intensified antiproteinuric treatment regimens 

in CKD, and the underlying mechanisms warrant further investigation.
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ABSTRACT

Calciprotein particle maturation time (T
50

) in serum is a novel measure of individual blood 

calcification propensity. To determine the clinical relevance of T
50

 in renal transplantation, baseline 

serum T
50

 was measured in a longitudinal cohort of 699 stable renal transplant recipients (RTR) 

and the association of T
50

 with mortality and graft failure were analyzed over a median follow-up 

of 3.1 years. Predictive value of T
50 

was assessed for patient survival with reference to traditional 

(Framingham) risk factors and the calcium-phosphate product.

Serum magnesium, bicarbonate, albumin, and phosphate levels were the main determinants 

of T
50, 

which was
 
independent of renal function and dialysis vintage before transplant

. 
During 

follow-up, 81 (12%) patients died, of which 38 (47%) died from cardiovascular causes. Furthermore, 

45 (6%) patients developed graft failure. In fully adjusted models, lower T
50

 values were 

independently associated with increased all-cause mortality (hazard ratio, 1.43; 95% confidence 

interval, 1.11 to 1.85; P=0.006 per SD decrease) and increased cardiovascular mortality (hazard 

ratio, 1.55; 95% confidence interval, 1.04 to 2.29; P=0.03 per SD decrease). In addition to age, sex, 

and eGFR, T
50

 improved prognostication for all-cause mortality, whereas traditional risk factors 

or calcium-phosphate product did not. Lower T
50

 was also associated with increased graft failure 

risk. The associations of T
50

 with mortality and graft failure were confirmed in an independent 

replication cohort.

In conclusion, reduced serum T
50

 was associated with increased risk of all-cause mortality, 

cardiovascular mortality and graft failure and, of all tested parameters, displayed the strongest 

association with all-cause mortality in these transplant recipients.
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INTRODUCTION

Kidney transplantation considerably improves the prognosis of patients with end stage renal 

disease (ESRD); yet in renal transplant recipients (RTR) the annual rate of fatal or nonfatal 

cardiovascular events remains much higher compared to the general population.1,2 Kidney 

transplantation restores renal function but incompletely mitigates cardiovascular risk. This 

appears to be mainly a result of the markedly accelerated vascular calcification in RTR.  Vascular 

calcification progresses substantially even in stable RTR and is an established predictor of 

morbidity and mortality.3-5 The so-called traditional risk factors tobacco use, diabetes, obesity, 

hypertension, and dyslipidemia (i.e. the “Framingham risk factors”) have been identified as 

independent predictors of cardiovascular disease after kidney transplantation.6 Biomineralization 

is a tightly regulated and location-specific process, determined by both inhibitors and promoters 

of calcification. In serum, precipitation of supersaturated calcium and phosphate is prevented 

by the formation of primary calciprotein particles (CPPs).7,8 Primary CPPs spontaneously 

undergo topological rearrangement and convert to secondary CPPs.7 The formation of CPPs 

can be regarded as a defense mechanism against ectopic calcifications. Circulating CPPs can be 

detected in blood in pathological situations like CKD, and its levels have been associated with 

aortic stiffness and vascular calcification.9,10

Recently, a novel in vitro blood test was developed that monitors the calcification propensity, 

i.e. the transformation time (T
50

) of primary to secondary CPPs in serum.11 A long delay of T
50

 

indicates a high residual capacity of the patient’s serum to prevent the formation of secondary 

CPPs and is therefore indicative of an intact endogenous defense against calcification. 

In this study, we aimed to quantify calcification propensity in stable RTR and to determine 

its association with all-cause mortality, cardiovascular mortality and graft failure risk by using 

the CPP maturation time (T
50

) in serum. Furthermore, we compared the predictive value of 

serum T
50

 for the risk of mortality with the established “traditional” cardiovascular risk factors, 

i.e. the “Framingham risk factors” and the calcium-phosphate product. Finally, we performed 

mediation analyses to identify potential causal pathways shared among T
50

 and two established 

nontraditional cardiovascular risk factors in RTR: N-terminal-pro brain natriuretic peptide (NT-

proBNP)12 and fibroblast growth factor 23 (FGF23)13. 

CONCISE METHODS

Research design and subjects
For this longitudinal cohort study, RTR with a functioning graft for over 1 year were recruited. A 

total of 707 out of 817 eligible RTR (87%) who visited the outpatient clinic of the University Medical 

Center Groningen, The Netherlands between November 2008 and June 2011 were included.14,15 

This cohort design yielded a cohort representative of our outpatient clinic of prevalent RTR with 

a median time after transplantation of 5.4 (IQR, 1.9-12.1) years. T
50

 was finally measured in 699 RTR 
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with available serum samples (99%). The Institutional Review Board approved the study protocol 

(METc 2008/186), which adhered to the Declaration of Helsinki. 

Clinical end points
The primary end point of this study was all-cause mortality and the secondary end points were 

cardiovascular mortality (defined as death due to cerebrovascular disease, ischemic heart disease, 

heart failure, or sudden cardiac death) and death-censored graft failure (defined as restart of 

dialysis or retransplantation). End points were recorded until the end of May 2013; median follow-

up was 3.1 (IQR, 2.7-3.9) years. There was no loss to follow-up.

Clinical and laboratory measurements
Relevant transplant characteristics such as date of transplantation, donor characteristics, HLA 

mismatches, dialysis vintage and acute rejection were extracted from the local University 

Medical Center Groningen renal transplantation database. Cause of death or graft failure was 

obtained from patient records. Further details of the cohort have been published previously.14,15 

In short, upon entry into the cohort, blood was drawn in the morning after completion of a 24-

hour urine collection. Routine plasma and urine analyses, including electrolytes, creatinine, and 

albumin, were performed using standard laboratory procedures. Serum cholesterol, triglycerides, 

alkaline phosphatase, hemoglobin A1c, high-sensitivity C-reactive protein, and NT- proBNP were 

also directly analyzed using standard laboratory procedures.  Serum samples were stored at 

-80°C. The eGFR was calculated using the CKD-EPI equation.16 Serum calcium was adjusted for 

hypoalbuminemia (<40 g/L); corrected calcium = serum calcium (mmol/L) + 0.02 x (40 – serum 

albumin [g/L]). Serum intact FGF23 levels were determined using a commercially available ELISA 

kit (Kainos Laboratories, Inc., Tokyo, Japan). Intra-assay and interassay coefficients of variation 

are <10% and <14%, respectively.17 Serum magnesium was measured using the xylidyl blue 

method.18

Serum T50 measurement
The T

50
 calcification propensity test has been described previously.11 For the present study, the 

test was performed with minor changes that did not materially change the test when compared 

with the original description. Here, serum samples were measured in triplicate in 384-well plates 

at 37°C over 600 minutes in a Nephelostar nephelometer (BMG Labtech, Ortenberg, Germany). 

All serum samples were measured in a blinded manner. Stock solutions were a calcium and a 

phosphate solution. The pH was adjusted to 7.40 at 37°C in both solutions. For measurement, 

35 μl of calcium solution was mixed with 40 μl serum, and then 25 μl of the phosphate solution 

was added. Data analyses of nonlinear regression curves were performed using Microsoft Excel 

software to determine the half-maximal precipitation time (T
50

). The analytical coefficients of 

variation of standards precipitating at 120, 260, and 390 minutes were 7.8%, 5.1% and 5.9%, 

respectively. 
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Independent Replication Cohort
Between August 2006 and February 2007, all RTR from the outpatient clinic of the Department 

of Nephrology at the University Hospital Bern were screened for inclusion in this cohort study. 

Patients were included if they had been transplanted at least 6 months before inclusion and 

revealed a stable renal graft function (serum creatinine stable within a range of ± 20% in the 

last 3 months) with no signs of acute rejection. Patients with cardiac arrhythmia, hemodynamic 

significant transplant renal artery stenosis, hydronephrosis > grade 2 or compression of the 

transplant by adjacent masses, were excluded from the study. A total of 222 RTR were screened 

and met the general inclusion criteria. Of these, 15 refused consent and seven were excluded 

because of screening failure. The follow-up was 52 months. Two patients were lost during follow-

up. The study was approved by the local ethics committee and registered with the Cochrane 

renal group database (http://www.cochrane-renal.org, CRG110600098). 

Routine laboratory values were obtained using standard techniques. The GFR was estimated 

according to the CKD-EPI formula.16 Serum calcification propensity, T
50

, was measured as 

described above. 

Statistical Analyses
The data are presented as mean ± SD, median (IQR), and number (percentage) as indicated. 

A P value <0.05 (two-tailed) was considered statistically significant. Statistical analyses were 

performed using SPSS 20.0 for Windows (IBM SPSS, Chicago, IL), STATA Statistical Software: 

Release 11 (StataCorp., College Station, TX) and GraphPad Prism version 5.00 for Windows 

(GraphPad Software, San Diego, CA).

Variable distribution was tested with histograms and probability plots. For illustrative 

purposes, the study population was subdivided into tertiles of T
50

 to visualize associations with 

serum T
50

. P values for differences in T
50

 tertiles were assessed with ANOVA for normally distributed 

continuous data, the Kruskal-Wallis test for non-normally distributed data and the chi-squared 

test for nominal data. Univariable and subsequent multivariable linear regression analyses were 

used to identify independent determinants of T
50

. Non-normally distributed variables were 

transformed to the natural log to fulfill criteria for linear regression analyses. Multivariable linear 

regression models were constructed using backward selection (P
out

>0.05) including variables 

that were significantly associated with T
50

 in univariable analysis. 

Tertiles of serum T
50

 were tested for associations with all-cause mortality and death-censored 

graft failure by Kaplan-Meier analysis with log-rank testing. Associations of T
50

 with all-cause 

mortality, cardiovascular mortality or graft failure were further tested by Cox proportional 

hazards regression analysis with stepwise adjustments for relevant covariates. Non-normally 

distributed variables were transformed to the natural log before entering the Cox proportional 

hazards regression analysis models. The full model for all-cause or cardiovascular mortality 

included adjustment for age, gender, renal function, albuminuria, the Framingham risk factors, 

high-sensitivity C-reactive protein, CNI use, dialysis vintage, and type of kidney transplantation 

(living or deceased). The models for graft failure included adjustment for (recipient) age and 
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gender (model 2) plus renal function, albuminuria (model 3), or CNI use, dialysis vintage, and the 

type of kidney transplantation (living or deceased) (model 4). Cox regression models were built 

stepwise to keep the number of covariates accurate in relation to the number of events and to 

avoid over fitting.19

In additional sensitivity analyses, associations of T
50

 with all-cause mortality were tested 

by Cox proportional hazards regression analysis in subgroups. For continuous variables the 

subgroups were based on below or above mean or median.  To compare the performance 

of serum T
50

 with serum corrected calcium, serum phosphate, serum magnesium, serum PTH 

and calcium-phosphate product as individual risk factors for all-cause mortality or graft failure, 

separate Cox regression analyses were performed for each variable and adjusted for known risk 

factors of mortality or graft failure, respectively. For each exposure, the first or last tertile served 

as the reference group (hazard ratio set at 1) depending on which tertile had the lowest risk of 

an event.

We assessed model discrimination using Harrell’s concordance statistic (c-statistic), the NRI 

and the integrated discrimination improvement index.20,21 Harrell’s c-statistic corresponds to the 

area under the receiver-operating curve for proportional hazards models. Harrell’s c-coefficient is 

the proportion of all usable subject pairs in which the predictions and outcomes are concordant. 

The value “1” implies a perfect discrimination, whereas the value “0.5” implies a performance 

comparable to chance. The NRI provides reclassification tables constructed separately for patients 

with and without events and quantifies the correct movement between categories: upwards for 

events and downward for non-events. For the NRI we used the following classifications: low (<5%), 

intermediate (5%-10%), or high (>10%) all-cause mortality risk. Addition of serum T
50

, traditional 

risk factors or calcium-phosphate product to the basic model including recipient age and gender 

and eGFR (CKD-EPI) was tested. Improved classification was defined as upward movement in the 

risk categories for participants who have died and downward movement for participants who 

survived. The integrated discrimination improvement index  represents a continuous measure 

without a priori-defined risk categories. Competing risks analyses were performed using a 

subdistribution proportional hazards model.22 Possible mediation by FGF23 or NT-proBNP on 

the association between T
50

 and all-cause mortality was examined (Supplemental Figure 2). The 

Preacher and Hayes method was used to test magnitude and significance of mediation.23,24 First, 

the total effect of T
50

 on mortality was estimated using logistic regression analysis. Second, the 

indirect effect of T
50

 on mortality via FGF23 or NT-proBNP was calculated. Third, the significance 

of the indirect effect was assessed with bias-corrected bootstrap confidence intervals with 2000 

repetitions. Finally, the magnitude of mediation was calculated by dividing the coefficient of 

the indirect effect by the total effect. Significant mediation (P<0.05) was proven if zero was not 

between the lower and upper boundary of the 95% confidence interval of the indirect effect. 
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RESULTS

Study population
All chronically kidney transplanted patients from the University Medical Center Groningen, 

transplanted for more than 1 year, were recruited for this study (n=699, 57% male, age 53±13 

years). The median time after kidney transplantation upon inclusion in the cohort was 5.4 

(1.9-12.1) years. Serum T
50

 was normally distributed and mean serum T
50

 was 286 ± 62 minutes 

(Supplemental Figure S1). Baseline patient characteristics according to tertiles of T
50

 are 

presented in Table 1. Calcification propensity was significantly increased (i.e., lower serum T
50

) in 

RTR who had received a kidney from a deceased donor compared with RTR with a living donor 

(278±62 versus 299±58 minutes, respectively; t test P<0.001). Furthermore, there was a borderline 

significant difference between preemptive and non-preemptive transplant recipients (296±57 

versus 284±62 minutes, respectively; t test P=0.07). Multivariable linear regression analyses 

revealed that serum magnesium, albumin, venous bicarbonate, and parathyroid hormone (PTH) 

were positively associated, and phosphate, hemoglobin, and the use of calcineurin inhibitors 

(CNI) or vitamin K antagonists were inversely associated with serum T
50

 (Supplemental Table 1; 

model R2=0.41). Of note, in multivariate analyses renal function and dialysis vintage were not 

independently associated with serum T
50

.

Serum T50 and Mortality
During a median follow-up of 3.1 (interquartile range [IQR] 2.7-3.9) years, 81 out of 699 patients 

died (12%). Kaplan-Meier analysis revealed an increased all-cause mortality with tertiles of 

decreasing serum T
50

 (Figure 1A; log-rank P<0.001); first tertile n=43 (19%), second tertile n=24 

(10%), and third tertile n=14 (6%); chi-squared test P<0.001. 

Also, in univariable Cox regression analysis of serum T
50

 as a continuous variable, serum T
50

 

was significantly associated with all-cause mortality (hazard ratio [HR], 1.69; 95% confidence 

interval [95% CI], 1.37 to 2.09; P<0.001 per SD decrease, Table 2). Hazard ratios were consistent in 

subgroup analyses (Figure 2). This association remained significant after adjustment for potential 

confounders, including recipient age and gender, eGFR (Chronic Kidney Disease Epidemiology 

Collaboration [CKD-EPI]), albuminuria, the traditional risk factors (current smoking, systolic BP, 

body mass index, current diabetes and LDL cholesterol), high-sensitivity C-reactive protein, CNI 

use, dialysis vintage and type of kidney transplantation (living versus deceased donor) (final 

model HR, 1.43; 95% CI, 1.11 to 1.85; P=0.006 per SD decrease) (Table 2). When analyzed according 

to tertiles of T
50

, patients in the lowest T
50

 tertile (i.e., higher calcification propensity) were at a 

considerably higher mortality risk (final model HR, 2.86; 95% CI, 1.41 to 5.80) than patients in the 

middle (final model HR, 1.58; 95% CI, 0.76 to 3.32) or higher T
50

 tertile (reference, P[trend]=0.002).

During follow-up, 38 (47%) of the 81 patients who died, died due to cardiovascular causes. 

Other causes of death were infection (24%), malignancy (16%), and miscellaneous and other 

causes (14%). Kaplan-Meier analysis revealed an increased cardiovascular mortality with tertiles 

of decreasing serum T
50

 (Figure 1B; log-rank P<0.001). In Cox regression analysis, serum T
50

 was 

CALCIFICATION PROPENSITY IN RTR

4

Proefschrift Charlotte Keyzer.indd   101 19-09-15   16:07



102

Figure 1. Kaplan-Meier curve for mortality and graft failure

significantly associated with cardiovascular mortality independent of potential confounders 

(final model HR, 1.55; 95% CI, 1.04 to 2.29; P=0.03 per SD decrease) (Table 2).

To compare the performance of serum T
50

 with other biochemical measures of calcification 

as individual predictors of all-cause mortality, separate Cox regression analyses were performed 

for each variable. As indicated in Figure 3, serum T
50

 displayed the strongest association with 

all-cause mortality of all tested parameters, both in unadjusted and adjusted models. To 

identify possible pathophysiological pathways of T
50

, the associations between T
50

 and FGF23, a 

phosphaturic hormone or NT-proBNP, a marker of cardiac dysfunction, and all-cause mortality, 

was tested using mediation analyses (Supplemental Figure 2). The indirect effect of T
50

 on 

mortality via FGF23 was not significant. In contrast, the indirect effect of T
50

 on mortality via NT-

proBNP was significant (P<0.05) with a magnitude of 10.7%.  
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(A) All-cause mortality, (B) cardiovascular mortality, and (C) death-censored graft failure among renal transplant recipients according to tertiles of 
baseline T
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Figure 2. Forest plot of sub-analyses of serum T50 
demonstrating that hazard ratios for all-cause mortality 
were consistent in different subgroups

Predictive Value of Serum T50 for All-Cause Mortality
The discrimination performance of different models was tested with Harrell’s concordance 

statistic (c-statistic). Serum T
50

 alone had a c-statistic (95% CI) of 0.67 (0.61 to 0.73). When added 

to a basic model of recipient age, gender and eGFR (c-statistic, 0.72; 95% CI, 0.66 to 0.78), the 

serum T
50

 yielded higher Harrell’s c values than Framingham risk factors or calcium-phosphate 

product: c-statistics 0.75 (95% CI, 0.70 to 0.80); 0.73 (95% CI, 0.67 to 0.79); 0.72 (95% CI, 0.66 to 

0.78), respectively; see Supplemental Table 2. The model containing serum T
50

, but not the 

model containing Framingham risk factors, improved significantly according to the integrated 

discrimination improvement index (IDI, 1.6%; P=0.03 versus 0.8% P=0.3; see Supplemental Table 

2). Net reclassification improvement (NRI) analysis showed that addition of serum T
50

 to a basic 

model of recipient age, gender, and eGFR improved classification in both higher and lower risk 

categories (NRI 14%, P=0.002; see Table 3), whereas addition of traditional risk factors or calcium-

phosphate product did not improve classification (data not shown, NRI -2%, P=0.70; NRI 0.7%, 

P=0.80, respectively). 
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Serum T50 and Graft Failure
After a median follow-up of 3.1 (IQR 2.6-3.8) years, 45 of 699 patients (6%) developed graft failure. 

The main reason for the allograft loss was chronic transplant dysfunction (71%). Other causes for 

graft failure were relapse of the original kidney disease (9%), infection (9%), vascular disease (4%), 

acute rejection (4%), and unknown cause (2%). The patients who developed graft failure had 

lower serum T
50

 compared with the patients who did not develop graft failure (235±68 versus 

289±60, respectively, P<0.001). Competing risks analyses using a subdistribution proportional 

hazards model indicated that all-cause mortality was not a competing risk for graft failure. 

Figure 3. Comparative analysis of serum T50 with serum corrected 
calcium (Ca), phosphate (Pi), magnesium (Mg), parathyroid hormone 
(PTH) and calcium-phosphate (Ca x Pi) product, displayed per tertile 
as independent risk factors for all-cause mortality

Bars represent hazard ratio with 95% CI. (A) Crude analyses. (B) Adjustment for age, gender, eGFR, 
albuminuria, Framingham risk factors (systolic blood pressure, body mass index, smoking, diabetes mellitus 
and LDL cholesterol), high-sensitivity C-reactive protein (hsCRP), calcineurin inhibitor use, dialysis vintage 
and type of donor (living vs. deceased). Tertile with the lowest risk on mortality served as reference group 
(R).
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Table 1. Baseline patient characteristics of the study population presented as tertiles of serum 
T50 in stable renal transplants

Tertiles of T
50

Overall
n = 699

Tertile 1
n = 231

Tertile 2
n = 233

Tertile 3
n = 235

P-value

T
50 

(minutes) 286±62 <262 262-311 >311 <0.001
Demographics
   Age, years 53.0±12.8 53.6±12.7 53.6±13.0 51.9±12.6 0.26
   Male gender, n (%) 398 (57) 135 (58) 128 (55) 135 (57) 0.73
   Current smoker, n (%) 84 (13) 31 (15) 25 (11) 28 (13) 0.62
   Current diabetes, n (%) 170 (24) 62 (27) 63 (27) 45 (19) 0.08
   BMI, kg/m2 26.7±4.8 26.9±5.1 26.8±4.6 26.2±4.6 0.27
   Systolic blood pressure, mmHg 135.9±17.4 136.6±17.9 136.0±16.6 135.1±17.6 0.66
   Diastolic blood pressure, mmHg 82.5±10.9 82.7±10.9 82.5±10.2 82.4±11.7 0.95
   Heart rate, bpm 68.6±11.9 69.2±13.0 68.8±11.6 67.9±11.1 0.49
Renal Transplantation
   Transplant vintage, years 5.4[1.9-12.1] 6.1[1.7-12.8] 5.3[2.0-12.3] 5.2[1.8-10.1] 0.54
   Living donor, n (%) 236 (34) 61 (27) 77 (34) 98 (42) 0.002
   Pre-emptive KTx, n (%) 105 (15) 28 (12) 35 (15) 42 (18) 0.22
   Dialysis vintage, months 27[9-52] 29[10-55] 25[10-48] 25[8-51] 0.22
   HLA mismatches, n 2[1-3] 2[1-3] 2[1-3] 2[1-3] 0.50
   Age donor, years 42.8±15.6 41.2±16.2 43.2±15.3 43.8±15.2 0.19
   Acute rejection, n (%) 186 (27) 69 (30) 67 (29) 50 (21) 0.07
Laboratory measurements
   Hemoglobin, mmol/L 8.2±1.1 8.0±1.1 8.3±1.1 8.4±1.0 <0.001
   HbA1C, % 6.00±0.83 6.02±0.88 6.08±0.89 5.85±0.69 0.01
   eGFR, CKD-EPI (mL/min/1.73m2) 52.4±20.2 46.6±20.3 53.3±19.3 56.7±19.5 <0.001
   Corrected calcium, mmol/L 2.41±0.15 2.37±0.14 2.40±0.14 2.45±0.15 <0.001
   Phosphate, mmol/L 0.96±0.21 1.07±0.24 0.95±0.17 0.87±0.18 <0.001
   Magnesium, mmol/L 0.95±0.12 0.93±0.13 0.95±0.11 0.98±0.11 <0.001
   PTH, pmol/L 9.0[5.9-14.7] 8.7[5.2-15.9] 9.1[6.2-14.4] 9.1[6.3-14.1] 0.48
   Venous pH 7.37±0.04 7.36±0.05 7.37±0.04 7.37±0.04 <0.001
   Venous HCO

3
-, mmol/L 24.6±3.1 23.6±3.6 24.5±2.6 25.8±2.6 <0.001

   hsCRP, mg/L 1.6[0.7-4.6] 1.9[0.8-6.2] 1.5[0.8-4.4] 1.4[0.6-3.5] 0.01
   Albumin, g/L 43.0±3.0 42.1±3.1 42.8±2.7 44.0±2.8 <0.001
   Alkaline phosphatase, U/L 67[54-83] 67[53-84] 69[55-83] 66[51-83] 0.21
   Total cholesterol, mmol/L 5.0[4.4-5.8] 4.9[4.2-5.9] 4.9[4.3-5.6] 5.2[4.5-5.8] 0.03
   HDL cholesterol, mmol/L 1.3[1.1-1.6] 1.3[1.1-1.6] 1.3[1.0-1.6] 1.3[1.1-1.7] 0.09
   LDL cholesterol mmol/L 2.9[2.3-3.5] 2.8[2.2-3.6] 2.9[2.3-3.4] 2.9[2.5-3.6] 0.08
   Triglycerides, mmol/L 1.68[1.25-2.30] 1.71[1.24-2.47] 1.67[1.25-2.23] 1.66[1.24-2.24] 0.65
   Albuminuria, mg/24h 40[11-182] 82[16-300] 36[9-133] 25[9-112] <0.001
Medication
   Antihypertensives, n (%) 616 (88) 211 (91) 202 (87) 203 (86) 0.18
   Statins, n (%) 371 (53) 135 (58) 125 (54) 111 (47) 0.05
   Calcium supplements, n (%) 150 (21) 72 (31) 47 (20) 31 (13) <0.001
   Vitamin D supplements, n (%) 171 (24) 73 (32) 45 (19) 53 (23) 0.006
   Vitamin K antagonists, n (%) 78 (11) 37 (16) 20 (9) 21 (9) 0.02
   Prednisone, mg/d 10[7.5-10] 10[7.5-10] 10[7.5-10] 10[7.5-10] 0.17
   Calcineurin inhibitors, n (%) 400 (57) 153 (66) 133 (57) 114 (49) 0.001
   Proliferation inhibitors, n (%) 584 (84) 182 (79) 202 (87) 200 (85) 0.05
   Sirolimus, n (%) 13 (2) 3 (1) 4 (2) 6 (3) 0.69
Differences were tested by ANOVA or Kruskal-Wallis test for continuous variables and with χ2 test for categorical variables. Bold letters indicate a 
P-value < 0.05. Data are represented as mean±SD or median [IQR].
Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HCO

3
-, bicarbonate; HDL, high-density 

lipoprotein; HLA, human leukocyte antigen; hsCRP, high-sensitivity C-reactive protein; KTx, kidney transplantation; LDL, low-density lipoprotein; 
PTH, parathyroid hormone.
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Table 3. Net reclassification improvement based on serum T50

With serum T
50

Without serum T
50

a <5% 5-10% >10% Total (n)

Patients with all-cause mortalityb,c

<5% 4 4d 8

5-10% 9 4d 13

>10% 3e 57 60

Total 4 16 61 81

Patients without all-cause mortalityb,c

<5% 176 17e 193

5-10% 43d 90 22e 155

>10% 3d 40d 225 268

Total 222 147 247 616
a Multivariable model including recipient age and gender and eGFR (CKD-EPI). 
b Net reclassification improvement (NRI) was 14%, P = 0.002. 
c 697 RTR included in this analysis.  
d Numbers of patients who were correctly reclassified by the model with serum T

50
. 

e Numbers of patients who were incorrectly reclassified by the model with serum T
50

.

Table 2. Associations of calcification propensity, serum T50, with all-cause mortality and 
cardiovascular mortality in stable renal transplant recipients 

All-cause mortality (n
events

/n
total 

= 81/699)

High Intermediate Low Serum T
50

 continuous

HR (95% CI) HR (95% CI) P (trend) HR (95% CI) per SD P
Model 1 1.0 (Ref) 1.91 (0.99 - 3.70) 4.09 (2.23 - 7.49) <0.001 1.69 (1.37 - 2.09) <0.001

Model 2 1.0 (Ref) 1.77 (0.91 - 3.42) 3.77 (2.06 - 6.91) <0.001 1.69 (1.36 - 2.09) <0.001

Model 3 1.0 (Ref) 1.77 (0.90 - 3.49) 3.54 (1.88 - 6.65) <0.001 1.57 (1.26 - 1.97) <0.001

Model 4 1.0 (Ref) 2.03 (0.98 - 4.19) 3.50 (1.74 - 7.01) <0.001 1.56 (1.23 - 2.00) <0.001

Model 5 1.0 (Ref) 1.58 (0.76 - 3.32) 2.86 (1.41 - 5.80) 0.002 1.43 (1.11 - 1.85) 0.006

Cardiovascular mortality (n
events

/n
total 

= 38/699)

Model 1 1.0 (Ref) 3.25 (0.88 - 12.02) 7.18 (2.09 - 24.72) 0.001 1.70 (1.19 - 2.43) 0.003

Model 2 1.0 (Ref) 3.12 (0.84 - 11.55) 6.82 (1.98 - 23.50) 0.001 1.71 (1.18 - 2.46) 0.004

Model 3 1.0 (Ref) 3.02 (0.82 - 11.19) 6.12 (1.75 - 21.44) 0.002 1.61 (1.10 - 2.36) 0.01

Model 4 1.0 (Ref) 2.75 (0.74 - 10.30) 6.07 (1.72 - 21.44) 0.002 1.59 (1.08 - 2.35) 0.02

Model 5 1.0 (Ref) 2.63 (0.70 - 9.92) 5.58 (1.58 - 19.72) 0.003 1.55 (1.04 – 2.29) 0.03

Data are presented as hazard ratio (HR) plus 95% confidence interval (CI) according to tertiles of serum T
50

 and per standard deviation (SD) serum T
50

 
decrease. Abbreviations: Ref, referent.
Model 1: crude. Model 2: adjusted for age and gender. Model 3: adjusted for model 2 plus eGFR (CKD-EPI) and albuminuria. Model 4: adjusted for 
model 3 plus current smoking, body mass index, diabetes mellitus, systolic blood pressure and LDL cholesterol. Model 5: adjusted for model 4 plus 
high-sensitivity C-reactive protein, CNI use, dialysis vintage and type of kidney transplantation (living vs. deceased donor).

Kaplan-Meier analysis revealed a graded increase in risk of death-censored graft failure according 

to descending tertiles of serum T
50

 (Figure 1C; log-rank P<0.001). In univariable analyses of 

serum T
50

 as a continuous variable, serum T
50

 was significantly associated with death-censored 

graft failure (HR, 2.61; 95% CI, 1.94 to 3.50; P<0.001 per SD decrease). This association remained 

significant after adjustment for potential confounders, including recipient age and gender, eGFR 

(CKD-EPI), and albuminuria or CNI use, dialysis vintage, and the type of donor (Supplemental 
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Table 3). Furthermore, patients in the lowest T
50

 tertile were at a higher graft failure risk compared 

with patients in the higher T
50

 tertile (HR, 6.38; 95% CI, 2.63 to 15.48; P<0.001) (Supplemental Table 

3). Serum T
50

 displayed significant associations with graft failure in adjusted models in separate 

Cox regression analyses (Supplemental Figure 3). 

Independent Replication Cohort
Renal transplant recipients (n=198, 68% male, age 52.9 ± 13.0 years) were included at 5.2 (IQR, 

1.8 – 10.2) years after kidney transplantation. Diabetes mellitus was present in 24%, mean body 

mass index was 26.1 ± 4.4 kg/m2, mean systolic BP was 137 ± 19 mmHg and mean diastolic BP 

was 85 ± 10 mmHg, 9% of the patients were transplanted preemptively, median dialysis vintage 

was 17 (7 – 36) months, mean eGFR was 49.2 ± 18.9 ml/min per 1.73 m2, mean phosphate was 

1.05 ± 0.26 mmol/L, mean (corrected) calcium was 2.45 ± 0.14 mmol/L and median PTH was 

6.3 (4.3 – 9.7) pmol/L. At study inclusion, immunosuppressive treatment was mainly based on a 

calcineurin-inhibitor (77%) combined with prednisone (93%). All but eight patients received at 

least one antihypertensive drug (96%). 

During 5.1 (IQR, 4.9 – 5.3) years of follow-up, 28 (14%) patients died and 14 (7%) patients 

developed graft failure. In univariable Cox regression analyses, serum T
50

 was significantly 

associated with all-cause mortality (HR, 1.68; 95% CI, 1.03 to 2.74; P=0.04 per SD decrease) and 

death-censored graft failure (HR, 3.80; 95% CI, 1.53 to 9.45; P=0.004 per SD decrease). 

DISCUSSION

The measurement of the CPP maturation time (T
50

), an integrated functional measure of 

calcification propensity, is a novel approach in medicine. T
50

 quantifies the effects of calcification-

promoting and -inhibiting forces in serum by monitoring the spontaneous transformation of 

spherical primary CPPs, which contain amorphous calcium phosphate, to spindle-shaped 

secondary CPPs, which contain crystalline calcium phosphate.11 The major findings of this study 

are that serum T
50

 is associated with all-cause and cardiovascular mortality and graft failure in 

stable RTR. In both unadjusted and adjusted models, these associations were already observed 

after 3 years of follow-up and were independent of established risk factors. The associations 

of T
50

 with all-cause mortality and graft failure were confirmed in an independent cohort. 

Corroborating and extending these findings, calcification propensity had additive value for 

patient survival prediction in addition to recipient age, gender, and eGFR.

The in vitro T
50 

measurement is very stable intraindividually.14 Within-subject variance was 

19% and between-subject variance 81%, i.e., compared with serum phosphate, serum T
50

 

measurement yielded a higher intraclass correlation coefficients (0.63; 95% CI, 0.34 to 0.71; and 

0.81, 95% CI, 0.68 to 0.91, respectively), indicating a higher stability of T
50

 than serum phosphate 

in individuals over time.25 Serum phosphate, magnesium, venous bicarbonate and albumin 

were the strongest determinants of T
50

 in our multivariable linear regression model. This model 
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explained about 40% of the variation of T
50

. Amorphous calcium phosphate is formed as the 

first mineral phase and consists of so-called Posner clusters (Ca
9
[PO

4
]

6
),26 when calcium and 

phosphate concentrations are raised in aqueous solutions. This amorphous mineral phase is 

then spontaneously transformed via octacalcium phosphate (Ca
8
H

2
[PO

4
]

6
) to hydroxyapatite 

(Ca
10

[PO
4
]

6
[OH]

2
)
.
27 In vitro data demonstrate that the molecules found in our multivariate analysis 

have direct accelerating (phosphate) or delaying (magnesium, bicarbonate, and albumin) effects 

on this transformation process.11,28-30 Although PTH was also an independent determinant of 

serum T
50

, PTH did not differ among the tertiles of serum T
50

. The explanation for this seeming 

discrepancy is probably that continuous analysis has more statistical power to detect associations 

than categorical analysis. Interestingly, total as well as albumin-corrected calcium did not have 

a strong impact on T
50

, a result also in line with previous in vitro and clinical data.11,25 After 

multivariable modeling, serum T
50

 lost its significant association with renal function in stable 

RTR, corroborating data previously obtained in CKD patients.25 Of note, the multivariable model 

did not include dialysis vintage, indicating that T
50 

is independent of time of previous uremic 

exposure in ESRD before transplantation. 

Our results extend recently published findings in predialysis CKD patients, where T
50

 was 

associated with all-cause mortality.25 In the renal transplant population, several parameters of 

calcium-phosphate metabolism have been associated with adverse outcome.31 In addition, 

traditional cardiovascular risk factors in the general population (i.e., “the Framingham risk factors”) 

are predictive of cardiovascular events and therefore should also be considered in RTR according 

to current guidelines.6 Interestingly, these risk factors had no predictive value in our study. This 

indicates that calcification propensity T
50

 as an integrated value representing non-traditional risk 

factors may be of clinical relevance as a prognostic novel biomarker in RTR.

Pathophysiologically, the close association of T
50

 with all-cause and cardiovascular mortality 

is potentially related to its association with naturally occurring CPPs in renal patients. CPPs have 

been found in different stages of preclinical and clinical CKD and it is prudent to assume that 

these particles can also be encountered in RTR.9,32,33 Calcification propensity measured as T
50

, 

had a higher predictive value for future events and survival than the direct determination of 

circulating CPPs.25

T
50

 might share common pathophysiological pathways with established markers of mineral 

metabolism or impairment of cardiac function. We, therefore, tested whether the association 

between T
50

 and mortality was modulated by FGF23, an important regulator of mineral 

metabolism, or NT-proBNP, a strong predictor of mortality in RTR.12 Although no effect of FGF23 

was found, NT-proBNP had a small but significant modulating effect on the association between 

T
50

 and mortality. This indicates that the mechanism by which T
50

 may exert its effects includes 

a pathophysiologic pathway and mechanism partially shared with NT-proBNP. We propose that 

a higher calcification propensity, by promoting vascular calcification over time, may predispose 

to an adverse hemodynamic state (volume overload, cardiac dysfunction), as reflected by higher 

NT-proBNP levels.34,35 Our data suggest that this pathway underlies at least in part the association 

between a lower T
50

 and a higher mortality risk.
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Interestingly, T
50

 was also associated with graft failure in two independent cohorts, indicating that 

a tight control of calcification propensity may also be of high relevance for single organs or organ 

systems. A hypothetical causal relation may exist through the stiffness of the renal vasculature 

and intrarenal resistance, a marker currently used in renal ultrasound imaging for the prediction 

of renal aging and rejection.36,37 Alternatively, but not mutually exclusively, the mineralization 

propensity within the tubular system might be related to T
50

 and to the progression of renal 

failure. This hypothesis was initially proposed as the precipitation-calcification hypothesis, and is 

currently being reconsidered in the field of renal failure progression and premature aging.38-40

T
50

 might be of clinical use for the early detection of patients at high mortality risk. 

Furthermore, serum T
50

 may be of use as a guide for the treatment of renal patients.  Therapeutic 

strategies to improve serum calcification propensity should be identified in future clinical trials. 

Based on our analysis of T
50

 determinants and previous in vitro data, interventions lowering serum 

phosphate (i.e., dietary restriction and/or phosphate binders) or supplementation of magnesium 

or bicarbonate may be suitable to improve serum T
50

 as an intermediate end point. 

Our study has several limitations and strengths. Although prospective, it is of observational 

nature and therefore a causality of the associations found, although likely, cannot be proven. 

The prespecified all-cause mortality risk categories (<5% / 5-10% / >10%) used in the NRI analysis 

have not been validated. The absolute meaning of these risk categories should be interpreted 

with caution. Furthermore, no clinical data on vascular calcification as an intermediate end 

point were available. On the other hand, strengths include the complete follow-up and uniform 

single-center handling of samples along with the hard and clinically relevant end points (all-

cause and cardiovascular mortality, and graft failure) and the confirmation of the major findings 

in a replication cohort.

In conclusion, increased serum calcification propensity (i.e., lower serum T
50

) is a novel in vitro 

diagnostic tool and potent predictor and functional biomarker of all-cause and cardiovascular 

mortality and of graft failure in long-term RTR, which substantially improves mortality 

prognostication. Intervention studies based on T
50

 measurements are needed to clarify whether 

therapeutic targeting of serum T
50

 improves patient and graft survival after kidney transplantation.
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Supplementary Table S1. Univariable and multivariable associations of serum T50 
with clinical parameters in stable renal transplant recipients (RTR)

 Serum T
50

Univariable Multivariable

St. Beta P-value St. Beta P-value
Demographics
     Age, years -0.05 0.21
     Male gender 0.02 0.56
     Current smoker -0.03 0.43
     Current diabetes -0.08 0.04
     BMI, kg/m2 -0.03 0.41
     Systolic blood pressure, mmHg -0.05 0.17
     Diastolic blood pressure, mmHg -0.05 0.22
     Heart rate, bpm -0.07 0.06
Renal transplantation
     Ln transplant vintage, years -0.02 0.52
     Living donor 0.16 <0.001
     Pre-emptive KTx 0.07 0.07
     Ln dialysis vintage, months -0.08 0.05
     HLA mismatches, number -0.03 0.47
     Age donor, years 0.04 0.35
     Acute rejection -0.10 0.01
Laboratory measurements
     Hemoglobin, mmol/L 0.21 <0.001 -0.07 0.04
     HbA1C, % -0.06 0.15
     eGFR, CKD-EPI (mL/min/1.73m2) 0.27 <0.001
     Corrected calcium mmol/L 0.20 <0.001
     Phosphate, mmol/L -0.48 <0.001 -0.42 <0.001
     Magnesium, mmol/L 0.19 <0.001 0.22 <0.001
     Ln PTH, pmol/L 0.09 0.02 0.07 0.03
     Venous pH 0.14 <0.001
     Venous HCO

3
-, mmol/L 0.36 <0.001 0.30 <0.001

     Ln hsCRP, mg/L -0.17 <0.001
     Albumin, g/L 0.26 <0.001 0.17 <0.001
     Ln alkaline phosphatase, U/L 0.00 0.93
     Total cholesterol, mmol/L 0.07 0.08
     HDL cholesterol, mmol/L 0.07 0.06
     LDL cholesterol mmol/L 0.07 0.06
     Ln triglycerides, mmol/L -0.08 0.03
     Ln albuminuria, mg/24h -0.17 <0.001
Medication
     Anti-hypertensives -0.05 0.22
     Statins -0.11 0.005
     Calcium supplements -0.18 <0.001
     Vitamin D supplements -0.11 0.005
     Vitamin K antagonists -0.10 0.01 -0.12 <0.001
     Prednisone, mg/d -0.07 0.06
     Calcineurin inhibitors -0.19 <0.001 -0.07 0.03
     Proliferation inhibitors 0.09 0.02
     Sirolimus 0.06 0.15
Data are presented as standardized beta coefficient (β) with corresponding P-value. Bold letters indicate a P-value < 
0.05. Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HCO

3
-, 

bicarbonate; HDL, high-density lipoprotein; HLA, human leukocyte antigen; hsCRP, high-sensitivity C-reactive protein; KTx, 
kidney transplantation; LDL, low-density lipoprotein; PTH, parathyroid hormone.
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Supplementary Table S2. Additive value of serum T50 for the prediction risk of all-cause mortality

Model C-statistic (95% CI) Change (95% CI)* IDI (%), P-values

Age, gender, eGFR 0.72 (0.66 - 0.78) NA NA

Age, gender, eGFR plus Framingham risk factors* 0.73 (0.67 - 0.79) 0.011 (-0.014 - 0.036) 0.8, 0.28

Age, gender, eGFR plus Ca x Pi product 0.72 (0.66 - 0.78) 0.003 (-0.006 - 0.012) 0.2, 0.42

Age, gender, eGFR plus serum T
50

0.75 (0.70 - 0.80) 0.030 (0.004 - 0.056) 1.6, 0.03
Data are presented as Harrell’s concordance statistic (C-statistic) with 95% confidence interval (CI) and integrated discrimination improvement (IDI) 
with P-value. NA, not applicable. *Change in C-statistics compared to model of age, gender and eGFR. 
*Framingham risk factors included current smoking status, diabetes mellitus, body mass index, systolic blood pressure, and plasma LDL cholesterol. 
For the calcium-phosphate (Ca x Pi) product, calcium was corrected for hypoalbuminemia (<40 g/L).

Table S3. Associations of calcification propensity, serum T50, with death-censored graft failure in 
stable renal transplant recipients (nevents/ntotal = 45/699)

High Intermediate Low Serum T
50

 continuous

HR (95% CI) HR (95% CI) P (trend) HR (95% CI) per SD P

Model 1 1.0 (Ref) 2.05 (0.76 - 5.54) 6.38 (2.63 - 15.48) <0.001 2.61 (1.94 – 3.50) <0.001

Model 2 1.0 (Ref) 2.11 (0.78 - 5.70) 6.67 (2.75 - 16.22) <0.001 2.62 (1.96 – 3.51) <0.001

Model 3 1.0 (Ref) 1.71 (0.63 - 4.63) 2.46 (0.99 - 6.06) 0.04 1.64 (1.19 – 2.27) 0.003

Model 4 1.0 (Ref) 1.97 (0.72 - 5.35) 5.44 (2.21 - 13.44) <0.001 2.48 (1.82 – 3.37) <0.001
Data are presented as hazard ratio (HR)  plus 95% confidence interval (CI) according to tertiles of serum T

50
 and per standard deviation (SD) serum T

50
 

decrease. Abbreviations: Ref, referent.
Model 1: crude. Model 2: adjusted for age and gender. Model 3: adjusted for model 2 plus eGFR (CKD-EPI) and albuminuria. Model 4: adjusted for 
model 2 plus CNI use, dialysis vintage and type of kidney transplantation (living vs. deceased).
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Supplementary Figure S1. Histogram of serum T50 showing a normal distribution in renal 
transplant recipients

Supplementary Figure S2. Possible mediation by 
FGF23 or NT-proBNP on the association between T50 
and all-cause mortality

a, b and c are the standardized regression coefficients between variables. The 
indirect effect (through FGF23 or NT-proBNP) is calculated as a*b. The total effect 
is a*b + c.
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Supplementary Figure S3. Comparative analysis of serum T50 with 
serum-corrected  calcium (Ca), phosphate (Pi), magnesium (Mg), 
parathyroid hormone (PTH), and calcium-phosphate (Ca x Pi) 
product, displayed per tertile, as independent risk factors for death-
censored graft failure

Bars represent hazard ratio with 95% CI. (A) Crude analyses. (B) Adjusted for age, gender, eGFR, 
albuminuria, and type of kidney transplantation (living vs. deceased). Tertile with the lowest risk on graft 
failure served as reference group (R).
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ABSTRACT

Background. Vitamin K modulates calcification by activating calcification inhibitors such as 

matrix Gla-protein (MGP). In kidney transplant recipients, vitamin K insufficiency is common, but 

implications for long-term outcomes are unclear. 

Study design. Single-center observational study with a longitudinal design. 

Setting & participants. 518 stable kidney transplant recipients; 56% men, mean age, 51±12 (SD) 

years; and a median of 6 (IQR, 3-12) years after kidney transplantation. 

Factor. Plasma desphosphorylated-uncarboxylated MGP (dp-ucMGP) levels, reflecting vitamin 

K status.

Outcomes. All-cause mortality and transplant failure. 

Results. At inclusion, median dp-ucMGP level was 1,038 (IQR, 733-1,536] pmol/L, with 473 (91%) 

patients having vitamin K insufficiency (defined as dp-ucMGP >500 pmol/L). During a median 

follow-up of 9.8 (IQR, 8.5-10.2) years, 152 (29%) patients died and 54 (10%) developed transplant 

failure. Patients in the highest quartile of dp-ucMGP were at   considerably higher mortality risk 

compared with patients in the lowest quartile (HR, 3.10; 95% CI, 1.87-5.12; P
 
for trend <0.001; P

 

for quartile 1 [Q1] vs Q4 <0.001). After adjustment for potential confounders, including kidney 

function and exclusion of patients treated with a vitamin K antagonist, this association remained 

significant. Patients in the highest quartile also were at higher risk of developing transplant 

failure (HR, 2.61; 95% CI, 1.22-5.57;  P
 
for trend = 0.004; P

 
for Q1 vs Q4 = 0.01), but this association 

was lost after adjustment for baseline kidney function (HR, 1.20; 95% CI, 0.52-2.75; P for trend = 

0.6; P
  
for Q1 vs Q4 = 0.7).

Limitations. Although MGP exists as various species, only dp-ucMGP was measured. No data 

were available for vascular calcification as an intermediate end point.

Conclusions. Vitamin K insufficiency, that is, a high circulating level of dp-ucMGP, is highly 

prevalent in stable kidney transplant recipients and is associated independently with increased 

risk of mortality. Future studies should address whether vitamin K supplementation may lead to 

improved outcomes after kidney transplantation.
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INTRODUCTION

Although kidney transplantation considerably improves the prognosis of patients with end-

stage renal disease, the mortality risk of kidney transplant recipients remains strongly elevated 

compared with the general population.1 Cardiovascular disease is the leading cause of death 

after kidney transplantation2, mostly due to a high prevalence of vascular calcification. Of note, 

vascular calcification progresses substantially even in stable kidney transplant recipients, and 

the extent of calcification is a robust predictor of incident cardiovascular disease and all-cause 

mortality.3,4 Kidney transplant calcification has been identified as a possible pathophysiologic 

factor contributing to transplant failure.5 

Vascular calcification is an active process regulated at least in part by endogenous calcification 

inhibitors6 such as matrix Gla protein (MGP),7-9 which may appear in various forms according to 

its state of phosphorylation and/or carboxylation: desphosphorylated (dpMGP), phosphorylated 

(pMGP), uncarboxylated (ucMGP) and carboxylated (cMGP). Vitamin K
1
 (phylloquinone) and 

vitamin K
2
 (menaquinones [MK-n]) serve as crucial cofactors to activate MGP by converting 

specific protein-bound glutamate residues into γ-carboxyglutamate (Gla). Vitamin K insufficiency 

therefore results in increased plasma levels of uncarboxylated inactive MGP proteins, including 

desphosphorylated-ucMGP (dp-ucMGP).10,11 Comparison of the 4 different MGP assays available 

(dp-ucMGP, dp-cMGP, total ucMPG [t-ucMPG], and total dpMGP [t-dpMGP]) showed that 

circulating dp-ucMGP was particularly sensitive for changes in vascular vitamin K status.11 High 

circulating dp-ucMGP levels, indicative of vitamin K deficiency, have been associated with 

vascular calcification and increased cardiovascular risk in patients with chronic kidney disease 

(CKD).12,13 Moreover, recent preclinical and clinical studies suggest that vitamin K antagonists, for 

example, warfarin or coumarin, may contribute to vascular calcification.14,15

We previously demonstrated that the majority of stable kidney transplant recipients 

have vitamin K insufficiency as reflected by increased circulating dp-ucMGP concentrations.16 

However, the prognostic impact of vitamin K insufficiency after kidney transplantation has not 

been addressed to date. The objective of this study therefore was to investigate whether higher 

plasma dp-ucMGP level, reflecting vitamin K insufficiency, is associated with increased risk of all-

cause mortality or transplant failure after kidney transplantation. 

METHODS

Research design and participants
In this observational single-center cohort study with longitudinal follow-up, all adult stable 

kidney transplant recipients who visited our outpatient clinic from August 2001 through July 

2003 and had a functioning transplant for more than 1 year were invited to participate. The 

primary aim of this cohort study was to investigate the association of metabolic syndrome with 

impairment of kidney transplant function.17 Patients with overt congestive heart failure or cancer 
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other than cured skin cancer were considered ineligible for the study. A total of 606 of 847 (72%) 

eligible patients signed written informed consent. From this population, plasma samples from 

525 patients were available for the current post hoc study. One individual was excluded because 

the dp-ucMGP level was below the detection limit of the assay (<80 pmol/L). Six patients were 

excluded because of temporary vitamin K antagonist use at baseline; patients who used a 

vitamin K antagonist at baseline and continued use until the end of follow-up (n=34) were not 

excluded from the primary analysis, but subsequently were excluded in a sensitivity analysis (see 

Statistical Analysis section). In total, 518 kidney transplant recipients were included in the present 

analysis. Further details of this study have been published previously.17-21 The institutional review 

board approved the study protocol (METc 2001/039), which was in adherence to the Declaration 

of Helsinki.

End points 
The primary end points of this study were all-cause mortality and death-censored transplant 

failure, defined as return to dialysis therapy or retransplantation. The continuous surveillance 

system of the outpatient program ensures up-to-date information on patient status. General 

practitioners or referring nephrologists were contacted in case the status of a patient was 

unknown. End points were recorded until the end of March 2012; follow-up was 9.8 (interquartile 

range [IQR], 8.5-10.2) years. There was no loss due to follow-up for the primary end points.

Patient characteristics
The Groningen Renal Transplant Database contains information about all kidney transplantations 

performed in our center since 1968. Relevant donor characteristics, cold and warm ischemia 

time, HLA antigen mismatches, and date of transplantation were extracted from this database. 

Information about current medication was taken from medical records. Alcohol consumption, 

smoking status, and cardiovascular history were obtained using a self-report questionnaire 

at baseline (during the visit to the outpatient clinic from August 2001 through July 2003). 

Cardiovascular history was defined as history of myocardial infarction, percutaneous transluminal 

angioplasty or stenting of coronary or peripheral arteries, bypass operation of coronary or 

peripheral arteries, intermittent claudication, amputation for vascular reasons, transient ischemic 

attack, or ischemic cerebrovascular accident. Body mass index (BMI), waist circumference, body 

surface area, and blood pressure were measured as described previously.18 

Laboratory measurements
At baseline, blood was drawn after an 8- to 12-hour overnight fasting period. Diabetes mellitus 

was diagnosed if fasting plasma glucose concentration was ≥7.0 mmol/L (≥126 mg/dL) or anti-

diabetic medication was used. Plasma creatinine level was determined using the Jaffé method 

(MEGA AU 510; Merck Diagnostic), serum triglyceride level was determined with the GPO-

PAP (glycerol phosphate oxidase-peroxidase amino-phenazone phenol) method, and urinary 

protein excretion was analyzed using the Biuret reaction (MEGA AU 510). Glucose, hemoglobin 
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A1c, high-sensitivity C-reactive protein, total cholesterol, high-density lipoprotein cholesterol, 

and low-density lipoprotein cholesterol were assessed as described before.18,21 Serum albumin, 

calcium, hemoglobin, alkaline phosphatase, and phosphate plus urinary sodium excretion were 

determined by routine laboratory measurements. 

Vitamin K status
Plasma samples were stored at -80°C until assessment of vitamin K status. Vitamin K status 

was assessed by measuring dp-ucMGP in citrate plasma using a precommercial dual-antibody 

enzyme-linked immunoassay (InaKtif MGP [IDS-iSYS] assay). In this assay, the capture antibody 

is directed against a non-phosphorylated MGP epitope comprising amino acids 3 to 15 and the 

detection antibody against an uncarboxylated MGP epitope that includes amino acids 35 to 49, 

as described previously.12 Vitamin K insufficiency was defined as dp-ucMGP level >500 pmol/L.11

Statistical analysis
Data are presented as mean ± standard deviation, median and IQR, and number and percentage 

for normally distributed, non-normally distributed, and nominal data, respectively. Hazard ratios 

(HRs) are reported with 95% confidence intervals (CIs). P<0.05 (2 tailed) was considered to indicate 

statistical significance. Statistical analyses were performed using SPSS, version 22.0 for Windows 

(SPSS Inc), and Stata Statistical Software Release 11 (StataCorp LP). 

Variable distribution was tested with histograms and probability plots. For illustrative 

purposes, the study population was subdivided into quartiles of baseline dp-ucMGP levels to 

visualize associations with dp-ucMGP. Relationships between dp-ucMGP level and baseline 

characteristics were investigated by χ2 test for nominal data, Kruskal-Wallis test for non-

normally distributed data, and analysis of variance for normally distributed data. Univariable and 

subsequent multivariable linear regression analyses were performed to identify independent 

determinants of plasma dp-ucMGP level. Non-normally distributed variables were natural log-

transformed before entering into the regression model. Multivariable linear regression models 

were constructed using backward selection (P
out 

> 0.05) including variables that were associated 

significantly (P < 0.05) with dp-ucMGP level in univariate analysis. 

Associations of dp-ucMGP level with all-cause mortality were tested by Cox proportional 

hazards regression analysis with stepwise adjustment for age, sex, and independent determinants 

of dp-ucMGP level, including estimated glomerular filtration rate (eGFR; calculated with the CKD-

EPI [CKD Epidemiology Collaboration] creatinine equation), BMI, natural log-transformed serum 

triglyceride level, use of mycophenolate mofetil (MMF), and current smoking or other a priori 

important possible confounders, including current diabetes, history of cardiovascular disease, 

natural log-transformed proteinuria, and transplant vintage. For analyzing the association between 

dp-ucMGP level and death-censored transplant failure, the multivariable-adjusted analysis 

included recipient age and sex plus independent determinants of dp-ucMGP level, including 

BMI, natural log-transformed serum triglyceride level, use of MMF, current smoking, and natural 

log-transformed proteinuria (a priori important possible confounder). The last model (model 4) 
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included recipient age and sex plus eGFR (calculated with the CKD-EPI creatinine equation). Cox 

regression analyses were analyzed according to quartiles of dp-ucMGP in order to investigate the 

type of association between dp-ucMGP level and outcome. Because this association was linear, 

it was appropriate to repeat Cox regression analysis with natural log-transformed dp-ucMGP as 

a continuous variable to estimate the change in mortality or transplant failure risk per increase 

of natural log-transformed dp-ucMGP. Continuous variables were entered as such in the models, 

that is, not categorized. Cox proportional hazards regression models were built stepwise to 

avoid overfitting and to keep the number of covariates accurate in relationship to the number of 

events.22 Because vitamin K antagonist use was a strong independent determinant of dp-ucMGP 

level (β=0.39; P<0.001 in multivariable analysis) that could influence the association between 

dp-ucMGP level and outcomes, we performed sensitivity analyses in which we repeated all Cox 

regression analyses after exclusion of patients who were on vitamin K antagonist treatment at 

enrollment and remained on this treatment during follow-up. Patients on temporary vitamin K 

antagonist treatment at enrollment, for example, for a first deep venous thrombosis, had been 

excluded beforehand (see earlier in Methods).

RESULTS

Baseline characteristics and determinants of dp-ucMGP
Patients (56% men; mean age, 51±12 [SD] years) were enrolled at a median of 6.0 (IQR, 2.6-11.6) 

years after transplantation. Baseline characteristics according to quartiles of dp-ucMGP (<734, 

734-1,038, 1,039-1,535, and >1,535 pmol/L) are shown in Table 1. Patients in the highest quartile 

of dp-ucMGP were older; less likely to be currently smoking; and longer past transplantation; had 

higher BMI, systolic blood pressure, triglyceride, hemoglobin A1c
,
 and C-reactive protein values and 

worse kidney function with more proteinuria accompanied by lower hemoglobin, lower serum 

albumin, and higher phosphate levels; more frequently used a vitamin K antagonist (coumarin) and 

an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker; and less frequently 

used a calcineurin inhibitor or proliferation inhibitor. The most frequent indications for long-

term vitamin K antagonist use were atrial fibrillation (26%), recurrent venous thromboembolism  

(26%), and heart valve replacement (21%). Median plasma dp-ucMGP level was 1,038 (IQR, 733-

1,536) pmol/L, and 473 (91.3%) patients had elevated dp-ucMGP levels (>500 pmol/L), indicating 

vitamin K insufficiency in most patients. Using multivariate linear regression analysis, we found that 

vitamin K antagonist use, kidney function (eGFR), BMI, current smoking, and triglyceride level were 

independent determinants of dp-ucMGP level (model R2 = 0.40; Table 2). 

 
dp-ucMGP level and mortality risk
During a median follow-up for 9.8 (IQR, 8.5-10.2) years, 152 of 518 (29%) patients died. The incidence 

of all-cause mortality during follow-up increased per quartile of dp-ucMGP. The number of all-

cause mortality events in the first quartile of dp-ucMGP was 21 (16%); in the second, 36 (28%); in 
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Table 1.  Baseline characteristics according to quartiles of plasma dp-ucMGP

Plasma dp-ucMGP quartiles
All patients

n=518
Quartile 1

n=130
Quartile 2

n=130
Quartile 3

n=129
Quartile 4

n=129
P-value

dp-ucMGP, pmol/L 1,038 [733 – 1,536] < 734 734 – 1,038 1,039 – 1,535 > 1,535 -
Demographics
Age, years 51.3±12.1 48.1±12.6 51.5±11.5 51.2±12.7 54.6±10.8 <0.001
Male sex, n (%) 290 (56) 70 (54) 76 (58) 74 (57) 70 (54) 0.8
BMI, kg/m2 25.9±4.3 24.6±3.6 25.7±4.2 25.9±4.3 27.5±4.5 <0.001
Systolic BP, mmHg 153±23 147±23 154±21 156±23 155±23 0.004
Diastolic BP, mmHg 90±10 89±10 90±9 91±10 90±10 0.3
Current smoker, n (%) 105 (20) 38 (29) 22 (17) 26 (20) 19 (15) 0.02
Ex-smoker, n (%) 220 (42) 51 (39) 58 (45) 49 (38) 62 (48) 0.3
Current diabetes, n (%) 86 (17) 22 (17) 22 (17) 17 (13) 25 (19) 0.6
History of MI, n (%) 40 (8) 8 (6) 8 (6) 7 (5) 17 (13) 0.06
History of TIA/CVA, n (%) 29 (6) 6 (5) 10 (8) 5 (4) 8 (6) 0.5
Kidney transplantation
Dialysis duration, months 27 [13-48] 23 [11-42] 25 [11-48] 27 [14-52] 30 [16-51] 0.2
Transplant vintage, years 6.0 [2.6-11.6] 5.1 [2.1-12.1] 6.3 [2.4-10.6] 5.6 [2.4-11.7] 7.6 [3.9-12.1] 0.05
Deceased donor, n (%) 445 (86) 106 (82) 113 (87) 107 (83) 119 (92) 0.06
Cold ischemia time, hours 22 [15-27] 22 [14-26] 22 [15-28] 20 [13-27] 22 [17-28] 0.3
Total warm ischemia time, minutes 35 [30-45] 35 [30-43] 35 [30-45] 35 [30-45] 36 [32-45] 0.3
Number of HLA mismatches, n 2 [0-3] 2 [0-3] 2 [0-2] 2 [0-3] 2 [1-2] 0.9
History of acute rejection, n (%) 234 (45) 66 (51) 48 (37) 62 (48) 58 (45) 0.1
Laboratory parameters
Hemoglobin, g/dL 13.9±1.6 14.2±1.4 14.1±1.5 13.7±1.6 13.5±1.7 <0.001
HbA1c, % 6.5±1.1 6.3±1.0 6.4±1.0 6.5±1.0 6.7±1.1 <0.001
CRP, mg/L 1.9 [0.7-4.6] 1.3 [0.6-3.6] 1.8 [0.6-4.0] 2.2 [0.9-4.8] 2.4 [1.2-6.2] 0.005
Albumin, g/dL 4.07±034 4.15±0.28 4.11±0.29 4.04±0.44 3.99±0.28 <0.001
Calcium, mg/dL 9.58±0.64 9.56±0.49 9.58±0.66 9.62±0.62 9.56±0.76 0.9
Phosphate, mg/dL 3.28±0.64 3.18±0.63 3.30±0.62 3.23±0.58 3.42±0.70 0.009
Alkaline phosphatase, U/L 72 [57-94] 70 [54-87] 75 [58-99] 72 [59-99] 74 [61-95] 0.2
Total cholesterol, mg/dL 217 [191-241] 212 [186-235] 217 [187-241] 218 [197-242] 222 [192-244] 0.2
HDL cholesterol, mg/dL 41 [34-49] 43 [35-51] 42 [34-51] 40 [32-48] 39 [33-50] 0.2
LDL cholesterol, mg/dL 137 [116-160] 140 [116-156] 135 [116-162] 139 [116-163] 134 [114-156] 0.6
Triglycerides, mg/dL 169 [124-235] 140 [110 -184] 162 [119-213] 182 [134-233] 211 [148-267] <0.001
eGFR, mL/min/1.73m2 47.6±15.2 55.4±13.2 50.3±12.7 44.6±15.7 40.1±14.5 <0.001
Proteinuria, g/24h 0.2 [0.0-0.5] 0.2 [0.0-0.3] 0.2 [0.0-0.5] 0.2 [0.0-0.5] 0.3 [0.2-0.5] 0.02
Urinary sodium excretion, mmol/24h 139±63 141±68 139±63 138±59 139±63 0.8
Medication
ACEi or ARB, n (%) 171 (33) 42 (32) 35 (27) 36 (28) 58 (45) 0.007
VKA use, n (%) 34 (7) 2 (2) 1 (1) 2 (2) 29 (22) <0.001
Prednisone dose, mg/day 10 [7.5-10] 10 [7.5-10] 10 [7.5-10] 10 [8.75-10] 10 [7.5-10] 0.6
Calcineurin inhibitor, n (%)
      - Cyclosporine, n (%) 342 (66) 74 (57) 94 (72) 87 (67) 87 (67) 0.06
      - Tacrolimus, n (%) 71 (14) 18 (14) 17 (13) 21 (16) 15(12) 0.7
Proliferation inhibitor
      - Azathioprine, n (%) 169 (33) 41 (32) 32 (25) 43 (33) 53 (41) 0.04
      - Mycophenolate mofetil, n (%) 212 (41) 67 (52) 56 (43) 54 (42) 35 (27) 0.001
Sirolimus, n (%) 8 (2) 1 (1) 1 (1) 2 (2) 4 (3) 0.4
Values for categorical variables are given as number (percentage); values for continuous variables are given as mean ± standard deviation or median 
[interquartile range]. The χ2 test was used for nominal data; Kruskal-Wallis test, for non-normally distributed data; and analysis of variance, for 
normally distributed data. P values <0.05 are in bold. The CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) formula was used to estimate 
the GFR.  Conversion factors for units: hemoglobin in g/dL to mmol/L, x0.6206; albumin in g/dL to g/L, x10; calcium from mg/dL to mmol/L, x0.2495; 
phosphate from mg/dL to mmol/L, x0.3229; total cholesterol from mg/dL to mmol/L, x0.02586; HDL cholesterol from mg/dL to mmol/L, x0.02586; LDL 
cholesterol from mg/dL to mmol/L, x0.02586; triglycerides from mg/dL to mmol/L, x0.01129.
Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blockers; BMI, body mass index; BP, blood pressure; CRP, 
C-reactive protein; CVA, cerebrovascular accident; dp-ucMGP, desphospho-uncarboxylated matrix Gla-protein; eGFR, estimated glomerular filtration 
rate; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; HLA, human leukocyte antigen; LDL, low-density lipoprotein; MI, myocardial 
infarction; TIA, transient ischemic attack; VKA, vitamin K antagonist (coumarin). 
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Table 2. Univariable and multivariable determinants of  
dp-ucMGP levels 

Univariable Multivariable

Clinical parameter Standardized β P-value Standardized β P-value

Age 0.21 <0.001

Current smoking -0.17 <0.001 -0.14 <0.001

History of MI 0.15 0.001

BMI 0.24 <0.001 0.16 <0.001

SBP 0.13 0.002

Dialysis duration 0.10 0.03

Deceased donor -0.10 0.02

Hemoglobin -0.19 <0.001

HbA1c 0.18 <0.001

CRP 0.16 <0.001

Albumin -0.18 <0.001

Phosphate 0.09 <0.05

eGFR -0.39 <0.001 -0.37 <0.001

Triglycerides 0.23 <0.001 0.11 0.002

Proteinuria 0.11 0.01

ACEi or ARB 0.09 0.04

Vitamin K antagonist 0.41 <0.001 0.38 <0.001

Mycophenolate mofetil -0.18 0.001 -0.09 0.01

All variables described in Table 1 were tested, only variables with P<0.05 in univariable analyses are given. 
Non-normally distributed variables (CRP, dp-ucMGP, proteinuria, total cholesterol, and triglycerides) were 
natural log transformed before entering the model. For dichotomous variable (ACEi or ARB, coumarin, current 
smoking, deceased donor, history of MI and proliferation inhibitor), 0 = no, 1 = yes. 
Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blockers; BMI, 
body mass index; CRP, C-reactive protein; dp-ucMGP, desphospho-uncarboxylated matrix Gla-protein; eGFR, 
estimated glomerular filtration rate; HbA1c, glycated hemoglobin; MI, myocardial infarction; SBP, systolic 
blood pressure. 

the third, 39 (30%); and in the fourth, 55 (43%; χ2 test P < 0.001). Kaplan-Meier analysis also revealed 

a gradual increase in risk of all-cause mortality according to increasing quartiles of dp-ucMGP 

(Fig 1; log-rank P < 0.001). In univariate Cox regression analysis analyzed according to quartiles 

of dp-ucMGP, patients in the highest quartile (ie, lower vitamin K levels) were at a considerably 

higher mortality risk compared with patients in the lowest quartile (HR, 3.10; 95% CI, 1.87-5.12; P
 

for trend < 0.001; P
 
for quartile 1 [Q1] vs Q4

 
< 0.001). Subsequently, multivariate Cox proportional 

hazards regression models were built to address whether the association between dp-ucMGP 

level and outcome depended on known determinants of dp-ucMGP level (eGFR, BMI, serum 

triglyceride level, use of MMF, and current smoking status) and other a priori important possible 

confounders (diabetes, history of cardiovascular disease, proteinuria, and transplant vintage). 

Also after multivariable adjustment, mortality risk increased per dp-ucMGP quartile (Table 3). The 

association between dp-ucMGP level and mortality remained significant in continuous analysis 

(fully adjusted HR, 1.46; 95% CI, 1.11-1.93; P = 0.008; Table 3). Sensitivity analyses were performed 

by repeating all Cox regression analyses after exclusion of patients treated with a vitamin K 

antagonist. The results were not materially different from the primary analyses (Table 3).
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VITAMIN K AND KIDNEY TRANSPLANTATION OUTCOMES

dp-ucMGP < 734 (quartile [Q] 1; black line), 734 to 1,038 (Q2; grey line), 1,039 to 1,535 (Q3; 
black dotted line), and > 1,535 pmol/L (Q4; grey dotted line).

Figure 1. Kaplan-Meier curve for all-cause mortality among 
kidney transplant recipients according to quartiles of 
desphospho-uncarboxylated matrix Gla-protein (dp-ucMGP)

 
Dp-ucMGP and transplant failure 
During a median follow-up of 9.6 (IQR, 7.3-10.2) years, 54 of 518 (10%) patients developed 

transplant failure. The number of transplant failure events in the first quartile of dp-ucMGP 

was 10 (8%); in the second, 9 (7%); in the third, 15 (12%); and in the fourth, 20 (16%; χ2 test P = 

0.09). Kaplan-Meier analysis revealed a gradual increase in risk of transplant failure according to 

increasing quartiles of dp-ucMGP (log-rank P = 0.02; Fig 2). The association between dp-ucMGP 

level and death-censored transplant failure was observed in univariate Cox proportional hazards 

regression analysis, analyzed according to quartiles of dp-ucMGP and as continuous increase in 

dp-ucMGP levels. Patients in the highest quartile (ie, lower vitamin K levels) were at higher risk 

of developing transplant failure compared with patients in the lowest quartile (HR, 2.61; 95% CI, 

1.22-5.57; P
 
for trend = 0.004; P

 
for Q1 vs Q4 = 0.01). As shown in Table 4, the association of dp-

ucMGP with transplant failure remained significant when adjusted for age and sex (model 2) or 

independent determinants of dp-ucMGP level and proteinuria (model 3), but lost significance 

when adjusted for kidney function (model 4). The exclusion of patients treated with a vitamin K 

antagonist did not materially change these associations (Table 4). 
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Table 3. Associations of dp-ucMGP with all-cause mortality in stable kidney transplant recipients 
after a median of 9.8 (IQR, 8.5-10.2) years’ follow-up

All participants (n
events

/n
total 

= 151/518)

dp-ucMGP Q1
<734

Q2
734-1,038

Q3
1,039-1,535

Q4
>1,535 

Continuous
ln (dp-ucMGP)

HR (95% CI) HR (95% CI) HR (95% CI) P trend HR (95% CI) P 

Model 1 1.0 (Ref) 1.78 (1.04-3.05)* 2.05 (1.20-3.48)** 3.10 (1.87-5.12)*** <0.001 1.94 (1.49-2.53) <0.001

Model 2 1.0 (Ref) 1.50 (0.88-2.57) 1.72 (1.01-2.93)* 2.30 (1.39-3.82)** 0.001 1.65 (1.26-2.16) <0.001

Model 3 1.0 (Ref) 1.37 (0.79-2.36) 1.44 (0.83-2.52) 1.88 (1.08-3.26)* 0.03 1.56 (1.14-2.12) 0.005

Model 4 1.0 (Ref) 1.54 (0.90-2.64) 1.67 (0.97-2.86) 2.00 (1.20-3.35)** 0.009 1.46 (1.11-1.93) 0.008

No. of cases 21 36 39 55 - 151 -

After exclusion of vitamin K antagonist users (n
events

/n
total 

= 134/484)

dp-ucMGP Q1
<726

Q2
726-987

Q3
988-1,403

Q4
>1,403 

Continuous
ln(dp-ucMGP)

HR (95% CI) HR (95% CI) HR (95% CI) P trend HR (95% CI) P 

Model 1 1.0 (Ref) 1.55 (0.87-2.77) 1.97 (1.12-3.44)* 3.03 (1.79-5.13)*** <0.001 1.93 (1.41-2.62) <0.001

Model 2 1.0 (Ref) 1.30 (0.73-2.32) 1.68 (0.96-2.94) 2.24 (1.32-3.80)** 0.001 1.62 (1.18-2.22) 0.003

Model 3 1.0 (Ref) 1.24 (0.69-2.23) 1.43 (0.79-2.58) 1.86 (1.02-3.39)* 0.03 1.47 (1.01-2.15) 0.046

Model 4 1.0 (Ref) 1.34 (0.75-2.39) 1.55 (0.88-2.73) 1.88 (1.09-3.23)* 0.02 1.40 (1.02-1.93) 0.04

No. of cases 19 29 35 51 - 134 -
Hazard ratios (95% confidence interval) according to quartiles of dp-ucMGP in pmol/L and continuous natural log transformed dp-ucMGP of all 
participants and those without vitamin K antagonist (coumarin) use are shown in the upper and lower sections of the table, respectively. Model 
1: crude; model 2: adjusted for age and gender; model 3: adjusted for model 2 plus estimated glomerular filtration rate, body mass index, serum 
triglyceride level, use of mycophenolate mofetil, and current smoking; and model 4: adjusted for model 2 plus diabetes, history of cardiovascular 
disease, proteinuria and transplant vintage. *P<0.05 **P<0.01 ***P<0.001
Abbreviations: dp-ucMGP, desphospho-uncarboxylated matrix Gla-protein; IQR, interquartile range; Ref, referent; Q, quartile.

Table 4. Associations of dp-ucMGP with death-censored graft failure in stable kidney transplant 
recipients after a median of 9.6 (IQR, 7.3-10.2) years’ follow-up

All participants (n
events

/n
total 

= 54/517)

dp-ucMGP Q1
<734

Q2
734-1,038

Q3
1,039-1,535

Q4
>1,535 

Continuous
Ln dp-ucMGP

HR (95% CI) HR (95% CI) HR (95% CI) P trend HR (95% CI) P 

Model 1 1.0 (Ref) 0.95 (0.39-2.34) 1.73 (0.78-3.86) 2.61 (1.22-5.57)* 0.004 2.13 (1.38-3.31) 0.001

Model 2 1.0 (Ref) 1.03 (0.42-2.56) 1.86 (0.83-4.15) 3.08 (1.41-6.72)** 0.001 2.37 (1.51-3.70) <0.001

Model 3 1.0 (Ref) 0.96 (0.38-2.41) 1.86 (0.81-4.27) 2.62 (1.13-6.03)* 0.007 2.28 (1.40-3.69) 0.001

Model 4 1.0 (Ref) 0.82 (0.33-2.02) 0.87 (0.38-2.03) 1.20 (0.52-2.75) 0.6 1.41 (0.83-2.39) 0.2

No. of cases 10 9 15 20 - 54 -

After exclusion of vitamin K antagonist users (n
events

/n
total 

= 52/483)

dp-ucMGP Q1
<726

Q2
726-987

Q3
988-1,403

Q4
>1,403

Continuous
Ln dp-ucMGP

HR (95% CI) HR (95% CI) HR (95% CI) P trend HR (95% CI) P 

Model 1 1.0 (Ref) 0.83 (0.33-2.10) 1.67 (0.75-3.72) 2.36 (1.10-5.08)* 0.008 2.43 (1.49-3.99) <0.001

Model 2 1.0 (Ref) 0.91 (0.36-2.31) 1.79 (0.80-4.01) 2.85 (1.29-6.28)** 0.003 2.81 (1.68-4.69) <0.001

Model 3 1.0 (Ref) 0.89 (0.34-2.30) 1.74 (0.76-3.99) 2.51 (1.08-5.84)* 0.01 2.57 (1.50-4.40) 0.001

Model 4 1.0 (Ref) 0.69 (0.27-1.76) 0.90 (0.39-2.09) 1.05 (0.44-2.49) 0.7 1.47 (0.80-2.70) 0.2

No. of cases 10 8 15 19 - 52 -
Hazard ratios (95% confidence interval) according to quartiles of dp-ucMGP in pmol/L and continuous natural log transformed dp-ucMGP of all 
participants and those without vitamin K antagonist (coumarin) use are shown in the upper and lower sections of the table, respectively. Model 1: 
crude; model 2: adjusted for age and gender; model 3: adjusted for model 2 plus body mass index, serum triglyceride level, current smoking, use of 
mycophenolate mofetil, and proteinuria; and model 4: adjusted for model 2 plus estimated glomerular filtration rate. *P<0.05 **P<0.01
Abbreviations: dp-ucMGP, desphospho-uncarboxylated matrix Gla-protein; IQR, interquartile range; Ref, referent; Q, quartile.
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VITAMIN K AND KIDNEY TRANSPLANTATION OUTCOMES

dp-ucMGP < 734 (quartile [Q] 1; black line), 734 to 1,038 (Q2; grey line), 1,039 to 1,535 (Q3; 
black dotted line), and > 1,535 pmol/L (Q4; grey dotted line).

Figure 2. Kaplan-Meier curve for death-censored transplant 
failure among kidney transplant recipients according to 
quartiles of desphospho-uncarboxylated matrix Gla-
protein (dp-ucMGP)

DISCUSSION

The primary finding of our study is that higher circulating dp-ucMGP levels, indicative of vitamin 

K insufficiency, are associated consistently and independently with increased risk of all-cause 

mortality after kidney transplantation. We showed that most stable kidney transplant recipients 

exhibit elevated plasma dp-ucMGP levels. In 91% of patients, dp-ucMGP level was above the 

upper normal limit of the general population (500 pmol/L).11 

Vitamin K insufficiency deduced from circulating dp-ucMGP levels has been reported 

previously in similar percentages in kidney transplant recipients16 and hemodialysis patients.23 

Although the cause(s) of the high prevalence of vitamin K insufficiency in our cohort cannot be 

established with certainty from our study, we can speculate on possible explanations. Recent 

preclinical studies support a cause-effect relationship between decreased kidney function 

and vitamin K insufficiency.24 In addition, we found in a previous cohort of kidney transplant 
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recipients that dietary habits of these patients also may contribute to vitamin K status.16 Chief 

dietary sources of vitamin K include green vegetables and cheeses, which usually are avoided 

by patients with end-stage kidney disease because of their potassium content. We speculate 

that transplant recipients may maintain, at least in part, their dietary habits originating from the 

pre-transplantation period, contributing to the ongoing state of vitamin K insufficiency after 

transplantation. 

In multivariable regression analyses, kidney function and vitamin K antagonist use were the 

strongest determinants of circulating dp-ucMGP level. Our results are consistent with those of 

other studies that also showed an inverse relationship between dp-ucMGP level and kidney 

function.12,16,25,26 Recently it was shown that the endogenous vitamin K recycling, due to reduction 

in activity of the vitamin K cycle enzyme γ-carboxylase, is reduced in uremic rats. Serum ucMGP 

levels increase in uremic rats, indicating functional uremic vitamin K deficiency.24 

The association between use of a vitamin K antagonist and dp-ucMGP level was anticipated 

given the vitamin K-dependency of MGP carboxylation27 and has been described previously after 

kidney transplantation.16 Vitamin K antagonist use also has been associated with an increased risk 

of vascular calcification in the general population and dialysis population (recently reviewed by 

Chatrou et al9). Furthermore, BMI, triglyceride level, MMF use, and smoking also were identified 

as independent determinants of circulating dp-ucMGP levels in kidney transplant recipients. 

Our finding that BMI and triglyceride level are associated with vascular vitamin K status 

is in accordance with earlier studies that linked vitamin K status with parameters of glucose 

metabolism and atherosclerosis28 and with the recent suggestion that high vitamin K intake may 

favorably affect components of metabolic syndrome.29 In line with our finding that MMF use is 

associated inversely with dp-ucMGP level, duration of MMF treatment was associated inversely 

with thoracic aorta calcifications in kidney transplant recipients.30 The inverse association 

between smoking and dp-ucMGP level is found consistently across different populations,31,32 but 

the underlying mechanism of this association currently is unknown.  

To our knowledge, our study is the first to demonstrate that circulating elevated dp-ucMGP levels 

are associated independently with increased all-cause mortality risk after kidney transplantation. 

Vitamin K deficiency thus was identified as a novel clinically relevant risk factor that is easily 

modifiable by supplementation. Our findings correspond with data in pre-transplantation 

patients with CKD, for whom high dp-ucMGP levels also are associated with increased risk of 

(cardiovascular) mortality.13 Besides a direct effect on vascular calcification, another possible 

mechanism explaining the association between plasma dp-ucMGP level and all-cause mortality 

could be an effect of vitamin K on inflammation. In rats, vitamin K insufficiency enhances 

the expression of proinflammatory genes and vitamin K supplementation results in anti-

inflammatory effects.33 In humans, both vitamin K intake and status has been associated with 

inflammatory markers,34,35 and vitamin K supplementation may lower C-reactive protein levels in 

rheumatoid arthritis.36 Prospective clinical studies are needed to further substantiate whether 

vitamin K supplementation can reduce the risk of mortality after kidney transplantation. 

In univariate analysis, we also found an association between elevated plasma dp-ucMGP level 
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and increased risk of death-censored transplant failure. However, this association was   lost after 

adjustment for kidney function, suggesting that the association between low vitamin K status 

and transplant failure depends on kidney function, a strong determinant of transplant failure.37 

However, we cannot exclude the possibility that kidney function may be on the causal pathway 

between dp-ucMGP and transplant failure. Hypothetically, vascular vitamin K insufficiency 

could result in decreased kidney function and subsequently transplant failure through vascular 

calcification, stiffness of the renal vasculature, and intrarenal resistance, a marker currently used 

for assessment of kidney transplant performance.38

The therapeutic potential of vitamin K to reduce vascular calcification gains increasing 

attention.39 Remarkably, a preclinical study in rats showed that high vitamin K intake 

(phylloquinone and menaquinone) could reverse arterial calcification.40 In a pilot study of 

hemodialysis patients, administration of vitamin K
2
 (MK-7) for 6 weeks improved vitamin K 

status as reflected by reduced dp-ucMGP levels.41 Whether improving vitamin K status also 

may reduce coronary artery calcification is the subject of investigation in an ongoing clinical 

trial in hemodialysis patients (VitaVasK Study; ClinicalTrials.gov study number NCT01742273). 

Considering our findings, vitamin K supplementation could also be a promising intervention in 

kidney transplant recipients. 

Several limitations of our study warrant consideration. Although MGP exists as various 

species (with different states of phosphorylation and carboxylation), we measured only dp-

ucMGP. Regardless, dp-ucMGP is an established marker of (vascular) vitamin K status10,11 and has 

been associated with increased risk of cardiovascular events in patients with CKD12,13 or type 2 

diabetes mellitus.42 Although prospective, our study was observational in nature and therefore 

the possibility of residual confounding cannot be excluded. Due to its design, this cohort may 

have survival bias, but the design has the advantage of making the cohort representative of the 

outpatient clinic of prevalent kidney transplant recipients. Furthermore, the cohort consisted 

almost entirely of whites, which limits the generalizability of our study. Kidney function was 

estimated with the CKD-EPI creatinine equation rather than being measured. However, recent 

study compared the performance of different creatinine-based GFR estimating equations with 

GFR measurement in solid-organ transplant recipients and found that the CKD-EPI creatinine 

and MDRD (Modification of Diet in Renal Disease) Study equations performed better than 

alternative creatinine-based equations, leading to the conclusion that both the CKD-EPI 

creatinine and MDRD Study equations may be used in clinical practice.43 Circulating dp-ucMGP 

was measured at only a single time point; therefore, we could not take into account potential 

changes over time. Of note, epidemiologic studies largely use a single baseline measurement 

for predicting outcomes, which has a negative impact on predictive properties. The association 

between a variable and outcome is underestimated by a single determination.44 Unfortunately, 

no data for vitamin K intake were available for this cohort. Furthermore, no clinical data on 

vascular calcification as an intermediate end point were available in our cohort, and self-report 

was used for classification of cardiovascular disease history. The main strengths of this study 

are the relatively large sample size, long-term and complete follow-up, and the novelty of our 
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study to demonstrate an association between vitamin K status and hard end points after kidney 

transplantation.

In conclusion, we found that vitamin K insufficiency is highly prevalent in stable kidney 

transplant recipients and is associated with increased risk of all-cause mortality. Whether 

correction of vitamin K insufficiency after kidney transplantation might improve outcomes after 

kidney transplantation should be addressed in future prospective intervention studies.
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ABSTRACT

Context. Vitamin D deficiency is common in renal transplant recipients (RTR). The long-term 

implications of vitamin D deficiency in RTR remain unclear. 

Objective. We investigated whether 25(OH) or 1,25(OH)
2
 vitamin D levels are associated with 

mortality, renal function decline, and graft failure in stable RTR. 

Design. Observational study with longitudinal design. Follow-up was 7.0, interquartile range 

(IQR) 6.2-7.5 years.

Setting. Single-center outpatient clinic. 

Participants. 435 stable RTR (51% men, mean age 52±12 years) were included at a median [IQR] 

of 6 [3-12] years after kidney transplantation.

Main Outcome Measures. All-cause mortality, annual change of estimated glomerular 

filtration rate (eGFR), and graft failure.

Results. Mean 25-hydroxyvitamin D [25(OH)D] and 1.25-dihydroxyvitamin D [1,25(OH)2
D] 

were 21.6±9.1 ng/mL and 45.2±19.0 pg/mL, respectively. During follow-up, 99 patients (22.8%) 

died and 44 patients (10.1%) developed graft failure. In univariable analysis, both 25(OH)D and 

1,25(OH)
2
D were significantly associated with mortality (hazard ratio [HR], 0.64; 95% confidence 

interval [CI], 0.51-0.81; P<.001 and 0.69 [95% CI, 0.55-0.87], P=.002 per SD increase, respectively). 

The inverse association of 25(OH)D with mortality remained significant after adjustment for 

potential confounders (HR 0.68 [95% CI, 0.52-0.89], P=.004 per SD increase). The associations of 

1,25(OH)
2
D with mortality and graft failure lost significance after adjustment for renal function. 

Severe vitamin D deficiency (25[OH]D <12 ng/mL) was independently associated with stronger 

annual eGFR decline . 

Conclusions. Low 25(OH)D is independently associated with an increased risk of all-cause 

mortality and 25(OH)D <12 ng/mL with a rapid eGFR decline in stable RTR. The association of 

low 1,25(OH)
2
D with mortality or graft failure depends on renal function. These results should 

encourage randomized  controlled trials evaluating the effect of vitamin D supplementation 

after kidney transplantation.
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INTRODUCTION

Kidney transplantation improves the prognosis and quality of life of patients with end-stage renal 

disease and is therefore considered the preferred treatment for most patients with end-stage 

renal disease. Although short-term prognosis after kidney transplantation has strongly improved 

over the past decades, on the long run, even stable renal transplant recipients remain at strongly 

increased risk of premature death compared with the general population.1 Therefore it is crucial 

to identify modifiable factors affecting long-term outcomes after kidney transplantation.

Vitamin D is a hormone that regulates serum calcium and phosphate levels by stimulating 

intestinal absorption of calcium and phosphate and by stimulating renal calcium reabsorption. 

Vitamin D deficiency contributes to secondary hyperparathyroidism and subsequently to mineral 

and bone disorders, but has also been implicated in extraskeletal adverse conditions including 

hypertension, insulin resistance, renal function loss, congestive heart failure, and mortality.2-6 

Vitamin D is hydroxylated to 25-hydroxyvitamin D [25(OH)D] in the liver and afterwards converted 

into its active form, 1,25-dihydroxyvitamin D [1,25(OH)
2
D], by the enzyme 1α-hydroxylase. The 

enzyme 1α-hydroxylase is predominately but not exclusively found in renal tubular epithelial 

cells. In kidney disease, the renal capacity to generate 1,25(OH)
2
D is progressively lost due to 

reduced 1α-hydroxylase activity in the kidney.7,8 

Several studies have shown that 25(OH)D deficiency is common after kidney transplantation, 

partly due to avoidance of direct sunlight exposure to reduce the enhanced risk of nonmelanoma 

skin cancer caused by immunosuppressive treatment.9-12 A recent study documented that low 

levels of 25(OH)D, but not 1,25(OH)
2
D, measured 3 months after transplantation are associated 

with an increased risk of renal interstitial fibrosis, renal tubular atrophy, and lower glomerular 

filtration rate (GFR) 1 year after kidney transplantation.13 However, vitamin D levels may vary 

considerably along with renal function, fibroblast growth factor 23 (FGF-23), and PTH during the 

first year after transplantation. Consequently, vitamin D status early after transplantation may not 

represent vitamin D status during later stages post transplantation. The aim of the current study 

was to investigate whether vitamin D status, measured in a cohort of stable renal transplant 

recipients (RTR) more than 1 year after transplantation, is associated with long-term patient and 

graft outcomes.

MATERIALS AND METHODS 

Research design and subjects
In this prospective observational single-center cohort study, all adult stable RTRs who visited 

our outpatient clinic between August 2001 and July 2003 and had a functioning graft for greater 

than 1 year were invited. Patients with overt congestive heart failure or cancer other than cured 

skin cancer were considered ineligible for the study. A total of 606 of 847 eligible RTRs (72%) 

signed written informed consent. For this post-hoc analysis, vitamin D status [i.e., 25(OH)D and 
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1,25(OH)
2
D] was measured in 437 RTRs (72.1%). In this study we included 435 subjects (99.5%) 

with 25(OH)D levels greater than 4 ng/mL. The main characteristics (i.e., age, sex, renal function, 

systolic BP, waist circumference, number of events) of subjects that were not included in this 

post-hoc analysis were not materially different from the 435 RTRs who were included in this 

study. Additional  details of this study have been published previously.14-18 The institutional 

review board approved the study protocol (METc 2001/039), which was in adherence to the 

Declaration of Helsinki.

Study population
The Groningen Renal Transplant Database contains information on all renal transplantations 

performed at our center since 1968. Relevant transplant characteristics, such as donor age, donor 

sex, human leukocyte antigen mismatches, and date of transplantation were extracted from this 

database. Current medication was taken from the medical record. Alcohol consumption, smoking 

status, and cardiovascular history were obtained using a self-report questionnaire. Cardiovascular 

history was defined as a history of myocardial infarction, percutaneous transluminal angioplasty 

or stenting of coronary or peripheral arteries, bypass operation of coronary or peripheral 

arteries, claudicatio intermittens, amputation for vascular reasons, transient ischemic attack, 

or an ischemic cerebrovascular accident. Body mass index, waist circumference, and BP were 

measured as described previously.15 Diabetes mellitus was diagnosed if the fasting plasma 

glucose concentration was at least 7.0 mmol/L (≥126 mg/dL) or antidiabetic medication was 

used.

Clinical endpoints
The primary endpoint of this study was all-cause mortality. Secondary endpoints were annual 

change in eGFR and death-censored graft failure defined as return to dialysis or retransplantation. 

The continuous surveillance system of the outpatient program ensures up-to-date information 

on patient status and cause of death. General practitioners or referring nephrologists were 

contacted in case the status of a patient was unknown. Endpoints were recorded until the end 

of May 2009; median follow-up was 7.0; interquartile range (IQR), 6.2-7.5 years. Cause of death was 

obtained by linking the number of the death certificate to the primary cause of death as coded 

by a physician from the Central Bureau of Statistics. There was no loss due to loss of follow-up.

Laboratory measurements
Upon entry in the cohort, blood was drawn after an 8-12 hour overnight fasting period. EDTA 

plasma and serum samples were stored at -80°C until assessment of biochemical measures for 

this study. Vitamin D status was assessed by measuring 25(OH)D in EDTA plasma using isotope 

dilution–online solid phase extraction liquid chromatography tandem mass spectrometry19, 

1,25(OH)
2
D was measured by liquid chromatography tandem mass spectrometry20.  Plasma 

C-terminal FGF-23 levels were determined by sandwich ELISA (Immutopics).21 Plasma creatinine 

concentrations were determined using a modified version of the Jaffe method (MEGA AU 510, 
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Merck Diagnostics) until March 2006, and thereafter by an enzymatic assay (Roche).  A correction 

factor (calculated using Passing and Bablok linear regression [CLSI EP9 guideline]) was applied to 

adjust values that were measured by the Jaffe method. eGFR was calculated using the chronic 

kidney disease Epidemiology Collaboration (CKD-EPI) equation.22 Annual change in the eGFR 

was calculated from the slope of the regression line through all available eGFR values during 

follow-up (provided that a minimum of three values were available). PTH was measured using 

a RIA. Serum albumin, calcium, cholesterol, C-reactive protein (CRP), glucose, hemoglobin, 

phosphate and triglycerides, and urinary total protein were determined by routine laboratory 

measurements. 

Statistical analysis
Data are presented as mean ± SD, median [interquartile range], and number (percentage) for 

normally, non-normally distributed data, and nominal data, respectively. P<0.05 (two-tailed) was 

considered to indicate statistical significance. Statistical analyses were performed using SPSS 20.0 

for Windows (SPSS Inc.), R Foundation for Statistical Computing,  and Stata Statistical Software: 

Release 11.

All baseline data were greater than 99% complete except for PTH (21% missing values). 

Multiple imputation (n=5) was used to deal with missing baseline data.23 Variable distribution 

was tested with histograms and probability plots. For illustrative purposes, the study population 

was subdivided into tertiles of baseline vitamin D status to visualize associations with vitamin 

D. P for differences in vitamin D tertiles were assessed with ANOVA for normally distributed 

continuous data, the Kruskal-Wallis test for non-normally distributed data, and the χ2 test for 

nominal data. Univariable and subsequent multivariable linear regression analyses were used to 

identify independent determinants of 25(OH)D or 1,25(OH)
2
D levels. Non-normally distributed 

variables were transformed to the natural log to fulfill criteria for linear regression analyses. 

Multivariable linear regression models were constructed using backward selection (P
out

>0.05) 

including variables that were significantly associated with plasma 25(OH)D or 1,25(OH)
2
D levels 

in univariable analysis. 

Associations of 25(OH)D and 1,25(OH)
2
D with all-cause mortality were assessed using Cox 

proportional hazards regression analysis with adjustment for age, sex, current smoking, systolic 

BP, waist circumference, diabetes mellitus, eGFR (CKD-EPI) and determinants of 25(OH)D (i.e., 

season, low-density lipoprotein [LDL] cholesterol, ln PTH, and dialysis vintage) and determinants 

of 1,25(OH)
2
D (i.e., high-density lipoprotein [HDL] cholesterol, use of angiotensin-converting 

enzyme inhibitor/angiotensin receptor blocker [ACEi/ARB], phosphate, and transplant vintage), 

respectively. 

The multivariable-adjusted Cox regression analyses for the associations of 25(OH)D and 

1,25(OH)
2
D with death-censored graft failure were adjusted for (recipient) age, (recipient) sex, 

human leukocyte antigen mismatches, donor age, donor sex, type of kidney transplantation 

(living or deceased), eGFR (CKD-EPI), (ln transformed) proteinuria, and determinants of 25(OH)D 

(i.e., sex, season, LDL cholesterol, PTH, and dialysis vintage) and determinants of 1,25(OH)
2
D (i.e., 
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current smoking, HDL cholesterol, use of ACEi/ARB, serum phosphate, and transplant vintage), 

respectively. Continuous variables were entered as continuous variables in the models. Cox 

regression models were built stepwise to avoid overfitting and to keep the number of covariates 

accurate in relationship to the number of events.24

The association of vitamin D levels with annual change in eGFR was assessed using linear 

regression analyses. Given that the association of 25(OH)D with annual change in eGFR was not 

linear, we categorized 25(OH)D levels in two categories (i.e., <12 ng/mL versus ≥12 ng/mL [30 

nmol/L]) based on the results of the fractional polynomial regression analysis. In multivariable 

linear regression analyses, we adjusted for potential confounders including age, sex, waist 

circumference, systolic BP, diabetes, baseline eGFR, and (ln transformed) proteinuria. 

Because vitamin D supplementation could influence the association between vitamin 

D status and outcomes, we excluded subjects using vitamin D supplements at baseline in 

additional sensitivity analyses. We repeated the Cox regression analyses for all-cause mortality 

and death-censored graft failure and the linear regression analyses for annual change in eGFR.

RESULTS

Study population
The study population consisted of 435 RTRs (51% male, aged 52 ± 12 y) at a median time of 

6.3 (interquartile range [IQR], 3.1-11.7) years after kidney transplantation. Mean concentrations of 

25(OH)D and 1,25(OH)
2
D were 21.6 ± 9.1 ng/mL (54.0 ± 22.8 nmol/L) and 45.2 ± 19.0 pg/mL (108.4 

± 45.6 pmol/L), respectively. In this population, 214 patients (49%)  were vitamin D deficient 

[25(OH)D <20 ng/mL], 145 (33%) patients were insufficient (20-30 ng/mL) and 76 (18%) were 

sufficient (>30 ng/mL). Baseline patient characteristics of the study population are shown in 

Table 1. Baseline characteristics according to tertiles of 25(OH)D and 1,25(OH)
2
D are presented 

in Supplemental Table 1. At baseline, 43 patients (10%) were using vitamin D supplements; 34 

patients used alfacalcidol with daily dose 0.25 [IQR, 0.25-0.5] µg, three patients used calcitriol 

with daily dose 0.25 or 0.5 µg, two patients used dihydrotachysterol with daily dose 0.1 or 0.2 mg, 

and for four patients the type of vitamin D analog was unknown. Multivariable linear regression 

analyses showed that 1,25(OH)
2
D, season, sex and LDL cholesterol were positively associated, 

whereas waist circumference, PTH and dialysis duration were inversely and independently 

associated with 25(OH)D concentrations (Table 2). In similar analyses, eGFR, 25(OH)D, use of 

statins and HDL cholesterol were positively associated, whereas transplant vintage, serum 

phosphate, use of ACEi/ARB and smoking were inversely and independently associated with 

1,25(OH)
2
D levels (Table 2). 

Vitamin D status and mortality
At a median follow-up period of 7.0 (IQR, 6.2-7.5) years, 99 of 435 patients died (22.8%). In 

univariable analyses, both 25(OH)D and 1,25(OH)
2
D were significantly associated with all-cause 
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mortality (hazard ratio [HR], 0.64; 95% confidence interval [CI], 0.51-0.81; P<.001 and 0.69 [95% CI, 

0.55-0.87], P=.002 per SD increase, respectively) (Table 3). The inverse association of 25(OH)D with 

all-cause mortality remained significant after adjustment for potential confounders including 

age, sex, current smoking, systolic BP, waist circumference, diabetes mellitus, eGFR (CKD-EPI) 

and determinants of 25(OH)D (i.e., season, LDL cholesterol, ln PTH and dialysis vintage) (HR, 0.68; 

95% CI, 0.52-0.89; P=.004), whereas the association of 1,25(OH)
2
D with all-cause mortality lost 

significance after adjustment for  renal function (HR, 0.85 [95% CI, 0.66-1.10], P=.2) (Table 3). The 

Table 1. Baseline patient characteristics of the study population and associations with 25(OH)D 
and 1,25(OH)2D levels

Patient characteristics Univariable associations with vitamin D (P for trend)

Characteristic (n=435) 25(OH)D 1,25(OH)
2
D

     25(OH)D, ng/mL 21.6 ± 9.1 - <0.001
     1,25(OH)

2
D, pg/mL 45.2 ± 19.0 <0.001 -

Demographics
     Age, years 52 ± 12 0.14 0.19
     Male gender, n (%) 222 (51.0) 0.02 0.01
     Current smoker, n (%) 93 (21.4) 0.03 <0.001
     Current diabetes, n (%) 76 (17.5) 0.002 0.59
     BMI, kg/m2 25.9 ± 4.3 0.001 0.13
     Waist circumference, cm 97 ± 14 0.003 0.003
     Systolic blood pressure, mmHg 153 ± 24 0.02 0.02
     Diastolic blood pressure, mmHg 90 ± 10 0.16 0.03
Transplantation
     Transplant vintage, years 6.3 [3.1-11.7] 0.14 0.01
     Deceased donor, n (%) 383 (88.0) 0.62 0.91
     Dialysis duration, months 28 [13-49] 0.001 0.43
Renal function
     Proteinuria, g/24h 0.2 [0.0-0.5] 0.56 <0.001
     eGFR, CKD-EPI, mL/min/1.73m2 46.5 ± 16.4 0.20 <0.001
Laboratory measurements
     Total cholesterol, mg/dL 217 ± 39 0.17 0.28
     HDL cholesterol, mg/dL 43 ± 13 0.24 <0.001
     LDL cholesterol, mg/dL 136 ± 37 0.009 <0.05
     C-reactive protein, mg/L 2.2 [0.9-5.1] <0.001 0.007
     Serum albumin, g/dL 4.0 ± 0.3 0.04 0.03
     Calcium, mg/dL 9.5 ± 0.6 0.82 0.03
     Phosphate, mg/dL 3.3 ± 0.7 0.85 <0.001
     FGF-23, RU/mL 142 [95-236] 0.46 <0.001
     PTH, pg/mL 86 [56-125] 0.02 0.45
Medication
     ACEi or ARB, n (%) 150 (34.5) 0.68 <0.001
     No. of antihypertensives 2 [1-3] 0.34 0.19
     Vitamin D suppletion, n (%) 43 (9.9) 0.16 <0.05
     Statins, n (%) 220 (50.6) 0.12 <0.001
Data are presented as n (%), mean ± SD, or median [interquartile range] for nominal, normally distributed, and non-normally distributed data, 
respectively. The P-value represents the P for trend in univariable linear regression analysis.
Abbreviations: 1,25(OH)

2
D, 1,25 dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; ACEi, angiotensin-converting enzyme inhibitor; ARB, 

angiotensin receptor blocker; BMI, body mass index; eGFR, estimated glomerular filtration rate; FGF-23, fibroblast growth factor-23; HDL, high-
density lipoprotein; LDL, low density lipoprotein; PTH, parathyroid hormone.
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Table 2. Multivariable associations of 25(OH) vitamin D and 1,25(OH)2 vitamin D 
concentrations with clinical parameters in stable renal transplant recipients

Clinical parameter 25(OH)D 1,25(OH)2D

Std β P-value Std β P-value
25(OH)D (ng/mL) - - 0.35 <0.001
1,25(OH)

2
D (pg/mL) 0.30 <0.001 - -

Male gender   0.19 <0.001 - -
Season   0.30 <0.001 - -
Smoking - - - 0.09 0.02
Waist circumference, cm - 0.14 0.001 - -
eGFR, ml/min/1.73m2 - -   0.36 <0.001
Use of ACEi/ARB - - - 0.11 0.004
HDL cholesterol, mg/dL - -   0.14 <0.001
LDL cholesterol, mg/dL   0.13 0.002 - -
Use of statins - -   0.29 <0.001
Phosphate, mg/dL - - - 0.13 0.002
Ln PTH, pg/mL - 0.11 0.03 - -
Transplant vintage, years - - - 0.19 <0.001
Dialysis duration, months - 0.10 0.02 - -
Data are presented as standardized β coefficient (std β) with corresponding P-value for the pooled data. 
Abbreviations: 1,25(OH)

2
D, 1,25 dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; ACEi, angiotensin-converting enzyme inhibitor; ARB, 

angiotensin receptor blocker; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PTH, 
parathyroid hormone.

crude and fully adjusted HRs for all-cause mortality according to levels of 25(OH)D and 1,25(OH)
2
D 

are shown in Figure 1. 

Cardiovascular disease was the most frequent cause of death (53%) followed by malignancy 

(25%) and infection (15%). In univariable analyses, the causes of death cardiovascular disease, and 

infection were inversely associated with 25(OH)D (HR, 0.67 [95% CI, 0.49-0.92]; P=.01; HR, 0.35 [95% 

CI, 0.17-0.73]; P=.005, respectively) whereas malignancy was not (Supplemental Table 2).

Table 3. Associations of 25(OH)vitamin D and 1,25(OH)2 vitamin D levels with all-cause 
mortality in stable renal transplant recipients (nevents/ntotal = 99/435)

25(OH)D 1,25(OH)
2
D

HR 95% CI P HR 95% CI P
Model 1 0.64 0.51 to 0.81 <0.001 0.69 0.55 to 0.87 0.002
Model 2 0.69 0.55 to 0.87 0.001 0.72 0.58 to 0.90 0.003
Model 3 0.73 0.57 to 0.93 0.01 - - -
Model 3a - - - 0.77 0.61 to 0.97 0.03
Model 4 0.72 0.52 to 0.93 0.01 - - -
Model 4a - - - 0.77 0.60 to 0.97 0.03
Model 5 0.68 0.52 to 0.89 0.004 - - -
Model 5a - - - 0.85 0.66 to 1.10 0.2
Data are presented as hazard ratio (HR) per standard deviation increase in 25(OH)D or 1,25(OH)

2
D concentrations plus 95% confidence interval (CI). 

Model 1: crude. Model 2: adjusted for age and gender. Model 3: as model 2 and additionally adjusted for current smoking, systolic blood pressure, 
waist circumference, LDL cholesterol,  and diabetes mellitus. Model 3a: as model 2 and additionally adjusted for current smoking, systolic blood 
pressure, waist circumference, HDL cholesterol, and diabetes mellitus. Model 4: as model 3 and additionally adjusted for season, dialysis vintage, and 
ln PTH. Model 4a: as model 3a and additionally adjusted for use of ACEi/ARB, and transplant vintage. Model 5: as model 4 and additionally adjusted for 
eGFR. Model 5a: as model 4a and additionally adjusted for eGFR and serum phosphate.
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Figure 1. The risk for all-cause mortality presented by 25(OH)-vitamin D, left; and 1,25(OH)2 
vitamin D levels, right; compared with mean 25(OH)D and 1,25(OH)2D concentrations, 
respectively, in stable renal transplant recipients 

The line in the graph represents the risk for all-cause mortality. The grey area represents the 95% confidence interval of the hazard ratio (HR). The HRs 
of model 1 (crude) and the fully adjusted HRs (model 5 and 5a, respectively) are shown in the upper and lower figures, respectively. 

Figure 2. Scatter plot of the annual change in eGFR according to 25(OH)D and 1,25(OH)2D levels

The line in the graph indicates the predicted change in eGFR with corresponding 95% confidence interval. Data of one patient with extreme values of 
1,25(OH)

2
D (6.4 pg/mL) is not shown.
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As sensitivity analyses, we repeated Cox regression analyses in RTRs who did not use vitamin D 

supplements at baseline (n=392, 84 events). The results of these sensitivity analyses were not 

materially different from the primary analyses; 25(OH)D (fully adjusted HR, 0.68 [95% CI, 0.51-

0.90] per SD increase; P=.008), but not 1,25(OH)
2
D (fully adjusted HR, 0.86 [95% CI, 0.66-1.14] per 

SD increase; P=.3), was significantly associated with all-cause mortality after adjustment for 

potential confounders.

Vitamin D status, change in eGFR, and graft failure
In this population of stable RTRs, the mean annual change in eGFR was -0.76 ± 2.64 ml/

min/1.73m2/yr. Scatter plots of the annual change in eGFR and predicted annual change in 

eGFR according to levels of 25(OH)D and 1,25(OH)
2
D are shown in Figure 2. In univariable linear 

regression analyses, 25(OH)D levels less than 12 ng/mL were significantly associated with a higher 

annual change in eGFR (β, -0.15; P=.007). This association remained significant after adjustment 

for potential confounders including age, sex, waist circumference, systolic BP, diabetes, eGFR, 

and ln proteinuria (β, -0.11; P=.03). After exclusion of subjects with vitamin D supplementation at 

baseline, we observed a similar trend in the fully adjusted analysis (β, -0.10; P= .06). In univariable 

linear regression analyses, 1,25(OH)
2
D level was not associated with annual change in eGFR (β, 

0.01; P=.8). 

After a median follow-up of 7.0 (IQR, 5.8-7.5) years, 44 of 435 patients (10.1%) developed 

allograft failure. In univariable analyses, 1,25(OH)
2
D, but not 25(OH)D, was significantly associated 

with death-censored graft failure (HR, 0.34 vs. 0.90; 95% CI, 0.23-0.52 vs. 0.65-1.22; P<.001 vs. =.5, 

respectively) (Table 4). However, the association of 1,25(OH)
2
D with death-censored graft failure 

lost significance after adjustment for renal function (Table 4). The results of these sensitivity 

analyses in patients without vitamin D supplementation at baseline (n=392, 36 events) were 

not materially different from the primary analyses; 1,25(OH)
2
D but not 25(OH)D was significantly 

associated with graft failure in univariable analyses (HR, 0.37 vs. 0.90; 95% CI, 0.24-0.59 vs. 0.63-

1.27; P<.001 vs. =.5 per SD increase, respectively), but this association lost significance after 

adjustment for renal function (HR, 0.92; 95% CI, 0.57-1.48; P=.7 per SD increase).

Table 4. Associations of 25(OH)vitamin D and 1,25(OH)2 vitamin D levels with death-censored 
graft failure in stable renal transplant recipients (nevents/ntotal = 44/435)

25(OH)D 1,25(OH)
2
D

HR 95% CI P HR 95% CI P
Model 1 0.90 0.65 to 1.22 0.5 0.34 0.23 to 0.52 <0.001
Model 2 0.86 0.62 to 1.19 0.4 0.33 0.21 to 0.51 <0.001
Model 3 0.83 0.60 to 1.15 0.3 0.35 0.23 to 0.54 <0.001
Model 4 0.90 0.62 to 1.29 0.6 - - -
Model 4a - - - 0.52 0.34 to 0.80 0.003
Model 5 0.92 0.79 to 1.09 0.6 0.77 0.49 to 1.21 0.3
Data are presented as hazard ratio (HR) per standard deviation increase in 25(OH)D and 1,25(OH)

2
D concentrations plus 95% confidence interval (CI). 

Model 1: crude. Model 2: adjusted for age and gender. Model 3: adjusted for age, gender, HLA mismatches, age donor, gender donor, and type 
of transplantation. Model 4: adjusted for gender, season, waist circumference, LDL cholesterol, dialysis vintage and ln PTH. Model 4a: adjusted 
for current smoking, HDL cholesterol, use of ACEi/ARB, serum phosphate and transplant vintage. Model 5: adjusted for age, gender, eGFR and ln 
proteinuria.

PA
R

T 
II

Proefschrift Charlotte Keyzer.indd   146 19-09-15   16:07



147

DISCUSSION

The main aim of this study was to investigate the long-term implications of low 25(OH)D and 

1,25(OH)
2
D levels measured in stable RTRs greater than 1 year after transplantation. In a large 

observational cohort of 435 stable RTRs, we found that 25(OH)D levels were independently 

associated with all-cause mortality and that very low levels of 25(OH)D (i.e., <12 ng/ml) were 

independently associated with a stronger annual decline in eGFR during long-term follow-up. 

Although the inverse association of 25(OH)D with all-cause mortality was independent of renal 

function (eGFR), the associations of 1,25(OH)
2
D with all-cause mortality and graft failure were 

dependent on renal function. 

A recently published study of Bienaimé et al(13) showed that low levels of 25(OH)D early 

post-transplantation (i.e., 3 mo after transplantation) were associated with lower measured GFR 

1 year post-transplantation. In extension to these findings, Obi et al25 showed that severe vitamin 

D deficiency (i.e., <12 ng/ml) predicts a rapid decline in eGFR in RTR at less than 10 years after 

transplantation. In agreement with the results of these previous studies, we found that 25(OH)D 

levels less than 12 ng/ml were independently and significantly associated with a higher annual 

renal function decline. We extend the findings of previous studies and showed that 25(OH)D was 

associated with all-cause mortality and renal function decline independently of the time since 

transplantation. 

In this study population, we also observed inverse associations of 1,25(OH)
2
D with all-cause 

mortality and graft failure; however, these associations were dependent on renal function. This is 

not unexpected given the fact that the enzyme 1α-hydroxylase, the enzyme that converts 25(OH)

D into 1,25(OH)
2
D, is predominately expressed in renal tubular epithelial cells. Interestingly, the 

inverse association between 25(OH)D and all-cause mortality was independent of renal function 

or 1,25(OH)
2
D. Besides tubular epithelial cells, various extrarenal tissues express 1α-hydroxylase; 

it is therefore conceivable that part of the circulating 25(OH)D is locally converted to 1,25(OH)
2
D, 

with subsequent local activation of vitamin D receptors.26

In the general population and in patients with chronic kidney disease (CKD), preliminary 

intervention studies suggest that restoring 25(OH)D levels with nutritional supplementation 

might reduce the risk of mortality.27,28 In patients with CKD, vitamin D analogs reduce proteinuria, 

an intermediate for renal and cardiovascular outcomes.29 Several studies have shown that 

cholecalciferol supplementation safely increases 25(OH)D levels in renal transplant recipients. 

However, the limited sample size of these studies precludes conclusions on whether vitamin D 

can affect clinical outcomes.30,31 The findings of this study, along with previous studies, urge for 

a large-scale trial in the renal transplant population addressing the relationship between vitamin 

D levels and patient and graft survival.

Several limitations of our study warrant consideration. First, our study was observational 

in nature, and although we adjusted for several potential confounding variables including 

parameters of renal function, the possibility of residual confounding cannot be excluded. Second, 

25(OH)D and 1,25(OH)
2
D levels were measured at a single time point only and therefore we could 

VITAMIN D STATUS IN KIDNEY TRANSPLANTATION

6

Proefschrift Charlotte Keyzer.indd   147 19-09-15   16:07



148

not take potential changes over time into account. However, when intra-individual variability 

of variables is taken into account (i.e., by repeated measurements) it would only strengthen 

the association between the variable and outcomes.32,33 Furthermore, the number of patients 

with severe 25(OH)D deficiency [i.e., 25(OH)D levels <12 ng/ml] was relatively small in this study 

population. Finally, because we were interested in the relationship between vitamin D status and 

outcome in stable RTRs and included patients greater than 1 year after transplantation, we could 

have introduced survivor bias. Although this limits the generalizability of our study to the overall 

transplant population, our cohort reflects the stable transplant recipient population, which is the 

vast majority of renal transplant recipients. 

Given the observational design of our study, we can only speculate on the possible mechanisms 

involved in the inverse association between 25(OH)D levels and mortality. Vitamin D has been 

implicated in innate immunity; therefore vitamin D deficiency may contribute to an increased risk 

of infectious diseases, which are in any case a serious threat for RTRs.34,35 Furthermore, prospective 

cohort studies demonstrated associations between vitamin D deficiency and increased risk 

of cancer or incident cardiovascular disease, independently of established risk factors.36,37 The 

currently ongoing Vitamin D and Omega-3 Trial study (ClinicalTrials.gov NCT01169259) aims to 

enroll 20 000 subjects to prospectively investigate the effect of cholecalciferol in the primary 

prevention of cancer and cardiovascular disease. 

The main strength of this study is that it is, to our knowledge, the first study to address the 

association of both 25(OH)D and 1,25(OH)
2
D, with graft and patients outcomes in stable RTRs. 

Additional strengths are the relatively large cohort size, the long term, and complete follow-up. 

Finally, the availability of both 25(OH)D and 1,25(OH)
2
D levels allowed a thorough comparison 

between 25(OH)D and 1,25(OH)
2
D with long-term outcomes. 

In conclusion, this study shows that low plasma 25(OH)D is independently associated with 

an increased risk of all-cause mortality in stable renal transplant recipients, thereby extending 

findings from other studies linking vitamin D deficiency with increased mortality in the general 

population, patients with CKD, and hemodialysis patients.38-40 In addition, we found that low 

levels of 25(OH)D (i.e., <12 ng/ml) were independently associated with higher annual decline 

in eGFR. These results should encourage randomized controlled trials evaluating the effect of 

vitamin D supplementation on long-term survival outcomes after kidney transplantation.
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Supplementary Table S1. Baseline patient characteristics of the study population presented as tertiles of 
25(OH)D and 1,25(OH)2D

Tertiles of 25(OH)D Tertiles of 1,25(OH)
2
D

Tertile 1 Tertile 2 Tertile 3 P-value Tertile 1 Tertile 2 Tertile 3 P-value
     N 144 146 145 - 144 146 145 -
     25(OH)D, ng/mL <16.4 16.4-24.7 >24.7 - 18.8±8.1 21.9±8.9 24.1±9.6 <0.001
     1,25(OH)2D, pg/mL 38.8±16.4 45.2±16.8 51.4±21.4 <0.001 <36.2 36.2-50.0 >50.0 -
Demographics
     Age, years 54±12 51±12 52±12 0.122 52±12 53±12 50±12 0.297
     Male gender, n (%) 61 (42) 76 (52) 85 (59) 0.021 82 (57) 76 (52) 64 (44) 0.089
     Season - - - - - - - -
     Winter, n (%) 45 (31) 38 (26) 13 (9) <0.001 38 (26) 25 (17) 33 (23)  0.159
     Spring, n (%) 51 (35) 33 (23) 15 (10) <0.001 32 (22) 41 (28) 26 (18)  0.117
     Summer, n (%) 9 (6) 28 (19) 52 (36) <0.001 15 (10) 27 (18) 47 (32) <0.001
     Autumn, n (%) 39 (27) 47 (32) 65 (45)  0.005 59 (41) 53 (36) 39 (27)  0.038
     Current smoker,  n (%) 43 (30) 26 (18) 24 (17) 0.010 42 (29) 31 (21) 20 (14) 0.006
     Current diabetes, n (%) 34 (24) 30 (21) 12 (8) 0.001 27 (19) 23 (16) 26 (18) 0.785
     BMI, kg/m2 26.4±4.8 26.5±4.3 24.8±3.5 0.002 26.0±4.4 25.9±4.1 25.8±4.5 0.710
     Waist circumference, cm 98.1±13.6 97.9±14.4 93.7±12.7 0.006 98.0±13.3 96.7±12.8 94.9±14.9 0.048
     Systolic blood pressure, mmHg 156±24 152±23 150±23 0.019 155±24 153±25 149±21 0.017
     Diastolic blood pressure, mmHg 90±10 90±10 88±10 0.124 91±10 89±10 89±10 0.102
     History of MI, n (%) 11 (8) 10 (7) 16 (11) 0.398 10 (7) 14 (10) 13 (9) 0.732
     History of TIA/CVA, n (%) 6 (4) 8 (5) 5 (3) 0.703 9 (6) 4 (3) 6 (4) 0.318
Transplantation
     Transplant vintage, years 6.0 [2.4-11.3] 6.0 [3.5-11.3] 7.4 [3.7-12.6] 0.197 7.0 [3.6-12.0] 6.0 [2.9-12.4] 6.0 [2.5-10.7] 0.122
     Deceased donor, n (%) 129 (90) 127 (87) 127 (88) 0.776 129 (90) 126 (87) 128 (88) 0.686
     Dialysis duration, months 31 [14-57] 30 [13-47] 23 [11-45] 0.034 26 [12-52] 28 [16-46] 29 [12-48] 0.955
     Cold ischemia time, hours 22 [15-28] 21 [15-26] 22 [16-29] 0.465 21 [15-25] 23 [18-28] 22 [15-27] 0.202
     Total warm ischemia time, minutes 35 [30-45] 36 [30-45] 35 [30-45] 0.924 35 [30-45] 36 [30-45] 36 [30-45] 0.887
     Total no. of HLA mismatches 2 [1-3] 2 [0-2] 2 [1-2] 0.581 1 [0-2] 2 [1-3] 2 [1-3] 0.164
     History of acute rejection, n (%) 59 (41) 64 (44) 61 (42) 0.883 63 (44) 65 (45) 56 (39) 0.542
Renal function
     Proteinuria, g/24h 0.2 [0.0-0.6] 0.2 [0.0-0.6] 0.2 [0.0-0.5] 0.614 0.3 [0.2-0.7] 0.2 [0.0-0.5] 0.2 [0.0-0.4] <0.001
     eGFR, CKD-EPI, mL/min/1.73m2 46.6±17.2 46.9±15.0 46.0±16.9 0.731 38.8±15.6 46.2±15.3 54.3±14.5 <0.001
Laboratory measurements
     Hemoglobin, g/dL 13.5±1.5 13.6±1.3 13.3±1.5 0.371 13.2±1.4 13.5±1.5 13.7±1.3 0.001
     Glucose, mg/dL 89.6±25.9 87.7±20.0 82.4±13.2 0.003 87.0±21.7 84.8±15.6 87.9±23.5 0.728
     Total cholesterol, mg/dL 217 [189-243] 208 [187-237] 217 [194-239] 0.351 215 [191-241] 217 [190-240] 212 [188-237] 0.663
     HDL cholesterol, mg/dL 40.9 [32.8-49.3] 39.8 [35.4-50.3] 42.5 [32.8-53.1] 0.597 36.7 [29.7-46.6] 41.7 [35.4-49.5] 43.2 [36.1-54.4] <0.001
     LDL cholesterol, mg/dL 135 [115-154] 133 [113-157] 140 [118-162] 0.180 137 [119-159] 139 [116-162] 133 [111-149] 0.155
     Triglycerides, mg/dL 178 [126-248] 169 [130-232] 154 [116-205] 0.064 173 [129-245] 162 [124-217] 160 [120-218] 0.245
     C-reactive protein, mg/L 2.8 [1.4-6.2] 2.6 [0.9-7.3] 1.7 [0.6-3.6] <0.001 3.4 [1.1-8.0] 1.9 [0.7-4.4] 1.9 [1.0-4.1] 0.003
     Serum albumin, g/dL 4.0±0.4 4.1±0.3 4.1±0.3 0.033 4.0±0.3 4.1±0.4 4.1±0.3 0.014
     Calcium, mg/dL 9.52±0.67 9.58±0.63 9.54±0.59 0.708 9.41±0.59 9.62±0.60 9.60±0.68 0.010
     Phosphate, mg/dL 3.40±0.68 3.22±0.66 3.33±0.62 0.337 3.52±0.70 3.30±0.66 3.12±0.55 <0.001
     FGF-23, RU/mL 140 [94-252] 143 [94-232] 143 [96-244] 0.959 181 [122-372] 139 [91-236] 113 [83-170] <0.001
     PTH, pg/mL 99 [62-152] 83 [55-126] 79 [50-111] 0.020 76 [48-121] 101 [67-145] 83 [56-114] 0.007
Medication
     ACEi or ARB, n (%) 45 (31) 61 (42) 44 (30) 0.074 59 (41) 57 (39) 34 (23) 0.003
     Number of antihypertensives 2 [1-3] 2 [1-3] 2 [1-3] 0.222 2 [1-3] 2 [1-3] 2 [1-3] 0.568
     Vitamin D suppletion, n (%) 18 (13) 13 (9) 12 (8) 0.431 18 (13) 16 (11) 9 (6) 0.174
     Statins, n (%) 79 (55) 76 (52) 65 (45) 0.212 54 (38) 77 (53) 89 (61) <0.001
     Prednisone, dose (mg/day) 10 [7.5-10] 10 [7.5-10] 10 [7.5-10] 0.344 10 [7.5-10] 10 [8.8-10] 10 [7.5-10] 0.123
     Calcineurin inhibitor, n (%) 118 (82) 115 (79) 104 (72) 0104 104 (72) 110 (76) 123 (85) 0.028
     Proliferation inhibitor, n (%) 99 (69) 107 (73) 109 (75) 0.455 100 (69) 119 (82) 97 (67) 0.009
     Sicrolimus, n (%) 3 (2) 1 (1) 2 (1) 0.594 0 (0) 2 (1) 4 (3) 0.133
Data are presented as n (%), mean ± SD, and median [interquartile range] for nominal, normally distributed, and non-normally distributed data, respectively. The 
P-value represents the P for trend in univariable linear regression analysis.
Abbreviations: 1,25(OH)

2
D, 1,25 dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor 

blocker; BMI, body mass index; CVA, cerebrovascular accident; eGFR, estimated glomerular filtration rate; FGF-23, fibroblast growth factor-23; HDL, high-density 
lipoprotein; HLA, human leukocyte antigen; LDL, low density lipoprotein; MI, myocardial infarction; PTH, parathyroid hormone; TIA, transient ischemic attack.
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Supplementary Table S2. Univariate associations of 25(OH)D with cause of death in 
stable renal transplant recipients

Cause of death N HR 95% CI P
All-cause 99 0.64 0.51 to 0.81 <0.001
Cardiovascular 52 (53%) 0.67 0.49 to 0.92 0.01
Malignancy 25 (25%) 0.83 0.55 to 1.27 0.4
Infection 15 (15%) 0.35 0.17 to 0.73 0.005
Other/Unknown 7 (7%) 0.42 0.15 to 1.15 0.09
Data are presented as hazard ratio (HR) per standard deviation (SD) increase in 25(OH)D concentrations plus 95% confidence interval (CI). 
Mean ± SD 25(OH)D level: 21.6 ± 9.1 ng/mL. 
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ABSTRACT

Background and objectives. Renal fibrosis is a final common pathway contributing to graft 

failure after kidney transplantation (KTx). Aberrant Wnt/β-catenin signaling contributes to 

progressive renal fibrosis. Dickkopf-1 (Dkk-1) is a soluble endogenous inhibitor of the pro-fibrotic 

Wnt/β-catenin pathway, induced in response to tissue injury. We investigated whether serum 

Dkk-1 is associated with renal interstitial fibrosis and graft failure after KTx. 

Design, setting, participants, and measurements. Serum Dkk-1 was measured by ELISA 

(R&D) in two cohorts of renal transplant recipients. In a cross-sectional cohort the association 

of Dkk-1 with prevalent renal fibrosis was investigated using logistic regression. In a longitudinal 

cohort the association with graft failure was explored using Cox regression.

Results. In the cross-sectional cohort (n=225, 60% male, age 54±13 years) serum Dkk-1 was 

associated with renal fibrosis at two years post-KTx independent of age, sex, proteinuria and 

eGFR (odds ratio 2.10 [95% CI 1.11-3.95], P=0.02). In the longitudinal cohort (n=700, 57% male, 

age 53±13 years, 5.4 [1.9-12.0] years after KTx) 45 (6%) patients developed graft failure during 3.1 

[2.6-3.8] years’ follow-up. Serum Dkk-1 was inversely associated with graft failure (HR 0.45 [95% 

CI 0.27-0.76], P=0.003 per doubling of Dkk-1), independent of known risk factors for graft failure 

or Dkk-1 correlates. The association persisted in sensitivity analyses restricted to patients with 

clinical suspicion or histopathological evidence of fibrosis/atrophy. 

Conclusion. Serum Dkk-1, an endogenous inhibitor of the pro-fibrotic Wnt/β-catenin signaling, 

is associated with prevalent renal allograft fibrosis, and with long-term protection against 

graft failure in renal transplant recipients. These findings are in line with preclinical studies 

demonstrating that Dkk-1 is induced upon tissue injury and serves as an endogenous anti-

fibrotic factor, and position Dkk-1 as a potential target for anti-fibrotic therapy after KTx.   
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INTRODUCTION

Kidney transplantation improves the quality of life and life expectancy of patients with end-

stage renal disease. Short-term graft and patient prognosis have improved markedly over the 

past decades, mainly due to improved surgical techniques, immunosuppressive therapy and 

treatment of infectious complications. Despite these successes, improving long-term graft 

survival remains a major challenge. Chronic deleterious triggers including recurrent rejection 

episodes, polyomavirus-associated nephropathy, and pyelonephritis may contribute to the 

development of interstitial fibrosis and tubular atrophy (IF/TA), which is among the common 

causes of graft failure. Until recently, IF/TA was considered to be a non-specific final common 

pathway, but recent data suggest that careful examination likely elucidates a more specific 

cause.1 On a molecular level, pro-fibrotic processes drive the development of IF/TA and may 

determine an individual’s susceptibility to develop IF/TA.2

Increasing evidence suggests that Wnt/β-catenin signaling plays an important role in 

renal tissue responses to injury.3-7 The Wnt/β-catenin pathway controls the expression of 

several pro-inflammatory and pro-fibrotic genes.8 In the healthy adult kidney, Wnt signaling 

is downregulated after kidney development has been completed.9 Aberrant regulation of the 

Wnt/β-catenin pathway has been observed in chronic kidney disease3,5,6,10,11 and in a preclinical 

model of chronic renal allograft damage12. Inhibition of the Wnt/β-catenin pathway may reduce 

pro-fibrotic processes in the kidney.

Several endogenous extracellular antagonists of the Wnt signaling pathway have been 

identified, including members of the Dickkopf (Dkk) family. Dickkopf-1 (Dkk-1) binds to the 

Wnt co-receptors low-density lipoprotein receptor-related protein 5 and 6 (LRP-5 and LRP-6) 

and prevents the formation of an active Wnt receptor complex.13 In a preclinical model of renal 

fibrosis, ectopic expression of Dkk-1 resulted in suppression of Wnt/β-catenin target genes and 

attenuation of renal interstitial fibrosis.3 In line, Dkk-1 overexpression strongly reduced the pro-

fibrotic effects of transforming growth factor-β (TGF-β) in animal models.14 Interestingly, renal 

Dkk-1 seems to be up-regulated in animal models of renal fibrosis5,6, suggesting that Dkk-1 is a 

protective factor that is endogenously upregulated in response to tissue injury.

Since the role of Dkk-1 in human kidney transplantation is unknown, we investigated whether 

serum Dkk-1 is associated with prevalent renal interstitial fibrosis after kidney transplantation. 

Furthermore, we addressed whether serum Dkk-1 is associated with the risk of graft failure in 

longitudinal analysis. 

MATERIALS AND METHODS

Research design and subjects: Leuven cohort (Dkk-1 and renal fibrosis)
We performed a cross-sectional cohort study using data that had been prospectively collected 

from renal transplant recipients who received a single renal graft between March 2004 and June 
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2009 at the University Hospitals Leuven, as described previously15. From this cohort, patients 

were selected for the current analysis based on the availability of an adequate renal protocol 

biopsy at 24 months (n=225 [71%]) after transplantation. Blood samples were available for all 

patients with a functioning allograft during follow-up. Written informed consent was obtained 

from all patients, and the study was approved by the Institutional Review Board and Ethics 

Committee (study no. S53364).

Histology and measurements
Tissue cylinders were obtained by real-time ultrasound-guided percutanous renal transplant 

biopsy using a Biopsy gun with a 16-gauge needle. The cylinder was fixed in buffered formalin 

and embedded in paraffin for routine light microscopic examination, as described previously15. 

The severity of histological lesions was semi-quantitatively scored according to revised 1997 Banff 

criteria.16-18 The degree of renal interstitial fibrosis (the ci-score) was classified as either normal 

(ci=0), mild (ci=1), moderate (ci=2), or severe (ci=3). For analyses, renal fibrosis was reclassified as 

either no (ci=0), mild (ci-score 1) or severe (ci-score 2 or 3) fibrosis.15 All biopsies were reviewed 

by one blinded pathologist, independent of clinical information. Acute rejection was defined as 

biopsy proven rejection during the first 12 months after transplantation. eGFR was calculated 

with the Modification of Diet in Renal Disease (MDRD) formula. Proteinuria was measured as g/g 

creatinine in a 24-h urine collection.

Research design and subjects: Groningen cohort (Dkk-1 and graft failure)
For this longitudinal cohort study, RTR with a functioning graft for ≥ 1 year who visited the 

outpatient clinic of the University Medical Center Groningen (UMCG) between November 

2008 and June 2011 were invited for participation. A total of 707 out of 817 eligible RTR (87%) 

were included. This cohort design is representative of the outpatient clinic of prevalent renal 

transplant recipients in our center. Dkk-1 was measured in 700 RTR with available serum samples 

(99%). The Institutional Review Board approved the study protocol (METc 2008/186), which was 

in adherence to the Declaration of Helsinki. 

Clinical endpoints / follow-up
The primary endpoint of this study was death-censored graft failure, defined as restart of dialysis 

or retransplantation. The continuous surveillance system of the outpatient program ensures 

up-to-date information on patient status and cause of graft failure. General practitioners or 

referring nephrologists were contacted in case the status of a patient was unknown. The cause 

of graft failure was obtained from patient records and was reviewed by a blinded nephrologist. 

Renal histological information was obtained from biopsies performed up to 3 years before graft 

failure. Indication to perform a renal biopsy was the suspicion of a treatable cause of graft failure. 

Chronic allograft dysfunction was defined clinically as gradual renal function decline with or 

without progressive proteinuria. The endpoint graft failure was recorded until the end of May 

2013; median follow-up was 3.1 [IQR, 2.6-3.8] years. There was no loss to follow-up.

PA
R

T 
II

Proefschrift Charlotte Keyzer.indd   158 19-09-15   16:07



159

Clinical and laboratory measurements
Relevant transplant characteristics such as date of transplantation, donor characteristics, human 

leukocyte antigen (HLA) mismatches, cold and warm ischemia times and dialysis vintage were 

extracted from the local UMCG renal transplantation database. Information on medical history 

and medication use was obtained from patient records. Data on smoking behavior were 

obtained with a questionnaire. Blood pressure (mmHg) was measured semi automatically, every 

minute for 15 minutes, and the last three measurements were averaged. 

Body mass index was calculated as weight divided by height squared (kg/m2). Blood was 

drawn in the morning after completion of a 24-hour urine collection. Routine blood and urine 

analyses were performed using standard laboratory procedures. Serum samples were stored at 

-80°C. Serum creatinine was determined using a modified version of the Jaffé method (MEGA AU 

510; Merck Diagnostica, Darmstadt, Germany). Creatinine clearance (in mL/min) was calculated 

from creatinine concentrations in serum and 24-hour urine collections with the formula (U/S) x 

(V/1440) (where U is creatinine concentration in urine, S is creatinine serum concentration and 

V is 24h urine volume). Albuminuria is defined as urinary albumin excretion > 30 mg/24h. Class I 

and class II HLA- antibodies were assessed by ELISA (LATM20X5, One Lambda, Canoga Park, CA). 

Further details of the cohort have been published previously.19,20

Serum Dkk-1 measurement
Dkk-1 was measured in serum using a commercially available ELISA (R&D Systems, Minneapolis, 

USA) according to manufacturer’s recommendations. The intra- and inter-assay coefficients of 

variation are 4 and 6%, respectively; and the minimum detectable dose of Dkk-1 ranges from 

0.9 – 15.6 pg/mL, according to data provided by the manufacturer. We explored the dynamics 

of Dkk-1 over time in patients without renal fibrosis. To this extent, we selected a subgroup of 

30 patients from the Leuven cohort that did not develop renal fibrosis, i.e. the ci-score was 0 on 

protocol biopsies at 3, 12, and 24 months after transplantation. In this subgroup serum Dkk-1 was 

measured at 3 months, 12 months and 24 months after transplantation.

Statistical analysis
Data are presented as mean ± standard deviation, median [interquartile range], and number 

(percentage) as indicated. A P-value <0.05 (two-tailed) was considered statistically significant. 

Statistical analyses were performed using SPSS 22.0 for Windows (SPSS Inc., Chicago, IL), STATA 

Statistical Software: Release 11 (College Station, TX) and GraphPad Prism version 5.01 for Windows 

(GraphPad Software, San Diego, CA). 

Variable distribution was tested with histograms and probability plots. The Leuven cohort 

was subdivided into three groups based on severity of renal fibrosis; no, mild or severe fibrosis. 

P-values for differences in baseline characteristics according increasing renal fibrosis were assessed 

with ANOVA for normally distributed continuous data, the Kruskal-Wallis test for non-normally 

distributed data and the χ2 test for nominal data. Associations of Dkk-1 with renal fibrosis were 

further tested by multinomial logistic regression with adjustments for possible confounders, 
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including determinants of renal fibrosis and markers of chronic allograft dysfunction. Dkk-1 and 

proteinuria were 2 log transformed before entering the model. The multivariable model included 

adjustment for recipient age and gender, age donor, proteinuria and renal function (eGFR). 

The Groningen cohort was subdivided into tertiles of Dkk-1 to visualize associations with 

baseline characteristics. P-values for differences in Dkk-1 tertiles were assessed with ANOVA for 

normally distributed continuous data, the Kruskal-Wallis test for non-normally distributed data and 

the χ2 test for nominal data. Univariable and subsequent multivariable linear regression analyses 

were used to identify independent determinants of Dkk-1. Non-normally distributed variables were 

transformed to the natural log (Ln) to fulfill criteria for linear regression analyses. Multivariable linear 

regression models were constructed using backward selection (P
out

>0.05) including variables that 

were significantly associated with Dkk-1 in univariable linear regression analysis. 

Tertiles of Dkk-1 were tested for associations with death-censored graft failure by Kaplan-

Meier analysis with log-rank testing. Associations of Dkk-1 with graft failure were further tested 

by Cox proportional hazards regression analysis with adjustments for possible confounders. 

Dkk-1, urinary albumin excretion, alkaline phosphatase and cholesterol were 2 log transformed 

before entering the model. Hazard ratios are reported per doubling of Dkk-1 concentration. 

Models were adjusted for transplant characteristics (model 1: HLA mismatches, class I and II anti-

HLA antibodies, cold and warm ischemia time), for recipient characteristics (model 2: recipient 

age and gender, dialysis vintage, acute rejection and [2 log] urinary albumin excretion), for 

donor characteristics (model 3: donor type (deceased vs. living), donor age and gender), or for 

determinants of Dkk-1 (model 4: recipient age, [2 log] alkaline phosphatase, [2 log] cholesterol, 

class II anti-HLA antibodies and creatinine clearance). The number of covariates in each Cox 

regression model was kept small because of the relatively low number of events. As a sensitivity 

analysis, we repeated Cox regression analyses for death-censored graft failure in a subgroup 

restricted to subjects with either chronic allograft dysfunction or biopsy-proven IF/TA.

RESULTS

Study population: Leuven cohort (Dkk-1 and renal fibrosis)
The cohort consisted of 225 RTR (60% male, 54±13 years); 79 patients had no renal fibrosis (ci-

score = 0), 90 patients had mild fibrosis (ci-score = 1) and 56 patient had severe fibrosis (ci-score 

= 2-3) in protocol biopsies at 24 months after transplantation. Baseline patient characteristics 

according to renal fibrosis score are presented in Table 1. Serum Dkk-1 levels remained stable 

in a subgroup of patients without renal fibrosis; 1251 [871-1594] pg/mL at 3 months, 1002 

[728-1582] pg/mL at 12 months and 1091 [853-1608] pg/mL at 24 months after transplantation 

(P-trend=0.34). At 24 months after transplantation, Dkk-1 was higher in renal transplant recipients 

with severe fibrosis compared to those with no or mild renal fibrosis (Figure 1). Multivariable 

multinomial logistic regression demonstrated that a higher Dkk-1 level was associated with 

severe renal fibrosis, independent of recipient age and sex, donor age, recipient proteinuria, and 

eGFR (odds ratio 2.10 [95% CI 1.11-3.95], P=0.02, Table 2).
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Table 1. Baseline characteristics of the Leuven cohort at 24 months after transplantation, 
according to severity of renal interstitial fibrosis

No fibrosis*
N = 79

Mild fibrosis*
N = 90

Severe fibrosis*
N = 56 P

Dkk-1, pg/mL 1162 [915-1600] 1166 [861-1610] 1380 [1164-1787] 0.032

Demographics

     Age, years 54.5±12.9 52.3±12.8 51.5±13.5 0.37

     Male gender, n (%) 45 (57%) 58 (64%) 33 (59%) 0.59

Renal Transplantation

     Dialysis vintage, days 932 [460-1415] 1121 [716-1620] 1028 [616-1579] 0.13

     Cold ischemia time, hours 15.5 [11.0-17.5] 15.0 [13.0-18.0] 15.3 [11.9-19.5] 0.58

     Warm ischemia time, minutes 30 [28-37] 35 [30-40] 30 [29-37] 0.089

     Age donor, years 40.9±17.0 47.1±13.5 48.2±12.9 0.006

     Male gender donor, n (%) 44 (56%) 45 (51%) 38(69%) 0.10

     Rejection, n (%) 17 (22%) 23 (26%) 14 (25%) 0.81

Laboratory measurements

     Proteinuria, g/g 0.070 [0.045-0.130] 0.060 [0.040-0.115] 0.090 [0.050-0.150] 0.20

     eGFR, mL/min/1.73m2 57.8±15.8 52.8±15.1 47.4±20.2 0.002
Data are presented as n (%), mean ± SD, and median [interquartile range] for nominal, normally distributed, and non-normally distributed data, 
respectively. χ2 test was used for nominal data, Kruskal-Wallis test for non-normally distributed data and ANOVA for normally distributed data.  
*Renal fibrosis is reclassified as no fibrosis, (ci-score 0), mild fibrosis (ci-score 1) and severe fibrosis (ci-score 2 or 3). 
Abbreviations: eGFR, estimated glomerular filtration rate. 

Figure 1. Increased severity of interstitial fibrosis 
is associated with higher serum Dkk-1 levels in the 
Leuven cohort

P value is based on T-tests after Ln transformation. * Indicates one outlier with 
Dkk-1 value of 6284 pg/mL.
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Study population: Groningen cohort (Dkk-1 and graft failure)
The Groningen cohort consisted of 700 RTR (57% male, aged 53 ± 13 years) who were at median 

5.4 [interquartile range (IQR) 1.9 – 12.0] years after kidney transplantation. Median serum Dkk-1 

level was 2140 [IQR, 1688 – 2752] pg/mL. Baseline patient characteristics according to tertiles of 

Dkk-1 are presented in Table 3. There were no substantial differences in transplant characteristics 

across tertiles of Dkk-1. In univariable linear regression, age and urinary albumin excretion were 

inversely correlated, whereas class II anti-HLA antibodies, hemoglobin, alkaline phosphatase, 

creatinine clearance, total cholesterol, LDL cholesterol, albumin and HbA1C were positively 

correlated with Dkk-1. Multivariable linear regression analyses identified alkaline phosphatase, 

creatinine clearance, total cholesterol and class II anti-HLA antibodies as positive correlates of 

serum Dkk-1 levels, whereas age was a negative correlate of serum Dkk-1 (Table 4; model R2 = 

0.05). 

Dkk-1 and graft failure
After a median follow-up of 3.1 [IQR 2.6 – 3.8] years, 45 out of 700 patients (6.4%) developed graft 

failure. Histological information was available for 20 (44%) patients who developed graft failure. 

The main cause of graft failure was chronic allograft dysfunction, either diagnosed clinically 

or histologically (73%). Of patients suspected of chronic allograft dysfunction, IF/TA >5% was 

present in 9/10, chronic transplant glomerulopathy in 7/10 and C4d positivity in 3/10 patients. 

Other causes were relapse of the original kidney disease (9%), infection (9%), vascular disease 

(4%), acute rejection (2%) and unknown causes (2%) (Supplemental Table S1). The incidence of 

graft failure during follow-up decreased per tertile of Dkk-1; first tertile n=22 (9.4%), second tertile 

n=14 (6.0%) and third tertile n=9 (3.9%). Kaplan-Meier analysis confirmed a gradual decrease in 

the risk of graft failure according to increasing tertiles of Dkk-1 (Figure 2; Log-rank P=0.03). In 

Cox regression analysis, Dkk-1 was significantly associated with the risk of death-censored graft 

failure (HR 0.45 [95% CI 0.27 – 0.76], P=0.003 per doubling of Dkk-1). This association remained 

significant upon adjustment for potential confounders (transplant characteristics, recipient 

characteristics, donor characteristics or determinants of Dkk-1, Table 5). 

As a sensitivity analysis, we repeated Cox regression analyses for death-censored graft failure 

in a subgroup restricted to subjects with either chronic allograft dysfunction or biopsy-proven 

IF/TA. Univariable Cox regression analysis yielded similar results as the primary analysis: Dkk-1 

was significantly associated with the risk of death-censored graft failure (HR 0.44 [95% CI 0.24 

– 0.82], P=0.01 per doubling of Dkk-1, 32 events). This association remained significant after 

multivariable adjustment for transplant, recipient or donor characteristics or determinants of 

Dkk-1 (Supplemental Table S2). 
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Table 2. Association of Dkk-1 with increasing renal fibrosis assessed by multinomial logistic 
regression analysis in the Leuven cohort

Odds ratio 95% CI P-value 

Mild fibrosis*

Dkk-1, pg/mL 1.07 0.63-1.83 0.8

Gender recipient 1.42 0.73-2.77 0.3

Age recipient, years 0.98 0.95-1.00 0.08

Age donor, years 1.03 1.01-1.05 0.02

Proteinuria, g/g 0.87 0.65-1.17 0.4

eGFR, mL/min/1.73m2 0.99 0.97-1.01 0.3

Severe fibrosis*

Dkk-1, pg/mL 2.10 1.11-3.95 0.02

Gender recipient 1.38 0.64-3.02 0.4

Age recipient, years 0.97 0.94-0.99 0.02

Age donor, years 1.03 1.00-1.06 0.04

Proteinuria, g/g 1.05 0.76-1.44 0.8

eGFR, mL/min/1.73m2 0.97 0.94-0.99 0.01
The odds ratios plus 95% confidence interval (CI) are reported. Dkk-1 and proteinuria odds ratios are reported per doubling. For dichotomous 
variable gender: 0 = male 1 = female. Abbreviations: eGFR, estimated glomerular filtration rate. 
*The reference category is no fibrosis (ci-score = 0). 

Figure 2. Kaplan-Meier curve graft failure according to tertiles of 
baseline serum Dkk-1 in the Groningen cohort

First Dkk-1 tertile (T1) < 1863 pg/mL, second tertile (T2) 1863-2497 pg/mL and third tertile (T3) >2497 
pg/mL.
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Table 3. Baseline patient characteristics of the Groningen cohort per tertile of serum Dkk-1 in 
stable renal transplant recipients

Overall
N = 700

Tertile 1
N = 235

Tertile 2
N = 232

Tertile 3
N = 233 P

Dkk-1 pg/mL 2137 [1682-2749] <1863 1863-2478 >2478 -
Demographics
     Age, years 53.0±12.8 54.2±12.6 53.8±12.4 50.9±13.1 0.009
     Male gender, n (%) 398 (57) 145 (62) 132 (57) 121 (52) 0.10
     Current smoker, n (%) 84 (13) 32 (15) 28 (13) 24 (11) 0.54
     Current diabetes, n (%) 170 (24) 62 (26) 56 (24) 52 (22) 0.59
     BMI, kg/m2 26.7±4.8 26.7±4.4 26.0±4.7 27.2±5.1 0.025
     Waist circumference, cm 98.6±14.6 99.4±13.8 97.0±14.6 99.3±15.5 0.13
     Systolic blood pressure, mmHg 136±17 136±19 134±16 137±17 0.30
     Diastolic blood pressure, mmHg 83±11 83±12 82±10 83±11 0.48
     Heart rate, bpm 69±12 68±13 67±11 70±12 0.032
Renal Transplantation
     Transplant vintage, years 5.4 [1.9-12.0] 6.1 [2.2-12.7] 5.4 [2.0-11.3] 5.1 [1.5-11.6] 0.40
     Living donor, n (%) 236 (34) 74 (32) 82 (36) 80 (35) 0.66
     Pre-emptive KTx, n (%) 106 (15) 33 (14) 37 (16) 36 (16) 0.84
     Dialysis vintage, month 27 [10-52] 27 [11-55] 28 [10-50] 25 [8-51] 0.51
     Cold ischemia time, hours 14 [3-21] 15 [3-22] 13 [3-21] 14 [3-20] 0.36
     Warm ischemia time, minutes 40 [34-50] 42 [34-52] 40 [33-48] 40 [35-50] 0.16
     HLA mismatches, n 2 [1-3] 2 [1-3] 2 [1-3] 2 [1-3] 0.08
     Class I anti-HLA antibodies, n (%) 107 (15) 37 (16) 37 (16) 33 (14) 0.84
     Class II anti-HLA antibodies, n (%) 121 (17) 37 (16) 34 (15) 50 (22) 0.11
     Age donor, years 42.8±15.6 43.3±15.0 43.9±15.2 41.1±16.4 0.13
     Male gender donor, n (%) 353 (52) 121 (53) 118 (52) 114 (50) 0.81
     Rejection, n (%) 186 (27) 63 (27) 68 (29) 55 (24) 0.38
Laboratory measurements
     Hemoglobin, mmol/L 8.22±1.08 8.08±1.14 8.27±1.02 8.31±1.06 0.045
     Glucose, mmol/L 5.72±1.84 5.75±1.51 5.74±2.01 5.66±1.97 0.85
     HbA1C, % 5.8 [5.5-6.2] 5.8 [5.5-6.2] 5.8 [5.5-6.2] 5.8 [5.5-6.2] 0.51
     Total cholesterol, mmol/L 5.0 [4.3-5.8] 4.8 [4.3-5.7] 5.0 [4.3-5.7] 5.2 [4.5-6.0] 0.034
     HDL cholesterol, mmol/L 1.3 [1.1-1.6] 1.3 [1.0-1.6] 1.3 [1.0-1.7] 1.3 [1.1-1.6] 0.27
     LDL cholesterol mmol/L 2.9 [2.3-3.5] 2.8 [2.3-3.4] 2.8 [2.3-3.4] 3.0 [2.4-3.9] 0.037
     Triglycerides, mmol/L 1.68 [1.25-2.30] 1.70 [1.24-2.30] 1.67 [1.22-2.28] 1.69 [1.29-2.34] 0.65
     hsCRP, mg/L 1.6 [0.7-4.6] 1.8 [0.8-4.8] 1.5 [0.6-3.7] 1.7 [0.8-5.0] 0.25
     Albumin, g/L 43.0±3.0 42.6±2.8 43.2±2.9 43.1±3.2 0.08
     Alkaline phosphatase, U/L 67 [53-83] 65 [53-81] 65 [50-78] 71 [60-94] <0.001
     Calcium, mmol/L 2.40±0.15 2.39±0.15 2.40±0.15 2.41±0.15 0.29
     Phosphate, mmol/L 0.96±0.21 0.97±0.22 0.98±0.21 0.95±0.20 0.38
     Magnesium, mmol/L 0.95±0.12 0.95±0.12 0.96±0.11 0.95±0.13 0.26
     PTH, pmol/L 8.9 [5.9-14.7] 9.5 [6.6-15.4] 8.5 [5.4-14.2] 9.2 [5.9-15.1] 0.27
     Urinary albumin excretion, mg/24h 41.6 [10.6-178.4] 58 [15-242] 29 [9-202] 36 [9-117] 0.038
     Albuminuria, n (%) 372 (54) 142 (62) 113 (50) 117 (51) 0.022
     Creatinine clearance, mL/min 65.9±26.6 62.7±26.6 65.9±25.9 69.1±26.8 0.036
Medication
     Anti-hypertensives, n (%) 617 (88) 211 (90) 202 (87) 204 (88) 0.63
     ACEi/ARB, n (%) 338 (48) 126 (54) 102 (44) 110 (47) 0.11
     Statins, n (%) 372 (53) 132 (56) 113 (49) 127 (55) 0.24
     Vitamin D use*, n (%) 172 (25) 58 (25) 57 (25) 57(25) 0.99
     Prednisone, mg/d 10.0 [7.5-10.0] 10.0 [7.5-10.0] 10.0 [7.5-10.0] 10.0 [7.5-10.0] 0.42
     Calcineurin inhibitor, n (%) 401 (57) 141 (60) 123 (53) 137 (59) 0.27
     Proliferation inhibitor, n (%) 584 (83) 187 (80) 196 (85) 201 (86) 0.13
Data are presented as n (%), mean ± SD, and median [interquartile range] for nominal, normally distributed, and non-normally distributed data, 
respectively. χ2 test was used for nominal data, Kruskal-Wallis test for non-normally distributed data and ANOVA for normally distributed data. P 
values <0.05 are in bold. Vitamin D use includes vitamin D analogues or supplements use.
Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blockers; BMI, body mass index; HDL, high-density 
lipoprotein; HLA, human leukocyte antigen; LDL, low-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; HbA1c, glycated hemoglobin; 
KTx, kidney transplantation; PTH, parathyroid hormone. 
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Table 4. Univariable and multivariable associations of serum Dkk-1* with clinical parameters 
in the Groningen cohort

Univariable Multivariable

Clinical parameters St. β P-value St. β P-value

Age, years -0.10 0.01 -0.09 0.016

Class II anti-HLA antibodies 0.08 0.03 0.09 0.02

Hemoglobin, mmol/L 0.12 0.001

HbA1C, %* 0.08 0.046

Total cholesterol, mmol/L* 0.10 0.01 0.11 0.004

LDL cholesterol, mmol/L* 0.10 0.007

Albumin, g/L 0.09 0.02

Alkaline phosphatase, U/L* 0.11 0.003 0.12 0.002

Calcium, mmol/L 0.07 0.06

Phosphate, mmol/L -0.03 0.43

PTH, pmol/L* -0.02 0.65

Urinary albumin excretion, mg/24h* -0.09 0.02

Creatinine clearance, mL/min 0.10 0.006 0.12 0.002

Vitamin D use‡ -0.03 0.45

Statin use <0.01 0.97
Data are presented as standardized beta’s (St. β) and P-values of linear regression analysis. *Ln transformed variables. ‡ Vitamin D use includes 
vitamin D analogues or supplements use.
Abbreviations: HLA, human leukocyte antigen; LDL, low-density lipoprotein; HbA1c, glycated hemoglobin; PTH, parathyroid hormone. 

Table 5. Associations of Dkk-1 with death-censored graft failure in stable renal transplant 
recipients (nevents/ntotal = 45/700)

Model 1 Model 2 Model 3 Model 4

Hazard ratio 0.33 0.45 0.46 0.50

95% CI 0.19-0.59 0.26-0.79 0.26-0.81 0.30-0.85

P-value <0.001 0.006 0.006 0.009
Model 1, adjustment for transplant characteristics; HLA mismatches, class I and II anti-HLA antibodies, cold and warm ischemia time. Model 
2, adjustment for recipient characteristics; recipient age and gender, dialysis vintage, acute rejection and urinary albumin excretion. Model 3, 
adjustment for donor characteristics; donor type (deceased vs. living), donor age and gender.  Model 4, adjustment for determinants of Dkk-1; recipient 
age, alkaline phosphatase, cholesterol, class II anti-HLA antibodies and creatinine clearance.
The hazard ratios plus 95% confidence interval (CI) are reported per doubling of Dkk-1.
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DISCUSSION

Reduction of renal pro-fibrotic processes may increase the long-term prognosis after kidney 

transplantation. The main findings of our study are that serum Dkk-1, an endogenous inhibitor 

of Wnt/β-catenin signaling, is associated with prevalent renal allograft fibrosis, and inversely 

associated with graft failure in renal transplant recipients. 

To our knowledge, our study is the first to assess the role of circulating Dkk-1 levels in relation 

to renal fibrosis and graft failure in human kidney transplantation. Multiple studies showed that 

human fibrotic diseases14 are associated with aberrant activation of the canonical Wnt pathway, 

among others by stimulating the differentiation of resting fibroblasts into myofibroblasts, 

increasing the release of extracellular matrix components and inducing fibrosis6. In experimental 

models of renal fibrosis it has been shown that Dkk-1 blocks the Wnt/β-catenin pathway, and 

subsequently ameliorates fibrosis.3,11,21 Our observation that serum Dkk-1 is increased in renal 

transplant recipients with severe renal fibrosis is in line with recent preclinical studies showing 

increased renal Dkk-1 gene expression in models of renal fibrosis.5, 6 This suggests that renal injury 

induces renal Dkk-1 as an endogenous anti-fibrotic pathway. We replicated these findings in the 

clinical setting, and documented that patients with relatively high Dkk-1 levels seem protected 

against long-term graft failure, in line with the anti-fibrotic role for Dkk-1 in the preclinical 

setting6. Furthermore, serum Dkk-1 levels did not change over time in renal transplant recipients 

without renal interstitial fibrosis at 3, 12 and 24 months after transplantation.

In multivariable regression analyses, alkaline phosphatase, renal function, total cholesterol 

class II anti-HLA antibodies and age emerged as determinants of serum Dkk-1. An association 

between Dkk-1 and (bone) alkaline phosphatase was also found in chronic kidney disease 

(CKD) stage 3–4 patients22 and is in line with the role of Dkk-1 as a negative regulator of bone 

homeostasis (through the Wnt/β-catenin signaling pathway)23. The association we observed 

with renal function and age was not noted in earlier studies among 77 stage 3B and stage 4 CKD 

patients24, nor among 19 post-menopausal renal transplant recipients and 12 post-menopausal 

chronic kidney disease patients25. This discrepancy could be explained by differences in sample 

size between these cohorts and our cohort. To our knowledge, no previous data exist on 

the association between total cholesterol and serum Dkk-1. However, a missense mutation 

in LRP6 (the co-receptor for Dkk-1) that causes impaired Wnt signaling has been linked with 

hyperlipidemia.26 The presence of class II HLA antibodies as an independent determinant of 

serum Dkk-1 is in line with the positive association between Dkk-1 and renal fibrosis in the 

Leuven cohort. Chronic antibody mediated rejection is one of the causes of progressive renal 

fibrosis, eventually resulting in graft dysfunction.27   

Our observation that circulating Dkk-1 levels are independently associated with graft failure 

after kidney transplantation implies that strategies promoting Dkk-1 levels or suppressing Wnt/

beta-catenin signaling may have a beneficial impact on graft outcomes, and thus may be a target 

for intervention. A previous study found that the vitamin D receptor activator paricalcitol (19-nor-

1,25-hydroxy-vitamin D2) improves podocyte function and reduces proteinuria and kidney 
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injury, at least in part by blocking Wnt/β-catenin-mediated gene transcription.5 Furthermore, 

preclinical studies suggest that activation of parathyroid hormone (PTH) receptors leads to 

activation of intracellular Wnt signaling by downregulation of Dkk-1 and sclerostin in bone.28,29 

Vitamin D analogues may thus inhibit Wnt signaling directly through the vitamin D receptor and 

indirectly through downregulation of PTH. A recent clinical trial reported that paricalcitol reduces 

albuminuria, a major hallmark of chronic allograft dysfunction, in renal transplant recipients, 

although eGFR was also reduced.30. Whether vitamin D receptor activation may reduce the risk 

of graft failure after kidney transplantation, and whether this may be through Dkk-1, remains to 

be addressed.

Our study has several strengths and limitations. Although both cohorts had a prospective 

design, they are observational by nature and therefore preclude conclusions on causality. 

Furthermore, we cannot exclude residual confounding to influence the association between 

Dkk-1 and graft failure. Unfortunately, we were not able to compare serum Dkk-1 values to 

reference values, because there are no data available on the reference range of serum Dkk-1 

in the general population. Finally, since the number of graft failure events was relatively small, 

the relative risk may overstate the clinical relevance and predictive accuracy. On the other hand, 

strengths include the complete follow-up and renal fibrosis and graft failure as clinically relevant 

endpoints.

In conclusion, our findings link serum Dkk-1, an endogenous inhibitor of the pro-fibrotic Wnt/

β-catenin signaling, with prevalent renal fibrosis after kidney transplantation, and with long-

term protection against graft failure in renal transplant recipients. Our observations confirm 

and extend preclinical data suggesting that Dkk-1 is an endogenous inhibitor of pro-fibrotic 

processes, which is induced in response to tissue injury. Future studies should address whether 

targeting the Wnt/β-catenin signaling pathway improves long-term renal outcomes after kidney 

transplantation.
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Supplemental Table S1. Cause of graft failure in 45 renal transplant recipients of the 
Groningen cohort

Cause of graft failure Histological diagnosis Clinical diagnosis Total

Chronic allograft dysfunction 10* 23 33

Return of original disease 4 4

Infection 4 4

Vascular disease 1 1 2

Acute rejection 1 1

Unknown 1 1

Total 20 25 45

*IF/TA >5 % was present in 9/10, chronic transplant glomerulopathy in 7/10 and C4d positivity in 3/10 patients. 

Supplemental Table S2. Associations of Dkk-1 with death-censored graft failure due to 
chronic allograft injury in the Groningen cohort (nevents/ntotal = 32/687)

Model 1 Model 2 Model 3 Model 4

Hazard ratio 0.31 0.43 0.45 0.48

95% CI 0.16-0.62 0.22-0.86 0.23-0.87 0.26-0.89

P-value 0.001 0.02 0.02 0.02
Model 1, adjustment for transplant characteristics; HLA mismatches, class I and II anti-HLA antibodies, cold and warm ischemia time. Model 2, 
adjustment for recipient characteristics; recipient age and gender, dialysis vintage, acute rejection and urinary albumin excretion. Model 3, adjustment 
for donor characteristics; donor type (deceased vs. living), donor age and gender.  Model 4, adjustment for determinants of Dkk-1; recipient age, alkaline 
phosphatase, cholesterol class II anti-HLA antibodies and creatinine clearance.
The hazard ratios plus 95% confidence interval (CI) reported per doubling of Dkk-1.
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CROSS-TALK BETWEEN THE RAAS AND THE VITAMIN D-FGF23-
KLOTHO AXIS

Activation of the renin-angiotensin-aldosterone system (RAAS) plays a major role in the 

development and progression of renal function loss as well as its cardiovascular complications. 

In chronic renal disease, deregulations in mineral metabolism including the vitamin D-fibroblast 

growth factor 23 (FGF23)-klotho axis are common and adversely affect cardiorenal outcomes. 

Interestingly, recent studies have suggested cross-talk at various levels between the RAAS and 

the vitamin D-FGF23-klotho axis.1 

The general aim of this thesis was to translate the implications of the cross-talk between 

these two major pathways into its clinical consequences. We have addressed this aim using two 

approaches. First, we studied the impact of modulation of the RAAS and the vitamin D-FGF23-

klotho axis on the risk of developing albuminuria and on anti-albuminuric treatment in CKD. 

Second, we studied the clinical impact of novel clinical readouts and factors downstream of the 

cross-talk in renal transplantation. 
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SUMMARY

Part I – Clinical impact of targeting cross-talk: albuminuria and renoprotective 
treatment
In chapter 1 we analyzed the interaction of vitamin D status and sodium intake on the risk 

of developing albuminuria in a general population based cohort. In this study we found an 

inverse association of 25-hydroxyvitamin D
3 

(25[OH]D) with the risk of developing albuminuria. 

This association could be explained by modulation of the RAAS by vitamin D. Vitamin D 

receptor (VDR) activation suppresses prorenin gene expression2, thus inhibiting RAAS activity3. 

Conversely, low vitamin D levels, through excessive renin production and subsequently 

angiotensin II activation, may facilitate albuminuria and subsequently renal inflammation and 

fibrosis.4,5 Interestingly, in line with the proposed cross-talk, the association between 25(OH)D 

and incident increased albuminuria was modified by sodium intake, an established modulator 

of the RAAS. Individuals with high sodium intake and low 25(OH)D levels had the highest risk to 

develop micro-albuminuria. A potential explanation could be that high sodium intake increases 

renal angiotensin-converting enzyme (ACE) activity.6,7 Increased renal ACE activity due to high 

sodium intake in combination with increased renin production as a consequence of low vitamin 

D levels may be additive factors promoting the development and progression of albuminuria. 

Alternatively, the interaction between vitamin D status and albuminuria by sodium intake could 

also be driven by pro-inflammatory and pro-fibrotic pathways, since both vitamin D deficiency8-11 

and high sodium intake12-14 have been linked to increased renal inflammation and fibrosis. To 

substantiate this observational association, prospective intervention in sodium status would be 

warranted. 

We performed a prospective intervention study addressing the effects of dietary sodium 

modulation and vitamin D receptor activator (VDRA) treatment on residual albuminuria in 

chronic kidney disease (CKD) patients on single-agent RAAS-blockade, as described in chapter 

2. We demonstrated that paricalcitol provided the lowest residual albuminuria during dietary 

sodium restriction, whereas during regular sodium intake paricalcitol had no effect on residual 

albuminuria. This finding highlights the clinical relevance of cross-talk between RAAS and vitamin 

D in a setting of renoprotective intervention, since the reduction of albuminuria is one of the 

key determinants of cardiorenal outcomes in CKD. Many studies have demonstrated that dietary 

sodium restriction potentiates the antiproteinuric efficacy of RAAS-blockade15-19, and apparently, 

this also applies to VDRA. 

Besides the interaction with vitamin D, the renoprotective effect of combined dietary sodium 

restriction and RAAS-blockade may be mediated by klotho. Klotho is considered a protective 

factor, and increasing soluble klotho levels is considered a target for cardiorenal therapy.20 

Surprisingly, in chapter 3, we discovered in a post-hoc analysis of a randomized controlled trial 

that the addition of dietary sodium restriction to background RAAS-blockade was accompanied 

by a small, albeit significant, reduction in serum klotho levels. We propose that this effect could 

be explained by a concomitant decline in renal function, by renal hypoxia or by increased RAAS 
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activation in patients on sodium restriction. An alternative explanation could be that technical 

limitations of the (IBL) klotho ELISA adversely influenced our results. Regardless of the underlying 

mechanism, our finding that dietary sodium restriction was accompanied by a reduction of serum 

klotho is in line with preclinical data.21 Conversely, both in preclinical21 and clinical22,23 studies, 

single-agent angiotensin receptor blockade (ARB) therapy increased klotho levels. In our study, 

on the other hand, the addition of an ARB to background ACE inhibitor (ACEi) did not increase 

klotho, particularly not during volume depletion. Our finding could at least in part be explained 

by the fact that in our study, ARB was added to background ACEi which was used throughout 

the study. This aspect of cross-talk between the RAAS and the vitamin D-FGF23-klotho axis 

could underlie the consistent observations from large clinical trials that dual RAAS-blockade 

does not confer additional long-term renoprotection despite albuminuria reduction.24-26 Of note, 

albuminuria was lowest in patients treated with low sodium and dual blockade, suggesting that 

deregulations in the vitamin D-FGF23-klotho axis, rather than albuminuria, would determine the 

long-term clinical outcome in the setting of dual RAAS blockade and volume depletion.

Part II – Clinical impact of cross-talk: novel clinical readouts and downstream factors
Deregulation of both the RAAS and the vitamin D-FGF23-klotho axis have been associated with 

adverse cardiovascular outcome. Progressive vascular calcification is a hallmark of CKD, and 

persists in the majority of renal transplant recipients27-29. Vascular calcification is the net result of 

several calcification-promoting and -inhibiting factors; therefore, a single factor cannot serve as a 

marker of overall calcification propensity. Interestingly, a novel assay able to quantify calcification 

propensity in serum has become available.30

In chapter 4 we quantified the serum calcification propensity in stable renal transplant 

recipients. Our main finding was that calcification propensity was associated with an increased 

risk of all-cause and cardiovascular mortality. These associations were independent of, and more 

strongly linked with outcomes than, established cardiovascular risk factors. Of interest, serum 

calcification propensity was also associated with graft failure in two independent cohorts. In 

theory, increased calcification propensity could lead to stiffness of the renal vasculature and 

intrarenal resistance. Another possible mechanism could be that mineralization propensity 

within the tubular system is related to the serum calcification propensity and to the risk of renal 

failure. This last hypothesis in known as the precipitation-calcification hypothesis, and is currently 

being re-considered in the field of renal failure progression.31,32

In order to translate this observation to clinically relevant targets for intervention, we set 

out to identify determinants of calcification propensity. In our cohort study serum magnesium, 

bicarbonate, albumin, and phosphate levels as well as the use of vitamin K antagonists were 

independently associated with calcification propensity
. 
These observations are in line with in 

vitro data demonstrating that phosphate has a direct accelerating effect, whereas magnesium, 

bicarbonate, albumin and vitamin K through γ-carboxyglutamic acid (Gla) protein have a direct 

delaying effect on calcification propensity.30,33-36

The inverse regulation of calcification propensity by vitamin K is mediated by endogenous 
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calcification inhibitors present in the vascular wall. One of the most prominent vitamin 

K-dependent calcification inhibitors is matrix Gla protein (MGP), requiring carboxylation by 

vitamin K.37 A recent preclinical study demonstrated a cause-effect relationship between 

decreased kidney function and vitamin K insufficiency through reduced endogenous vitamin 

K recycling.38 Furthermore, in preclinical setting angiotensin II exacerbated vascular calcification 

at least partially through inhibition of vascular MGP expression.39 As such, deregulated cross-

talk could negatively influence endogenous calcification inhibitors such as MGP through renal 

function loss and increased RAAS activation. Whether (deregulation of) the vitamin D-FGF23-

klotho axis directly influences (vitamin K-driven) calcification inhibitors is less clear, but studies 

on the bone phenotype of klotho-deficient (kl/kl) mice indeed suggest such effect40. In chapter 

5, we first studied the prevalence of vitamin K insufficiency, indicated by an increased (inactive) 

desphosphorylated-uncarboxylated MGP (dp-ucMGP) level, in renal transplant recipients. We 

found that the majority of renal transplant recipients are vitamin K deficient, probably at least in 

part due to dietary habits originating from the dialysis period, resulting in insufficient vitamin K 

intake.41 Chief dietary sources of vitamin K include green vegetables and cheeses, which usually 

are avoided by patients with end-stage kidney disease because of their potassium content. 

To provide more insight in the clinical implications of functional vitamin K insufficiency, we 

studied the association between (inactive) dp-ucMGP and clinical outcomes in renal transplant 

recipients. We found that high dp-ucMGP levels, indicative of functional vitamin K insufficiency, 

were independently associated with an increased risk of all-cause mortality in renal transplant 

recipients, in line with data in CKD patients.42 Given the potential to modulate vitamin K intake by 

dietary interventions and the availability of vitamin K supplements, vitamin K insufficiency seems 

an attractive target for therapeutic intervention. 

As discussed extensively above, vitamin D deficiency is considered one of the main clinically 

relevant consequences of deregulations in the vitamin D-FGF23-klotho axis, and also a major risk 

factor for adverse cardiorenal outcome. Thus, vitamin D status is also considered a clinically relevant 

readout of the deregulated cross-talk as outlined above. The definition of vitamin D deficiency 

is based on low levels of 25(OH)D. The active metabolite 1,25-dihydroxy vitamin D
3 

(1,25[OH]
2
D) 

is much more difficult to measure due to the approximately 1000-times lower plasma levels. 

Recent mass-spectrometry-based methods allow highly specific and sensitive quantification of 

1,25(OH)
2
D levels. Using this technique, in chapter 6, we compared the associations of both 

25(OH)D and 1,25(OH)
2
D, respectively, with clinical outcomes in renal transplant recipients. Our 

main finding was that we observed an inverse association between 25(OH)D, but not 1,25(OH)
2
D, 

and the risk of all-cause mortality, in line with earlier studies in the general population, CKD 

and hemodialysis patients.43-45 We hypothesize that the discordant associations of 25(OH)D and 

1,25(OH)
2
D with mortality is explained by autocrine/paracrine activation of 25(OH)D. The enzyme 

that converts 25(OH)D into 1,25(OH)
2
D, 1α-hydroxylase (CYP27B1), is not only expressed in renal 

tubular epithelial cells, but also in various extrarenal tissues. It is therefore conceivable that part 

of the circulating 25(OH)D is locally converted to 1,25(OH)
2
D, with subsequent local activation of 

vitamin D receptors.46 
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Our cohort study also revealed that a very low 25(OH)D level, i.e. <30 nmol/L, was associated with 

a more rapid annual decline in renal function in renal transplant recipients. The adverse renal 

effects of severe vitamin D deficiency might at least in part be mediated by loss of Wnt/β-catenin 

suppression. The Wnt/β-catenin pathway plays an important role in renal tissue responses to 

injury.47-51 Vitamin D modulates the Wnt/β-catenin pathway either directly through the VDR49 

or indirectly through downregulation of parathyroid hormone (PTH)52,53. Several endogenous 

extracellular antagonists of the Wnt pathway have been identified, including dickkopf-1 (Dkk-

1). Renal expression of Dkk-1 is upregulated by renal fibrosis49,50, and acts as an anti-fibrotic 

factor in different animal models47,54,55. In chapter 7, we studied the potential role of Dkk-1, thus 

being a potential novel factor downstream of the (deregulated) vitamin D-FGF23-klotho axis, in 

renal fibrosis and graft failure after kidney transplantation. Indeed, we found that serum Dkk-1 

is associated with renal fibrosis, and that a higher Dkk-1 level was associated with a reduced 

risk of graft failure. We hypothesize that Dkk-1 is upregulated following tissue injury as an anti-

fibrotic response, and that higher circulating Dkk-1 levels, possibly reflecting a more optimal 

anti-fibrotic response, may contribute to long-term protection against graft failure. Considering 

the associations of Dkk-1 and clinically relevant endpoints (both renal fibrosis and graft failure), 

Dkk-1 and related Wnt/β-catenin signaling could be an interesting target for novel anti-fibrotic 

therapies in the renal transplant population. Whether indeed VDRA therapy inhibits the Wnt/β-

catenin signaling and subsequently reduces the risk of graft failure after kidney transplantation, 

remains to be addressed.

Overall, in this part of the thesis we identified serum calcification propensity, vitamin K status, 

and plasma 25(OH)D as readouts relevant to study the clinical impact of deregulations in the 

vitamin D-FGF23-klotho axis. Indeed, each of these factors was associated with all-cause mortality 

in renal transplant recipients, independent of major confounders including renal function and 

established cardiovascular risk factors. Furthermore, we found that Dkk-1, an endogenous anti-

fibrotic factor downstream of (deregulations in) the vitamin D-FGF23-klotho axis, is not only 

connected with prevalent renal fibrosis but also with long-term renal outcomes. Future studies 

should focus on novel intervention strategies targeting these pathways, to address their efficacy 

to improve clinical outcomes in CKD patients and renal transplant recipients.
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DISCUSSION AND FUTURE PERSPECTIVES

This thesis addressed several levels of cross-talk between the RAAS and the vitamin D-FGF23-

klotho axis.1 Recent studies by us and others have enriched and extended the original cross-

talk paradigm by showing that klotho loss activates Wnt/β-catenin signaling56 and Wnt/β-

catenin subsequently activates the RAAS57. RAAS activation leads to klotho loss, thus causing an 

additional vicious cycle in CKD (Figure 1). In theory RAAS inhibition in combination with VDRA 

therapy could interrupt this vicious cycle. Indeed, the renoprotective effects of VDRA treatment 

may be partly mediated through increasing renal and soluble klotho levels58,59, and through 

suppressing Wnt/β-catenin signaling49.

Figure 1. Clinical implications of deregulations in the cross-talk between the RAAS and 
vitamin D-FGF23-klotho axis

In chronic renal disease, the renin-angiotensin-aldosterone system (RAAS) and vitamin 
D-FGF23-klotho axis are disturbed. Reduced activity of 1α-hydroxylase due to nephron loss 
and increased FGF23 leads to a reduction of 1,25(OH)

2
 vitamin D, which in turn activates 

the RAAS. The increased RAAS activity causes renal klotho loss and FGF23 resistance. 
Renal klotho loss activates Wnt/β-catenin signaling, a pathway that contributes to the 
development and progression of renal fibrosis, which in turn activates the RAAS. The factors 
identified as possible modes of intervention, as studied in this thesis, are indicated in grey.

Abbreviations: 1,25(OH)
2
D, 1,25-dihydroxy vitamin D

3
; 1α-OHase, 1α-hydroxylase; 25(OH)D, 25-hydroxyvitamin D

3
; FGF23, fibroblast growth factor 

23; Mg2+, magnesium; Na+, sodium; PO
4

3-, phosphate; RAASi, renin-angiotensin-aldosterone system inhibitor; VDRA, vitamin D receptor activator; 
VitK, vitamin K.  
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We further substantiated the paradigm by demonstrating that the renoprotective efficacy of 

combined VDRA treatment and RAAS-blockade is modulated by sodium intake. The results from 

our clinical trial are paralleled by a recent preclinical study in the adriamycin model of proteinuric 

nephropathy.60 In this model, the combination of VDRA and ACEi treatment reduced proteinuria 

during low (0.05%), but not high (2%) sodium diet. The better antiproteinuric effect during low 

sodium intake was accompanied by better protection against renal structural damage, shown 

by less renal inflammation, glomulerosclerosis and interstitial prefibrotic changes. Mechanistic 

studies suggest that the modulation of RAAS-blockade by sodium intake is related to the effects 

of sodium status on vascular and renal ACE activity,6,7,61,62 or on anti-inflammatory and anti-

fibrotic pathways14,63. 

Of interest, in both the preclinical and clinical setting, the renoprotective effects of VDRA 

treatment during RAAS-blockade were not accompanied by blood pressure reduction. It has 

been suggested that blood pressure reduction to very low levels accelerates progression of CKD, 

even when further reduction of albuminuria is achieved.64-66 Hence, especially for CKD patients 

with residual albuminuria and a relatively low blood pressure adjunct VDRA therapy could be 

attractive. 

In this thesis, we specifically studied the effect of vitamin D, RAAS-blockade and sodium 

intake on albuminuria. Whether the observed improvement in albuminuria translates into 

beneficial long-term outcomes remains to be addressed. The overall cardiorenal protective 

efficacy not only depends on the efficacy to reduce albuminuria, but also on possible adverse 

effects, particularly those related to calcium/phosphate metabolism. VDRA therapy was 

accompanied by an increase in serum phosphate and urinary calcium excretion. A recent 

prospective study showed that higher levels of 1,25(OH)2
D were independently associated with 

an increased risk of incident nephrolithiasis.67 Higher serum phosphate levels may contribute to 

vascular calcification, by promoting vascular smooth muscle cell (VSMC) transformation towards 

an osteoblastic phenotype (as reviewed by Schlieper et al68). These possible adverse effects may 

counteract the beneficial cardiorenal effects of VDRA therapy, and therefore large randomized 

controlled clinical trials investigating the effect of vitamin D analogues on long-term clinical 

outcomes are needed. Considering our findings, VDRA treatment should be accompanied by 

moderate sodium restriction, to optimize its renoprotective effect.

Cardiovascular disease is the primary cause of death in patients with chronic kidney disease and 

renal transplant recipients. This excessive cardiovascular risk is driven by a progressive tendency 

to develop vascular calcification along with renal function loss. The study of (progressive) 

vascular calcification has been hampered by the fact that most techniques are restricted to 

assess prevalent calcifications. Recently, a novel test has become available that quantifies 

calcification propensity in serum.30 Calcification propensity, which measures the (im)balance 

between calcification promoters and inhibitors, might be used as a screening test for the early 

detection of patients at high risk of cardiovascular complications. Furthermore, it is tempting to 

speculate that calcification propensity may guide treatment to prevention or treat cardiovascular 
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complications in renal patients. In this thesis we identified multiple determinants of serum 

calcification propensity, which are either directly or indirectly related to deregulations in the 

cross-talk between the vitamin D-FGF23-klotho axis and the RAAS (Figure 1). 

First of all, we found that serum phosphate was the strongest independent determinant 

of calcification propensity. Reducing dietary phosphate absorption by dietary phosphate 

restriction, calcium-free phosphate binders and/or sodium-dependent phosphate co-

transporter 2b [NPT2b] blockade seems to lower both serum phosphate69,70 and FGF23 levels,71,72 

and could thus improve calcification propensity. Of note, the CKD Optimal Management with 

BInders and NicotinamidE (COMBINE) study is currently investigating whether the combination 

of nicotinamide (vitamin B3, which reduces intestinal NPT2b expression) and lanthanum 

carbonate (a calcium-free phosphate binder) during dietary phosphate restriction reduces 

serum phosphate and FGF23.73 

Second, calcimimetics (i.e. cinacalcet) might prevent the progression of cardiovascular 

calcifications and improve calcification propensity. In a preclinical study either cinacalcet or 

parathyroidectomy reduced vascular calcifications in uremic rats, indicating that the possible 

mechanism of action is suppression of PTH production.74 A recently published secondary analysis 

of the Evaluation of Cinacalcet Therapy to Lower Cardiovascular Events (EVOLVE) trial suggested 

that lowering FGF23 by cinacalcet therapy reduces the risk of cardiovascular events and death 

among hemodialysis patients with secondary hyperparathyroidism.75 

Third, targeting serum magnesium could improve calcification propensity. Multiple 

observational studies have identified low serum magnesium as a risk factor of faster decline of 

kidney function, cardiovascular morbidity and all-cause mortality in CKD.76,77 Furthermore, a cohort 

study among renal transplant recipients identified low serum magnesium as an independent 

predictor of vascular stiffness.78 Of interest, recently it was suggested that magnesium could 

be protective against the harmful effects of phosphate on the kidney.79 Large randomized trials 

are warranted to assess the benefits of magnesium correction or supplementation on long-

term outcomes in CKD and renal transplantation. Considering the possible beneficial effect 

of magnesium on calcification, it could be relevant to reconsider the risk-benefit balance of 

pharmacotherapy that negatively influences serum magnesium such as proton-pomp inhibitors, 

loop diuretics and calcineurin inhibitors in CKD and renal transplantation. 

Finally, serum calcification propensity may be improved by vitamin K. Besides its role in 

coagulation, vitamin K is required for activation of matrix Gla protein (MGP), a powerful vascular 

calcification inhibitor. Recently it was shown in the preclinical setting that uremia per se can 

interfere with the vitamin K recycling system38, contributing to vitamin K deficiency in CKD and 

renal transplantation. Circulating inactive MGP, including desphosphorylated-uncarboxylated 

MGP, levels formed as a result of vitamin K deficiency, are associated with cardiovascular disease 

and overall survival in CKD42 and renal transplantation80. The effect of vitamin K supplementation 

in hemodialysis patients on vascular calcification, cardiovascular morbidity and mortality is 

currently being studied in the VitaVask study.81 In addition, dietary counseling may be an attractive 

adjunct therapy, particularly in the renal transplant population in which patients often maintain 
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vitamin K-poor dietary habits originating from the dialysis period. On the other hand, the use of 

vitamin K antagonists has been associated with increased progression of vascular calcification. 

In experimental setting, the administration of vitamin K antagonist resulted in severe vascular 

calcification, which was (partially) reversible by high vitamin K intake.82 Furthermore, multiple 

human studies have described the disadvantageous effect of vitamin K antagonists on vascular 

calcification (as reviewed by Chatrou et al83). Currently a randomized controlled trial is investigating 

the effect of vitamin K antagonist versus non-vitamin K antagonist oral anticoagulants in patients 

with atrial fibrillation and/or pulmonary embolism on the development and progression of 

vascular calcification (ClinicalTrial.gov No. NCT02066662). Considering that both CKD and renal 

transplantation patients are prone to vascular calcification, future studies should focus on the 

use of non-vitamin K antagonist such as dabigatran for oral anticoagulation in these patients. Of 

interest, a recent preplanned interim analysis of the Reversal Effects of Idarucizumab on Active 

Dabigatran (RE-VERSE AD) study showed that idarucizumab, a monoclonal antibody fragment, 

can reverse the anticoagulant effect of dabigatran in emergency situations within minutes.84

In conclusion, the complex interactions between (deregulations in) the RAAS and the vitamin 

D-FGF23-klotho axis drive progressive renal function loss and cardiovascular complications, 

and at least in part explain why targeting the classical cardiorenal risk factors is unsatisfying. 

Considering the cross-talk between these different pathways, future studies should focus on 

simultaneous intervention in multiple pathways, using both dietary (high intake of magnesium, 

vitamin D and vitamin K, and moderate sodium restriction) and pharmacological (RAASi, VDRA, 

calcimimetics) approaches. Individual titration of parameters determining serum calcification 

propensity should pave the way towards personalized medicine, aiming to reverse vascular 

calcification propensity and reduce cardiorenal risk in renal patients.
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NEDERLANDSE SAMENVATTING

De wisselwerking tussen het  
renine-angiotensine-aldosteron systeem  
en de vitamine D-FGF23-klotho as  
heeft gevolgen voor het ontstaan en de 
behandeling van chronische nierschade
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ACHTERGROND

Chronische nierschade is een veel voorkomend gezondheidsprobleem dat 8-16% van de 

bevolking wereldwijd treft. Door de vergrijzing en het steeds vaker voorkomen chronische 

leefstijl-gerelateerde ziekten zoals hoge bloeddruk (hypertensie), suikerziekte en overgewicht, is 

chronische nierschade een groeiend probleem. Voortschrijdend verlies van nierfunctie resulteert 

uiteindelijk in nierfalen waarbij patiënten afhankelijk worden van dialyse of niertransplantatie. 

Hypertensie en eiwitverlies in de urine (proteïnurie) zijn belangrijke factoren die bijdragen aan 

voortschrijdend nierfunctieverlies. Chronische nierschade wordt verder gekenmerkt door een 

opvallend verhoogd risico op hart- en vaatziekten: het verhoogde risico is omgekeerd evenredig 

met de nierfunctie, en het bestaan van proteïnurie (ondanks behandeling) is een belangrijke 

risicofactor voor hart- en vaatziekten.

De behandeling van chronische nierschade is gericht op bescherming van de nierfunctie, en 

het voorkómen van hart- en vaatziekten. Centraal hierbij staan de verlaging van proteïnurie en 

bloeddruk door middel van medicamenteuze blokkade van het renine-angiotensine-aldosteron 

systeem (RAAS). Het RAAS is een belangrijk hormoonsysteem in het lichaam dat betrokken is 

bij de vocht- en zouthuishouding in het lichaam. Ontregeling van het RAAS bij nierpatiënten 

leidt tot hypertensie en proteïnurie. Bij veel patiënten is de RAAS-blokkade onvoldoende om 

de bloeddruk en proteïnurie te normaliseren. De restproteïnurie is een belangrijke risicofactor 

voor voortschrijdend nierfunctieverlies en hart- en vaatziekten. Aanvullende behandeling richt 

zich dan ook op het verminderen van de restproteïnurie: hiertoe zijn verschillende strategieën 

onderzocht, waaronder dubbele RAAS-blokkade (d.w.z. behandeling met twee RAAS-blokkers 

tegelijkertijd), toevoeging van andere medicijnen (zoals plastabletten) en   dieetmaatregelen 

zoals zoutbeperking. Het combineren van RAAS-blokkade met een zoutbeperkt dieet verlaagt 

de proteïnurie en bloeddruk op korte termijn en beschermt de nieren op lange termijn. 

Voor patiënten met eindstadium nierfalen is niertransplantatie de behandeling van 

eerste keuze. Niertransplantatie leidt tot een betere levensverwachting en betere kwaliteit 

van leven dan dialyse. In de afgelopen decennia is de korte termijn overleving van zowel de 

getransplanteerde nier als de patiënt aanzienlijk verbeterd. Het verbeteren van de lange termijn 

transplantaat en patiënt overleving blijft echter een grote uitdaging. Het percentage patiënten 

met transplantaatfalen binnen tien jaar na transplantatie is nog steeds 30%. Bovendien blijft 

het overlijdensrisico aanzienlijk hoger dan in de algemene bevolking. Hart- en vaatziekten zijn 

daarbij de belangrijkste doodsoorzaak.

Het verbeteren van de lange termijn uitkomsten van nierpatiënten vereist dus niet alleen 

bescherming van nierfunctie, maar ook bescherming tegen hart- en vaatziekten. Het verhoogde 

risico op hart- en vaatziekten bij nierpatiënten kan gedeeltelijk verklaard worden door de 

traditionele risicofactoren hypertensie en proteïnurie. Echter, zelfs als deze factoren goed 

worden behandeld, blijft het risico op hart- en vaatziekten bij nierpatiënten fors verhoogd. Dit 

betekent dat andere factoren ook een rol spelen bij het verhoogde risico op hart- en vaatziekten. 
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Afwijkingen in de calcium- en fosfaatstofwisseling, en daarmee samenhangend een tekort aan 

vitamine D, komen bij nierpatiënten veel voor, zowel voor als na transplantatie, en staan vanouds 

bekend als oorzaak van botafwijkingen bij nierziekte. Recent onderzoek laat echter zien dat 

deze afwijkingen ook betrokken zijn bij afwijkingen in hart- en bloedvaten, in het bijzonder 

bij vaatverkalking. Vaatverkalking treedt op bij veel nierpatiënten en is sterk voorspellend voor 

hart- en vaatziekten en overlijden. De rol van het calcium-fosfaat metabolisme bij nierziekte 

is daarmee complexer dan gedacht. Nieuw ontdekte factoren die een centrale rol hebben in 

de calcium-fosfaat huishouding, zoals fibroblast groeifactor 23 (FGF23, een hormoon dat de 

uitscheiding van fosfaat door de nieren bevordert en de opname van fosfaat in de darmen 

vermindert) en klotho (een eiwit onmisbaar bij de opname van calcium uit de voorurine en bij de 

binding van FGF23 aan de FGF-receptor), zouden betrokken kunnen zijn bij ontstaan en beloop 

van hart- en vaatschade bij de nierpatiënt. Deze factoren vertonen onderlinge samenhang en 

worden daarom gezamenlijk de vitamine D-FGF23-klotho as genoemd.

Deze nieuwe factoren staan waarschijnlijk niet los van de reeds bekende mechanismen. 

Recente experimentele studies suggereren dat het RAAS, een belangrijke factor bij de 

traditionele risicofactoren, en de vitamine D-FGF23-klotho as op verschillende niveaus met 

elkaar communiceren. Vitamine D kan het RAAS onderdrukken door de productie van het 

hormoon renine te remmen. Omgekeerd zorgt een vitamine D tekort dus voor overmatige 

activatie van het RAAS. Het geactiveerde RAAS (via angiotensine II) onderdrukt vervolgens 

de aanmaak van klotho in de nier. Dit zorgt weer voor stijgende FGF23 spiegels, wat leidt tot 

een verdere vermindering van vitamine D. Deze lagere vitamine D spiegel stimuleert dan op 

zijn beurt het RAAS. Het vitamine D tekort bij chronische nierschade kan zo dus leiden tot een 

vicieuze cirkel. Daardoor kan een vitamine D tekort bijdragen   aan de te hoge RAAS activiteit bij 

het ontstaan en verergeren van chronische nierschade. Met de wisselwerking tussen het RAAS 

en de vitamin D-FGF23-klotho as wordt tot op heden in de behandeling van nierpatiënten geen 

rekening gehouden. Of dat terecht is, is de vraag. In dit proefschrift hebben we onderzocht of de 

wisselwerking tussen het RAAS en de vitamin D-FGF23-klotho as in de praktijk gevolgen heeft 

voor het ontstaan en de behandeling van nierziekte. 

RESULTATEN

De activiteit, en de schadelijke effecten van het RAAS op hart en nieren worden sterk beïnvloed 

door de hoeveelheid zout in het dieet. Eerder onderzoek bij patiënten met chronische 

nierschade, uitgevoerd door onze onderzoeksgroep, heeft aangetoond dat een zoutbeperking 

de nier beschermende effecten van RAAS-blokkade kan versterken. Zoutbeperking is daarom 

een belangrijk onderdeel van de behandeling van patiënten met nierschade. Gezien de 

wisselwerking tussen het RAAS en de vitamine D-FGF23-klotho as, onderzochten we of de 

hoeveelheid zout in het dieet van invloed is op de effecten van vitamine D bij het ontstaan 

van nierschade, respectievelijk het effect van vitamine D bij de behandeling van nierschade. In 
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hoofdstuk 1 zagen we dat personen met een hoge zout inname en een lage vitamine D spiegel 

het grootste risico op het ontwikkelen van nierschade hadden. Een adequate vitamine D status 

zou dus kunnen beschermen tegen de kwalijke effecten van teveel zout inname en weinig zout 

inname zou dus kunnen beschermen tegen de kwalijke effecten van een vitamine D tekort. In 

hoofdstuk 2 onderzochten we het effect van de behandeling met een vitamine D receptor 

activator (paricalcitol) in combinatie met normaal of laag zout dieet op de restproteïnurie 

(tijdens gestandaardiseerde RAAS-blokkade) bij chronische nierpatiënten. De proteïnurie werd 

het meest effectief verlaagd door de combinatie van een zoutbeperkt dieet en paricalcitol. 

Samengevat beïnvloedt de zoutinname dus de effecten van vitamine D op zowel het ontstaan 

van nierschade als de behandeling van nierschade. Dit onderstreept de klinische relevantie van 

de wisselwerking tussen het RAAS en vitamine D in de behandeling van chronische nierschade.

Als volgende stap onderzochten we het effect van reguliere behandelschema’s met RAAS-

blokkade op klotho. Klotho wordt beschouwd als een beschermende factor voor zowel nier- als 

hart- en vaatziekten. Het is daarom van belang om te weten hoe klotho wordt beïnvloed door de 

reguliere behandeling met RAAS-blokkade en zoutbeperkt dieet. In dierexperimentele studies 

was de suggestie gewekt dat de beschermende effecten van RAAS-blokkade deels verlopen 

via de effecten op klotho. Wij onderzochten de effecten van intensiveren van de therapie, door 

dubbele RAAS-blokkade (twee medicijnen die beiden het RAAS blokkeren) en zoutbeperking. In 

hoofdstuk 3 vonden we dat de verlaging van de proteïnurie en bloeddruk door het intensiveren 

van de RAAS-blokkade echter niet gepaard ging met een verhoging, maar met - een kleine - 

daling van serum klotho. Of deze verschillen in klotho op de langere termijn effect hebben op 

het risico op hart- en vaatziekten, kunnen we op grond van deze studie niet zeggen. Het effect 

van deze behandelingen op klotho is echter wel opmerkelijk en strookt met de bevindingen van 

grote klinische studies die geen toegevoegde lange termijn nierbescherming konden aantonen 

van dubbele RAAS-blokkade ondanks de daling in proteïnurie. Bij het intensiveren van RAAS-

blokkade verliest proteïnurie dus gedeeltelijk haar lange termijn voorspellende waarde. Mogelijk 

is de ontregeling van de vitamine D-FGF23-klotho as bij het intensiveren van de RAAS-blokkade 

een betere voorspeller dan proteïnurie wat betreft de klinische lange termijn uitkomsten. 

Vaatverkalking is een belangrijke oorzaak van het verhoogde risico op hart- en vaatziekte bij 

nierpatiënten. Voortschrijdende vaatverkalking komt bij nierpatiënten veel voor, zowel voor 

als na transplantatie. Vaatverkalking is het resultaat van allerlei verschillende factoren die 

verkalking bevorderen of remmen en was tot dusverre moeilijk te meten. Recent is er een 

nieuwe test ontwikkeld die de verkalkende eigenschappen van het bloed kan bepalen; dat 

wil zeggen de optelsom van de factoren die verkalking bevorderen en factoren die verkalking 

remmen. In hoofdstuk 4 hebben we de neiging tot vaatverkalking, gemeten in het bloed 

van stabiele niertransplantatiepatiënten, in kaart gebracht. De belangrijkste bevinding was 

dat patiënten met een sterke neiging tot vaatverkalking een verhoogd risico hadden op 

overlijden en transplantaatfalen. Om deze observatie te vertalen naar klinisch relevante 

behandelingsmogelijkheden, hebben we de factoren die van invloed waren op de verkalkende 
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eigenschappen van het bloed onderzocht. Dat waren achtereenvolgend de spiegels van fosfaat, 

PTH en magnesium, en het gebruik van vitamine K antagonisten (medicijnen die voorkomen dat 

het bloed stolt doordat ze de werking van vitamine K remmen).

Het verband tussen vitamine K en de verkalkende eigenschappen van bloed wordt 

verklaard door factoren in de vaatwand die vaatverkalking remmen. Een belangrijke remmer 

van vaatverkalking is matrix Gla proteïne (MGP) en vitamine K is vereist voor de activatie van 

MGP. Een recente dierproefstudie toonde een causaal verband aan tussen een verminderde 

nierfunctie en een tekort aan vitamine K, doordat bij een verminderde nierfunctie het vitamine 

K “recycling systeem” onderdrukt wordt. Bovendien beïnvloedt het RAAS de aanmaak van MGP 

in de vaatwand. Dus de ontregelende wisselwerking tussen het RAAS en de vitamine D-FGF23-

klotho as kan een negatieve invloed hebben op factoren die vaatverkalking remmen zoals MGP. 

In hoofdstuk 5 hebben we de vitamine K status bij niertransplantatiepatiënten onderzocht. We 

vonden dat verreweg de meeste niertransplantatiepatiënten een tekort aan vitamine K hadden. 

Vitamine K tekort was geassocieerd met een verhoogd overlijdensrisico. Of de levensverwachting 

van niertransplantatiepatiënten daadwerkelijk verbetert door het suppleren van vitamine K is 

(nog) niet bekend.

 

De vitamine D status wordt beïnvloed door verstoringen in de vitamine D-FGF23-klotho as 

en is een belangrijke risicofactor voor zowel nier als hart- en vaatschade. Vandaar dat we in 

hoofdstuk 6 de associatie tussen de vitamine D status en de lange termijn uitkomsten bij 

niertransplantatiepatiënten hebben onderzocht. Onze belangrijkste bevinding was dat een 

tekort aan vitamine D was geassocieerd met een groter risico op overlijden. Onze studie liet ook 

zien dat een zeer lage vitamine D status was geassocieerd met een snellere achteruitgang van 

de nierfunctie. 

De effecten van een ernstig vitamine D tekort op de nierfunctie kan mogelijk verklaard 

worden door een verminderde Wnt/β-catenine remming. Toegenomen Wnt/β-catenine 

signalering draagt   namelijk bij aan voortschrijdende, overmatige vorming van bindweefsel in 

de nier (nierfibrose) en vitamine D remt de Wnt/β-catenine route. Verscheidene antagonisten 

van de Wnt/β-catenine route zijn bekend, waaronder Dickkopf-1 (Dkk-1). Dkk-1 is dus een 

potentieel nieuwe factor in de vitamine D-FGF23-klotho as. De aanmaak van Dkk-1 in de nier 

wordt verhoogd door nierfibrose, maar Dkk-1 fungeert ook als een anti-fibrotische factor 

in verschillende proefdiermodellen. In hoofdstuk 7 onderzochten we de rol van Dkk-1 in 

nierfibrose en transplantaatfalen. Inderdaad vonden we dat serum Dkk-1 was geassocieerd was 

met nierfibrose; niertransplantatiepatiënten met meer nierfibrose hadden een hogere Dkk-1 

spiegel. Verder zagen we dat een hogere Dkk-1 spiegel was geassocieerd met een verminderd 

risico op transplantaatfalen. Dit lijkt tegenstrijdig, maar onze hypothese hierbij is dat Dkk-1 

aanmaak toeneemt bij weefselschade als een anti-fibrotische reactie, en dat een hogere Dkk-

1 spiegel kan bijdragen aan de lange termijn bescherming van de getransplanteerde nier. 

Mogelijk zijn Dkk-1 en de Wnt/β-catenine signalering aanknopingspunten voor het ontwikkelen 

van nieuwe anti-fibrotische behandelingsmogelijkheden voor niertransplantatiepatiënten. 
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CONCLUSIES EN IMPLICATIES

De ontregelingen in het RAAS en de vitamin D-FGF23-klotho as worden tot op heden gescheiden 

behandeld bij nierpatiënten. De wisselwerking tussen het RAAS en de vitamin D-FGF23-klotho 

as suggereert echter dat behandeling geïntegreerd moet worden. We hebben de klinische 

relevantie van de wisselwerking tussen het RAAS en de vitamine D-FGF23-klotho as onderstreept 

door aan te tonen dat de nierbeschermende werking van vitamine D wordt beïnvloed door 

de inname van zout. De resultaten van onze klinische studie kwamen overeen met een 

dierproefstudie, uitgevoerd door onze onderzoeksgroep, waar de combinatie van vitamine D 

receptor activatie en RAAS-blokkade de proteïnurie en structurele nierschade verlaagde tijdens 

een laag, maar niet tijdens een hoog zoutdieet. Het nierbeschermende effect van vitamine D 

receptor activatie tijdens RAAS-blokkade werd niet vergezeld door een bloeddrukverlaging. 

Vooral voor chronische nierpatiënten met resterende proteïnurie ondanks een relatief lage 

bloeddruk kan vitamine D receptor activatie dus een aantrekkelijke toegevoegde behandeling 

zijn. In dit proefschrift hebben we specifiek het effect van vitamine D, RAAS-blokkade en 

zoutinname op proteïnurie onderzocht. Of de waargenomen verbetering in proteïnurie zich ook 

vertaalt in betere lange termijn uitkomsten moet nog worden onderzocht.

Hart- en vaatziekten zijn de belangrijkste doodsoorzaak bij patiënten met chronische nierschade 

en niertransplantatiepatiënten. Het verhoogde risico op hart- en vaatziekten wordt onder andere 

veroorzaakt door voortschrijdende vaatverkalking. Het bestuderen van (voortschrijdende) 

vaatverkalking werd tot op heden belemmerd doordat de technieken waren beperkt tot het in 

kaart brengen van alleen de bestaande vaatverkalkingen. Onlangs is er echter een nieuwe test 

beschikbaar gekomen die de verkalkende eigenschappen van het bloed, de balans tussen alle 

factoren die vaatverkalking bevorderen of remmen, in kaart kan brengen. Met behulp van deze 

nieuwe test kan de behandeling nu gericht worden op het voorkómen van vaatverkalking.

In dit proefschrift hebben we meerdere factoren geïdentificeerd die van invloed waren op 

de verkalkende eigenschappen van het bloed bij niertransplantatiepatiënten. Deze factoren 

waren direct of indirect gerelateerd zijn aan de verstoorde wisselwerking tussen het RAAS en 

de vitamine D-FGF23-klotho as. De eerste (en sterkst geassocieerde) factor was fosfaat. Het 

verminderen van de fosfaat opname in de darm door een fosfaatbeperkt dieet, calciumvrije 

fosfaatbinders en / of natrium-afhankelijke fosfaat co-transporter 2b (NPT2b) blokkade kan 

zowel fosfaat als FGF23 spiegels verlagen, en zou daarmee de verkalkende eigenschappen van 

het bloed kunnen verbeteren. De tweede factor was parathyreoïdhormoon (PTH, bijschildklier 

hormoon). Calcimimetica (cinacalcet) zou de verkalkende eigenschappen van het bloed kunnen 

verbeteren, via de onderdrukking van PTH en/of het verlagen van FGF23. De derde factor die 

gekoppeld was aan (bescherming tegen) vaatverkalking was magnesium. Het verbeteren van de 

magnesium spiegel zou ook de verkalkende eigenschappen van het bloed kunnen verbeteren. 

Meerdere studies hebben een lage magnesium spiegel geïdentificeerd als een risicofactor voor 

zowel voortschrijdend nierfunctieverlies als hart- en vaatziekten bij chronische nierpatiënten. 
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Bovendien werd onlangs gesuggereerd dat magnesium bescherming biedt tegen de schadelijke 

effecten van fosfaat op de nier. Gezien het mogelijk gunstige effect van magnesium op de 

verkalkende eigenschappen van het bloed, kan het relevant zijn om de voor- en nadelen van de 

medicatie die een negatieve invloed hebben op magnesium spiegels zoals maagbeschermers 

(protonpompremmers), plastabletten (lisdiuretica) en afweeronderdrukkende medicatie 

(calcineurineremmers) te heroverwegen. Tenslotte kunnen de verkalkende eigenschappen van 

het bloed verbeterd worden door vitamine K. Uit eerder onderzoek weten we dat patiënten na 

niertransplantatie te weinig vitamin K binnen krijgen met de voeding. Vitamine K komt vooral 

voor in groene groenten (zoals boerenkool en spinazie) en gefermenteerde producten (zoals 

kaas). De algemene (Westerse) bevolking eet te weinig groenten en melkproducten, maar bij 

niertransplantatie patiënten zou dit ook een overblijfsel kunnen zijn van het strenge dieet dat 

deze patiënten hebben moeten volgen tijdens hun nierdialyse periode voorafgaande aan de 

niertransplantatie (om een te hoge kalium spiegel in het bloed te voorkomen). Relatief simpele 

dieetadvisering na niertransplantatie kan dus een aantrekkelijke aanvullende therapie zijn. Verder 

zou toekomstig onderzoek zich moeten richten op het gebruik van nieuwe anticoagulantia 

(stollingsremmers) die niet ingrijpen op vitamine K, zoals dabigatran en apixaban, voor orale 

antistollingstherapie bij patiënten met chronische nierschade.

 

De complexe interacties tussen (de verstoringen in) het RAAS en de vitamine D-FGF23-klotho as 

leiden tot voortschrijdend nierfunctieverlies en de daarbij komende hart- en vaatziekten. Gezien 

de wisselwerking tussen deze verschillende routes, zouden toekomstige studies zich moeten 

richten op een geïntegreerde interventie in meerdere routes met behulp van zowel medicijnen 

als dieetmaatregelen. Behandeling die specifiek gericht is op het verbeteren van de verkalkende 

eigenschappen van het bloed kan mogelijk het verhoogde risico op hart- en vaatziekten bij 

nierpatiënten verbeteren.
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Met het schrijven van dit dankwoord leg ik de laatste hand aan mijn proefschrift. De afgelopen 

jaren heb ik veel geleerd, op wetenschappelijk gebied, maar ook op persoonlijk vlak. Het 

schrijven van dit proefschrift heeft me meer zweet en tranen gekost dan ik van te voren had 

gedacht. Graag wil ik stil staan bij de vele mensen die mij de afgelopen periode enorm hebben 

geholpen en gesteund.

Allereerst wil ik graag alle deelnemers van de verschillende studies, beschreven in dit proefschrift, 

bedanken voor hun inzet en tijd. Met name de deelnemers van de ViRTUE studie wil ik extra 

bedanken voor hun bereidwilligheid. Ik realiseer me heel goed dat ik soms erg veel van jullie 

vroeg. Ik heb veel geleerd van jullie en ben erg dankbaar dat jullie me in vertrouwen hebben 

genomen. 

Verder mijn (co-)promotoren. Dr. M.H. de Borst, beste Martin, als co-promotor was je altijd nauw 

betrokken. Als ik over 10 jaar de helft van jouw talenten bezit, ben ik een gelukkig mens. Verder 

heb ik ook veel bewondering voor de manier waarop jij werk en privé kunt combineren. Jouw 

zonnige karakter, stralende enthousiasme en onuitputtelijk vertrouwen op een goede afloop 

zijn voor mij van grote waarde geweest. Ik hoop dat we in de toekomst nog veel mogen 

samenwerken en dat we nog een stapje verder komen dan ‘under review liggen’ bij the New 

England Journal of Medicine…

Prof. dr. G.J. Navis, beste Gerjan, in de afgelopen jaren heb ik veel van je mogen leren. Je leidt 

een groot, veelzijdig onderzoeksteam met veel passie voor de wetenschap, doortastendheid 

en nieuwsgierigheid. Verder bezit je het talent om de resultaten, die soms op het eerste oog 

onverklaarbaar lijken, op een begrijpelijke manier te verwoorden. Hierdoor kun jij de resultaten 

van wetenschappelijk onderzoek op een overtuigende manier aan de man brengen. Veel dank 

dat ik mocht plaatsnemen in jouw onderzoeksteam.

Prof. dr. S.J.L. Bakker, beste Stephan, ondanks een volle (vaak overvolle) agenda heb je keer op keer 

tijd vrijgemaakt om mij bij verschillende onderzoeksactiviteiten verder te helpen. Uren achtereen 

hebben we samen de reden van overlijden of graft failure van patiënten ontrafeld. Vele verhalen 

die we tegenkwamen, hebben me geraakt. Gelukkig kon jij juist uit die verhalen aangeven wat we 

ervan geleerd hadden. Jouw positieve kijk op de wereld is dan ook bewonderenswaardig. Verder 

heb je me aangeleerd om oog voor detail te hebben, vooral als het gaat om taalgebruik. Je hebt 

de gave om manuscripten en vooral revisies met kleine aanpassingen fraai te laten ontpoppen. 

Dank dat, ondanks dat ik grotendeels van de tijd niet eens officieel een promovendus van je was, 

je me hebt begeleid.

Graag bedank ik de leden van de beoordelingscommissie, prof. dr. C.A.J.M. Gaillard, prof. dr. H.A.H. 

Kaasjager en prof. dr. P. de Vos. Hartelijk dank voor uw tijd en inspanningen om dit proefschrift 

te beoordelen. Ik kijk ernaar uit om uw standpunten te vernemen tijdens de verdediging. 
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Beste Paul, jij was nauw betrokken bij mijn eerste kennismaking met de wetenschap. Dankzij 

jou heb ik mijn master onderzoek in het Joslin Diabetes Center te Boston kunnen uitvoeren en 

ben ik daarna in contact gekomen met de nefrologie afdeling van het UMCG. Dat je nu hebt 

plaatsgenomen in mijn beoordelingscommissie vind ik erg bijzonder en maakt voor mij de cirkel 

rond. Furthermore I would like to thank prof. dr. Susan Bonner-Weir and prof. dr. Gordon Weir for 

sharing their knowledge and enthusiasm for science with me. Because of the great experience I 

had in Boston, I decided to start a PhD program.

Verder wil ik graag leden van het NIGRAM consortium, prof. dr. Piet ter Wee, dr. Marc Vervloet, 

Melissa Verkaik, Aaltje Adema, prof. dr. René Bindels, prof. dr. Joost Hoenderop, Ellen van Loon, 

Fareeba Sheedfar, Wilco Pulskens, prof. dr. Jan-Luuk Hillebrands, Rik Mencke, Katarina Mirkovic, 

Marco van Londen en Maarten de Jong, bedanken. Onze bijeenkomsten waren voor mij een 

bron van inspiratie. Ik vind het geweldig om te zien hoe experimentele en klinische expertise 

worden gebundeld binnen dit consortium. Bedankt voor de zeer prettige samenwerking!

De afgelopen jaren heeft de ViRTUE studie in meerdere ziekenhuizen gelopen. Graag wil 

ik de centra bedanken voor hun deelname. In het UMCG wil ik graag de ‘nierfunctiekamer-

dames’ (Dirkina, Marian en Roelie), Annemarie, Erna, Mieke, Anja, Trijntje Kok, Gerrit Bijl, Bettine, 

Wendy, Susan Hofman, Joline Stavasius en uiteraard Winie bedanken voor hun grote steun en 

toeverlaat. Dankzij de hulp van dr. Goos Laverman, dr. Arend Jan Woittiez, Jelle Sanderman, Petra 

Brummelhuis, de toegewijde diëtisten en altijd vriendelijke poli-dames liep de ViRTUE studie in 

het ZGT Almelo als een geoliede machine. In het MCL was het nooit gelukt om zoveel patiënten 

te includeren zonder het enorme enthousiasme van dr. Marc Hemmelder, Carla Wassenaar, Lidia 

Schut, Afke de Boer en de poli-dames. In het VUmc hebben dr. Marc Vervloet, drs. Fenna van 

Breda, Hiske Wellink en Marjon van Vliet de ViRTUE-kar succesvol getrokken. Als laatste centrum 

heeft het Martini ziekenhuis een belangrijke bijdrage geleverd, mede dankzij dr. Wilbert Janssen, 

Ineke Knot, Willy Bossen, Nanette Jansema, Gina Pronk en Annemieke Roelfsema. Ook alle 

overige internist-nefrologen in de deelnemende centra wil ik graag bedanken voor de plezierige 

samenwerking!

My sincere thanks also goes to prof. dr. D. de Zeeuw, dr. U. Eisenberger, prof. dr. J. Floege, prof. dr. R. 

Gansevoort, dr. A.C. Heijboer, prof. I.P. Kema, prof. dr. D. Kuypers, dr. A. Pasch, dr. J. van den Born, prof. 

dr. H. van Goor and prof. dr. C. Vermeer for sharing their knowledge and experience with me. Thank 

you all for the fruitful collaborations. I look forward to its future continuation and development.

Dan mijn zeer gewaardeerde collega’s, oftewel de ‘Nefro-nerds’. Tijdens mijn promotietraject 

heb ik mogen samenwerken met een gezellige en bovenal getalenteerde onderzoeksgroep. 

Het was een voorrecht om met deze hechte groep te mogen samenwerken. Alle (PLAN) borrels, 

congressen, uitjes, feestjes, cursussen; fantastisch! Het begon allemaal in het Triade met ‘de oude 

garde’ Laura, Jelmer, Janine en Björn. We hebben daar veel lief en leed gedeeld. Vervolgens werd 
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ik warm onthaald op De Brug door Ineke, Tsjitske, Nicole en Dorien. Jullie waren super fijne en 

lieve kamergenoten en heb veel van jullie geleerd met name op het gebied van de wondere 

wereld genaamd statistiek. Ik hoop in de toekomst nog veel met jullie te mogen samenwerken. 

De overige collega’s van de De Brug, Else, Arjan, Solmaz, Janneke, Michele, Willem, en Harmke, en 

die van het Triade gebouw, Wendy, Lieneke, Edwin, Michel, Debbie, Esmee, Niek, Elise, Marieke, 

Lyanne, Messi, Laura, Lucia, Maryse, Coby, Annet, Anne-Marijn, Anne-Roos, Welmoet, Wouter, 

Jacqueline, Arno, Gerald, Ilse en Isidor, wil ik ook bedanken voor een zeer mooie en memorabele 

tijd. Voor alle gezelligheid, humor en in het bijzonder de avonturen tijdens de verschillende 

congressen en borrels wil ik jullie graag bedanken. Ik zal het missen, niet meer naast je wakker te 

worden, Marieke. Jelmer heeft de situatie eigenlijk (weer) zeer goed weten te verwoorden met 

‘Join Nephrology and see the World’. 

Graag wil ik mijn paranimfen bedanken. Alvast veel dank dat jullie naast mij willen staan als ik 

dit proefschrift zal verdedigen. Lieve Laura, vanaf het moment dat ik bij de nefrologie binnen 

kwam lopen, heb jij me wegwijs gemaakt in het doolhof van regels en logistiek. Je hebt me 

vaak behoed voor domme dingen. Helaas kon je niet alle fouten voorkomen, aangezien ik soms 

toch liever mijn eigen weg insloeg. Als ik dan mijn hoofd stootte, wist ik dat ik beter naar je had 

moeten luisteren. Graag wil ik je ook bedanken voor alle gezellige, leuke en (soms onverwachte) 

avontuurlijke momenten die we samen hebben gehad. Ik hoop dat er nog vele momenten 

bijkomen. Lieve Louis, jij weet met weinig input altijd een maximale output te bereiken. Ik heb 

altijd vol bewondering gekeken naar hoe je dat voor elkaar krijgt. Misschien is het omdat je 

zorgen makkelijker van je af kan laten glijden. Andermans zorgen kun jij als sneeuw voor de 

zon laten verdwijnen met je glimlach. Dank je wel dat je altijd optimistisch bent en op ieder 

gevraagd moment voor me klaar staat met een lekker koud (speciaal) biertje. 

Een speciaal woord van dank en waardering past hier voor mijn familie en vrienden. Hoewel 

jullie niet rechtstreeks betrokken waren bij het onderzoek, wil ik jullie graag bedanken voor 

jullie luisterend oor en warme liefde. Een hechte en liefdevolle familie en vriendenkring is van 

onbeschrijfbare waarde. Ik heb altijd, onvoorwaardelijk, op jullie steun kunnen rekenen. It goes 

without saying dat jullie ook altijd op mijn steun kunnen rekenen, nu en in de toekomst.

Lieve Lotte, Nicky en Nicolette, jullie zijn lieve, zorgzame, karaktervolle en energieke dames. Ik 

ben enorm blij met onze warme vriendschappen en geniet van jullie gezelligheid, humor en 

levenslust. 

Lieve Mark & Annika, Roderick & Sanne, Tjardo & Freidl, Wouter & Rianka, Erik, Alex, Maaike  

en Arnaud, hoewel ik jullie heb leren kennen via René, behoren jullie inmiddels ook tot mijn 

vriendenkring. Jullie oprechtheid, gastvrijheid en humor is aanstekelijk. Het is altijd een feestje 

om met jullie op pad te zijn. Ik hoop dat de weekend-weg traditie nog vele jaren in stand 

gehouden wordt.
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Lieve Roel, Janny, Helma en Robin, dank dat jullie me hebben opgenomen in jullie familie. Ik heb 

het erg met jullie getroffen en geniet van jullie loyaliteit, betrokkenheid en gezelligheid.

Lieve Fien, Tom, Louise, Louis, Manon en Oma, ik ben erg dankbaar en gelukkig dat jullie mijn 

familie zijn. Jullie hebben vaak voor afleiding gezorgd als ik dat nodig had. Jullie waren absoluut 

onmisbaar bij de realisatie van dit proefschrift. Lieve papa en mama, jullie staan altijd en 

onvoorwaardelijk klaar voor ons. Jullie steun is liefdevol in goede en aanmoedigend in slechte 

tijden. Wij kunnen ons geen betere (groot)ouders wensen.

René, dank voor wie je bent en voor alles wat je voor me doet. Ik prijs me gelukkig met jou aan 

mijn zijde. Ik kijk uit naar onze toekomst samen.

Een lieve lach, een blij gelaat, 

Een nuchtere blik, een goede raad. 

Al lijkt het simpel wat je me schenkt, 

Het is veel meer waard dan je denkt.

Liefs,

Charlotte/Charlie/Char

D

DANKWOORD
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