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KEY LEARNING POINTS

What is already known about this subject?
• Chronic kidney disease (CKD) patients often suffer from vitamin K deficiency, which is associated with negative

cardiovascular outcomes.
• Phosphate binders may further aggravate vitamin K deficiency, promoting vascular calcification.
What this study adds?
• Our experimental rat model with 3/4 nephrectomy, supplemented with warfarin and high phosphate mimics the clinical

situation of end-stage CKD patients.
• Combination phosphate binder treatment with high vitamin K2 prevents vitamin K deficiency and attenuates vascular

calcification development.
What impact this may have on practice or policy?
• Given the link between low vitamin K status and vascular calcification, clinicians should consider supplementation of

vitamin K in end-stage CKD patients.
• Co-supplementation of phosphate binders with vitamin K2 might prove an effective therapy to combat vitamin K

deficiency and subsequently vascular calcification in CKD.

ABSTRACT

Background. Hyperphosphataemia is strongly associated
with cardiovascular disease and mortality. Recently, phosphate
binders (PBs), which are used to bind intestinal phosphate,
have been shown to bind vitamin K, thereby potentially
aggravating vitamin K deficiency. This vitamin K binding by
PBs may offset the beneficial effects of phosphate reduction in
reducing vascular calcification (VC). Here we assessed whether
combining PBs with vitamin K2 supplementation inhibits VC.
Methods. We performed 3/4 nephrectomy in rats, after which
warfarin was given for 3 weeks to induce vitamin K deficiency.
Next, animals were fed a high phosphate diet in the presence
of low or high vitamin K2 and were randomized to either
control or one of four different PBs for 8 weeks. The primary
outcome was the amount of thoracic and abdominal aorta
VCmeasured by high-resolutionmicro-computed tomography
(μCT). Vitamin K status was measured by plasma MK7 levels
and immunohistochemically analysed in vasculature using un-
carboxylated matrix Gla protein (ucMGP) specific antibodies.
Results. The combination of a high vitamin K2 diet and
PB treatment significantly reduced VC as measured by μCT
for both the thoracic (P = 0.026) and abdominal aorta (P =
0.023), compared with MK7 or PB treatment alone. UcMGP
stain was significantly more present in the low vitamin K2–
treated groups in both the thoracic (P < 0.01) and abdominal
aorta (P < 0.01) as compared with high vitamin K2–treated
groups.Moreover, a high vitaminK diet and PBs led to reduced
vascular oxidative stress.
Conclusion. In an animalmodel of kidney failurewith vitamin
K deficiency, neither PB therapy nor vitamin K2 supplemen-
tation alone prevented VC. However, the combination of high
vitamin K2 with PB treatment significantly attenuated VC.

Keywords: chronic kidney disease, matrix Gla protein, phos-
phate binders, vascular calcification, vitamin K2

INTRODUCTION
Cardiovascular mortality increases progressively with advanc-
ing chronic kidney disease (CKD). Traditional risk factors

for cardiovascular disease only partially explain these ob-
servations, pointing to a role of non-traditional risk factors
such as uraemia, hyperphosphataemia, oxidative stress and
possibly vitamin K deficiency [1]. Many of these risk factors
contribute to vascular calcification (VC),which is an important
contributor to morbidity and mortality, especially in late-stage
CKD [2].Onemajor established contributing factor forVCand
mortality is a high serum phosphate concentration [3]. In late-
stage CKD, both dietary interventions and phosphate binders
(PBs) are used to target hyperphosphataemia. Generally, PB
studies consistently show a slower progression of VC if non-
calcium-containing PBs are used [4–7]. This is in line with in
vitro data showing that a slight increase in calcium on top of
increased phosphate levels induces calcification of the arterial
medial layer [8]. Lowering phosphate levels with non-calcium-
containing PBs such as lanthanum carbonate and sevelamer
carbonate has been shown to attenuate VC progression [4, 6,
7, 9]. However, even with the use of non-calcium-containing
PBs, VC frequently progresses [10]. One explanation for this
observation may be the overlooked effect of PBs on vitamin K
status. Vitamin K is a key player in protection against VC, as it
is amandatory cofactor for the activation ofmatrix Gla protein
(MGP). MGP is a vitamin K–dependent protein produced and
secreted by vascular smooth muscle cells (VSMCs) and is an
important local inhibitor for calcification of the vessel wall
[11]. In late-stage CKD, the prevalence of vitamin K deficiency
is high [12]. This is due in part to dietary restrictions in
potassium-rich dietary products (leafy green vegetables rich
in K1) and phosphate-containing food (dairy products such
as cheeses rich in vitamin K2) [13]. Vitamin K deficiency
is aggravated in patients using vitamin K antagonists [14].
Additionally, it has been established that vitamin K is bound
by several PBs in vitro [15, 16] as well as in vivo [17], with
different affinities. Recently it was demonstrated that clinical
use of PB therapy is associated with increased serum levels
of dephosphorylated uncarboxylated MGP (dp-ucMGP), a
biomarker indicative of vitamin K deficiency [18]. Increased
serum levels of dp-ucMGPhave been associatedwith increased
VC andmortality [19–21]. Since in vitro and in vivo PB-related
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Warfarin High phosphate (1.2%)
Low vitamin K (5 µg)

1. No binder (n=9)
2. Calcium carbonate (n=9)
3. Sevelamer carbonate (n=9)
4. Lanthanum carbonate (n=9)
5. Sucroferric oxyhydroxide (n=9)

Age
10 weeks

–35 –28 –21 56 days0

Warfarin High phosphate (1.2%)
High vitamin K (100 µg)

FIGURE 1: Study setup design. Animals entered the study and received 3/4 nephrectomy after 1 week. Next, animals were placed on 3 weeks of
warfarin/vitamin K1 treatment to induce vitamin K deficiency. Subsequently, animals received a high phosphate diet with either a high or low
vitamin K2 (MK7) diet, combined with a PB. Both low and high vitamin K groups had a control group not receiving PB treatment.

differences in vitamin K binding have been described, we
tested a variety of PBs, both calcium-containing and calcium-
free PBs. We hypothesized that combining PB therapy with
vitamin K2 supplementation will abolish the impact of PBs on
vitamin K status, thereby preventing vitamin K deficiency and
providing optimal therapy to reduce or stop progression of VC.

MATERIALS AND METHODS
Ethical statement
The study was approved by the Animal Experiments Com-

mittee of the VU University of Amsterdam and Maastricht
Animal Care Committee. All relevant licenses were obtained
and the study was performed according to national guidelines
for the care and use of animals.

Animals
Ninety male Sprague Dawley rats (Charles River, Ecully,

France) weighing 220–250 g at the start of the experiment
were used. Animals were maintained under conventional
laboratory conditions, allowed to acclimatize 1 week before
the experiments started and had full access to water and food
(Teklad Diets, Madison, WI, USA).

3/4 nephrectomy
Renal insufficiency was induced by a 3/4 nephrectomy. At

least 24 hours prior to surgery, blood was drawn from the
tail vein for serum reference levels. During a single surgical
procedure, rats were anaesthetized with isoflurane (2.5%,
with 40% oxygen) and received a subcutaneous injection of
Temgesic (0.03 mg/kg buprenorfinehydrochloride) 30 min
before surgery to ensure analgesia during the procedure.
The left kidney was exposed through an abdominal incision
after which half of the arterial branches were ligated, directly
followed by full ligation and removal of the right kidney. Six to
eight hours after the first injection, administration of Temgesic
was repeated to prolong analgesia during recovery. Animals
were kept individually for the first 24 hours post-surgery and
daily checked to monitor recovery.

Experimental design
One week after 3/4 nephrectomy, rats received a purified

diet for 3 weeks (Altromin, Lage, Germany) containing
calcium 0.76%, phosphate 0.45%, 3 mg/g warfarin (Sigma-

Aldrich, St. Louis,MO,USA) and 1.5mg/g vitaminK1 (Sigma-
Aldrich).

Our rat model consisted of concomitant administration of
vitaminK1 andwarfarin to overcome vitaminK antagonism in
the liver but not in extrahepatic tissues [22]. This enables us to
study VC yet prevents major bleeding in the animals. We used
warfarin in our experiment to mimic the condition of CKD
patients, who are often subclinically deficient in vitaminK [12].

Next, the diet was switched to a purified diet containing
calcium 1.34% and phosphate 1.2%, either with or without PB.
The following PBs were used: calcium carbonate, lanthanum
carbonate, sevelamer carbonate and sucroferric oxyhydroxide.
The diets contained 1000 mg PB per kg body weight per day.
The 1000 mg dose was based on the dry weight and not on
the active substance [23]. Each groupwas subsequently divided
into a high vitamin K2 (100 μg/g; Nattopharma ASA, Oslo,
Norway) and low vitamin K2 (5 μg/g) subgroup for another
8 weeks (Figure 1). After the treatment period, rats were
sacrificed and blood was collected from the portal vein into
105 mM trisodium citrate. Plasma was prepared and aliquots
were frozen at −80oC until analysis. After bleeding, the rat
vasculature was washed by injecting a sterile isotonic buffer
(40 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2
and 2.5 mM CaCl2, pH 7.3) via the left ventricle. Aortae were
harvested, dissected and fixed overnight into 1% (v/v) HEPES-
buffered paraformaldehyde containing 150 mM saline at 4°C
before embedding into paraffin.

Biochemical measurements
Before surgery and before sacrifice, the following data

were collected: serum creatinine, urea, calcium and phosphate
levels. Measurements were conducted by standard laboratory
techniques. Intact fibroblast growth factor 23 (FGF23) was
measured by the Kainos assay (Tokyo, Japan). Menaquinone-7
levels were measured by liquid chromatography tandem mass
spectrometry (LC-MS/MS) consisting of an initial sample
purification step prior to tandem MS detection (Magtivio,
Nuth, The Netherlands). The assay performance was evaluated
through participation in the international Korean Association
of External Quality Assurance Service scheme.

Quantification of VC by high-resolution micro-
computed tomography
All groups of rats (five to nine per group) underwent ex

vivo high-resolution scanning of the thoracic and abdominal
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FIGURE 2: Representative images of vascular calcification measured by μCT scan. (A) Aortic arch and thoracic aorta. (B) Abdominal aorta with
renal arteries.

aorta including renal artery and cartilage of tibias using
micro-computed tomography (μCT) at 55 kV and 200 μA
(microCT100, Scanco Medical, Bruettisellen, Switzerland).
Thoracic and abdominal aortae were scanned and the resolu-
tion was set to 24.5 μm isotropic. A tissue with mineralization
exceeding 50 mg of hydroxyapatite (HA)/cm3 was segmented
from the image using a single threshold analysis. The threshold
was based on trabecular bone calibration values. Both calcified
and soft tissues were reconstructed using a three-dimensional
visualization tool to obtain pictures (Figure 2). Calcification
areas and volume were then determined by calculating total
bone volume (mm3). This method is sensitive to measure
early signs of calcification, takes the whole tissue into account
and leaves the tissue intact for further histochemical analysis.
The tibia cartilage calcification was added since MGP is
synthesized not only by VSMCs, but also significantly by
chondrocytes. Therefore the impact of vitamin K metabolism
on MGP also impacts cartilage. This was measured to
validate the effects of vitamin K on MGP in the vessel
wall.

Quantification of cartilage and bone calcification by
high-resolution μCT
Besides VSMCs, MGP is also synthesized by chondrocytes

[24]. Knee joints were scanned in a closed holder at a resolution
of 10 μm, with a source energy of 70 kVp, an intensity of
200 μA and an integration time of 300 ms. μCT image
processing included Gauss filtering with σ = 0.8, a support
of 1 voxel and a voxel size of 10 μm, as well as segmentation
of the bone phase using a global threshold of 210 per mile of
the maximum grey value, corresponding to 453 mg HA/cm3.
Contours were drawn manually to determine the volume of
interest (VOI) of the subchondral bone of the tibia plateau.
For analysis of the knee joint itself, the contour was shifted
in the proximal direction and only the region that was non-
overlapping with the original contoured region or the femoral
subchondral bone was then analysed. From the segmented

images, the volumetric bone mineral density (vBMD) was
determined [25, 26].

Immunohistochemical analysis
Aortic arches (including carotid arteries) and abdominal

arteries (including renal arteries) were collected upon sac-
rifice, fixed in formalin and embedded in paraffin. Paraf-
finized tissues were cut in tissue sections of 4 mm. The
tissues were stained with alizarin red, von Kossa and with
8-hydroxy-2′-deoxyguanosine(8-OHdG) and uncarboxylated
MGP (ucMGP). Semi-quantitative analysis of alizarin red,
von Kossa and ucMGP was performed by a blinded single
reader. Scores for two tissue sections with four independent
regions of the thoracic and abdominal aorta per animal
group were determined. The extent of ucMGP signal was
quantified on as absent (0), light (+), moderate (++) or heavy
(+++). For antibody-based immunohistochemical imaging,
sections were stained with primary antibodies for ucMGP
(1:25; Immunodiagnostic Systems, Boldon, UK) and 8-OHdG
(1:150;Meridian Life Science,Memphis, TN, USA). Secondary
antibodies used were goat anti-mouse horseradish peroxidase
(HRP)-conjugated IgG (1:1000; DAKO, Jena, Germany) and
anti-goat HRP-conjugated IgG (1:400; DAKO). Antibodies
were visualized by red alkaline substrate kit I (Vector SK-
5100; Vector Laboratories, Burlingame, CA, USA); nuclei were
counterstained with haematoxylin.

Statistical analysis
Statistical analysis was performed using Prism version 6

(GraphPad Software, SanDiego, CA, USA). Data are presented
as mean ± standard deviation (SD) unless stated otherwise.
All data were analysed usingMann–Whitney for the difference
between two groups and Kruskal–Wallis for the difference
between three or more groups since the data were not
normally distributed. Since there was no difference between
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the individual PB groups and the numbers in each group were
small, we decided to pool the PB results.

RESULTS
Blood chemistry
At the end of the study, 3/4 nephrectomy surgery resulted

in increases of serum creatinine and urea concentrations
from 37.1 to 75.7 μmol/L and from 8.7 to 16.1 mmol/L,
respectively (P < 0.01 for both). Both calcium and phosphate
levels did not change significantly [2.52 to 2.39 mmol/L,
(P= 0.131) and 2.14 to 2.09mmol/L (P= 0.586), respectively].
There were no significant differences between the groups in
phosphate and calcium levels or kidney function at any time
point (Table 1). The mean intact FGF23 serum level before
sacrifice was elevated (2097 ± 2197 ng/L as compared with
an average of 400 ng/L in non-CKD rats measured by the
same assay) [27]. There was no difference in intact FGF23
levels between the different groups (P = 0.074) (Table 1)
or pooled groups of animals with or without PBs (P =
0.36) {median 970 ng/L [interquartile range (IQR) 650–2843]
for animals with PBs throughout; 1250 ng/L [IQR 805–
4677] for the animals without PBs}. The median FGF23
level in the animals treated with calcium-containing PBs was
1289 ng/L (IQR 425–2759) versus the level in the calcium-
free PBs [908 ng/L (IQR 643–3120)]; this difference was
not significant either (P = 0.99). High vitamin K2 (MK7)
supplementation had a positive effect on increasing circulating
plasma levels of MK7 compared with low vitamin K2 intake
(P = 0.0012). There were no significant differences between
high vitamin K2 (MK7) and low vitamin K2 (MK7) with
and without PBs (P = 0.642 and P = 0.826, respectively;
Figure 5E). Moreover, we found no differences in circulating
plasma levels of vitamin K1 (phylloquinone) between high
vitamin K2 (MK7) and low vitamin K2 diets (P = 0.321;
Figure 5F).

VC detected by aortic μCT and tissue staining
In the low vitamin K2 group, all tested PBs failed to inhibit

VC as measured by μCT in the thoracic (P = 0.053) and
abdominal aortae (P= 0.81) comparedwith animals not taking
PBs (Figure 3A and B). In animals not treated with PBs,
there was no statistically significant difference in VC between
animals treated with a high or low vitamin K2 diet (P = 0.95).
However, rats in the high vitamin K2 group on PBs developed
significantly less VC as measured by μCT in both the thoracic
(P = 0.026) and abdominal aortae (P = 0.023; Figure 3A
and B) compared with controls. There was no statistically
significant difference among the different binders tested, nor
compared with the no-binder control for individual binders
(Supplementary data, Figure S1). The presence of VC, as
quantified by μCT, was confirmed by von Kossa and alizarin
red staining after sectioning the same tissues. Both von Kossa
and alizarin red staining revealed calcification in line with the
μCT results (Figure 4A and B). Moreover, we detected the
presence of 8-OHdG around calcified regions in the medial
layer of the thoracic aorta. 8-OHdG was mainly present in
animals on a low vitamin K2 diet in combination with PBs Ta
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(Supplementary data, Figure S5). In contrast, 8-OHdG levels
were lower in animals treated with a high vitamin K diet in
combination with PBs (Supplementary data, Figure S4).

ucMGP accumulation in the vascular wall
Immunohistochemical staining for ucMGP in the vessel

wall revealed ucMGP present at sites of VC. The presence of
ucMGP was mainly detectable in the low vitamin K2–treated
groups. The low vitamin K2 groups had significantly higher
expression of ucMGP in both the thoracic (P < 0.01) and
abdominal aortae (P < 0.01) compared with the high vitamin
K2 groups (Figure 5C andD). There was no difference between
the control and PBs in either the high (P= 0.95) or low vitamin
K2–treated groups (P= 0.58). However, there was less ucMGP
staining present in the group on PBs with high vitamin K2 diet
compared with the group on PBs with a low vitamin K2 diet
for the thoracic (P = 0.013) and abdominal (P = 0.005) aortae
(Figure 5A and B; see Figure 6 for representative photos).

μCT cartilage and bone
To further validate the protective effect on calcification

of PB treatment in combination with high vitamin K2, we
analysed the bone volume density in articular cartilage of the
tibia and bone mineral density (BMD) of the femur using
μCT. In the PB groups on a low vitamin K diet, cartilage
calcification was evenly present and not different between
groups (P = 0.90). PB treatment in combination with high
vitaminK2 resulted in significantly less tibial articular cartilage
calcification compared with controls (Supplementary data,
Figure S2). Measurement of the BMD of the femur showed
no significant differences between any of the treatment groups
(Supplementary data, Figure S3).

DISCUSSION
In this study we demonstrated that the use of PB treatment in a
kidney failure (CKD) animal model with concomitant vitamin
K deficiency, which mirrors dialysis patients, is not sufficient
to prevent ectopic calcification. However, combining PBs with
high vitaminK2 supplementation strongly attenuatedVC. This
protective effect on calcification is likely accomplished by the
synergistic effect of combined PB treatment and vitamin K2
supplementation. To the best of our knowledge, this is the first
in vivo preclinical study combining PB therapy with vitamin
K2 supplementation. In animal models without CKD [22], and
even in animals withCKD [28, 29], vitaminK supplementation
has been shown to inhibitVC.Additionally, PB therapy inCKD
animals demonstrated a reduction in VC to some extent [30–
32]. However, none of these animal models combined CKD
with vitamin K deficiency, as is the clinical situation for the
majority of late-stage CKD patients [12]. Both vitamin K defi-
ciency [33] and increased phosphate levels [34] are associated
with increased morbidity and mortality in CKD patients. In
our model, CKD animals were rendered vitamin K deficient
by pretreatment with warfarin and a high phosphate diet.
Additionally, animals were treated with different PBs in com-
bination with a low intake of vitamin K2, thereby mimicking
the clinical situation in late-stage CKD [33, 34]. Patients with

FIGURE 3: Log transformation of vascular calcification score
measured by μCT scan. (A) Aortic arch and thoracic aorta showing
significant lower vascular calcification in high vitamin K2 with PB
treatment. In the low vitamin K2 treatment, additional PB treatment
reduced vascular calcification non-significantly. (B) Abdominal aorta
and renal arteries showing significantly lower vascular calcification
in the high vitamin K2 with PB treatment groups. The vascular
calcification score is depicted as hydroxyapatite per cubic centimetre
with a median and 95% CI for control and pooled PB groups.

late-stage CKD are recommended to lower both phosphate
and potassium intake. However, these recommendations also
limit the intake of vitamin K, as leafy green vegetables (as a
source of potassium) are rich in vitamin K1 and cheeses (rich
in phosphate) are a major source of vitamin K2 [13]. On top
of these untoward effects of dietary intervention on vitamin
K intake, different PBs have been shown, both in vitro and
in vivo, to bind vitamin K, thereby limiting its bioavailability
[15–17]. Sevelamer seems to bind vitamin K directly [16];
however, there might also be an effect on microbiota by
sevelamer and calciumcarbonate treatment [35, 36].Moreover,
in patients on renal replacement therapy, an association of
sevelamer carbonate use and increased dp-ucMGP levels was
observed, suggesting that PB therapy aggravates vitamin K
deficiency [18]. In our study, there was no difference in VC,
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FIGURE 4: (A) Alizarin Red staining of the aortic arch and thoracic and abdominal aortae with renal arteries. At both anatomical sites, the high
vitamin K2 with PB treatment showed less vascular calcification depicted by alizarin red. (B) Von Kossa staining of the aortic arch and thoracic
and abdominal aortae with renal arteries. At both anatomical sites, the high vitamin K2 with PB treatment showed less vascular calcification
depicted by von Kossa.

vitamin K levels or ucMGP levels between the distinct PBs.
This may be due to a type II error, given the small number of
animals per PB. Nevertheless, the use of calcium-containing
PBs in our study did not aggravate VC, as seen in clinical
studies with calcium-containing PBs compared with calcium-
free PBs [4, 6, 7, 9, 10]. The relatively short duration of our
experiment, including a mild degree of kidney failure and
the absence of hyperphosphataemia, compared with clinical
late-stage CKD, may explain the absence of a difference in
calcification with the use of calcium-containing and non-
calcium-containing PBs.

Also, circulating levels ofMK7 in rat plasma at the end of the
study were measured. There was a significant increase in MK7
plasma levels in animals fed a high MK7 diet compared with
animals fed a low MK7 diet. There was no difference in MK7
plasma levels between animals treated with or without PBs.
To further verify whether local vascular vitamin K deficiency
was present, we quantified ucMGP in thoracic and abdominal
aorta tissues. In the vessel wall of CKD animals treated with
PBs in combination with low vitamin K, ucMGP colocalized
extensively with VC. However, when PBs were combined with
high vitamin K2 intake, significantly less ucMGP and VC
were present in the vessel wall. Our findings are in line with
previous data in experimental animals and suggest that vitamin
K deficiency is a risk factor for developing VC [22].

The inhibitory role of combined PB and vitamin K2 can
be explained via a mechanism other than MGP activation. It
has been shown that vitamin K protects VSMC differentiation
and calcification into an osteogenic phenotype under a high
phosphate environment via downregulation of bone-specific
genes [37, 38]. However, we could not find such an effect in
our study (data not shown). Recent findings suggest a non-
canonical role of vitamin K2 as an antioxidant [39]. Indeed,
vitamin K2 ameliorated nicotine-induced VSMC intracellular
oxidative stress and subsequently calcification [40]. Addi-
tionally, VKORC1L1 (VKORC1-like 1), a paralogue enzyme
of VKORC1, was found to regulate vitamin K–dependent
intracellular antioxidant function in cell membranes [41]. Vi-
tamin K has been shown to mediate a VKORC1L1-dependent
increase in cell viability. Warfarin use or low vitamin K status
limits the function of VKORC1 as well as VKORC1L1 and
thus might be an important contributor to oxidative stress.
Here we show that high vitamin K2 treatment, especially in
combination with PB treatment, attenuates oxidative stress
(Supplementary data, Figure S4). This effect was not observed
in any of the low vitamin K2–treated groups (Supplementary
data, Figure S5). We hypothesize that the combination of
high vitamin K2 and PBs results in reduced VC, in part via
decreased oxidative stress. Thus both PB and vitamin K2
supplementation are required to reduceVC in ourCKDmodel.
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FIGURE 5: Vitamin K status measured in vasculature and circulation. (A and B) UcMGP presence depicted as median and 95% CI for (A) the
aortic arch and thoracic aorta and (B) the abdominal aorta and renal arteries. Significantly lower ucMGP was present in animals treated with
high vitamin K2 and PB treatment. (C andD) The difference between ucMGP presence in animals treated with either high or low vitamin K2.
The ucMGP score is depicted as the median and 95% CI for the thoracic aorta. (E) Plasma levels of MK7 in animals treated with high and low
vitamin K2. Animals treated with high vitamin K2 have significantly higher MK7 plasma levels as compared with low vitamin K treatment,
irrespective of PB treatment. MK7 plasma levels are depicted as the median and 95% CI. (F) Comparison of plasma levels of phylloquinone in
high and low vitamin K2 (MK7) groups. The vitamin K1 plasma levels are depicted as the median and 95% CI.
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FIGURE 6: (A andD) Alizarin red and (B, C, E and F) ucMGP staining of the aortic arch and thoracic and abdominal aortae with renal arteries.
At both anatomical sites, the high vitamin K2 (A–C) with PB treatment showed less vascular calcification and also less ucMGP positive staining
(arrows).

VC in CKD patients is predominantly linked to medial
calcification [34], a condition that is more present in the
abdominal aorta and peripheral arteries [42]. VC in CKD is
also located at the aortic arch and the thoracic aorta [43].
Therefore we analysed calcification in both the thoracic and
abdominal aortae and found VC to be increased at both
vascular sites in CKD animals treated with PBs and low
vitamin K2 intake. UcMGP expression could be detected at
both vascular anatomical sites, suggesting an involvement of
vitamin K at both locations. Vitamin K antagonist treatment,
inducing vitamin K deficiency, is known to induce vascular as
well as cartilage calcification [44]. MGP is produced by both
VSMCs and chondrocytes. Additionally, cartilage calcification
is a feature that is present in dialysis patients [45, 46],
suggesting a process similar to VC. Therefore we analysed the
calcification of knee articular cartilage to confirm the impact of
vitaminK2 treatment in combinationwith PBonMGP. Indeed,
also in the articular cartilage, we found that the combination
therapy resulted in significantly less calcification as compared
with PB treatment in combination with low vitamin K2 intake,
as such corroborating our findings in the arterial walls.

The calcium paradox is a term relating to the loss of bone
mineral content and subsequently the accumulation of calcium
crystals in the arterial vessel walls. In this bone–vascular
crosstalk, vitamin K has been put forward as a nutritional in-
tervention to improve bone quality and simultaneously protect
the vasculature [47, 48]. In our study, we show that the com-
bination of vitamin K2 and PB treatment has beneficial effects
on vascular and cartilage calcification. However, this treatment
had no effect on BMD in our model. This is in line with
previous research, where vitamin K2 did not affect the BMD of
the femoral shaft in combination with teriparatide in vivo [49].

There are a few limitations of this study. In our rat
model, the severity of CKD was less pronounced as compared

with other CKD models [30]. This could be due to the 3/4
nephrectomy procedure compared with animal models using
adenine [31] or 5/6 nephrectomy [50] to induce CKD. In
our model, there was no change in phosphate levels after
the 3/4 nephrectomy as compared with baseline. This is in
line with what has been described previously [51, 52] and, in
clinical CKD, hyperphosphataemia is a late-stage feature [53].
There was no control group without CKD present and thus
we do not have data on normal phosphate levels in rats. We
cannot exclude that PB treatment alone, in a setting of more
advanced CKD with hyperphosphataemia would attenuate
VC. Also, we did not collect urine, so we cannot exclude a
difference in phosphate balance, and there was an elevated
intact FGF23 as compared with non-CKD rats [27]. FGF23
levels were elevated at the end of this study. In the absence
of a control group without CKD, we compared FGF23 levels
with previously published literature. This elevation was less
pronounced as compared with CKD rat models where FGF23
was measured by the Kainos assay [27]. In this model, a 25%
adenine diet was given and intact FGF23 levels were some 10-
fold higher compared with our model. This discrepancy might
be due to the more pronounced CKD in the adenine model
compared with our 3/4 nephrectomy model. In addition, the
adenine model is a tubulotoxic model, which may also induce
FGF23 resistance. Indeed, creatinine levels were also some 3-
fold higher as in our study. We did not observe differences
in FGF23 levels between animals treated with PBs compared
with controls. This might be due to the relatively mild increase
in FGF23 levels (2097 ± 2197 ng/L) compared with 400 ng/L
in non-CKD rats [27]. Moreover, our CKD model has a high
degree of complexity, includingCKD, vitaminKdeficiency and
high phosphate in combination with low or high vitamin K.

Our study also has several strengths. We included a broad
variety of PBs in this model and measured a great number
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of parameters that are known to have an effect on VC. We
used μCT as a highly sensitive and specific technique for the
measurement of VC ex vivo. In this way, we analysed total VC
throughout the vasculature and kept the tissue available for
(immuno)histochemical analysis.

In this study, the use of PB monotherapy, effective in lower-
ing serum phosphate levels, hardly inhibits the progression of
VC [8, 54]. Also, vitamin K2 supplementation alone seems not
to be sufficient to reduce the progression of VC in CKD [55].
Because vitamin K metabolism is likely to be affected by PBs,
monitoring of vitamin K status should be considered to assess
optimal treatment dosage. Although this is an experimental
animal study, we put forward that—based on the safety of PBs
and vitamin K—these results could be translated to clinical
practice.

We conclude that high-dose vitamin K2 may be needed
in combination with PB use to significantly counteract VC.
Future clinical studies should analyse the combination of
vitamin K2 supplementation with PB therapy to stop the
progression of VC, changes in arterial stiffness and cartilage
calcification.
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