Effects of phosphate binders and vitamin K2 supplementation on vitamin K status in patients on hemodialysis, a prospective clinical trial
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Abstract 
Background and objectives:
Despite proven ability of phosphate binders (PBs) to control phosphate concentrations, inhibition of vascular calcification is difficult (VC). Here we tested whether PBs bind vitamin K, consequently reducing carboxylation of matrix Gla-protein (MGP) and subsequently lowering its activity, explaining the lack in reduction of VC. In addition, we studied the effect of vitamin K2 supplementation on vitamin K status in hemodialysis patients.
Design, setting, participants and measurements:
We executed an open label cross over trial in 19 patients with ESRD on hemodialysis. Subjects were enrolled and treated for two 8-week periods, in random order, with lanthanum carbonate (LC) or calcium carbonate (CC) followed by 4 weeks of vitamin K2 supplementation. The primary endpoint was the difference in circulating dp-ucMGP and PIVKA-II between the two treatment groups. Secondary endpoints were change from baseline for each PB individually and the effect of vitamin K2 supplementation on circulating dp-ucMGP and PIVKA-II.                                          
Results:
Mean age was 65 years (± 12), 67 % was male. There was no difference in dp-ucMGP between the PBs after 8 weeks of treatment (p=0.90), or for either PB over time, CC (p=0.94) or LC (p=0.97). Dp-ucMGP decreased from 1893 pmol/L to 1313 pmol/L with vitamin K2 supplementation (p=0.001), irrespective of PB choice. PIVKA-II concentrations were less than 0.2 AU/ml in all measurements conducted at all-time points. 
Conclusions: 
There was no difference in vitamin K status in patients treated with CC compared to LA, as reflected by dp-ucMGP levels. Additionally, no change in dp-ucMGP levels from baseline to end of treatment for each PB individually was measured. There was a significant decline in dp-ucMGP levels with vitamin K2 supplementation, indicating vitamin K deficiency regardless of PB used. There was no significant impact of PBs on rising PIVKA-II levels above detection limit, suggesting adequate liver vitamin K status. 

Introduction
Chronic kidney disease (CKD) is a universal problem with a prevalence of 8-12% in the general population (1,2). CKD is an independent risk factor for cardiovascular disease (CVD) (3), and 50% of mortality can be attributed to CVD in populations with progressive CKD (4). Vascular calcification (VC), widely present in late stage CKD, is a risk factor of CVD and CKD-related mortality (5). One of the key factors for VC development is hyperphosphatemia (6). Therefore, phosphate binders (PBs) are widely prescribed to lower phosphate levels, with the aim to reduce the risk for CVD. More recently, concerns regarding the use of PBs, especially calcium containing PBs, have risen because of progression of VC (7) and absence of proof on mortality reduction (8). The progression of VC and the absence of effect on mortality for calcium-containing PBs is traditionally ascribed to the increased positive calcium balance induced by these drugs (7,8). Previous studies have indeed demonstrated a relevant difference in VC progression between calcium-containing and non-calcium containing PBs (9,10,11,12). Attenuation of VC progression is observed with the use of sevelamer (9,10) as well as lanthanum carbonate (LC) (11,12). However, besides differences in calcium content, also differences in binding affinity for vitamin K may exist between PBs (13,14), and currently no clinical studies have assessed this possibility. Adequate levels of vitamin K are necessary for the posttranslational carboxylation of matrix Gla-protein (MGP) to become active and able to exert the inhibitory effect on VC (15). VC is an active process where vascular smooth muscle cells (VSMCs) calcify when triggered by high calcium and phosphate levels and MGP inhibits this progression (16). Therefore, the benefit of improved phosphate control by PBs may be offset by the induction of vitamin K deficiency. Vitamin K deficiency has been shown to contribute to progression of VC (17,18). In this study, we tested the hypothesis whether PB influence vitamin K-status by comparing, non-calcium based PB, LC with calcium carbonate (CC). We choose not to use sevelamer as non-calcium containing PB since it has been reported to bind vitaminK in vitro (13) which is described in the summary of product characteristics (14). In addition, we studied if supplementation of vitamin K2 improves vitamin K status in hemodialysis patients treated with PBs. 
Materials and methods 
Ethics Statement
This study was approved by the Medical ethical committee of both Alkmaar Medical Center and VU Medical Center and was registered in Nederlands trial register (Trial NL4902 (NTR5004)) in March 2014. This study was conducted in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from all participants before initiation of this study.
Patient population and trial design      
We conducted a prospective randomized, open label, cross over multicenter intervention trial in three Dutch dialysis centers (Noord West Ziekenhuisgroep location Alkmaar, Diapriva Amsterdam, Elyse clinic Amstelveen). Enrollment of patients started in October 2014 and the study follow up ended in September 2018. Since this was a pilot study to determine whether PBs possibly bind vitamin K, no formal sample size calculation was performed beforehand.                                                  Clinically stable adult (age > 18 years) hemodialysis patients with a life expectancy of more than six months were screened. If they met the in- and exclusion criteria and were willing to participate, written informed consent was obtained within a month prior to study participation. Exclusion criteria were use of vitamin K antagonists, known intolerance for study medication, phosphate level < 1,0 mmol/l or > 2,2 mmol/l in patients using a PB, phosphate < 1,4 mmol/l or > 2,2 mmol/l in patients not using a PB, albumin-corrected calcium < 2,1 mmol/l or > 2,6 mmol/l, PTH above 65 pmol/l or below 13 pmol/L, and pregnancy. We assigned patients to start either with LC three times a day 1000 mg for eight weeks or CC three times a day 1000 mg for eight weeks in random order. After eight weeks patients were switched to the other PB for another eight weeks. There was no wash-out period in between PB treatment, assuming that effects of the previous PB on vitamin K status had dissipated at the end of the 8-week period, thereby precluding any carry-over effects. Subsequently, while continuing the last PB, we provided supplementation of 360 mcg of vitamin K2 (menaquinone-7; MK-7) per day for four weeks to all (Figure 2). There was no standard blood flow or dialysate flow required. We used a calcium concentration of the dialysate of 1,5 mmol/l in the LC group and 1,25 mmol/l in the CC group. If phosphate level became higher than 2,2 mmol/l, first dietary measures were advised. As a next step, if necessary, medication was adjusted (depicted in supplemental Figures 1 and 2). 
Data collection
At inclusion, we captured data on age, medical history, dialysis vintage, medication, blood pressure and laboratory data. Every two weeks serum calcium, phosphate and albumin levels were measured. Every four weeks data on medication use, and additional laboratory data were collected. The study medication adherence was assessed by study personnel, by randomly counting the tablets which were remaining at the end of the study periods. 
Biochemical measurements                                    
Venous blood samples were drawn by study personnel at the beginning of the study at the start of dialysis after the long dialysis interval, and then once every two weeks. The samples were stored at -80 degrees Celsius until measurement of desphosphorylated-uncarboxylated-MGP (dp-ucMGP) and Proteins Induced by Vitamin K Absence or antagonism factor-II (PIVKA-II). Since circulating vitamin K1 and vitamin K2 fluctuate considerably due to dietary intake (19) and because vitamin K is sensitive to degradation by UV light (20), we chose the more stable biomarkers dp-ucMGP and PIVKA-II to evaluate functional vitamin K status. Additionally, these biomarkers of vitamin K status reflect the actual bioactivity of vitamin K in target tissues. Plasma dp-ucMGP levels were determined using the commercially available IVD CE-marked chemiluminescent InaKtif MGP assay (IDS-iSYS system; IDS, Boldon, United Kingdom). Patient sample and internal calibrators were incubated with magnetic particles coated with murine monoclonal antibodies dpMGP, acridinium-labelled murine monoclonal antibodies ucMGP, and an assay buffer. The magnetic particles were captured using a magnet and washed to remove any unbound analyte. Trigger reagents were added; the resulting light emitted by the acridinium label was directly proportional to the level of dp-ucMGP in the sample. The within-run and total variations of this assay were 0.8–6.2% and 3.0–8.2%, respectively. The assay measuring range was between 300 and 12,000 pmol/L and was linear up to 11,651 pmol/L. All assays were performed in a single run by Coagulation Profile, department of Biochemistry, Maastricht, the Netherlands (21). Circulating PIVKA-II levels were measured using a conformation-specific monoclonal antibody in an ELISA-based assay. Results are expressed as arbitrary units per liter (AU/l) because in states of vitamin K deficiency circulating ucFII may comprise multiple forms of partially carboxylated FII and neither their relative abundance in serum nor their relative affinity for the antibody is known. Using electrophoretic techniques 1 AU is equivalent to 1 mg of purified ucFII (22). The detection limit was 0.15 AU/ml ucFII in serum. Creatinine, haemoglobin level, haematocrit, and levels of calcium, phosphate, 1,25-vitamin D, 25-vitamin D, albumin, lipids, parathyroid hormone (PTH), partial thromboplastin time (PTT) and activated partial thromboplastin time (APTT) were measured by standard laboratory techniques.                                    
Materials                                         
LC was provided by Shire Pharmaceutical Development (Basingstoke, United Kingdom) and CC was purchased from Takeda Nederland BV (Hoofddorp, The Netherlands), vitamin K2 (menaquinone-7; MK-7) was purchased from Springfield pharmaceuticals (Oud-Beijerland, The Netherlands).                   
Primary and secondary outcomes                              
Primary end point was the difference in dp-ucMGP and PIVKA-II after 8 weeks of treatment between LC and CC. (Figure 2) Secondary end points were the changes in dp-ucMGP and PIVKA-II during treatment with LC, CC and vitamin K supplementation respectively (difference before and after treatment). Both periods, in the cross over design, before and after treatment for LC and CC were combined for analyses. 
Statistical Methods  
Statistical analysis was performed using SPSS 23. Only patients that completed at least eight weeks of treatment were included in the analysis since that was the time of first read-out parameter. Both periods, in the cross over design, before and after treatment with LC and CC respectively, were combined for analyses. Continuous variables are represented as mean ± SD unless stated otherwise. For the comparison between before and after treatment for calcium, phosphate, parathyroid hormone, alkaline phosphatase, low density lipoproteins, high density lipoproteins, partial thromboplastin time, activated partial thromboplastin time, triglycerides, 25(OH) D and 1,25(OH)2 D, a paired T-test was used. A linear mixed model with random intercepts was used to estimate mean values of dp-ucMGP before and after treatment with the two PBs. In addition, differences between values before and after the treatment were compared for the two PBs separately. To account for a possible influence on dp-ucMGP of calcium and phosphate levels the analyses were additionally adjusted. The same model was used for analysis for the difference in dp-ucMGP before and after vitamin K supplementation. However, in this analysis this model was employed without the adjustment since there was no difference between calcium and phosphate levels. Since values for PIVKA-II were all below the detection limit, no analysis could be performed on PIVKA-II results. 
Results  
Four hundred and thirty patients were screened for study participation of whom 102 were eligible, and 26 enrolled in this study (Figure 1). Eight of these patients never used the study medication, three patients dropped out due to side effects, one patient dropped out because of a deceased donor kidney transplantation, one patient discontinued the study while being admitted to the hospital, one was excluded because of use of an additional PB during the trial, and from one patient no laboratory work-up was present (Figure 1). The baseline patient characteristics of 12 patients, who finished at least one period of PB treatment, are described in table 1. Laboratory values over time for phosphate, calcium, PTH, alkaline phosphatase, LDL, HDL, triglycerides, PTT and APTT are shown in table 2. There was a significant increase in calcium level during the use of CC and a significant decrease during the use of LC. Phosphate levels increased significantly in the LC group during the treatment period and stayed stable over time for CC. PTH level decreased significantly in the LC group and remained stable in the CC group. There were no dosage adjustments necessary for LC so the dosage remained at 3000 mg/day. For the CC there was an average dosage of 2969 mg/day for the eight weeks treatment period which was almost the starting dose. 
Changes in biomarkers of vitamin K status. 
There was no significant difference in dp-ucMGP between the PBs after 8 weeks of treatment (p=0.90; Figure 3). Before the treatment with LC, mean dp-ucMGP was 1876 pmol/l and after eight weeks of treatment it was 1871 pmol/l (p=0.97). Prior to start of CC the mean dp-ucMGP was 1846 pmol/l and after treatment changed to 1826 pmol/L (p=0.94; Figure 3). Adjustments for calcium and phosphate did not materially change these findings. After vitamin K2 supplementation, dp-ucMGP decreased by 580 pmol/L from 1893 pmol/L to 1313 pmol/L (p=0.001; Figure 4). PIVKA-II levels were less than 0.2 AU/ml in all measurements conduced at all-time points, which is below detection limit and indicating no vitamin K deficiency in the liver.
Discussion 
In this open label cross over trial we show that in patients on maintenance hemodialysis treated with CC compared to LC, no difference was noticed in vitamin K-status as reflected by dp-ucMGP levels. However, dp-ucMGP levels significantly decreased after vitamin K2 supplementation, indicating vitamin K-deficiency in patients using PB. Collectively, our data suggest that in patients on dialysis vitamin K deficiency exists, irrespective of PB, which can be partially restored by vitamin K2 supplementation. Remarkably, PIVKA-II levels were below detection level suggesting an adequate vitamin K status of the liver. This is in contrast to the significantly elevated levels of dp-ucMGP, produced in vessel wall and cartilage (23). The extrahepatic vitamin K deficiency appears to be more prevalent in our hemodialysis population, suggesting differences in vitamin K uptake in different organs (24). Levels of dp-ucMGP above > 500 pmol/L are considered to indicate vitamin K deficiency (25), and significant vitamin K deficiency was present in all patients. Previous studies evaluated dp-ucMGP and PIVKA-II levels in CKD5D patients: in two studies, levels of dp-ucMGP were of comparable magnitude as in our study (26,27), however also higher values have been reported (28,29). PIVKA-II levels in CKD5D patients have been reported to be increased, in contrast to what we observed in our study (26, 29, 30, 31, 32). This finding could be explained by the better vitamin K status in our population, at least so in the liver. The absence of increased PIVKA-II levels and the significantly increased dp-ucMGP levels could indicate organ specific vitamin K deficiency. This might be plausible as the vessel wall lacks vitamin K storage capacity as compared to the liver (33). In this trial we demonstrated that LC nor CC treatment had an effect on dp-ucMGP levels whereas supplementation with vitamin K2 significantly decreased dp-ucMGP. This is in line with previous studies, in which supplementation of vitamin K2 has shown to lower dp-ucMGP levels(34). However, in our RCT the decrease in dp-ucMGP was less pronounced. Regardless of PB therapy, most patients appeared to benefit from vitamin K2 supplementation, as deduced from the decrease in dp-ucMGP levels. However, the achieved level of dp-ucMGP after vitamin K2 supplementation appear to indicate partial correction of its deficiency only. Since there is no difference in dp-ucMGP decrease between the two tested PBs, the difference in VC as seen in previous trials comparing the same PBs, is probably not the consequence of differences in vitamin K metabolism (11,12). However, due to our small sample size, lack of imaging for VC and the absence of a PB free period this assumption needs further exploration.                                                                                                                                               There are a few limitations of our study. The lack of a period during which patients were not taking any PB, precludes the conclusion that the PBs studied did not induce vitamin K deficiency. Our hypothesis, however, was the existence of a difference between two PBs in reducing vitamin K levels and this was not affected by previous PB use. A second limitation is that vitamin K binding affinity might be different for other PBs. After this study was initiated, data on binding of vitamin K in vitro by both CC and LC were published and substantial binding for both compounds was shown (35). In a recent cross-sectional study, sevelamer use was associated with higher dp-ucMGP levels, indicating a direct effect of sevelamer on vitamin K status (20). In vitro, no vitamin K2 binding was observed by sucroferric oxyhydroxide and thus this novel PB might have advantages with regards to lowering phosphate levels and vitamin K status (35). A final limitation of our study is the small sample size, which in part was the consequence of an unforeseen high drop-out rate. However, since this was a cross-over trial, patients served as their own controls, making the comparison of the two PBs valid in a small but homogenous group. There are strengths of this study as well. To our knowledge, this is the first randomized controlled trial that evaluates the difference in vitamin K binding capacity by different PBs as a possible explanation for differences in vitamin K status and VC between a calcium containing (CC) and non-calcium (LC) containing PB. Additionally, the effects of vitamin K2 supplementation on dp-ucMGP during PB therapy were monitored. This potential side effects of PBs has already been observed in vitro (13, 35), reported in the summary of product characteristics of sevelamer (14), as well as in vivo in a retrospective clinical study (21). However, to date this has not been explored in a prospective trial. Therefore, we conducted a randomized clinical cross-over trial with relatively long treatment periods to minimize the chance of a carry-over effects. In line with previous research (33) our study indicates that vitamin K levels in extra-hepatic tissues such as the vasculature can be replenished by vitamin K2 supplementation. We measured different vitamin K dependent proteins to consider various metabolic pathways of vitamin K in different tissues. Our results do not exclude the possibility that unselective binding of vitamin K by PBs offsets presumed benefits of improved phosphate control, and hence may still explain the lack of proof on mortality benefits of PBs (9). In line with this concept, it is conceivable that the optimal approach would be to control serum phosphate by PBs, yet in parallel supplement vitamin K to decrease vitamin K deficiency. In a recent trial in hemodialysis patients with substantial VC at baseline, supplementation of vitamin K2 decreased dp-ucMGP but did not attenuate progression of cardiovascular calcification. (36). Future large clinical trials in hemodialysis patients using PBs in combination with vitamin K supplementation are needed. We conclude that patients on hemodialysis and treated with PBs have severe vitamin K deficiency. Vitamin K2 supplementation significantly improved vitamin K-status in all patients. We were unable to show that PBs contribute to vitamin K deficiency and there was no difference between non-calcium based (LC) and calcium based (CC). 
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	Age (years) (SD)
	65.4 (11.2)

	Dialysis vintage (months) median (25-75%)
	20 (6-48.8)

	History of heartfailure (number of patients, %)
	3; 25

	Diabetes (number of patients, %)
	6; 50

	History of stroke (number of patients, %)
	2; 17

	Hypertension (number of patients, %)
	8; 67

	Systolic blood pressure (mmHg) (SD)
	146 (25.3)

	Diastolic blood pressure (mmHg) (SD)
	68 (11.4)

	Cholecalciferol use (number of patients, %)
	3; 25

	Alfacalcidol use (number of patients, %)
	6; 50

	Prior Sevelamer use (number of patients, %)
	1; 8.3

	Prior Lanthanum carbonate use (number of patients, %)
	7; 58

	Prior Calcium carbonate use (number of patients, %)
	4; 33

	Prior Calciumacetate/magnesium carbonate (number of patients, %)
	1; 8.3

	Prior Use of two binders (number of patients, %)
	3; 25

	Calcium (8.5-10.5 mg/dL) (SD)
	9.1 (0.6)

	Phosphate (2.5-4.5 mg/dL) (SD)
	4.8 (1.2)

	Albumin (35-50 g/l) (SD)
	35 (3.5)

	PTH (100-500 pg/ml in ESRD) (SD)
	259.9 (79.2)

	Dp-ucMGP ( 500 < pmol/l) (SD)
	1914 (651)

	PIVKA-II (0,2 < AU/ml)
	<0.2

	25-Vitamin D (nmol/l) (SD)
	93.9 (40)

	1,25-Vitamin D (pmol/l) (SD)
	31.5 (14)



Table 1 Baseline data form 12 patients, which have completed at least one treatment period. DP-ucMGP desphosphorylated-uncarboxylated-MGP, PIVKA-II Protein induced by vitamin K absence-II. Prior use of PB was defined as use before the study period. All patients had a dp-ucMGP level above 500 pmol/l. All data are depicted in mean with SD except for dialysis vintage where the median with 25-75% range is depicted





	
	Calcium carbonate        
	Lanthanum carbonate

	
	Before treatment
	After treatment
	P value
	Before treatment
	After treatment
	P value

	Calcium mg/dL (SD)
	8.92 (0.40)
	9.36 (0.64)
	0.009
	9.56 (0.60)
	9.00 (0.74)
	0.010

	Phosphate mg/dL (SD)
	5.82 (1.46)
	5.08 (1.11)
	0.14
	4.52 (1.18)
	6.07 (1.61)
	0.047

	PTH pg/ml (SD)
	335(221)
	268 (239)
	0.12
	228 (100)
	385 (224)
	0.048

	AP U/l (SD)
	124 (75)
	120 (79)
	0.48
	117 (84)
	114 (72)
	0.79

	PTT sec (SD)
	11.6 (1.37)
	11.9 (1.25)
	0.34
	11.8 (1.17)
	12.0 (1.26)
	0.695

	APTT (SD)sec
	34.4 (10.9)
	33 (7.4)
	0.63
	29.7 (4.3)
	30.9 (5.2)
	0.89

	LDL mmol/l (SD)
	2.2 (1.2)
	2.0 (0.97)
	0.46
	2.0 (0.91)
	2.1 (0.62)
	0.24

	HDL mmol/ (SD)l
	1.3 (0.77)
	1.04 (0.25)
	0.28
	1.47 (1.07)
	1.38 (0.83)
	0.35

	Triglycerides mmol/l (SD)
	3.1 (2.5)
	3.1 (2.3)
	0.80
	2.7 (2.0)
	2.9 (2.7)
	0.45

	25(OH) D nmol/l (SD)
	87.3 (39.9)
	93.6 (40.3)
	0.17
	102.2 (37.1)
	90.3 (39.9)
	0.058

	1,25(OH)2 D pmol/l (SD)
	34.2 (15.6)
	29.8 (14.9)
	0.27
	31.9 (12.2)
	38.3 (15.4)
	0.12




Table 2 Calcium, phosphate PTH, AP, PTT, APTT, LDL, HDL, triglycerides, 25(OH) D and 1,25(OH)2 D pmol/l values over time for the calcium carbonate and lanthanum carbonate group. Legend: PTH (parathyroid hormone), AP (alkaline phosphatase), LDL (low density lipoproteins), HDL (high density lipoproteins), (PTT) partial thromboplastin time, (APTT) activated partial thromboplastin time. All the results are depicted as mean with SD. P-values are based on paired t-tests. 

[image: ]   
Figure 1 Number of participants screened
[image: ]
Figure 2 Trial design, periods before and after treatment for lanthanum carbonate and calcium carbonate periods were combined for analyses. 



Figure 3 Difference in dp-ucMGP between the phosphate binders after 8 weeks of treatment                                       (p = 0.82), or for either phosphate binder over time, calcium carbonate (p = 0.81) lanthanum carbonate (p = 0.69). Depicted in mean with 95% Confidence interval


[bookmark: OLE_LINK1]Figure 4 Difference in dp-ucMGP after 4 weeks of supplementation of 360 mcg of vitamin K2 per day with median and 95% CI (p = 0.037). Depicted in mean with 95% Confidence interval

19

image1.png
[ 30 sssessdtor sy

! S
N
s =
! ettt
[E—— S,
S o
L [sstmeopmne
s
e e
st
T
Eha o o
fhoweivtd
e
-
b
Pz,
r
e
A e





image2.png
Randomization

Z N\

Calcium carbonate. Lenthanumcarbonate 5 weeks

Lanthanum carbonate Calclum carbonate Sweeks

Lanthanumcarbonate Calcium carbonate ek
360 meg vitamin k2 360 meg vitamin k2





image3.emf
0

1000

2000

3000

4000

5000

Calcium carbonate and lanthanum carbonate treatment

d

p

-

u

c

M

G

P

 

(

p

m

o

l

/

L

)

before calcium

carbonate treatment

before lanthanum

carbonate treatment

after calcium

carbonate treatment

after lanthanum

carbonate treatment



image4.emf
v

i

t

a

m

i

n

 

K

 

s

t

a

r

t

v

i

t

a

m

i

n

 

K

 

e

n

d

0

1000

2000

3000

4000

5000

d

p

-

u

c

M

G

P

 

(

p

m

o

l

/

L

)

*



