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Abstract 

Chronic kidney disease (CKD) affects approximately 3 million Canadians and these 

patients have a markedly increased risk of developing cardiovascular disease.  CKD patients have 

abnormal mineral metabolism and vitamin K status; dysfunctions that can accelerate the rate of 

vascular calcification.  Matrix Gla protein (MGP) is a key tissue based inhibitor of calcification 

and is dependent on vitamin K for activity. In this thesis, an adenine-induced rat model of CKD 

was used to characterize quantitatively and temporally the impact of changing vitamin K status on 

the susceptibility of vessels to calcification.  Treatment with the vitamin K antagonist warfarin, at 

therapeutic levels, significantly increased vessel calcification and the attendant circulatory 

consequences (higher pulse pressure and pulse wave velocity) whereas treatment with dietary 

vitamin K attenuated the pathogenesis.  Vitamin K (K1) treatment increased the tissue levels of 

both forms of vitamin K (K1 and MK-4) in all the tissues studied.  Vitamin K metabolism was 

clearly altered by CKD, in that there was a shift to lower K1 and higher MK-4 tissue content, 

resulting in an increased MK-4:K1 ratio.  Although somewhat paradoxical, a decrease in the 

expression level of the MK-4 synthesizing enzyme UBIAD1 and the vitamin K recycling enzyme 

VKOR was found.  This latter finding suggests that increased MK-4 was not due to an increase in 

production but rather to a decrease in utilization of MK-4.  Patients with CKD are also known to 

be deficient in calcitriol.  In this thesis the impact of two doses of calcitriol (20 ng/kg and 80 

ng/kg), in the presence of low or high vitamin K status, on CKD-induced vascular calcification 

was assessed.  Both calcitriol doses increased the severity of calcification regardless of vitamin K 

status.  That is, contrary to the hypothesis, high dietary vitamin K1 was unable to attenuate the 

pro-calcification stimulus of calcitriol, and furthermore, warfarin treatment did not worsen it. The 

basis for these unanticipated findings points to the obese phenotype of the animals used 

potentially masking the potential benefits of calcitriol treatments, although this concept requires 

further study.  Although several unexpected findings occurred, this thesis still fills some key gaps 
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in knowledge pertaining to the role of vitamin K status in the development of vascular 

calcification during CKD and as a therapeutic intervention. 
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Chapter 1 

Introduction 

1.1 Preamble and Introduction 

Chronic kidney disease (CKD) is a progressive loss of renal function resulting in a decrease 

in glomerular filtration and as a result a decrease in the kidney’s ability to excrete waste products.  

There are many causes of CKD including hypertension, diabetes, and glomerulonephritis.  The 

prevalence CKD was estimated at 12.5% using data from the Canadian Health Measure Survey 

(2007-2008) which translates to approximately 3 million Canadian adults affected [1].  The 

progression of CKD has been classified into 5 stages based on glomerular filtration rate (GFR) 

with stage 5 being the most severe.  The leading cause of mortality in CKD patients is 

cardiovascular disease (CVD, including myocardial infarction, stroke, and heart failure); in fact, 

patients with CKD are more likely to die from CVD before they ever require renal replacement 

therapy [2].  Traditional risk factors, such as hypertension and diabetes, are highly prevalent in 

the CKD population but do not completely account for their increased risk of developing CVD.  

Non-traditional risk factors, such as disorders in phosphate and calcium metabolism, begin early 

in the course of CKD and contribute to vascular calcification (VC).  VC is associated with arterial 

stiffness and an increased risk of mortality [3].  Up to 90% of CKD patients have some aortic VC 

present [4].  A study using multi-slice computed tomography found that 67.2% of patients with 

stage 3-5 CKD (with no symptoms of CVD) had at least mild coronary artery calcification and 

31.9% already had severe coronary artery calcification [5].  Prevalence studies indicate that 

between 60-90% of dialysis patients have arterial calcification [6].   

VC is an active process regulated by a balance between activators and inhibitors.  Matrix 

Gla protein (MGP) is a vitamin K-dependent protein that regulates tissue calcification and is 

present in the arterial wall.  Vitamin K is a cofactor in the carboxylation of specific glutamate 
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residues on MGP to carboxy-glutamate residues.  Only carboxylated MGP (cMGP) acts as an 

inhibitor of calcification [7].  The role of vitamin K and MGP carboxylation has yet to be 

thoroughly evaluated in an animal model of CKD.  The current studies were designed to 

determine whether there is a relationship between alterations in vitamin K status and the 

carboxylation of vitamin K dependent proteins (VKDPs) and the progression of VC in an animal 

model of CKD (Chapter 2). 

The primary source of vitamin K is through the diet.  Phylloquinone (K1) is the primary 

form of vitamin K found in the diet and the major form of vitamin K found in the liver.  

Menaquinone-4 (MK-4) is present in the diet in very small quantities but it is the major form of 

vitamin K found in extra-hepatic tissues.  Warfarin is an anti-coagulation drug that acts by 

inhibiting the recycling of vitamin K which leads to a rapid depletion of vitamin K stores 

resulting in inactive vitamin K-dependent proteins.  These include the coagulation proteins in the 

liver as well as extra-hepatic proteins such as MGP and osteocalcin.  This project will investigate 

whether there is an effect of therapeutic doses of warfarin and dietary alternations of vitamin K 

on the development of VC in an animal model of CKD (Chapter 2,3).   

Vitamin D is another fat-soluble vitamin with implications in CKD.  The active form of 

vitamin D, calcitriol, is a transcriptional regulator of MGP and has been found to increase VC in a 

number of in vivo and in vitro studies [8–12].  However, more recently, two separate studies have 

shown that lower doses of calcitriol (20-40 ng/kg) might reduce VC [13,14].  This project will 

also investigate calcitriol treatment in an animal model of chronic kidney disease, its effect on 

calcification and possible interaction with vitamin K (Chapter 4). 

1.2 Vascular calcification and its consequences 

The vascular is composed of an inner intimal layer of endothelial cells, a medial layer of 

vascular smooth muscle cells, and an adventitial layer of connective tissue and fibroblasts.  The 

calcium crystal found in VC is calcium apatite which is the same as that found in bone.  
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Calcification was first thought to be a passive, degenerative process, but it is now known to be an 

active, cell mediated process.  VC can occur at two different sites within the vessel wall, the 

intima and the media [15].  Intimal calcification is associated with atherosclerotic plaques 

whereas medial calcification is independent of atherosclerosis and is associated with smooth 

muscle cells and elastic fibres in the medial layer of vessels.  The focus of this thesis is medial 

calcification.  Medial calcification is observed in elderly patients, however it occurs at a much 

younger age in patients with diabetes and is prevalent in patients at all stages of CKD [16,17].  

Medial calcification has many detrimental effects on the cardiovascular system including 

increased vascular stiffness, increased pulse pressure, and left ventricular hypertrophy which 

contribute to CVD.  Prevalence studies have shown that coronary artery calcification is 

significantly associated with ischemic events in adults with end-stage kidney disease [15].  The 

presence of medial calcification is a strong prognostic marker of all-cause and CVD mortality in 

hemodialysis patients, independent of classical atherogenic factors [15]. 

1.3 Mechanisms of vascular calcification 

VC occurs via mechanisms that are similar to the development of bone.  Vascular smooth 

muscle cells (VSMC) have the ability to re-program into an osteoblast-like phenotype that is 

capable of expressing bone matrix proteins that regulate mineralization [18].  Research thus far 

has indicated that phosphate plays a key role in this phenotypic transition.  In vitro studies have 

shown that elevated phosphate levels can induce VSMC calcification in a dose and time-

dependent manner [19–22].  In addition to cell culture, rat aortas cultured in media with high 

phosphate levels (2.5-4mM) undergo medial calcification [23].  Data from hemodialysis patients 

also reveals that the extent of elevated serum phosphate is positively correlated with mortality 

[24].  Giachelli and colleagues have demonstrated that hyperphosphatemia stimulates the 

transformation of VSMC to an osteoblast phenotype via the transport of phosphate into cells 

through type III sodium-dependent phosphate cotransporters, referred to as Pit-1 [25].  High intra-
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cellular concentrations of phosphate stimulate the osteoblastic transformation by inducing the 

upregulation of osteochondrogenic differentiation markers such as Runx2 (also known as Cbfa1), 

osteocalcin, and osteopontin [20,21,26] and by the downregulation of smooth muscle cell lineage 

markers, SM22 and α-actin [18].  In CKD patients, hyperphosphatemia manifests by stage 3 CKD 

[26].  Hyperphosphatemia creates an environment that promotes calcification; however, this can 

be balanced by factors that inhibit calcification.  Key circulating inhibitory factors include fetuin-

A [27] and inorganic pyrophosphates [28] whilst local inhibitors of calcification within the 

arterial wall include MGP [29]
 
and osteoprotegrin [30].  MGP is the most potent VC inhibitor 

presently known and is dependent on vitamin K for this function.   

Apoptosis is another mechanism believed to play a role in the initiation of calcification.  

Apoptotic bodies (AB) and matrix vesicles (MV) derived from VSMC act as a nidus for calcium 

crystal formation [31].  Apoptosis and MGP expression peak at the same time indicating a 

potential link between the two [31].  Reynolds et al. showed in cell culture that both MV and AB 

derived from VSMC contained MGP, thought to limit the rate of calcification [32].  Although the 

precise mechanism by which MGP inhibits calcification is still unknown, there is consistent 

evidence that MGP is vital to the inhibition of VC and that the γ-carboxylated form of MGP, 

mediated by vitamin K, is critical to this function. 

1.4 MGP 

MGP is a protein found in the extracellular matrix of bone and cartilage [33] and more 

recently identified in other organs including lung, heart, kidney, and the arterial vessel wall 

[32,34].  Spronk et al. showed that MGP was associated with the extracellular matrix of non-

calcified bone, chondrocytes in cartilage, as well as elastic laminae of the tunica media, and the 

extracellular matrix of the adventitia in the vessel wall [34].   MGP is an 84-amino-acid protein 

that contains five γ-carboxyglutamic acid (Gla) residues [35].  MGP knockout mice clearly 

demonstrate MGP’s function as an inhibitor of calcification [29].  These mice had a normal 
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phenotype at birth but then died within 2 months as a result of vessel rupture.  Dissection of the 

arterial tree revealed extensive calcification along the aorta and its branches.  In humans, Keutel 

syndrome is caused by a mutation in the gene encoding MGP.  These patients have abnormal 

cartilage calcification as well as extensive VC suggesting that MGP is also an inhibitor of 

calcification in humans [36]. 

1.4.1 Proposed mechanisms of inhibition of calcification by MGP 

It is believed that MGP is a local-acting inhibitor of calcification and does not act 

systemically.  Murshed et al. found that the specific knock-in expression of MGP in VSMCs of 

MGP-deficient mice completely rescued the calcification phenotype but expression of MGP in 

the liver of these same mice resulted in high levels of circulating MGP but had no effect on the 

inhibition of arterial calcification [37].  This suggests that MGP acts locally within the tissues to 

inhibit calcification.  The precise molecular mechanism by which MGP inhibits calcification is 

unknown but recent research has provided many possible functions of MGP that may explain its 

ability to inhibit calcification.  Price and colleagues suggested that MGP binds tightly to 

hydroxyapatite crystal nuclei thus preventing their ability to grow and seed daughter crystals [7].  

They found that warfarin-induced calcification was focal in nature and suggested that, in the 

warfarin-induced model, the ability to inhibit calcification would remain sufficient enough to 

inactivate most crystal nuclei through direct MGP binding to the mineral surface [7].  However, a 

few nuclei would grow to attain the critical calcification size at which point seed crystals are 

generated and become too large for the small amount of MGP to inhibit [7]. 

The phenotypic change of VSMC into chondrocyte- and osteoblast-like cells in MGP-

null mice has given rise to another theory that MGP is involved in inhibiting this phenotypic 

change.  MGP also has the ability to bind bone morphogenetic protein-2 (BMP-2), a member of 

the transforming growth factor-beta superfamily and an osteogenic growth factor [38].  By 

binding BMP-2, MGP may prevent the osteo-inductive effects of BMP-2 in the vessel.  Sweatt et 
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al. found that the calcium induced conformer of the Gla region in MGP is necessary for binding 

to BMP-2. [39].  Therefore, undercarboxylated forms of MGP may not be as effective at binding 

BMP-2 and thus, facilitate the phenotypic transition into an osteoblast-like cell.   

MGP’s ability to bind extracellular matrix components has led to another mechanism that 

may aide in MGP’s calcification inhibition.  It was found that MGP binds specifically to 

vitronectin in the extracellular matrix of the arteries via its C-terminal end, independent of 

carboxylation status [40].  This results in a concentration of calcification inhibitory activity 

surrounding elastic fibers.  Since elastin is a potential substrate for the initiation of calcium 

crystals, increasing local concentration of MGP may protect it from calcification.  More recently, 

a study by Khavandgar et al. found that elastin haploinsufficiency in MGP knockout mice slowed 

the progression of vascular calcification [41].  MGP -/- Eln +/- mice had a delayed onset and 

progression of calcification compared to MGP -/- Eln +/+ indicating that elastin plays a role in 

the mechanism by which MGP -/- causes calcification.  They suggest two possible mechanisms; 

MGP interacts and protects nucleation sites on elastin to inhibit calcification, or the loss of MGP-

elastin interaction alters the extracellular matrix assembly and initiates calcification [41]. 

1.5 Role of vitamin K in MGP carboxylation 

MGP has five glutamic acid residues (Glu) that become γ-carboxylated through the 

actions of γ-glutamyl carboxylase (GGCX) to form γ-carboxylated glutamic acid (Gla).  This 

carboxylation reaction is critical to the function of MGP as an inhibitor of VC [7].  The GGCX 

requires vitamin K as a co-factor therefore MGP is considered a vitamin K-dependent protein.  

Schurgers et al. used conformation-specific antibodies exclusively recognizing GluMGP and 

GlaMGP and found that most of the MGP in healthy vasculature was in the Gla form [42].  In 

contrast, the analysis of arteries with atherosclerotic lesions as well as medial VC revealed that 

GluMGP was almost exclusively present in the extensively calcified parts [42].  They suggest that 

at increased expression levels of MGP, vitamin K-dependent carboxylation and vitamin K status 
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may represent a rate limiting step in the ability to carboxylate all the MGP being synthesized by 

the vessel wall.  This is likely due to insufficient vitamin K stores in the vessel wall to cope with 

the increased MGP expression [42].  This suggests that vitamin K may represent a potential 

treatment to prevent the development of calcification.  Spronk et al. found that MK-4 and not K1 

fed in the diets of rats was able to inhibit warfarin-induced arterial calcification [43].  Four years 

later, Schurgers et al. found that rats fed either MK-4 or K1 had a 50% reduction in arterial 

calcium content [44].  These studies both show that diets rich in vitamin K were able to inhibit 

warfarin-induced calcification in a rat model.  One objective of this thesis was to determine 

whether manipulations in dietary vitamin K could alter the development of VC in a rat model of 

CKD (Chapter 2). 

1.6 Metabolism and cell biology of vitamin K 

The K vitamins are highly lipophilic compounds that share a common 2-methyl-1,4-

napthoquinone ring but different isoprenoid side chains at the 3-position.  The major dietary form 

of vitamin K and the major form found in circulation is K1.  Other forms of vitamin K are known 

as menaquinones and are named according to the number of repeated isoprenoid units (MK-4 to 

MK-10).  Studies performed in animals fed a diet that contained solely K1 found that K1 was the 

major form found in the liver whereas MK-4 was the primary form found in extra-hepatic tissues 

such as the kidneys, heart, testes, brain and aorta [45–47].  There is growing evidence that dietary 

K1 is converted to MK-4 either directly within tissues or via a menadione intermediary [46,48].  

It is believed that the enzyme UbiA-prenyltransferase-containing-1 (UBIAD1) is responsible for 

converting K1 into MK-4 endogenously [49].  Given that K1 and MK-4 can both function as co-

factors in the GGCX reaction it remains unclear why this conversion is necessary.  Vitamin K has 

a very efficient recycling system that is mediated by the enzyme vitamin K epoxide reductase 

(VKOR).  Due to the presence of this cycle, the daily dietary vitamin K requirement is low. The 

form of vitamin K that occurs in the diet is the quinone form (KH) and requires reduction to 
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vitamin K hydroquinone (KH2) by the enzyme VKOR.  KH2 is the form of vitamin K used in the 

carboxylation reaction by the enzyme GGCX.  The oxidation of KH2 into vitamin K-epoxide 

(KO) provides the energy for the conversion of Glu residues to Gla residues on vitamin K-

dependent proteins.  The KO is then reduced by VKOR back to KH2 which can be used once 

again for the carboxylation reaction (Figure 1.1) [50].  A second pathway for regenerating KH2  

exists in the liver.  The key enzyme is NAD(P)H-dependent DT-diaphorase; the activity of this 

enzyme in extra-hepatic tissues is extremely low and for this reason high vitamin K can 

counteract the effect of warfarin in the liver (maintaining coagulation) but not in arterial vessels 

or bone.  This is the basis of an animal model of arterial calcification involving high doses of 

warfarin and vitamin K [7] which will be discussed further in the following section. 

1.7 Warfarin is a vitamin K antagonist 

Warfarin is an anti-coagulant therapy that is used to reduce the risk of thrombosis.  It acts 

by inhibiting the enzyme VKOR, leading to an accumulation of vitamin K epoxide and rapid 

depletion of vitamin K stores.  This translates to inactive vitamin K-dependent proteins within the 

coagulation cascade resulting in an increased coagulation time and a reduction in thrombosis risk.  

However, it also affects the carboxylation status, and therefore the function of other vitamin-K 

dependent proteins such as MGP [7].  Price et al. treated rats a high warfarin dose along with high 

vitamin K1 (to maintain coagulation) to induce rapid calcification of rat arteries and heart valves 

[7].  Prevalence studies have shown that hemodialysis patients receiving warfarin  had increased 

aortic valve calcification [51].  It is hypothesized that the administration of warfarin increases the 

extent of VC through a reduction in the amount of available vitamin K, resulting in less 

carboxylation of MGP and therefore less active MGP.  In this thesis, the effect of therapeutic 

doses of warfarin on VC in a rat model of CKD was examined (Chapter 2). 
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Figure 1.1: The vitamin K cycle 

Vitamin K quinone (KH) is consumed in the diet and reduced by the enzyme vitamin K epoxide 

reductase (VKOR) to vitamin K hydroquinone (KH2).  KH2 is a cofactor in the carboxylation of 

glutamic acid residues (Glu) to γ-carboxylated-glutamic acid residues (Gla) by the enzyme γ-

glutamyl carboxylase (GGCX).  The resulting vitamin K epoxide (KO) is then reduced back to 

KH2 by VKOR.   
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1.8 Sub-clinical Vitamin K deficiency in humans with kidney disease 

Plasma levels of K1 are the primary form in the circulation and are thought to reflect 

tissue levels.  The carboxylation status of vitamin-K dependent proteins such as protein induced 

by vitamin K absence (PIVKA-II or uncarboxylated prothrombin) and osteocalcin (OC) provides 

a functional measure of vitamin K status.  Higher un-carboxylated forms of the protein indicate a 

poorer vitamin K status.  Studies using plasma K1 levels and percentage of un-carboxylated OC 

(%ucOC) as markers of sub-clinical vitamin K deficiency have demonstrated that a high 

prevalence of sub-clinical vitamin K deficiency exists in hemodialysis patients, peritoneal dialysis 

patients and in individuals with earlier stages of CKD (stages 3-5 not requiring renal replacement 

therapy) [52,53].    

1.8.1 Vitamin K status in patients with CKD not yet requiring dialysis 

Two studies have addressed the vitamin K status of patients with CKD not yet requiring 

dialysis.  In a study of 172 stage 3 to 5 CKD patients, most of whom were well-nourished,  over 

50% consumed less than the recommended Adequate Intake (AI) for vitamin K [54].  Further, 6% 

were vitamin K insufficient according to low levels of serum phylloquinone (<0.4 ng/ml), 60% 

were insufficient according to high levels of ucOC (>20% ucOC), and 97% were insufficient 

according to high levels of PIVKA-II (>2 nmol/L).   In this study, lower dietary intake of vitamin 

K predicted lower levels of phylloquinone and higher levels of PIVKA-II [54].  Schurgers et al 

measured dephosphorylated, uncarboxylated MGP (dp-ucMGP) in a cohort of 107 patients 

ranging from CKD stages 2-5, and reported that levels of plasma dp-ucMGP increased 

progressively with CKD stage, indicating an increase in this biomarker with a reduction in GFR 

[55].  These two studies confirm that patients with early stage CKD, including those who are 

well-nourished, are at risk for subclinical vitamin K deficiency; the degree to which biomarkers 

of vitamin K status change in response to supplementation with either vitamin K1 or vitamin K2 

in early stage CKD has not been studied. 
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1.8.2 Vitamin K status in patients with CKD receiving hemodialysis (HD) 

Studies have consistently demonstrated that there is a very high prevalence of sub-clinical 

vitamin K deficiency in patients requiring HD [53,56–58].  Due to its lipophilic characteristics, 

vitamin K would not be expected to be removed via the dialysis procedure.  It is only recently 

that dietary intake of vitamin K was formally assessed in a cohort of HD patients [56].  In a study 

of 40 maintenance HD patients, dietary intake of vitamin K1 and K2 was below the values 

reported in healthy European reference populations and intake of both forms was particularly low 

on HD treatment days [56].  While the exact reason for the low intake is unknown, it is likely 

related to the dietary regimen prescribed for HD patients and overall poor nutrient intake.  In 

addition, plasma levels of dp-ucMGP were elevated above the range reported in healthy people in 

all patients and 82.5% had elevated PIVKA-II [56].  However, the levels of these functional 

biomarkers of vitamin K status did not correlate with the measured dietary vitamin K intake in 

this small group of patients.  Older studies performed in maintenance HD patients suggest that 

genetic variation (e.g. apolipoprotein E genotype) may be one important contributor [59].   

In two large studies of maintenance HD patients, levels of dp-ucMGP correlated with 

PIVKA-II levels suggesting a global vitamin K deficiency in HD patients in the arterial wall and 

liver respectively [56,60].  Pilkey et al. reported that 29% and 93% of maintenance HD patients 

met criteria for sub-clinical vitamin K deficiency based on low levels of phylloquinone and high 

levels of ucOC, respectively [53], suggesting there is also vitamin K deficiency at the level of 

bone.  Taken together, there is a growing and consistent body of evidence supporting the notion 

that maintenance HD patients have a global poor vitamin K status. 

One randomized controlled trial has evaluated the response of biomarkers of vitamin K 

status (dp-ucMGP, PIVKA-II and ucOC) to 3 doses of vitamin K2 (MK-7) administered over a 

period of 6 weeks [58].  This study confirmed that most HD patients have functional vitamin K 

deficiency at baseline and reported that vitamin K2 (MK-7) supplementation decreased dp-

ucMGP and PIVKA-II levels.  However, only at the highest dose did MK-7 impact upon the 
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carboxylation status of OC.  This study provides the first evidence that functional vitamin K 

deficiency can be treated with vitamin K supplementation in the maintenance HD population, 

although the doses of each form of vitamin K required to correct the problem are not established. 

1.8.3 Vitamin K deficiency in an animal model of CKD 

Few studies have examined the vitamin K status in animal models of CKD.  Recently, 

Keasler et al. found that rats with adenine-induced uremia had a decrease in GGCX activity, an 

increase in serum ucMGP and an increase in aortic and renal calcium content [61].  Vitamin K 

treatment in these animals restored GGCX activity, decreased serum ucMGP levels and reduced 

heart and kidney calcification [61].  One of the objectives in this thesis was to examine the full 

profile of vitamin K1 and MK-4 levels in a variety of tissues and the expression level of various 

vitamin K metabolizing enzymes in an animal model of CKD to  give us a better understanding of 

changes in vitamin K status in CKD (Chapter 3). 

1.9 Impact of vitamin K status on vascular calcification 

Pre-clinical studies confirm an influence of a diminished vitamin K status (e.g. warfarin 

or low dietary K1) on the severity of arterial calcification in rats with CKD that can be prevented 

by a diet enhanced with vitamin K1 [62].  However, the impact of vitamin K status and the 

carboxylation status of MGP specifically, on calcification in patients with CKD has not been 

resolved.  It has been found that total ucMGP levels are significantly lower in patients on dialysis 

compared to control subjects [63,64].  However, in addition to carboxylation, MGP must also be 

phosphorylated on three serine residues to be secreted and fully active [65].  Therefore, to address 

this issue, some studies have measured the de-phosphorylated ucMGP (dp-ucMPG) form and 

have found that it is increased in CKD [55] and dialysis patients [56].   Preliminary studies in 

humans with CKD demonstrated that dp-ucMGP levels rise progressively with the severity of 

CKD [55]. Further, the dp-ucMGP levels were independently associated with aortic calcification 

measured by abdominal CT as well as mortality over a median duration of follow-up of 846 days 
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[64].  These studies support an influence of vitamin K status on calcification in this population.  

However, whether the carboxylation status of MGP in the circulation represents a surrogate 

marker for vascular calcification in CKD (i.e., ucMGP:cMGP ratio) cannot be determined from 

these studies.  Westenfeld et al. have reported that levels of dp-ucMGP are sensitive to vitamin 

K2 (e.g. MK-7) supplementation in maintenance HD patients [58].   Whether or not improved 

vitamin K status translates into a reduction in vascular calcification in CKD is still unknown.  

Warfarin is a vitamin K antagonist and its use represents a model of vitamin K 

insufficiency.  Previous work by Holden et al. demonstrated that long-term treatment with a 

vitamin K antagonist, warfarin, is independently associated with greater severity of aortic valve 

calcification in maintenance HD patients [51].  In addition, warfarin has been anecdotally linked 

to calciphylaxis, a syndrome of vascular calcification, thrombosis and skin necrosis, in HD 

patients [66].  Despite these associations, and the established increased risk of bleeding linked to 

this drug in the setting of CKD, warfarin is still prescribed to approximately 20% of dialysis 

patients in North America [67]. 

1.9.1 Clinical trials  

There is randomized controlled evidence from the general population that supports a 

treatment effect of vitamin K on arterial calcification.  Supplementation with daily phylloquinone 

(0.5 mg) slowed the progression of coronary artery calcification (CAC) over 3 years in healthy 

older adults with pre-existing CAC at baseline [68]. Similarly, in an earlier randomized controlled 

trial (RCT), post-menopausal women who were randomized to receive a supplement containing 1 

mg/day phylloquinone in addition to minerals and 320 IU vitamin D3 had better carotid artery 

distensibility, compliance, and elasticity after three years, compared to women who received the 

mineral supplement alone or the mineral supplement with vitamin D3 [69].  Both of these trials 

studied individuals who were not at any particular risk for sub-clinical vitamin K deficiency. 

http://en.wikipedia.org/wiki/Skin
http://en.wikipedia.org/wiki/Necrosis
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1.10 Calcitriol (1,25-(OH)2-D3) and vascular calcification in CKD 

The classical endocrine function of calcitriol is to regulate calcium and phosphate 

homeostasis [70–72].  Calcitriol is the active form of vitamin D.  Vitamin D, acquired either via 

the diet or sun, is hydroxylated to 25-OH-D3 in the liver by the enzymes cytochrome P450 2R1 

(CYP2R1) and cytochrome P450 27A1 (CYP27A1) and then hydroxylated a second time 

primarily in the kidneys by Cytochrome P450 27B1 (CYP27B1) to 1,25-(OH)2-D3 (calcitriol), the 

active form [73].  There is growing evidence that CYP27B1 may be expressed in many extra-

renal tissues, including the vasculature, indicating that calcitriol can also be produced locally and 

therefore may function in an autocrine or paracrine fashion [74].  This suggests calcitriol may 

have a broader implication in cardiovascular health [75].   

Calcitriol increases calcium and phosphate reabsorption and resorption in the small intestine 

and bone, respectively [71,72].  It also increases fibroblast growth factor 23 (FGF-23), a hormone 

which decreases phosphate reabsorption in the kidney and, in a negative feedback manner, up-

regulates Cytochrome P450 24A1 (CYP24A1) which is the enzyme that metabolizes calcitriol 

[70–72].  Calcitriol exerts its actions by binding to the nuclear vitamin D receptor (VDR) forming 

a complex that binds to the vitamin D response element (VDRE) in the promoter region of 

specific genes and initiates transcription of numerous proteins [74].  Calcitriol regulates directly 

or indirectly over 200 genes, including a number of them in the VC pathway [74].   

It is well-established that patients with CKD have a deficiency in 1,25-(OH)2-D3 (calcitriol) 

due to a loss of renal CYP27B1 with declining renal function and an up-regulation of the 

catabolic enzyme CYP24A1 by FGF-23 [74,76] (Figure 1.2).  This decrease in 1,25-(OH)2-D3 

results in secondary hyperparathyroidism [74] which activates FGF-23 which, in turn, further 

inhibits renal CYP27B1 [70–72].  Despite high FGF-23 levels, further decline in renal function 

leads to a decrease in phosphate excretion and therefore an increase in circulating phosphate    
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Figure 1.2: Calcitriol metabolism in CKD 

The calcitriol metabolic pathway and its relationship with parathyroid hormone and fibroblast 

growth factor-23 in chronic kidney disease.  Abbreviations: DBP; vitamin D binding protein; 25-

OHase, 25 hydroxylase; CYP2R1, cytochrome P450 2R1; 25D, 25-OH-D3; CYP24A1, 

cytochrome P450 24A1; 24,25D, 24,25-(OH)2-D3; 1-OHase, 1α-hydroxylase; CYP27B1, 

cytochrome P450 27B1; 1,25D, 1,25-(OH) 2-D3; 1,24,25-(OH)3-D3; PO4
-
, phosphate; PTH, 

parathyroid hormone; FGF-23, fibroblast growth factor-23  
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[70–72].  The end result is a 1,25-OH-D3 deficient, high PTH, high FGF-23, and 

hyperphosphatemic state [70–72,74] (Figure 1.2). 

There is still some debate about the safety of vitamin D treatment in this population.  A 

number of clinical studies have found that treatment with vitamin D receptor activators, such as 

calcitriol (1,25-(OH)2-D3), versus no treatment provides a survival advantage for early-stage CKD 

patients and end-stage kidney disease (ESKD) patients on dialysis [74,77–83].  However, 

approximately 50% of CKD patients in Canada are untreated for calcitriol deficiency.  The 

acceptance for treatment outside of targeting specific PTH levels has been limited by a number of 

studies in vitro and in animal models of CKD which suggest that calcitriol promotes VC [8–

11,84].  Some clinical observational studies have shown that calcitriol therapy was associated 

with calcification [85,86] and excessive doses of calcitriol have been associated with 

hyperphosphatemia and hypercalcemia [87].  A number of in vitro and animal model studies have 

shown that various doses of calcitriol (40-1000 ng/kg) consistently induces vascular calcification 

[8–12].  However, more recently, two separate studies have shown that lower doses of calcitriol 

(20-40 ng/kg) might reduce VC [13,14].  This suggests that the dose of calcitriol is critical and 

there may be an optimal therapeutic window that has yet to be determined. 

1.11 Vitamins K and D interaction 

Calcitriol is a transcriptional regulator of MGP in VSMC [88,89], bone cells [90], and 

kidney [91].  This suggests a potential interaction between the actions of calcitriol and vitamin K 

in the inhibition of VC.  Calcitriol treatment increased total and ucMGP levels in the kidney of 

rats suggesting that calcitriol actions may induce local vitamin K deficiency [91].  This same 

study also found that calcitriol treatment decreased vitamin K1 levels in the liver and increased 

MK-4 levels in the kidney, suggesting calcitriol treatment altered vitamin K metabolism 

manifested by an increased conversion of K1 to MK-4 [91].  Further, in dialysis patients long-

term treatment with the vitamin K antagonist warfarin was independently associated with an 
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increased severity of aortic valve calcification in dialysis, and this was further amplified in those 

patients also taking calcitriol [51].  One randomized controlled trial examining the impact of three 

years of vitamin K and D supplementation versus vitamin D alone in women aged 50-60 years 

found that the elastic properties of the common carotid significantly deteriorated in the placebo 

and vitamin D group, but remained stable in the vitamin K and vitamin D group [69].  Taken 

together, these studies suggest there may be a link between vitamin K and vitamin D status and 

the interaction may be important in determining overall cardiovascular disease risk. 

1.12 Adenine CKD model in the Rat 

The 5/6 nephrectomy model and the adenine model have both been used to induce 

experimental CKD and address its complications.  The 5/6 nephrectomy model has a few 

limitations including the requirement for surgery, the unpredictability in the severity of CKD 

post-surgery, the longer time required to induce hyperphosphataemia through a high phosphate 

diet, and the inability to control the progression of CKD [92].  The adenine model consists of 

feeding the rodent adenine in the diet.  Orally administered adenine undergoes metabolism to 2,8-

dihydroxyadenine which precipitates and forms crystals in the microvilli and the apical region of 

the proximal tubular epithelia.  The adenine model was found to be rapid, simple, and reliable 

method of inducing CKD and hyperphosphataemia [92].  Price et al. were among the first to 

report on the adenine model and utilized a diet containing 0.75% adenine, 2.5% protein (as 

compared to 25% in the original diet), and 0.92% phosphate to induce CKD and generate 

extensive calcification after 4 weeks [93].  Our lab has modified the adenine model of CKD that 

has been used by Price et al. [62,94].  Based on the results of preliminary studies, a few 

adjustments to the original model were made; the adenine was reduced to 0.25% and the protein 

was increased to 6% to decrease weight loss in the rats.  The phosphate was increased to 1% and 

the amount of vitamin K (phylloquinone) in the diet was kept constant at 0.2 mg/kg food.  

Previous studies have demonstrated hyperphosphataemia (serum phosphate levels 1.5-2 times that 
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of controls) in the rats by 5 weeks and VC in 57% of the rats by 7 weeks and 78% by 10 weeks 

[94].  These previous studies have confirmed that the adenine diet can consistently induce 

hyperphosphatemia and VC in the rat. 

1.13 Rationale, Statement of Hypothesis, and Objectives 

CVD is the leading cause of mortality at every stage of CKD and cardiovascular 

mortality is about 10–20 times higher in CKD patients than in the general population [2].  The 

extent of VC is an independent predictor of CVD mortality in CKD.  The mechanism of VC in 

the CKD population is still largely unknown although phosphorus is considered a key signaling 

molecule.  To date, the roles of MGP and vitamin K have not been evaluated in a rat model of 

CKD.  MGP is an important inhibitor of VC and its activity is dependent upon activation by 

vitamin-K dependent γ-carboxylation.  There is evidence to indicate that there is a high 

prevalence of sub-clinical vitamin K deficiency in the CKD population and therefore vitamin K 

could represent a modifiable risk factor for VC in CKD patients.  This thesis was designed to 

determine whether modifying the amount of vitamin K in the diet alters the extent of VC in a 

CKD model.  Patients with CKD are also often deficient in calcitriol resulting in secondary 

hyperparathyroidism.  However treatment with calcitriol has shown mixed results in pre-clinical 

studies with reports of it both increasing and decreasing VC.  This thesis was also designed to 

examine whether calcitriol inhibition of vascular calcification is dependent upon sufficient 

vitamin K status.  This will expand upon previous research that has been done in this animal 

model of calcification and will give us a better understanding of the role of MGP and vitamin K 

in CKD-induced VC. 

The Hypotheses tested in the present experiments were: 

1. Vitamin K1 supplementation will attenuate the progression of CKD-induced VC and the 

associated changes in vascular properties in a rat model of CKD. 
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2. Therapeutic doses of warfarin will accelerate the progression of CKD-induced VC and the 

associated changes in vascular properties in a rat model of CKD. 

3. Vitamin K1 is converted to MK-4 at the tissue level, particularly in the vasculature, and this 

conversion is suppressed according to the severity of CKD. 

4. Calcitriol will have a dose-dependent effect on vascular calcification which will be dependent 

on adequate vitamin K status. 

The studies in which the hypotheses were tested include: 

Chapter 2: Dietary vitamin K and therapeutic warfarin alter susceptibility to vascular 

calcification in experimental chronic kidney disease 

The objectives were: 

1. To determine whether the administration of warfarin or vitamin K1 alters prevailing levels of 

γ-carboxylated vitamin K dependent proteins, thereby modifying VC and the associated 

changes in vascular properties. 

2. To determine if vitamin K1 treatment would attenuate VC and the associated changes in 

vascular properties.  

3. To determine if warfarin treatment would increase VC and the associated changes in vascular 

properties. 

4. To determine whether K1 is converted to MK-4 at the tissue level, particularly in the 

vasculature 

Chapter 3: Vitamin K status in a rat model of chronic kidney disease 

The objectives were: 

1. To determine if chronic kidney disease in an animal model alters tissue levels of vitamin K1 

and MK-4. 

2. To determine if chronic kidney disease in an animal model alters the rate of conversion of K1 

to MK-4 and the prevailing ratio of MK-4:K1 in the tissue 
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3. To determine if vitamin K1 or warfarin treatment alters the metabolism of vitamin K or the 

prevailing ratio of MK:K1 in the tissue in CKD 

4. To determine if chronic kidney disease in an animal model alters the expression of vitamin K 

related proteins. 

Chapter 4:  Calcitriol and vitamin K treatment in a rat model of chronic kidney disease 

The objectives were: 

1. To determine the response of low and moderate doses of calcitriol on vascular calcification in 

chronic kidney disease. 

2. To determine if the inhibitory effect of calcitriol on calcification is dependent on sufficient 

vitamin K status. 

3. To determine if the stimulatory effect of calcitriol on calcification is enhanced in a vitamin K 

depleted state.  
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Chapter 2 

Dietary vitamin K and therapeutic warfarin alter susceptibility to 

vascular calcification in experimental chronic kidney disease 

Kristin M McCabe, Sarah L Booth, Xueyan Fu, Navid Shobeiri, Judith J. Pang, Michael A 

Adams, and Rachel M Holden (Kidney International 83:835-844, 2013). 

2.1 Abstract 

The leading cause of death in patients with chronic kidney disease (CKD) is 

cardiovascular disease, with vascular calcification being a key modifier of disease progression.  A 

local regulator of vascular calcification is vitamin K.  This -glutamyl carboxylase substrate is an 

essential cofactor in the activation of several extracellular matrix proteins that inhibit 

calcification.  Warfarin, a common therapy in dialysis patients, inhibits the recycling of vitamin K 

and thereby decreases the inhibitory activity of these proteins.  In this study we sought to 

determine whether modifying vitamin K status (vitamin K1 0.1-0.2 mg/kg diet), either by 

increasing dietary vitamin K intake (100 mg/kg diet) or by antagonism with therapeutic doses of 

warfarin (0.08-0.1 mg/kg body weight/day) could alter the development of vascular calcification 

in male Sprague Dawley rats with adenine-induced CKD.  Treatment of CKD rats with warfarin 

markedly increased pulse pressure and pulse wave velocity as well as significantly increased 

levels of calcium in the thoracic aorta (3 fold) , abdominal aorta (8 fold), renal artery (4 fold) and 

carotid artery (20 fold).   In contrast, treatment with high dietary vitamin K1 increased vitamin K 

tissue concentrations (10-300 fold increase) and blunted the development of calcification.  The 

findings clearly demonstrate that vitamin K status plays an important role in modifying 

mechanisms linked to the susceptibility of arteries to calcification in an experimental model of 

CKD. 

 



 

22 

 

2.2 Introduction 

The leading cause of mortality in chronic kidney disease (CKD) patients is cardiovascular 

disease (CVD) and patients with CKD are more likely to die from CVD before they ever require 

renal replacement therapy [2].  Traditional risk factors for CVD do not completely account for the 

CKD patient’s increased risk of developing CVD.  Non-traditional risk factors which develop 

after the onset of CKD, specifically disorders of calcium and phosphate metabolism, begin 

relatively early in its course and are associated with the development of vascular calcification, 

decreased arterial compliance and increased cardiovascular and all-cause mortality [95].  Animal 

models and in vitro experiments have been central in the identification of a number of circulating 

and locally-acting inhibitors of vascular calcification. One of these inhibitors is the vitamin K-

dependent protein, matrix Gla protein (MGP) which regulates tissue mineralization and is present 

in the arterial wall.  Vitamin K serves as a cofactor in the enzymatic reaction that converts 

specific glutamate (glu) residues in MGP into γ-carboxyglutamate (gla) residues which are 

required for its capacity to inhibit calcification [7].  Insufficient vitamin K results in functionally 

inactive MGP and therefore could represent a modifiable risk factor for vascular calcification in 

patients with CKD.    

There is a high prevalence of subclinical vitamin K deficiency in patients at all stages of 

kidney failure that is related, in part, to restrictive dietary patterns [5,52,54,58].  Warfarin is a 

vitamin K antagonist that is frequently prescribed to individuals with CKD as an anticoagulant 

[96].  Warfarin use has been linked to aortic valve calcification and calcific uremic arteriopathy in 

individuals with CKD [51].  

  Phylloquinone (vitamin K1) is the primary form of vitamin K found in the diet and the 

major form of vitamin K found in the liver.  Vitamin K2 is an umbrella term for the family of 

menaquinones.  Specifically, menaquinone-4 (MK-4) is a K2 vitamin that is present in the diet in 

only very small quantities but it is the major form found in extra-hepatic tissues such as the 
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vasculature, brain, and reproductive organs.  There is evidence that K1 is converted to MK-4 

either directly within tissues or via a menadione intermediary [46,48,97,98]  Although both 

vitamin K forms can serve as an enzyme cofactor, it is currently not known why conversion is 

necessary and whether there may be a separate role for MK-4.  

Non-CKD animals receiving supra-therapeutic doses of warfarin (30 mg/100 g body 

weight daily) along with high vitamin K1 (1.5mg/100g to maintain normal coagulation) develop 

arterial calcification[7] that can be reversed by diets rich in either vitamin K1 or MK-4 [43,44].  

In this model the extremely high levels of warfarin knock out the carboxylation of MGP which 

leads to calcification of the arteries.  CKD induces calcification via a multitude of factors.  To the 

best of our knowledge, there are no pre-clinical studies that evaluate the role of vitamin K and/or 

therapeutic levels of warfarin on the vasculature in a CKD-induced vascular calcification model.  

The primary objective of this study was to determine whether the vitamin K antagonist, warfarin, 

or a diet supplemented with vitamin K modifies arterial calcification and its associated 

phenotypic changes in a rodent model of CKD.  The secondary objective was to determine 

whether the presence of CKD modified the concentrations of tissue vitamin K1 and MK-4. 

2.3 Methods 

2.3.1 Experimental animals 

Male Sprague-Dawley rats (Charles River, St. Constant, Quebec) at 14 weeks of age at 

the start of the experiment were individually housed in standard polypropylene cages and 

maintained on a 12 h light-dark cycle (lights on at 7:00am). Animals were allowed to acclimatize 

for at least 1 week before initiation of the experiment and were given Purina Rat Chow (Testdiet) 

and water ad libitum. The animals used in this experiment were treated in accordance with 

Canadian Council on Animal Care ethical guidelines of animal care, handling, and termination. 
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2.3.2 Treatment groups 

At the start of the experiments, the normal Purina Rat Chow was exchanged with a 

specially formulated (but nutritionally balanced) diet (Harlan, Teklad, Madison, WI) on which the 

animals were maintained.  The specially formulated diet contained either 0.25% adenine (CKD) 

or 0% adenine (control) along with 1% phosphate, 1% calcium, 0.2 mg/kg vitamin K, 1IU/g 

vitamin D and 6% protein. The 6% protein was chosen to be considered a low protein diet similar 

to a study from Price et al [99] however high enough in order to not impact the growth of the 

animals [100].  Based on previous studies [93,101,102] and our own observations, rats fed an 

adenine diet (i.e. 0.75%) lose more than 30% of their initial body weight. Therefore, the animals 

were given a lower dietary adenine concentration (i.e. 0.25%) to increase palatability.  Weights 

and food intake were monitored on a daily basis, and animals were supplemented with normal 

chow and/or Nutri-Cal if their weight loss reached 10%.  Control animals were food restricted by 

approximately 20% of their regular food intake to maintain a steady body weight.  69 male 

Sprague-Dawley rats (beginning at 14 weeks of age) were divided into one of two groups each 

receiving either 0.25% adenine (CKD) or no adenine (control).  After three weeks on the diet, 6 

animals in each group (N=12) were sacrificed for tissue assessments.  In the remaining animals, 

serum creatinine levels were measured and animals were stratified into one of 3 treatment groups 

to ensure each group had equivalent kidney dysfunction (ie. similar creatinine levels).  For the 

next 4 weeks animals were maintained on their CKD or control diet with either the maintenance 

of low dietary vitamin K1 (0.1-0.2 mg/kg food), the addition of warfarin (0.08-0.1 mg/kg/day in 

the drinking water, Warfarin Sodium tablets, Taro Pharmaceuticals Inc. Brampton, ON, Canada) 

or switched to high dietary vitamin K1 (100 mg/kg food) (n=6-16/group, N=56).  Weights and 

food intake were monitored on a daily basis, and animals were supplemented with normal chow 

and/or Nutri-Cal if their weight loss reached 10%.  There is no vitamin K in Nutri-Cal. The high 

vitamin K1 dose was selected based on previous work performed by Schurgers et al. who 

demonstrated that this dose of K1 regressed warfarin-induced medial calcification in a non-CKD 
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model [44].  The low vitamin K dose was chosen to create a mild deficiency state while 

maintaining coagulation and was based on work by Booth et al.[45] and Carrie et al.[103].  At 

sacrifice, approximately 6 ml of blood was drawn after the completion of the pulse-wave velocity 

assessments.  Blood was drawn using a 22g hypodermic needle inserted into the left ventricle of 

the heart while the animal was still under anesthesia.  Blood samples were spun (4°C, 4000g, 20 

min) using a BHG Hermle Z320K refrigerated centrifuge (Mandel Scientific Company Inc, 

Gosheim, Germany).   The heart was excised and the right ventricle was separated from the left 

ventricle and the septum.  The following tissues were collected, cleaned, and weighed: heart (left 

ventricle and right ventricle), aorta, carotid artery, renal artery, superior mesenteric artery, liver 

and kidneys (de-capsulated and medulla and cortex separated).  Tissues were collected and snap 

frozen in liquid nitrogen and stored at -80˚C for further analysis. 

2.3.3 Laboratory analyses 

Bi-weekly sampling of blood (< 1 ml) from the saphenous vein was obtained for the 

assessment of serum creatinine and phosphorous.  Creatinine levels were measured using 

QuantiChrom
TM

 Creatinine Assay Kit (DICT-500) (BioAssay Systems, Hayward, CA, USA).  

Serum phosphate assays were identical to those described below for tissues.  With the end-point 

blood samples, serum creatinine and phosphorous were measured as described above.  INR were 

determined with a STAR by Diagnostica Stago in the Clinical Chemistry Core Laboratory 

(Department of Pathology and Molecular Medicine, Kingston General Hospital, Kingston, 

Ontario, Canada). 

2.3.4 Aortic calcium and phosphorus content 

Vessels (thoracic aorta, abdominal aorta, renal artery, and carotid artery) were thawed, 

weighed, and homogenized in 0.6N hydrochloric acid (HCl) for 24 h at 4°C.  The samples were 

spun and the calcium content was determined colorimetrically using the O-cresolphthalein 

complexone method (Sigma). O-cresolphthalein colour reagent forms a purple complex with the 
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calcium in the samples. The absorbance for this complex was measured for both standards and the 

tissue homogenates at 540nm (SynergyHT Microplate Reader, Bio-Tek Instruments Inc, 

Winooski, VT, USA).  A portion of each tissue was used to quantify phosphate levels using the 

malachite green method.  The malachite green reagent was prepared as described by Heresztyn 

and Nicholson [104].  With the addition of ammonium molybdate, a green complex is formed 

between malachite green, molybdate and free phosphate. The absorbance for this complex was 

measured for both standards and the tissue homogenates at 650nm. 

2.3.5 Vitamin K in tissues 

Samples of the liver, kidney (kidney medulla), heart (left ventricular septum), aorta 

(thoracic aorta) and serum were collected at sacrifice, flash frozen in liquid nitrogen, and stored at 

-80˚C until analyzed.  Levels of K1 and MK-4 were determined by reversed phase HPLC 

[105,106] and expressed relative to wet weight (with the exception of serum which was expressed 

relative to volume).  These analyses were performed at the Vitamin K Laboratory, Tufts 

University, Boston, MA. 

2.3.6 Serum uncarboxylated and carboxylated Osteocalcin 

Takara Rat Glu-Osteocalcin High Sensitive EIA Kit and Rat Gla-Osteocalcin High 

Sensitive EIA Kit were purchased from Takara Bio Inc (Otsu, Shiga, Japan).  Assay was 

performed as per manufacturer’s instructions.  Briefly, rat osteocalcin C terminal region 

recognition specific antibody is the capture antibody on a solid plate and a monoclonal antibody 

that is specific to the Glu or Gla residues is arranged as the detection antibody.  Rat Glu or Gla 

Osteocalcin full-length peptide is used to create a standard curve.  Samples are added to the 

antibody coated microtiterplate and incubated at room temperature for 1hr.  Reaction mixture is 

discarded, followed by three washes, and POD-labelled antibody solution is added and incubated 

at room temperature for 1hr.  Reaction mixture is discarded, followed by four washes, and 

substrate solution TMBZ is added for 15 minutes followed by stop solution (1N H2SO4).  
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Absorbance was measured at 450nm.  Standard curve was plotted and used to determine the 

corresponding concentrations of Glu and Gla-OC based on the sample’s absorbance. 

2.3.7 Von Kossa method of visualizing vascular calcification 

The 5mm section of thoracic aorta, renal artery, and carotid artery were fixed in 10x 

neutral phosphate-buffered saline with 4% paraformaldehyde overnight. It was then embedded 

upright in paraffin blocks.  Sections (3-4μm) were stained for calcification with Von Kossa’s 

method [107,108].  In brief, the sections were first deparaffinized and then re-hydrated to distilled 

water. They were placed in 1% silver nitrate and exposed to ultraviolet light (20 min). Afterwards 

they were placed in 5% sodium thiosulfate (2 min) and finally counterstained with nuclear Fast 

Red (5 min). Areas of calcification appeared as dark brown regions in the medial wall of the 

vessel. 

2.3.8 Hemodynamic measurements 

Animals were anesthetized with ketamine (30 mg/kg, Rogar/STB, London, ON) and 

inactin (thiobarbital sodium, 100 mg/kg, Sigma Chemical Co.).  Additional inactin was 

administered during the surgery as necessary.  Body temperature was monitored and maintained 

at 37 ± 0.5˚C using a thermistor, temperature controller, and heating pad (Yellow Springs 

Instruments, Yellow Springs, OH).  Pulse wave velocity was assessed using the foot-to-foot 

method as described by Essalihi et al. [109]  Two catheters at the superior (carotid) and inferior 

(femoral) ends of the aorta were used to measure blood pressure simultaneously using PE-50 

heparanized saline filled (50 IU/ml) cannula (ID 0.58mm, OD 0.965mm; Belton Dickson and 

Company, Sparks, MD). Blood pressure was recorded as a pulsatile waveform at a frequency of 

1000Hz.  After blood pressure recordings, the animals were euthanized by drawing blood out via 

cardiac puncture. At the end of the pressure recording, the distance from the tip of the superior 

catheter to the inferior catheter was measured using a 1-0 silk stretched between the two points. 

Pulse wave velocity was measured as the speed it takes for waveforms to travel from the carotid 
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cannula down to the femoral cannula.  It was calculated using the formula: PWV = propagation 

distance ÷ propagation time (m/s). At least 10 normal consecutive waveforms were individually 

analyzed and averaged. Systolic blood pressure, diastolic blood pressure as well as pulse pressure 

were calculated in Chart program using the carotid catheter. 

2.3.9 Statistical analysis 

To analyze correlations between parameters, stepwise linear regression analysis was 

performed with the following parameters: serum creatinine and phosphorous and tissue calcium 

and phosphorus.  All data were presented as mean ± SD. The differences between the groups 

were analyzed using one-way analysis of variance (ANOVA) followed by Newman-Keuls post 

hoc test to compare differences between groups.  Given that the distribution of calcium content 

within the vessels was not normal, log transformation was performed prior to statistical analysis. 

P-values less than 0.05 were considered statistically significant. Analysis was performed using 

GraphPad Prism v.5 (linear regression and ANOVA). 

2.4 Results 

2.4.1 The Progression of Adenine induced CKD  

The experimental protocol is summarized in Figure 2.1.  To assess the level and 

progression of kidney disease induced by 0.25% dietary adenine, serum creatinine and phosphate 

were measured at 3, 5, and 7 weeks of treatment.  There was a significant effect of time on 

creatinine level (p<0.01), regardless of vitamin K manipulation (p=0.7,Figure 2.2).  Serum 

phosphorus levels were also significantly elevated over time (p<0.01), but there was no difference 

between the warfarin, low vitamin K and high vitamin K groups at any time point (p=0.4, Figure 

2.2).  There was a linear correlation between serum creatinine and serum phosphorus (Figure 2.2).   

At the end of the 7 week study, animals on the adenine diet had lost 10 ± 5%, 15 ± 3%, and 17 ± 

5% of their initial body weight in the high dietary vitamin K, low dietary vitamin K, and warfarin  
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Figure 2.1: Flow diagram of the experimental protocol. 
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Figure 2.2: Serum creatinine (uM) and phosphate (mM) at 3, 5, and 7 weeks of CKD  

Serum creatinine (top), phosphate (middle), and the correlation between serum creatinine and 

phosphate (bottom; y=0.01x+0.19, p<0.001) in rats treated with no adenine (control) or 0.25% 

adenine (CKD) after 3, 5, and 7 weeks.  Control and CKD rats were treated with either high 

dietary vitamin K (100 mg/kg food), low dietary vitamin K (0.1-0.2 mg/kg food), or warfarin 

(0.08-0.1 mg/kg body weight/day).  * p<0.05 vs control, † p<0.05 vs control and 3 weeks, ‡ 

p<0.05 vs control, 3 and 5 weeks; n=6-16/group (top and middle) n=53 (bottom); error bars 

represent SD. 
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groups respectively.  The high vitamin K group lost significantly less weight then the low K or 

warfarin treated groups (p<0.05) .  There was no significant difference between the low K and 

warfarin treated groups (p=0.2).  Despite being calorically restricted by approximately 20% of 

their normal dietary intake to maintain a steady body weight, control animals gained an average 

of 10 ± 4% of their initial body weight in response to all three treatments (12 ± 2%, 9 ± 5%, and 

10 ± 3% in the high dietary vitamin K, low dietary vitamin K, and warfarin groups respectively).  

The prothrombin time of the animals on warfarin treatment was elevated over two fold (33 ± 

8.5s) compared to animals not receiving warfarin treatment, low dietary K1 (15 ± 2.4s) or high 

dietary K1 (14 ± 1.9s)). 

2.4.2 The effect of Vitamin K status on Vascular Calcification 

To test the hypothesis that modifying vitamin K status impacts upon vascular 

calcification in CKD, we measured the calcium content within the renal artery, carotid artery, 

abdominal aorta, and thoracic aorta.  After 3 weeks of CKD and before animals were stratified 

into treatment groups, vessel calcium levels were similar in CKD (3.9 ± 0.6 nmol/mg tissue) 

compared to controls (3.8 ± 2.9 nmol/mg tissue).  At the end of the 7 week treatment, in contrast 

to studies revealing that there is substantial calcification when high doses of warfarin (300 mg/kg 

body weight/day) are used, therapeutic doses of warfarin (0.08-0.1 mg/kg/day) did not alter the 

levels of calcium in any of the vessels studied in the non-CKD animals (low K vs. warfarin in the 

renal artery: 5.3 ± 2.3 vs. 7.1 ± 0.6 nmol/mg tissue, abdominal aorta: 5.1 ± 2.5 vs. 7.3 ± 0.9 

nmol/mg tissue, carotid artery: 4.6 ± 2.1 vs. 6.2 ± 1.9 nmol/mg tissue, and thoracic aorta: 4.1 ± 

1.5 vs. 2.6 ± 1.5 nmol/mg tissue).  Similarly, increasing dietary vitamin K in non-CKD animals 

did not alter the levels of calcium (2.6 ± 0.8, 2.3 ± 0.4, 4.9 ± 3.7, 4.9 ± 3 nmol/mg tissue in the 

renal artery, abdominal aorta, carotid artery, and thoracic aorta respectively).  In contrast, in 

animals with CKD, treatment with the therapeutic doses of warfarin significantly elevated tissue 

calcium levels in all the vessels studied compared to those with CKD and treated with either low 
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or high dietary vitamin K (Figure 2.3).  There was no significant elevation in calcium in any of 

the vessels from CKD animals treated with high dietary vitamin K compared to controls.  In 

contrast, in CKD animals treated with low dietary vitamin K, calcium levels were significantly 

elevated compared to control in both the renal artery and abdominal aorta.  There was large inter-

individual variation observed in the calcium levels of the vessels of animals with CKD, which is 

consistent with previous studies using this model [110].  There was a linear correlation between 

vessel calcium and phosphate levels in all CKD arteries (Figure 2.3).   

Staining of the vessels with Von Kossa confirmed that the localization of the calcium 

deposits was limited to the vessel media (Figure 2.4).  Figure 2.4 shows a representative of each 

the carotid artery, renal artery, and thoracic aorta from the high dietary vitamin K, low dietary 

vitamin K, and warfarin groups.  Von Kossa positive staining is visible in CKD animals treated 

with low dietary vitamin K or warfarin but not in the high vitamin K group.  No Von Kossa 

positive staining was found in any control animal, regardless of the treatment. 

2.4.3 Hemodynamic Effects of Adenine Induced CKD 

Animals with CKD treated with warfarin had significantly elevated pulse pressure (PP) 

(50% elevation, Figure 2.5) and pulse wave velocity (PWV) (2 fold elevation, Figure 2.5) 

compared to those treated with low or high dietary vitamin K.  As shown in Figure 2.5, the 

increase in PP was primarily due to a drop in diastolic pressure, although not significant, by 

approximately 20% from control. 
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Figure 2.3: Vessel calcium levels (nmol/mg tissue) in adenine-induced CKD 

Tissue calcium levels (nmol/mg tissue) in the renal artery, carotid artery, abdominal aorta, and 

thoracic aorta, and the correlation between vessel calcium and phosphate levels in control and 

CKD animals.  Animals treated with no adenine (control) or 0.25% adenine (CKD) along with 

high dietary vitamin K (HK; 100 mg/kg food), low dietary vitamin K (LK; 0.1-0.2 mg/kg food), 

or warfarin (W; 0.08-0.1mg/kg body weight/day).  Line represents the mean, shaded box 

represents a 95% CI of data from control animals; * p<0.05 vs. control, † p<0.05 vs. CKD-HK 

and CKD-LK; n=5-16/group (top 4 graphs); n=84 (control, bottom left), n=120 (CKD, bottom 

right, y=0.8x+28.5, p<0.001, r
2 
=0.94, for calcified tissues); vertical dotted line represents 3 SD 

above control (12 nmol/mg tissue). 
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Figure 2.4: Von Kossa stained carotid artery, renal artery, and thoracic aorta 

Von Kossa stained blood vessels from animals treated with 0.25% dietary adenine  (A) or control 

(B) along with high dietary vitamin K (100 mg/kg food), low dietary vitamin K (0.1-0.2 mg/kg 

food), or warfarin (0.08-0.1 mg/kg bw/day).  Positive staining, indicated with arrows, denotes the 

region of calcification in the carotid, renal and thoracic aorta of the warfarin and low vitamin K 

treated vessels. 
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Figure 2.5: Blood pressure, pulse pressure, and pulse wave velocity in adenine-induced 

CKD 

Systolic blood pressure (mmHg), diastolic blood pressure (mmHg), pulse pressure (mmHg), and 

pulse wave velocity (cm/s) in animals treated with 0.25% adenine (CKD) along with high dietary 

vitamin K (HK; 100 mg/kg food), low dietary vitamin K (LK; 0.1-0.2 mg/kg food), or warfarin 

(W; 0.08-0.1 mg/kg body weight/day).  † p<0.05 vs. CKD-HK and CKD-LK; n=6-16; line 

represents mean and shaded boxes represent a 95% CI of data from control animals. 
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2.4.4 Levels of Tissue K1 and MK-4 in Animals on Varying Vitamin K Diets 

To confirm that altering vitamin K status either via high dietary vitamin K1 (K1) or 

therapeutic warfarin modified the serum and tissue concentrations of K1 and MK-4, we measured 

the concentrations of both vitamin forms in the serum, liver, heart, kidney, and aorta.  Tissue 

concentrations of both K1 and MK-4 (with the exception of serum MK-4) were markedly 

elevated in all animals assigned to the high K1 diet (Table 2.1).  In animals treated with warfarin 

there were significant reductions in vitamin K concentrations in the heart and kidney, but not in 

the liver.  In both control and CKD animals, K1 was the primary form of vitamin K in serum, 

liver, and cardiac tissue whereas MK-4 was the primary form of vitamin K in the kidney.  The 

aorta contained both K1 and MK-4. 

 At the end of the 7 weeks, animals with CKD had significantly less K1 in the liver and 

heart and significantly elevated MK-4 in the kidney compared to controls.  This was consistent 

with the earlier tissue vitamin K measurements after 3 weeks on the adenine diet in which the 

CKD animals had only mild CKD (142±27 uM serum creatinine) and no vascular calcification 

(3.9 ± 0.6 nmol Ca
2+

/mg tissue).  In these animals, as in the 7 week animals, K1 was the primary 

form of vitamin K in liver, heart, and serum while MK-4 was the primary form of vitamin K in 

the kidney (Table 2.2).  In CKD, there were significantly higher levels of MK-4 in the kidney 

along with significantly lower levels of K1 in the heart and liver compared to control (Table 2.2). 

 The ratio of MK-4/K1 provides an index of the efficiency of conversion of K1 to MK-4 

for each tissue (Table 2.1).  The kidney and the aorta both have high MK-4/K1 ratios, whereas the 

liver and heart have much lower MK-4/K1 ratios.  All animals receiving the high vitamin K diet 

had increased tissue levels of K1 but a lower ratio of MK-4/K1 in each tissue.  The only tissue 

that differed in CKD compared to control was the kidney, with evidence of increased conversion 

and/or accumulation of MK-4 in CKD.  Due to limitations in the quantity of tissue available, 

vitamin K measurements were not possible in every animal in the study. 
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2.4.5 Serum uncarboxylated and carboxylated osteocalcin 

To confirm that altering the vitamin K status either via high dietary vitamin K1 (K1) or 

therapeutic warfarin modified the carboxylation status of vitamin K dependent proteins we chose 

to measure the levels of uncarboxylated and carboxylated osteocalcin (GluOC and GlaOC 

respectively).  In control animals, warfarin treatment resulted in significantly greater GluOC and 

significantly less GlaOC with no differences between the low or high dietary K1 (Figure 2.6A).  

Similarly, in CKD animals, warfarin treatment resulted in significantly greater GluOC and 

significantly less GlaOC (Figure 2.6B).  In comparing high dietary K1 to low dietary K1, there 

was no difference in GluOC, however, there was a significant increase in GlaOC in the high 

dietary K group (Figure 2.6B). 
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Figure 2.6: Serum uncarboxylated and carboxylated osteocalcin in CKD 

Serum uncarboxylated osteocalcin (GluOC, ng/mL) and carboxylated osteocalcin (GlaOC, 

ng/mL) in rats treated with no adenine (control, A) or 0.25% adenine (CKD, B) for 7 weeks.  

Control and CKD rats were treated with either high dietary vitamin K (HK, 100 mg/kg food), low 

dietary vitamin K (LK, 0.1-0.2 mg/kg food), or warfarin (W, 0.08-0.1 mg/kg body weight/day).  

*p<0.05; n=4-15/group; error bars represent SD. 
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2.5 Discussion 

The major finding of this study was that vitamin K status was critical in the 

predisposition of blood vessels to calcification in a rodent model of CKD.  Specifically, the 

results revealed that treatment with therapeutic doses of the vitamin K-antagonist, warfarin, 

markedly increased vascular calcification, whereas high dietary vitamin K1 intake attenuated the 

development of vascular calcification in animals with CKD.  In addition, renal concentrations of 

MK-4 in animals with CKD were significantly elevated suggesting an alteration in the vitamin K 

metabolic pathway.  This apparent increased conversion from vitamin K1 to MK-4 was evident 

early in the progression of CKD prior to the development of arterial calcification.  In patients 

with CKD, close to 70% of patients in the early stages of the disease have at least mild CAC and 

30% of patients already have severe CAC confirming this to be an at-risk population that might 

benefit from optimizing vitamin K status [5].  The present results provide clear evidence that 

reinforce this potential for therapeutic benefit.  

Arterial calcification has been induced in rats using a manipulation of vitamin K status 

achieved through supra-therapeutic doses of warfarin in conjunction with high doses of vitamin K 

[7,43].  Therapeutic warfarin did not induce calcification in the blood vessels of healthy rats 

despite depletion of tissue vitamin K.  In contrast, warfarin in the presence of CKD markedly 

increased the levels of vascular calcification compared to CKD alone.  To the best of our 

knowledge this is the first pre-clinical study that demonstrates that a therapeutic dose of warfarin 

accelerates arterial calcification when CKD is also present.  Therapeutic warfarin depleted tissue 

vitamin K concentrations and markedly increased the susceptibility to vascular calcification in all 

vessels studied (renal artery, carotid artery, abdominal aorta, and thoracic aorta) with clear 

evidence of hemodynamic alterations within the circulation (elevated PP and PWV).  Our 

findings suggest that, in the setting of CKD, vitamin K status is critical to the inhibition of 

vascular calcification.   These results are consistent with one observational study in the end-stage 
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renal disease population that demonstrated that the long-term use of warfarin was independently 

associated with severity of aortic valve calcification in hemodialysis patients [51].  In fact, 

warfarin is frequently prescribed to individuals with CKD for the prevention of 

venousthromboembolism, atrial fibrillation and occasionally for access-related issues.  The 

prevalence of warfarin prescription to dialysis patients varies across nations from less than 5% in 

Germany, Spain and Japan to as high as 26% and 37% in the US and Canada respectively [67].  

Our results suggest that a critical evaluation of warfarin use in the CKD population in North 

America is warranted.   

It has previously been demonstrated that high levels of dietary vitamin K1, the same as 

that used in this study, could reverse warfarin-induced arterial calcification in animals with 

normal kidney function [43,44].  This study revealed that the same dose of K1 as used in the 

Schurgers study (100 mg/kg diet) was able to blunt the progression of CKD-induced vascular 

calcification.  In humans, vitamin K supplementation at much lower doses than used here has 

been shown to be beneficial reducing progression of coronary artery calcification (CAC) among 

individuals with existing calcification [68,111].   

The mechanism by which vitamin K status influences vascular calcification is likely via 

its impact on the carboxylation status of MGP.  Warfarin acts by inhibiting the enzyme Vitamin 

K-epoxide reductase (VKOR) and prevents the efficient re-cycling of vitamin K.  Based on the 

results, we postulate that, under the influence of a therapeutic dose of warfarin in CKD, low 

tissue vitamin K levels lead to increases in the levels of inactive ucMGP that is not able to oppose 

vascular calcification.  In contrast, increasing vitamin K via the diet, which increased tissue 

vitamin K levels, would likely increase the amount of active cMGP, thereby increasing the 

vascular calcification inhibitory action within the microenvironment.  It has already been 

established by others that high dietary vitamin K (K1 or MK-4), increases the carboxylation of 

MGP and that supra-therapeutic levels of warfarin shifts the balance to the uncarboxylated form 
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[44].  The lack of cMGP data is a limitation of our manuscript.  However, our finding that the 

dietary treatment group altered the carboxylation status of another extra-hepatic vitamin K-

dependent protein, osteocalcin, confirms the impact of treatment group on carboxylation status.  

Warfarin treatment in both control and CKD animals resulted in a reduction in OC carboxylation 

and a build-up of the uncarboxylated form of OC.  High dietary K1 resulted in an increase in the 

carboxylation of OC only in the setting of CKD.  This indicates that, only in the presence of an 

increase in OC production, such as in CKD, is high dietary vitamin K able to increase the 

carboxylation of OC. 

A second possible explanation for the enhanced vascular calcification observed in the 

warfarin-treated animals is the additional effect of phosphate, kidney function and weight loss.  

Although there were no significant differences between phosphate levels at 3,5 and 7 weeks, 

animals treated with warfarin had slightly (but not significantly so) higher serum phosphate 

levels.  Elevated phosphate levels are acknowledged to be a key mechanistic stimulus in the 

enhanced vascular calcification observed in animal models and humans with CKD.  This, in 

combination with higher weight loss (2%) could potentially have created a milieu that 

predisposed these animals to vascular calcification.  Further, adenine itself has been linked to 

bone mineral density loss in the absence of kidney dysfunction which could enhance vascular 

calcification [112,113].  However, the cumulative dosage of adenine was similar between groups 

which would minimize any potential impact of adenine-linked bone mineral density loss on the 

treatment effect of vitamin K/warfarin on calcification in CKD.  Taken together, the results of 

this study support a role for vitamin K as a potential treatment option to attenuate the 

development of vascular calcification in CKD.   

The tissue and serum levels of both MK-4 and K1 were examined under the three 

experimental conditions.  In all treatment groups, the kidney contained predominantly MK-4.  

The aorta had both K1 and MK-4.  The high vitamin K group, despite markedly elevated tissue 
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vitamin K1 levels, had between 10-100 fold lower MK-4/K1 ratios compared to the low K and 

warfarin groups.  This suggests that the K1 to MK-4 conversion is a regulated process.  Contrary 

to previous findings [46,114,115], conversion of K1 to MK-4 was still present in warfarin treated 

animals.  This could be due to the low therapeutic levels of warfarin used in this study or perhaps 

a difference that occurs in the uremic environment.  The finding that CKD animals had 

significantly higher MK-4 levels in the kidney and lower K1 levels in the liver and heart suggests 

two possibilities: (1) there are changes that enhance efficiency of conversion in CKD of dietary 

K1 to MK-4 and/or (2) that utilization of MK-4 may be impaired in CKD.   

In conclusion, these studies support the hypothesis that vitamin K status plays a critical 

role in vascular calcification associated with CKD.  Specifically, therapeutic levels of warfarin 

increased the severity of vascular calcification in a vitamin K dependent manner and a diet rich in 

vitamin K1 largely prevented the development of vascular calcification in a rat model of CKD.  

Taken together, these data demonstrate that the effects of therapeutic warfarin or dietary vitamin 

K deficiency accelerate vascular calcification in CKD but are not a sufficient stimulus when CKD 

is not present. 
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Chapter 3 

Vitamin K status in a rat model of chronic kidney disease 

Kristin M McCabe, Sarah L Booth, Xueyan Fu, Michael A Adams, Rachel M Holden 

3.1 Abstract 

Vitamin K functions as a co-factor for the enzyme Matrix-Gla protein (MGP), a key 

inhibitor of vascular calcification (VC).  The major form of vitamin K consumed in the diet and 

preferentially found in the liver is phylloquinone (K1).  Menaquinone-4 (MK-4) is the form 

present in the diet in only small quantities but appears to be preferentially found in extra-hepatic 

tissues.  UBIAD1 is the enzyme that is believed to convert K1 to MK-4.  Human studies have 

shown that patients with CKD have vitamin K deficiency which may put them at increased risk of 

VC.  In the present study we assessed tissue concentrations of K1 and MK-4 and the expression 

of vitamin K related genes in a rat model of CKD.  Male Sprague Dawley rats were treated with 

0.25% dietary adenine and low dietary vitamin K1 (0.2 mg/kg) for 3 weeks, after which a subset 

of animals was sacrificed.  The rest were maintained on 0.25% dietary adenine for an additional 4 

weeks and either low dietary vitamin K1, high dietary K1 (100 mg/kg) or warfarin (0.1 

mg/kg/day).  We found that CKD differentially altered the amount of MK-4 and K1 in certain 

tissues.  Specifically, MK-4 concentrations were higher in the kidney and testes and K1 levels 

were lower in the liver and heart.  In fact, the ratio of MK-4:K1 observed in the kidney medulla 

was 6 fold higher in CKD animals.  We found that expression levels of Ubiad1 and Vkor both 

decreased in CKD, suggesting that the increased amount of MK-4 was not due to increased 

production but rather a lack of utilization.  All animals treated with high dietary K1 had an 

increase in tissues levels of both K1 and MK-4, however the increase in K1 was much larger 

suggesting the conversion of K1 to MK-4 is a regulated/limiting process.  Taken together these 
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results demonstrate that vitamin K metabolism is altered in the presence of CKD and may 

represent a modifiable risk factor in this population. 

3.2 Introduction 

Vitamin K is a group of fat-soluble vitamins that function as a co-factor for the 

microsomal enzyme γ-glutamyl carboxylase (GGCX).  Although the role of vitamin K in the 

maintenance of coagulation is well-established, GGCX appears to be ubiquitous and recognizes 

vitamin K-dependent (VKD) proteins in a wide variety of tissues.  The post-translational 

modification performed by GGCX is critical to the role of these diverse VKD proteins in bone 

(e.g. osteocalcin) and vascular (e.g. MGP) health.   

CKD patients experience a markedly increased risk of cardiovascular disease that is due, 

in part, to widespread vascular calcification.  MGP is a local inhibitor of VC and becomes up-

regulated adjacent to sites of calcification [29,34,116,117].  Vitamin K treatment has been shown 

to attenuate CKD-induced vascular calcification in two separate pre-clinical studies [61,62].  

Abnormalities in vitamin K metabolism may therefore be a factor in the development and 

progression of VC in patients with CKD.  It has been consistently reported that patients with 

CKD have very high levels of uncarboxylated VKD proteins measured in circulation [52,53].  

Low dietary intake has been implicated, however recent evidence from an experimental CKD 

model suggests that uremia may directly alter vitamin K metabolism [61]. 

Vitamin K undergoes a cycle of oxidation followed by reduction that drives VKD protein 

carboxylation [50,118]. The fully reduced vitamin K-hydroquinone (KH2) donates a pair of 

electrons to GGCX to enable the endoplasmic reticulum based enzyme to convert specific 

glutamic acid residues to γ–carboxyglutamic acid residues during the secretion of VKD proteins 

(Figure 1.1, Chapter 1).  The generated vitamin K-epoxide (KO) is then reduced by the enzyme 

‘vitamin K-epoxide reductase’ (VKOR) back to KH2 which can be used once again for the 
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carboxylation reaction (Figure 1.1, Chapter 1) [50,118].  VKOR is the therapeutic target of 

warfarin. 

Vitamin K exists naturally in two molecular forms [119] (Figure 3.1).  The major dietary 

form, and the primary form found in circulation, is phylloquinone or K1.  Bacterial and other 

forms of vitamin K are known as menaquinones and named according to the number of repeating 

isoprenoid units (MK-4 to MK-10) [120].  There is well established and widely varying 

differences in the relative levels of K1 and MK-4 found in tissues.  Common to all vitamin K 

forms is the quinone nucleus which is the active site for vitamin K’s role as a co-factor for 

GGCX.  Different to the vitamin K forms is the constitution of the tail which may alter its binding 

to GGCX in different tissues.  The liver is the only organ in which the overwhelming majority of 

vitamin K is stored as long-chain forms (MK-7 to MK-10).  Extra-hepatic tissues contain mainly 

K1 and/or MK-4 however the ratio of MK-4:K1 varies widely from less than 0.3 in liver to > 6 in 

brain and kidney.  Very high concentrations of MK-4 are found in some tissues (e.g. brain, 

kidneys, and pancreas) and very low concentrations are found in plasma and the liver.  There is 

now considerable evidence that dietary K1 is endogenously converted to MK-4 via a menadione 

intermediary (Figure 3.1) [46,48,121] .  In addition, some tissues appear to have the means to 

regulate the concentration of MK-4 (e.g. brain, reproductive organs, visceral fat) whilst other 

tissues respond to dietary K1 fluctuations [98].  The reasons for these tissue-specific differences 

in MK-4 storage are not yet fully appreciated but strongly suggest organ-specific roles for MK-4, 

in addition to the γ–carboxylation reaction.  The recently identified MK-4 biosynthetic enzyme, 

UbiA prenyltransferase containing 1(UBIAD1), is widely expressed, but the mechanisms 

regulating its expression are not currently known [122].   

The objective of this study was to determine if the uremic environment induced 

alterations in vitamin K metabolism and if this was affected by warfarin or high vitamin K1 

treatment.  In this experiment we measured K1 and MK-4 concentrations in multiple tissues in 
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rats with mild (3 weeks) and severe (7 weeks) adenine-CKD as well as in healthy rats.  

Specifically, we fed 3 dietary vitamin K regimens (low dietary K1, high dietary K1 and warfarin) 

to rats with severe CKD (7 weeks) to evaluate whether the CKD stimulus would modify tissue 

storage of K1 and MK-4 and whether this would interact with dietary vitamin K availability 

and/or antagonism of vitamin K recycling with warfarin.  A second set of experiments was 

designed to evaluate whether CKD alters the expression of the vitamin K converting (e.g. 

Ubiad1) and metabolizing enzymes (Ggcx, Vkor) in both mild and severe forms of CKD and 

whether the level of expression was modified by fluctuations in dietary vitamin K availability 

and/or warfarin treatment. 
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Figure 3.1: Vitamin K1 is converted to MK-4 through a menadione intermediary 

Phylloquinone (Vitamin K1) is converted to Menaquinone-4 (MK-4) through a menadione 

intermediary.  The enzyme that converts K1 to menodione is unknown.  The enzyme that 

converts menadione to MK-4 is UbiA prenyltransferase containing 1(UBIAD1).  
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3.3 Methods 

3.3.1 Experimental animals 

Male Sprague-Dawley rats (Charles River, St. Constant, Quebec) at 14 weeks of age at 

the start of the experiment were individually housed in standard polypropylene cages and 

maintained on a 12 h light-dark cycle (lights on at 7:00am). Animals were allowed to acclimatize 

for at least 1 week before initiation of the experiment and were given Purina Rat Chow (Testdiet) 

and water ad libitum. The animals used in this experiment were treated in accordance with 

Canadian Council on Animal Care ethical guidelines of animal care, handling, and termination. 

3.3.2 Treatment groups 

In this experiment we used an animal model of CKD using dietary adenine as described 

previously [62,94], a modified version of the adenine model described by Price et al [93].  At the 

start of the experiments, the normal Purina Rat Chow was exchanged with a specially formulated 

(but nutritionally balanced) diet (Harlan, Teklad, Madison, WI) on which the animals were 

maintained.  The specially formulated diet contained either 0.25% adenine (CKD) or 0% adenine 

(control) along with 1% phosphate, 1% calcium, 0.2 mg/kg vitamin K, 1IU/g vitamin D and 6% 

protein. Weights and food intake were monitored on a daily basis, and animals were 

supplemented with normal chow and/or Nutri-Cal if their weight loss reached 10%.  Control 

animals were food restricted by approximately 20% of their regular food intake to maintain a 

steady body weight.  42 male Sprague-Dawley rats (beginning at 14 weeks of age) were divided 

into one of two groups each receiving either 0.25% adenine (CKD) or no adenine (control).  After 

three weeks on the diet, 6 animals in each group (n=12) were sacrificed for tissue assessments.  In 

the remaining animals, serum creatinine levels were measured and animals were stratified into 

one of 3 treatment groups to ensure each group had equivalent kidney dysfunction.  For the next 4 

weeks animals were maintained on their CKD or control diet with either the maintenance of low 

dietary vitamin K1 (0.1-0.2 mg/kg food), the addition of warfarin (0.08-0.1 mg/kg/day in the 
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drinking water, Warfarin Sodium tablets, Taro Pharmaceuticals Inc. Brampton, ON, Canada) or 

switched to high dietary vitamin K1 (100 mg/kg food) (n=8/group, N=32).  Weights and food 

intake were monitored on a daily basis, and animals were supplemented with normal chow and/or 

Nutri-Cal if their weight loss reached 10%.  There is no vitamin K in Nutri-Cal. The high vitamin 

K1 dose was selected based on previous work performed by Schurgers et al. who demonstrated 

that this dose of K1 regressed warfarin-induced medial calcification in a non-CKD model [44].  

The low vitamin K dose was chosen to create a mild deficiency state while maintaining 

coagulation and was based on work by Booth et al.[45] and Carrie et al. [103] At sacrifice, 

approximately 6 ml of blood was drawn using a 22g hypodermic needle inserted into the left 

ventricle of the heart while the animal was under anesthesia.  Blood samples were spun (4°C, 

4000g, 20 min) using a BHG Hermle Z320K refrigerated centrifuge (Mandel Scientific Company 

Inc, Gosheim, Germany).   The heart was excised and the right ventricle was separated from the 

left ventricle and the septum.  The following tissues were collected, cleaned, and weighed: heart, 

aorta, liver, kidneys (de-capsulated and medulla and cortex separated), spleen, pancreas, testes, 

and brain.  Tissues were collected and snap frozen in liquid nitrogen and stored at -80˚C for 

further analysis.  These tissues were used for analysis of K1 and MK-4 levels.  This experiment 

was repeated in a parallel study (N=32) for tissues to use for real time qPCR.  From these 

animals, kidneys and livers were collected and stored in RNAlater storage solution (Life 

Technologies, Thermo Fisher Scientific inc. Waltham, MA, USA) and stored at -20˚C until 

further analysis. 

3.3.3 Serum analysis 

Serum creatinine was measured using QuantiChrom
TM

 Creatinine Assay Kit (DICT-500) 

(BioAssay Systems, Hayward, CA, USA).  Serum phosphate was measured using the malachite 

green method.  The malachite green reagent was prepared as described by Heresztyn and 

Nicholson [104] with the addition of ammonium molybdate, a green complex is formed between 
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malachite green, molybdate and free phosphate. The absorbance for this complex was measured 

for both standards and the tissue homogenates at 650nm.  Serum urea was measured using a 

STAR by Diagnostica Stago in the Clinical Chemistry Core Laboratory (Department of Pathology 

and Molecular Medicine, Kingston General Hospital, Kingston, Ontario, Canada). 

3.3.4 Vitamin K in tissues 

Samples of the liver, kidney (medulla and cortex), heart (left ventricular septum), aorta 

(thoracic aorta), serum, spleen, pancreas, testes and brain were collected at sacrifice, flash frozen 

in liquid nitrogen, and stored at -80˚C until analyzed.  Levels of K1 and MK-4 were determined 

by reversed phase HPLC [105,106] and expressed relative to wet weight (with the exception of 

serum which was expressed relative to volume).  These analyses were performed at the Vitamin 

K Laboratory, Tufts University, Boston, MA. 

3.3.5 Real time PCR 

At time of sacrifice, kidneys and livers were collected and stored in RNAlater storage 

solution (Life Technologies, Thermo Fisher Scientific inc. Waltham, MA, USA) as per 

manufacturer’s instructions and stored at -20˚C until further analysis.  Total RNA was extracted 

using RNeasy Plus Universal kit (Qiagen) and purity and concentration was confirmed using an 

Eukaryote total RNA nano chip on an Agilent 2100 Bioanalyzer (Agilent Technologies Inc. 

Instrument run by the department of Pathology, Queen’s University).  Complimentary DNA was 

generated using the high capacity cDNA reverse transcription kit (Life Technologies, Thermo 

Fisher Scientific inc. Waltham, MA, USA) as per manufacturer’s instructions and stored at -20°C 

until further analysis.  Primers used for qPCR are shown in Table 3.1.  Primers were designed 

using PrimerBLAST (NCBI, Bethesda MD, USA).  qPCR was carried out on a CFX96 Real-

Time System (Bio-Rad Laboratories Inc.) using SYBR Select Master Mix for CFX as per 

manufacturer’s instructions.  In brief, amplification was carried out with one cycle of 50°C for 5 

min then 95°C for 5 min followed by 40 cycles of 95°C for 15 sec. and 60°C for 1 min.  The 
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reaction was performed in triplicate for each sample.  A melt curve was performed following 

amplification to ensure only one product was formed (data not shown) and PCR products were 

analyzed by electrophoresis on a 2% agarose gel containing ethidium bromide (data not shown).  

β-actin was chosen as a reference gene as there was no significant difference in β-actin 

expression in treatment groups.   
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Table 3.1: Primers for quantitative PCR (qPCR) 

 

Target Forward Primer Reverse Primer 

β-Actin ACAACCTTCTTGCAGCTCCTC CATACCCACCATCACACCCTGG 

Ubiad1 GATGACAGGACTCTGGTGGAC GGCCGAAAGTGATGAGGATGA 

Ggcx CACTACTGGTCTGTGGATGGC CAGCTTTTTCACACCCGCAA 

Vkor TCTCACTGTACGCACTGCAC TCCCCTCAAGCAACCTAACA 

Mgp GTGCTATGAATCTCACGAAAGCA CTGCCTGAAGTAGCGGTTGTA 
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3.3.6 Tissue UBIAD1  

UBIAD1 protein levels were assessed in kidney and liver tissue using a rat UBIAD1 

Enzyme-linked immunosorbent assay kit (Cusabio).  Assay was performed as per manufacturer’s 

instructions. 

3.3.7 Serum uncarboxylated and carboxylated osteocalcin 

Takara Rat Glu-Osteocalcin High Sensitive EIA Kit and Rat Gla-Osteocalcin High 

Sensitive EIA Kit were purchased from Takara Bio Inc (Otsu, Shiga, Japan).  Assay was 

performed as per manufacturer’s instructions.  This assay has been described in more detail 

elsewhere [123]. 

3.3.8 Statistical Analysis 

All data were presented as mean ± SD (or mean ± SEM for qPCR data). The differences 

between the groups when comparing three or more were analyzed using one-way analysis of 

variance (ANOVA) followed by Newman-Keuls post hoc test to compare differences between 

groups.  Differences between two groups were analyzed using a Student’s t-test.  P-values less 

than 0.05 were considered statistically significant. Analysis was performed using GraphPad Prism 

v.5. 

3.4 Results 

3.4.1 Serum markers 

Serum creatinine, phosphate, and urea were significantly elevated above control values 

after 3 weeks of the CKD diet by approximately 2, 1.5, and 3 fold, respectively (Table 3.2).  After 

7 weeks of the CKD diet, serum creatinine, serum phosphate and serum urea were further 

elevated above control by approximately 6, 2, and 10 fold, respectively.  There was no significant 

difference in serum creatinine, phosphate, and urea between the low K1, warfarin, or high K1 

treatment groups. 
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Table 3.2: Serum creatinine, phosphate, and urea in rats with adenine-induced CKD 

Serum creatinine (uM), phosphate (mM) and urea (mM) in rats fed 0.25% dietary adenine (CKD) 

or 0% dietary adenine (control) with low dietary vitamin K1, warfarin, or high dietary K1 for 3 

weeks or 7 weeks. 

 

 
3 weeks 7 weeks 

Serum 
Control + 

low K 

CKD +  

low K 

Control + 

low K 

CKD +     

low K 

CKD + 

warfarin 

CKD + 

high K 

Creatinine(uM) 69 ± 11 142 ± 27* 54 ± 15 330 ± 105*† 389 ± 131*† 363 ± 98*† 

PO4 (mM) 0.8 ± 0.2 1.2 ± 0.16* 1.9 ± 0.3 4.2 ± 1.7*† 5.5 ± 3.1*† 4.9 ± 1.7*† 

Urea (mM) 3.0 ± 0.96 8.6 ± 2.6* 2.8 ± 0.8 36 ± 25*† 49 ± 23*† 21 ± 9*† 

 

*p<0.05 vs control, †p<0.05 vs. 3 weeks CKD 
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3.4.2 Vitamin K levels after 3 and 7 weeks of adenine-induced CKD 

Table 3.3 summarizes the K1 and MK-4 tissue concentrations in mild CKD (3 weeks, 

creatinine 142 ± 27 uM), severe CKD (7 weeks, creatinine 330 ± 105 uM), and control rats.  K1 

was the predominant form of vitamin K measured in serum, heart, liver and aorta whilst MK-4 

was the only form of vitamin K measured in the testes and brain.  The highest concentration of 

MK-4 was measured in the pancreas.  Compared to control animals, there was significantly less 

K1 measured in the heart, liver and spleen of rats with CKD.  There was a significantly higher 

level of MK-4 measured in the kidney medulla, kidney cortex, and testes of CKD rats compared 

to control rats (Table 3.3).  To examine an estimate of K1 to MK-4 conversion, we calculated the 

ratio of MK-4:K1 in tissues that had measurable levels of both forms (Table 3.4).  There was a 

five-fold increase in the MK-4:K1 ratio in the kidney medulla.  There was a small, but significant 

increase in the spleen but no difference was observed in the pancreas or liver. 

3.4.3 K1 and MK-4 levels in mild (3 weeks) vs. severe (7 weeks) CKD 

Under low dietary vitamin K1 treatment, tissue levels of K1 and MK-4 remained 

consistent over time in healthy animals (Table 3.3).  In contrast, levels of MK-4 in the kidney 

medulla were significantly elevated above control animals in both the mild (3 weeks) and severe 

(7 weeks) condition but the level significantly dropped with disease progression (Table 3.3).  

Similarly the ratio of MK-4:K1 in the kidney medulla was significantly lower at 7 weeks of CKD 

compared to 3 weeks, yet remained significantly elevated compared to control (Table 3.4). 
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Table 3.3: Vitamin K1 and MK-4 in tissues and serum in rats with adenine-induced CKD 

Vitamin K1 and MK-4 in various tissues (pmol/g) and serum (pmol/mL) of rats treated with 0% 

dietary adenine (Control) or 0.25% dietary adenine (CKD) with low dietary K1 (0.2 mg/kg diet) 

for 3 and 7 weeks.  Tissues rank ordered from highest to lowest MK-4 concentration. 

 

 

*p<0.05 vs control, †p<0.05 vs. CKD 3 weeks.  ND=values below the minimum detectable 

concentration of 0.05 pmol/g wet tissue or mL serum. 
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Table 3.4: The ratio of MK-4/K1 in tissues of rats with adenine-induced CKD 

The ratio of MK-4/K1 in tissues that have both MK-4 and K1 at detectable levels in tissues of rats 

treated with 0% dietary adenine (Control) or 0.25% dietary adenine (CKD) with low dietary K1 

(0.2 mg/kg diet), for 3 and 7 weeks. 

 

 

 

 

*p<0.05 vs control, †p<0.05 vs. CKD 3 weeks.  
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3.4.4 Vitamin K levels after 7 weeks of adenine-induced CKD under 3 dietary regimens  

Table 3.5 summarizes the K1 and MK-4 tissue concentrations in severe CKD (creatinine 

364 ± 118 uM) under the three dietary regimens: low vitamin K1, warfarin, or high vitamin K1 

(Table 3.5).  Under the low dietary vitamin K1 condition, the pattern observed in CKD rats at 3 

weeks remained consistent at 7 weeks.  That is, compared to healthy rats, significantly lower 

amounts of K1 were detected in heart and liver and significantly higher levels of MK-4 were 

measured in kidney cortex and kidney medulla.  CKD rats treated with warfarin had significantly 

reduced levels of K1 in the heart and kidney medulla as well as significantly lower levels of MK-

4 in the kidney cortex, pancreas, and testes.  CKD rats treated with high dietary vitamin K1 had 

markedly elevated levels of K1 in all tissues and, whereas K1 had been previously undetectable, 

became measureable in the brain and testes.  Overall, each tissue had a greater fold increase in K1 

than MK-4.  MK-4 remained undetectable in serum and but could now be measured in the heart.  

In tissues with measurable MK-4 at baseline, the relative increase in MK-4 under the high dietary 

K1 regimen, varied widely from a 2 fold increase in the spleen to a 17 fold increase in the liver.   

The ratio of MK-4:K1 in tissues after 7 weeks of CKD is presented in Table 3.6.  Under the low 

dietary vitamin K1 condition, the ratio between MK-4 and K1 was significantly higher in the 

kidney medulla, spleen, and pancreas of rats with CKD compared to control with a fold increase 

ranging from a 1.6 fold increase in spleen to a 2.5 fold increase in kidney medulla.  Although 

CKD rats treated with high K1 had markedly elevated levels of K1 and MK-4 in tissues, the 

overall ratio declined significantly in pancreas, kidney medulla, spleen, and liver (Table 3.6). 
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Table 3.5: Vitamin K1 and MK-4 in tissues and serum in rats with adenine-induced CKD 

Vitamin K1 and MK-4 in various tissues (pmol/g) and serum (pmol/mL) of rats treated with 0% 

dietary adenine (Control) or 0.25% dietary adenine (CKD) with low dietary K1 (0.2 mg/kg diet), 

warfarin (0.1 mg/kg), or high dietary K1 (100 mg/kg) for 7 weeks.  Tissues rank ordered from 

highest to lowest MK-4 concentration. 

 

 

*p<0.05 vs control, †p<0.05 vs. CKD + low K.  ND=values below the minimum detectable 

concentration of 0.05 pmol/g wet tissue or mL serum.  
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Table 3.6:  The ratio of MK-4/K1 in tissues of rats with adenine-induced CKD 

The ratio of MK-4/K1 in tissues that have both MK-4 and K1 at detectable levels in tissues of rats 

treated with 0% dietary adenine (Control) or 0.25% dietary adenine (CKD) with low dietary K1 

(0.2 mg/kg diet), warfarin (0.1 mg/kg), or high dietary K1 (100 mg/kg) for 7 weeks. 

 

 

*p<0.05 vs control, †p<0.05 vs. CKD + low K.  ND=values below the minimum detectable 

concentration of 0.05 pmol/g wet tissue or mL serum.   
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3.4.5 Serum uncarboxylated and carboxylated osteocalcin 

To measure functional vitamin K status we measured serum uncarboxylated and 

carboxylated osteocalcin (ucOC, cOC) at 3 and 7 weeks of CKD.  Serum cOC and total OC were 

significantly elevated at 3 weeks of CKD compared to control (Figure 3.2 B,C).  By 7 weeks of 

CKD, the ucOC, cOC, and total OC were all markedly elevated above both 3 weeks and control 

(Figure 3.2 A,B,C).  There was a 17 fold increase in ucOC compared to controls in CKD rats. 

3.4.6 Expression of Vitamin K proteins and metabolic enzymes 

Kidney and liver expression level of Mgp, Ubiad1, Vkor, and Ggcx was measured in 

control, after 3 weeks of CKD, and 7 weeks of CKD in the three different treatment groups (CKD 

+ low K, CKD + warfarin, and CKD + high K) rats as shown in Figure 3.3.  By 3 weeks, there 

was a significant increase in the kidney expression of Mgp and a reduction in the kidney 

expression of Ubiad1 and Vkor compared to controls.  After seven weeks in the low K1 treatment 

group, the expression of Mgp in the kidney was significantly elevated 7.4 fold above control but 

was elevated to a lesser extent in the CKD + warfarin and CKD + high K treatment groups (4.2 

and 3.7 fold respectively) (Figure 3.3A).  The expression of Ubiad1 in the kidney was 

significantly reduced to 0.68, 0.5, and 0.59 fold of control in CKD + low K, CKD + warfarin, and 

CKD + high K1 respectively (Figure 3.3C).  The expression of Vkor in the kidney was 

significantly reduced to 0.45, 0.42, 0.43 fold of control for CKD +low K, CKD + warfarin, and 

CKD + high K respectively (Figure 3.3E).The expression of Ggcx in the kidney was 0.88, 0.77, 

0.74 fold of control in CKD + low K, CKD + warfarin, and CKD + high K respectively, however 

this was not a significant reduction from control (Figure 3.3G).  Ggcx was not able to be detected 

at 3 weeks CKD.  There were no differences between CKD rats and healthy controls in the liver 

expression of Mgp, Ubiad1, Ggcx, and Vkor nor was there any difference between the three 

treatment groups (Figure 3.3 B,D,F,H) 
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Figure 3.2: Serum uncarboxylated and carboxylated osteocalcin in adenine-induced CKD 

Serum uncarboxylated osteocalcin (ucOC, A), carboxylated osteocalcin (cOC, B), and total 

osteocalcin (OC, C) in rats treated with 0% dietary adenine (Control) or 0.25% adenine for 3 

weeks (CKD 3 wks) or 7 weeks (CKD 7 wks) are displayed here.  Values expressed are mean ± 

SD (n=8/group). * p<0.05 vs. control, † p<0.05 vs CKD 3 wks.   
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Figure 3.3: Mgp, Ubiad1, Vkor, and Ggcx transcripts assessed by qPCR 

Mgp, Ubiad1, Vkor, and Ggcx transcripts were assessed by qPCR in the kidney (A,C,E,G) and 

liver (B,D,F,H) of rats treated with 0% dietary adenine (control) or 0.25% dietary adenine (CKD) 

for 3 weeks (CKD 3wk) or for 7 weeks with low dietary vitamin K (CKD LK), warfarin (CKD 

W), or high dietary vitamin K1 (CKD HK). Values are expressed as Fold change vs. control rats 

normalized by B-actin.  The data are shown as mean ± SD (n=6-8/group, except 3 wk n=3-7).  

*p<0.05 vs. control, † p<0.05 vs. CKD LK.   
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3.4.7 UBIAD1 protein in kidney and liver 

UBIAD1 protein levels were measured in kidney and liver tissue of rats with severe CKD 

as well as healthy control rats (Figure 3.4).  In kidney, UBIAD1 protein levels were markedly 

reduced in CKD compared to control (Figure 3.4A) however there was no significant changes in 

liver (Figure 3.4B). 
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Figure 3.4: Tissue UBIAD1 levels in adenine-induced CKD 

Amount of UBIAD1 in the kidney (A) and liver (B) of rats treated with 0% dietary adenine 

(Control) or 0.25% adenine (CKD) for 7 weeks.  Values expressed are mean ± SD, n=6-8/group. 

*p<0.05 vs. control.  
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3.5 Discussion 

In this study using Sprague-Dawley rats, adenine-induced CKD induced alterations in the 

metabolism of vitamin K.  Specifically, MK-4 concentrations were higher in the kidney medulla, 

kidney cortex and testes and K1 levels were lower in the liver and heart.  This translated to a 6-

fold increase in the MK-4:K1 ratio observed in the kidney medulla in CKD animals.  These data 

might suggest a CKD-linked stimulus to MK-4 bioconversion.  However, we observed a 

significant reduction in the expression of Ubiad1, the known K1 to MK-4 converting enzyme, 

and a more then 10 fold reduction in the concentration of UBIAD1 protein in the kidney.  The 

reduction in Ubiad1 expression was already evident by 3 weeks of CKD.  These observations 

lend support to an alternative, but unproven, hypothesis that an accumulation of MK-4 occurs in 

CKD due to abnormalities in MK-4 utilization either by GGCX and/or issues with VKD protein 

carboxylation in uremia.  This study also showed, using warfarin as an inhibitor of VKOR, that 

some tissues such as the pancreas, testes, and kidney cortex preferentially utilize MK-4 with very 

little recycling of K1, while others such as the heart, preferentially use K1. 

In this study, consistent with the previous literature [45–47], we found that K1 was the 

predominant form of vitamin K measured in the serum, liver, and heart, and MK-4 was the 

predominant form measured in the kidney, pancreas, testes, and brain.  In response to only three 

weeks of adenine-induced CKD, and before any signs of vascular calcification or altered 

hemodynamics were present (Chapter 2) [62], we observed a shift in vitamin K metabolism with 

developing CKD whereby higher levels of MK-4 were observed in the kidney and lower levels of 

K1 were observed in the liver, heart, and spleen.  The ratio of MK-4:K1 was also significantly 

higher in the kidney and spleen.  Although the MK-4 level in the kidney decreased between 3 and 

7 weeks, it remained elevated compared to control.  In the remaining tissues, alterations in MK-4 

and K1 levels were consistent and maintained from 3 to 7 weeks of adenine induced CKD, where 
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the disease was more severe, and evidence of vascular calcification and altered hemodynamics 

was present (Chapter 2) [62].   

The effects of warfarin and high dietary K1 on tissue vitamin K status in CKD were 

examined.  Acting as an inhibitor of VKOR, warfarin blocks the recycling of vitamin K (K1 or 

MK-4) from the epoxide back to the hydroquinone form thereby potentially differentially altering 

the concentration [50,118] .  In this study, warfarin significantly reduced the levels of MK-4 in 

the pancreas, testes, and kidney cortex but had minimal impact on K1 levels in these tissues 

suggesting that MK-4 is the main form of vitamin K that is being utilized, and therefore recycled, 

by VKOR in these tissues.  However, in the heart, levels of K1 were significantly reduced and 

MK-4 remained undetectable, suggesting K1 is the predominant form of vitamin K utilized in this 

tissue.  Interestingly, we observed no difference in either K1 or MK-4 in the liver presumably 

because the primary forms of vitamin K utilized and therefore recycled by this tissue are longer 

chain menaquinones. 

In those animals treated with very high dietary K1, an increase in MK-4 occurred in all 

tissues studied, however all tissues had a relatively greater fold increase in K1 levels (3-240 fold) 

suggesting that there are rate-limiting steps in MK-4 production.  We were able to measure MK-4 

in heart and K1 in brain, tissues where these vitamin K forms are usually undetectable.  Each 

tissue appeared to enhance MK-4 production but to varying degrees.  Brain, liver, and kidney 

medulla had a high capacity to enhance MK-4 production and did so by approximately 12, 17, 

and 5 fold respectively.  On the other hand, pancreas, testes, kidney cortex, spleen, and thoracic 

aorta had a lower capacity to enhance MK-4 production and levels were only modestly increased.  

Low vitamin K availability is clearly one rate limiting factor in MK-4 production.  However, Al 

Rajabi et al. fed Fischer 344 rats deuterium-labeled vitamin K1 and demonstrated evidence of 

tissue-specific regulation of MK-4 production [98].  That is, MK-4 production appeared to be 

regulated in the testes and brain whilst levels of MK-4 fluctuated in other tissues according to the 
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available K1 [98].  Regulatory processes would likely become over-whelmed at the very high 

dietary levels of vitamin K1 administered in this study yet our findings do support that 

differences exist between tissues with respect to MK-4 production and regulation. Further, given 

that these rats had severe CKD it is conceivable that any findings may be different in healthy 

animals.   

To the best of our knowledge, only one previous study has examined K1 and MK-4 

concentrations in liver and kidney tissue in CKD rats exposed to the identical high concentration 

of dietary vitamin K1.  Although both studies had a similar pattern with respect to liver 

concentrations, there was significantly higher levels of K1 and MK-4 in the kidney medulla and 

cortex (approximately 150 and 5 fold in the medulla and 200 and 2 fold increase in the cortex for 

the K1 and MK-4 levels, respectively) in this study whereas Kaesler et al. found no impact of the 

same dietary concentration of K1 on ‘intrarenal vitamin K levels’ [61].  Both studies utilized the 

same model of CKD with a similar severity of renal failure induced (7 fold increase in serum 

creatinine in this study versus 10 fold in Kaesler et al.).  This data supports an impact of CKD on 

vitamin K metabolism within the kidney and this inconsistency between studies is unexplained.   

There is substantial evidence to indicate that dietary vitamin K1 is endogenously 

converted to MK-4 in tissues by the enzyme UBIAD1.  The reason for bioconversion is not well 

understood but suggests alternate roles for MK-4 in specific tissues.  Current understanding is 

that the phytyl side chain of dietary K1 is cleaved in the intestine to a menadione intermediary 

which is then transported to tissues where it is locally prenylated to MK-4 by UBIAD1[121,122].  

Comparable levels of UBIAD1 protein in kidney and liver tissue in healthy rats were found.  

However, in rats with CKD there was a significant decrease in the abundance of UBIAD1 protein 

in kidney tissue combined with significantly lower Ubiad1 expression.  No differences were 

observed in liver tissue where very low levels of MK-4 are typically measured.  These data 

suggest that the increased level of MK-4 and the higher ratio of MK-4:K1 observed in CKD 
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kidney tissue may not be due to an increased bioconversion unless there are other, unidentified 

MK-4 biosynthetic enzymes.  An alternative hypothesis is that MK-4 may in fact be accumulating 

in CKD tissues potentially due to alterations in MK-4 utilization. Simultaneous measurement of 

the MK-4-epoxide might help clarify this issue but unfortunately due to the limited tissue sample 

size, we were unable to detect the epoxide.  Indeed, it has been identified that MK-4 production is 

regulated in some, but not all, tissues.  However the factors influencing this regulation are not 

currently well understood.  There was no impact of low dietary K1, warfarin, or high dietary K1 

on the expression of Ubiad1 in the kidney tissue in the rats with CKD suggesting that down-

regulation was related to the CKD condition.  

Similar to the report of Kaesler et al., no significant differences in the expression of Ggcx 

in either kidney or liver tissue in rats with CKD were found.  However, the Kaesler study also 

measured GGCX activity which they found to be significantly reduced in the kidney [61].   

Further, in their study, treatment with high dose vitamin K restored GGCX activity.  These 

findings suggest that, even though Ggcx appears to be expressed at similar levels, a factor(s) 

associated with the uremic environment may alter its activity.  In this study the expression of 

Vkor was also measured; VKOR is the enzyme responsible for recycling vitamin K epoxide 

through two reduction steps back to the hydroquinone used in the carboxylation reaction.  

Already at 3 weeks of adenine-induced CKD progression, Vkor expression was significantly 

reduced.  This would suggest a decrease in vitamin K hydroquinone and quinone forms.  

Consistent with this, there was a significant decrease in K1 levels in the liver, spleen, and heart.  

However, paradoxically, there was an increase in MK-4 in the kidney.  Future studies that include 

the measurement of the vitamin K epoxides would be required to further elucidate these apparent 

uremia-induced alterations in vitamin K recycling. 

 Patients with chronic kidney disease have very high levels of uncarboxylated VKD 

proteins in circulation [52,53,124].  Mgp is significantly up-regulated in CKD as shown in this 
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experiment and present at high levels in the circulation of patients with CKD [55,60,125].  

Similarly, total OC and ucOC were markedly increased in CKD rats in this experiment and 

similar findings have been consistently observed in human CKD cohorts [126].  It has been 

purported that high levels of uncarboxylated VKD proteins reflect an underlying vitamin K 

deficient state that puts these individuals at increased risk of cardiovascular and bone disease.  

This functional vitamin K deficiency was previously stated to be related to low dietary intake and 

indeed the carboxylation status of VKD proteins in circulation can be modified in CKD patients 

by high dose vitamin K supplementation [58].  Under this paradigm, VKD protein carboxylation 

is compromised in the setting of CKD due to an increased production of VKD proteins coupled 

with an insufficient supply of vitamin K hydroquinone to GGCX by VKOR.  Reduced Vkor 

expression early in the disease course demonstrated by this study and low GGCX activity 

demonstrated in another study[61] contribute to a growing body of evidence to indicate that 

vitamin K recycling is impaired in uremia.  However, in an experimental cell culture model, over-

expression of the VKD protein, factor IX, does not result in increased secretion of the 

carboxylated form and glutamyl carboxylase-factor IX protein complexes have been shown to 

accumulate intracellularly suggesting that factors that promote carboxylated VKD protein 

secretion may become saturated [127].  It has been proposed that the presence of free, 

uncarboxylated VKD proteins may be one such factor [127].  CKD could represent an in vivo 

model in which the contribution of uncarboxylated VKD proteins to defects in underlying VKD 

processivity and secretion, and ultimately GGCX function and vitamin K utilization, could be 

examined further. 

In this animal model of CKD, vitamin K metabolism was altered and this was evident 

early in the disease course.  Down-regulation and decreased abundance of the MK-4 biosynthetic 

enzyme UBIAD1 suggests that the elevated levels of MK-4 observed in the CKD tissues may 

relate to impaired utilization of vitamin K in uremia.  Dietary vitamin K1 and warfarin treatment 
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were effective at modifying tissue K1 and MK-4 levels but did not alter Ubiad1 expression.  

Furthermore, the observed down-regulation of VKOR expression was similarly not influenced by 

treatment group, suggesting a uremia-induced alteration of vitamin K recycling.  Whether these 

abnormalities account fully for the high level of uncarboxylated VKD proteins observed in CKD 

is unlikely.  It is seemingly paradoxical that higher levels of MK-4 were observed in the CKD 

tissues despite significant reduction in the expression of key vitamin K converting and 

metabolizing enzymes.  These observations point to an additional defect in vitamin K utilization 

at the tissue level. 

The results of this study show that vitamin K metabolism is impacted by uremia.  

Normalizing vitamin K metabolism may represent a treatment option for cardiovascular and bone 

disease in patients with CKD.  Results from randomized controlled clinical trials are needed to 

determine if vitamin K supplementation should be prescribed to this patient population. 
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Chapter 4 

Calcitriol and vitamin K treatment in a rat model of chronic kidney 

disease 

Kristin M McCabe, Jason GE Zelt, Kimberly Laverty, Martin Kaufmann, Glenville Jones, 

Michael A Adams, Rachel M Holden  

4.1 Abstract 

Patients with chronic kidney disease (CKD) have a markedly increased risk for 

developing cardiovascular disease.  Non-traditional risk factors, such as increased phosphate 

retention, and deficiencies in vitamins D and K metabolism, likely play key roles in the 

development of vascular calcification (VC) during CKD progression.  Matrix Gla protein (MGP) 

is a vitamin K dependent protein that inhibits vascular calcification and calcitriol (1,25-(OH)2-D3) 

is a key transcriptional regulator of MGP.  The objective of this study was to determine if 

calcitriol treatment could inhibit the development of vascular calcification and if this inhibition 

was dependent on vitamin K status (warfarin, high level K1 or low level K1) in a rat model of 

adenine-induced CKD.  Male Sprague Dawley rats were treated with adenine (0.25% in the diet) 

for 3 weeks and were then stratified into treatment groups (by creatinine) to ensure equivalent 

kidney dysfunction in each.  Rats were maintained on adenine with the addition of either none, 20 

ng/kg or 80 ng/kg of calcitriol along with low dietary vitamin K1 (0.2 mg/kg), warfarin treatment 

(0.1 mg/kg/day), or high dietary vitamin K1 (100 mg/kg) for an additional 4 weeks.  In this study, 

calcitriol at both low (20 ng/kg) and moderate (80 ng/kg) doses increased the severity of vascular 

calcification and, contrary to our hypothesis, this was unaffected by changes in vitamin K status.  

Calcitriol had a dose-dependent effect on: (i) lowering serum PTH towards control levels, (ii) 

increasing serum calcium and (iii) increasing serum FGF-23.  Calcitriol treatment at both doses 

significantly increased vessel calcium content in all the vessels studied and produced more severe 
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hemodynamic consequences as seen by an increase in pulse wave velocity and pulse pressure.  

Regardless of whether the obese nature of the animals used in this study has complicated the 

potential benefits of these treatments the present findings demonstrate that in an adenine-induced 

rat model of CKD, calcitriol treatment, even at doses as low as 20 ng/kg, can increase the severity 

of VC regardless of vitamin K status.   

4.2 Introduction 

Chronic Kidney Disease (CKD) affects approximately 3 million Canadian adults [1].  

Patients with CKD have a marked increase risk for developing cardiovascular disease (CVD) and 

they are more likely to die of CVD before ever requiring renal replacement therapy [2].  Although 

these patients have many of the traditional risk factors of CVD including hypertension, diabetes, 

obesity, hyperlipidemia, aging, and smoking, these don’t fully account for their increased risk.  

CKD patients also have many non-traditional risk factors such as disorders in calcium and 

phosphate metabolism which lead to the development of vascular calcification (VC).  VC occurs 

when calcium-phosphate crystals deposit within the medial layer of the vasculature.  This is 

associated with an increase in vessel stiffness, a decrease in arterial compliance, and an increase 

in cardiovascular and all-cause mortality [15].  Multiple studies have confirmed associations 

between extent of VC and mortality in CKD patients [15,128–134].      

Vitamin D plays a key role in calcium/phosphate homeostasis and it is well-recognized 

that vitamin D metabolism becomes impaired with the development of kidney failure.  

Circulating calcitriol (1,25-(OH)2-D3), or the active vitamin D hormone, is derived from 25-OH-

D3 via renal CYP27B1 and regulates calcium and phosphate homeostasis in concert with PTH 

and FGF-23 respectively [71,72].  The loss of renal CYP27B1 activity (due to inhibition by FGF-

23 and loss of renal mass [74,76]) as well as a reduction in the levels of 25-OH-D3[74] lead to 

calcitriol deficiency in the CKD population.  There remains considerable debate about the safety 

of vitamin D treatment in this population.  Clinical studies have shown that low levels of serum 
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calcitriol are associated with an increase in VC[135,136] and a number of studies have found that 

treating patients with vitamin D receptor activators, such as calcitriol (1,25-(OH)2-D3), versus no 

treatment provides a survival advantage for early-stage CKD patients and end-stage kidney 

disease (ESKD) patients on dialysis [74,77–83].  However, approximately 50% of CKD patients 

in Canada do not receive vitamin D receptor activator (e.g. calcitriol) therapy.  The acceptance 

within the nephrology community for treatment with calcitriol, outside of targeting specific PTH 

levels, has been limited by a number of studies in vitro and in animal models of CKD which 

suggest that calcitriol promotes VC [8–11,84].  However, emerging pre-clinical data suggests that 

treatment with lower doses of calcitriol can inhibit VC [13,14].  One explanation is that calcitriol 

alters vascular susceptibility to calcification in a dose and microenvironment-dependent manner, 

where decreases and increases beyond the “optimal therapeutic window” promote VC (Figure 

4.1)[87,137].  

Calcitriol is a known transcriptional regulator of MGP in VSMCs [88,89], bone cells 

[90], and kidney [91].  MGP is a vitamin K-dependent protein and a potent inhibitor of VC[29].  

Marked MGP up-regulation has been demonstrated in vivo in the aortas of animals with 

experimental CKD [39,138], although the increase is of the inactive form of MGP when there is 

insufficient vitamin K-mediated carboxylation.  That is, the γ-carboxylation of the five Glu 

residues, by the enzyme γ-glutamyl carboxylase (GGCX), which requires vitamin K as a co-

factor, is absolutely critical to the calcium binding function of MGP [139,140].  In a murine 

model, calcitriol induced extensive calcification in the kidney that was associated with increased 

expression of MGP, as well as elevated levels of total and ucMGP [91].   In vivo, calcitriol-

induced VC is markedly enhanced in vitamin K-deficient states (e.g., warfarin therapy) [99].  Our 

group has demonstrated that long-term treatment with the vitamin K antagonist, warfarin is 

independently associated with greater severity of aortic valve calcification in dialysis patients and 

this effect was shown to be amplified in those subjects also taking calcitriol [51].  Taken together,  
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Figure 4.1: The hypothesized dose-dependent effect of calcitriol on vascular calcification. 

 

There is a “U-shaped” relationship between calcitriol and vascular calcification in which levels 

below or above the optimal range of calcitriol promotes vascular calcification.     
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there is evidence to support the notion that there may be important interactions between calcitriol 

and vitamin K status in the development and progression of vascular calcification. 

 Previous unpublished data from our lab using an in vitro aortic ring prep found that, in 

the presence of control or high vitamin K1, calcitriol (10
-8

M) inhibited VC by 40-50% (p<0.05).  

However, in the presence of warfarin, calcitriol (10
-8

M) did not inhibit vascular calcification.  An 

RCT examining the impact of vitamins K and D on carotid elasticity in women aged 50-60 found 

that the elastic properties of the carotid deteriorated in the placebo and multivitamin (400 IU 

vitamin D) groups but remained stable in the multivitamin and Vitamin K (1000 ug/day) group 

[69].  The data thus far supports the hypothesis that calcitriol up-regulates the expression of the 

key calcification inhibitor MGP but this requires sufficient vitamin K status to fully carboxylate 

and thus activate its anti-calcification properties.  The conditions under which the vitamin K 

status becomes a critical “tipping point” in the inhibitory function of MGP in CKD are still 

unknown.  The primary objective of this study was to determine in an animal model of CKD if a 

low dose of calcitriol could inhibit VC and if this inhibition was dependent on adequate vitamin 

K status. 

4.3 Methods 

4.3.1 Experimental Animals 

Male Sprague-Dawley rats (Charles River, St. Constant, Quebec) at 14 weeks of age at 

the start of the experiment were individually housed in standard polypropylene cages and 

maintained on a 12 h light-dark cycle (lights on at 7:00am). Animals were allowed to acclimatize 

for at least 1 week before initiation of the experiment and were given Purina Rat Chow (Testdiet) 

and water ad libitum. Animal protocol was approved by the Queen’s University animal care 

committee in accordance with Canadian Council on Animal Care ethical guidelines of animal 

care, handling, and termination. 
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4.3.2 Treatment groups 

The experimental outline is summarized in Figure 4.2.  In this experiment an animal 

model of CKD using dietary adenine was used as described previously [62,94], a modified 

version of the adenine model described by Price et al [93].  At the start of the experiments, the 

normal Purina Rat Chow was exchanged with a specially formulated (but nutritionally balanced) 

diet (Harlan, Teklad, Madison, WI) on which the animals were maintained.  The specially 

formulated diet contained either 0.25% adenine (CKD) or 0% adenine (control) along with 1% 

phosphate, 1% calcium, 0.2 mg/kg vitamin K, 1IU/g vitamin D and 6% protein. Weights and food 

intake were monitored on a daily basis, and animals were supplemented with normal chow and/or 

Nutri-Cal if their weight loss reached 10%.  88 male Sprague-Dawley rats (beginning at 14 weeks 

of age) were divided into groups each receiving either 0.25% adenine (CKD, N=80) or no 

adenine (control, N=8).  After three weeks on the diet, 8 animals in the CKD group were 

sacrificed for tissue assessments.  In the remaining animals, serum creatinine levels were 

measured and animals were stratified into one of 9 treatment groups to ensure each group had 

equivalent kidney dysfunction.  For the next 4 weeks animals were maintained on their CKD diet 

with either the maintenance of low dietary vitamin K1 (0.2 mg/kg food), the addition of warfarin 

(0.1 mg/kg/day) in the drinking water, (Warfarin Sodium tablets, Taro Pharmaceuticals Inc. 

Brampton, ON, Canada) or switched to high dietary vitamin K1 (100 mg/kg food) and treated 

with either 0 ng/kg, 20 ng/kg, or 80 ng/kg calcitriol (n=8/group, N=72).  Weights and food intake 

were monitored on a daily basis, and animals were supplemented with normal chow and/or Nutri-

Cal if their weight loss reached 10%.  There is no vitamin K, calcitriol, or excessive phosphate 

levels in Nutri-Cal. The high vitamin K1 dose was selected based on previous work that 

demonstrated that this dose of K1 blunted the development of vascular calcification in an 

adenine-induced rat model of CKD [62].    The low vitamin K dose was chosen to create a mild 

deficiency state while maintaining coagulation and was based on previous work [45,62,103].  At 

sacrifice, approximately 6 ml of blood was drawn using a 22g hypodermic needle inserted into  
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Figure 4.2: Schematic diagram of the study protocol 

Rats began the study at 14 weeks of age and were given 0.25% dietary adenine (CKD) or 0% 

dietary adenine (control) for 3 weeks.  The CKD animals were maintained on 0.25% dietary 

adenine with the addition of low dietary vitamin K1 (0.2 mg/kg), high dietary vitamin K1 (100 

mg/kg), or warfarin (0.1 mg/kg body weight) along with Calcitriol at either 0 ng/kg, 20 ng/kg, or 

80 ng/kg for an additional 4 weeks. 
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the left ventricle of the heart while the animal was under anesthesia.  Blood samples were spun 

(4°C, 4000g, 20 min) using a BHG Hermle Z320K refrigerated centrifuge (Mandel Scientific 

Company Inc, Gosheim, Germany).   The following tissues were collected, cleaned, and weighed: 

liver, kidneys, thoracic aorta, abdominal aorta, and various arteries (both renal, superior 

mesenteric, right iliac, and left carotid).  Tissues were collected and snap frozen in liquid nitrogen 

and stored at -80˚C for further analysis.  A portion of the kidney and liver was also collected and 

stored in RNAlater storage solution (Life Technologies, Thermo Fisher Scientific inc. Waltham, 

MA, USA) and stored at -20˚C until further analysis.  

4.3.3 Serum analysis 

Serum creatinine levels were measured using QuantiChrom
TM

 Creatinine Assay Kit 

(DICT-500) (BioAssay Systems, Hayward, CA, USA).  Serum phosphate was measured using the 

malachite green method.  The malachite green reagent was prepared as described by Heresztyn 

and Nicholson [104] with the addition of ammonium molybdate, a green complex is formed 

between malachite green, molybdate and free phosphate. The absorbance for this complex was 

measured for both standards and the tissue homogenates at 650nm.  Serum calcium was measured 

using the O-cresolphthalein complexone method (Sigma).  O-cresolphthalein colour reagent 

forms a purple complex with the calcium in the samples. The absorbance for this complex was 

measured for both standards and the tissue homogenates at 540nm (SynergyHT Microplate 

Reader, Bio-Tek Instruments Inc, Winooski, VT, USA).  Serum PTH levels were assessed using a 

rat intact PTH ELISA kit (Immutopics, Inc. San Clemente, CA, USA).  The assay was performed 

as per manufacturer’s instructions.  Serum concentrations of C-terminal FGF-23 were assessed 

using a ‘Rat FGF-23 (C-term) ELISA kit’ (Immutopics, Inc. San Clemente, CA, USA).  The assay 

was performed as per manufacturer’s instructions. 
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4.3.4 Hemodynamic measurements 

Animals were anesthetized with isoflurane (4% induction, 2% for maintenance).  Body 

temperature was monitored and maintained at 37 ± 0.5˚C using a thermistor, temperature 

controller, and heating pad (Yellow Springs Instruments, Yellow Springs, OH).  Pulse wave 

velocity was assessed using the foot-to-foot method as described by Essalihi et al. [109]  Two 

catheters at the superior (carotid) and inferior (femoral) ends of the aorta were used to measure 

blood pressure simultaneously using PE-50 heparanized saline filled (50 IU/ml) cannula (ID 

0.58mm, OD 0.965mm; Belton Dickson and Company, Sparks, MD). Blood pressure was 

recorded as a pulsatile waveform at a frequency of 2000Hz.  After blood pressure recordings, the 

animals were euthanized by drawing blood out via cardiac puncture. At the end of the pressure 

recording, the distance from the tip of the superior catheter to the inferior catheter was measured 

using a 1-0 silk stretched between the two points. Pulse wave velocity was measured as the speed 

it takes for waveforms to travel from the carotid cannula down to the femoral cannula.  It was 

calculated using the formula: PWV = propagation distance ÷ propagation time (cm/s). At least 10 

normal consecutive waveforms were individually analyzed and averaged. Systolic blood pressure, 

diastolic blood pressure as well as pulse pressure were calculated in Chart program using the 

carotid catheter. 

4.3.5 Vessel calcium content 

Vessels (thoracic aorta, abdominal aorta, and left renal, superior mesenteric, right iliac, 

and left carotid arteries) were thawed, weighed, and homogenized in 1N hydrochloric acid (HCL) 

for 24 h at 4°C.  The samples were spun and the calcium content was determined colorimetrically 

using the O-cresolphthalein complexone method (Sigma). O-cresolphthalein colour reagent forms 

a purple complex with the calcium in the samples. The absorbance for this complex was 

measured for both standards and the tissue homogenates at 540nm (SynergyHT Microplate 

Reader, Bio-Tek Instruments Inc, Winooski, VT, USA).   
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4.3.6 25-OH-D3 and 24,25-(OH)2-D3 

Serum 25-OH-D3 and 24,25-(OH)2-D3 were measured using LC-MSMS on a Waters 

BEH-C18 column (1.7 micron, 2.1x50), and a Waters Acquity-Xevo-TQ-S in MRM mode (with a 

MeOH/H2O gradient system) as described elsewhere [141]. 

4.3.7 Real time PCR 

At time of sacrifice, kidneys and livers were collected and stored in RNAlater storage 

solution (Life Technologies, Thermo Fisher Scientific inc. Waltham, MA, USA) as per 

manufacturer’s instructions and stored at -20˚C until further analysis.  Total RNA was extracted 

using RNeasy Plus Universal kit (Qiagen) and purity and concentration was confirmed using an 

Eukaryote total RNA nano chip on an Agilent 2100 Bioanalyzer (Agilent Technologies Inc. 

Instrument run by the department of Pathology, Queen’s University).  Complimentary DNA was 

generated using the high capacity cDNA reverse transcription kit (Life Technologies, Thermo 

Fisher Scientific inc. Waltham, MA, USA) as per manufacturer’s instructions and stored at -20 

until further analysis.  Primers used for qPCR are shown in Table 4.1.  Primers were designed 

using PrimerBLAST (NCBI, Bethesda MD, USA).  qPCR was carried out on a CFX96 Real-

Time System (Bio-Rad Laboratories Inc.) using SYBR Select Master Mix for CFX as per 

manufacturer’s instructions.  In brief, amplification was carried out with one cycle of 50°C for 5 

min then 95°C for 5 min followed by 40 cycles of 95°C for 15 sec. and 60°C for 1 min.  The 

reaction was performed in triplicate for each sample.  A melt curve was performed following 

amplification to ensure only one product was formed (data not shown) and PCR products were 

analyzed by electrophoresis on a 2% agarose gel containing ethidium bromide (data not shown). 
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Table 4.1: Primers designed for quantitative PCR (qPCR) 

Target Forward Primer Reverse Primer 

β-actin ACAACCTTCTTGCAGCTCCTC CATACCCACCATCACACCCTGG 

Mgp GTGCTATGAATCTCACGAAAGCA CTGCCTGAAGTAGCGGTTGTA 

Runx2 CCGAGCTACGAAATGCCTCT GTCTGTGCCTTCTTGGTTCC 

Bmp2 GAGAATGGACGTGCCCCCTA ACACTAGAAGACAGCGGGTC 

Pit-1 TCCTCCGTAAGGCAGATCCAG AAACTGCACATCCCACCGAG 

 

  



 

85 

 

 

4.3.8 Von Kossa method of visualizing vascular calcification 

5mm sections of thoracic and abdominal aorta were fixed in 10x neutral phosphate-

buffered saline with 4% paraformaldehyde (w/v) overnight. They were then embedded upright in 

paraffin blocks.  Sections (3-4μm) were stained for calcification with Von Kossa’s method 

[107,108].  In brief, the sections were first deparaffinized and then re-hydrated to distilled water. 

They were placed in 1% silver nitrate and exposed to ultraviolet light (20 min). Afterwards they 

were placed in 5% sodium thiosulfate (2 min) and finally counterstained with nuclear Fast Red (5 

min). Areas of calcification appeared as dark brown regions in the medial wall of the aortas. 

4.3.9 Statistical Analysis 

To analyze correlations between parameters, stepwise linear regression analysis was 

performed.  All data were presented as mean ± SD (or mean ± SEM for qPCR data).  The 

differences between the groups when using two independent variables were analyzed using a two-

way analysis of variance (ANOVA) and when there was only one independent variable they were 

analyzed using a one-way ANOVA followed by Newman-Keuls post hoc test to compare 

differences between 3 or more groups.  Differences between two groups were analyzed using a 

Student’s t-test.  Given that the distribution of calcium content within the vessels was not normal, 

log transformation was performed prior to statistical analysis. P-values less than 0.05 were 

considered statistically significant. Analysis was performed using GraphPad Prism v.5 (linear 

regression, ANOVA, and Student’s t-test). 

4.4 Results 

4.4.1 Progression of adenine-induced CKD and serum biochemistry 

CKD animals were treated with 0.25% dietary adenine for a total of 7 weeks and animals 

were sampled at baseline, 3, 5, and 7 weeks for serum creatinine and phosphate measures (Figure 

4.3 A,B).  There was no significant difference between any of the treatment groups for either  
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Figure 4.3: Time course of serum creatinine and phosphate in adenine-induced CKD 

Time course of serum creatinine (A), and phosphate (B) of rats given a 0.25% adenine diet for a 

total of 7 weeks.  All rats were sampled for serum creatinine (A) and phosphate (B) at baseline, 3 

weeks, 5 weeks, and 7 weeks.  Each treatment is color coded.  All other groups were given 0.25% 

dietary adenine with the addition of  A (adenine only), W (0.1 mg/kg warfarin), K (100 mg/kg 

vitamin K1), 20D (20 ng/kg calcitriol), or 80D (80 ng/kg calcitriol).  The data are shown as mean 

± SD (n=8/group, *p<0.05).    
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serum creatinine or phosphate (Figure 4.3).  Serum creatinine was elevated in all groups after 3 

weeks approximately 3 fold compared to baseline and then further to approximately 7 fold after 5 

weeks.  Serum creatinine then remained constant from 5 to 7 weeks (Figure 4.3A).  Serum 

phosphate was elevated at 3 (1.2 fold), 5 (1.8 fold), and 7 (2.1 fold) weeks of CKD compared to 

control (Figure 4.3B).   

After 7 weeks of CKD serum calcium, phosphate, PTH, and FGF-23 were measured.  A 

Two-way ANOVA comparing the vitamin K and calcitriol variables found no interaction between 

vitamin K status and calcitriol treatment and no significant differences between vitamin K status 

groups.  Therefore the groups were collapsed and a one-way ANOVA was performed between 

0ng/kg, 20ng/kg, and 80ng/kg calcitriol.  The dotted red line represents the mean of control 

animals.  Animals treated with 0 ng/kg had similar levels of serum calcium to control (Figure 

4.4A).  Serum calcium was significantly elevated at 20 ng/kg (1.1 fold) and 80 ng/kg (1.2 fold, 

Figure 4.4A).  Serum phosphate was elevated approximately 2.3 fold compared to control in all 

groups but there was no differences between any levels of calcitriol dose (Figure 4.4B).  Serum 

PTH was elevated 10 fold in CKD 0 ng/kg compared to control (Figure 4.4C).  Serum PTH was 

significantly decreased in a dose dependent manner in response to calcitriol at 20 ng/kg (5 fold) 

and 80 ng/kg (2 fold) towards levels found in control animals (Figure 4.4C).  Serum FGF-23 was 

elevated 83 fold in CKD 0 ng/kg compared to control and was further elevated in a dose 

dependent manner in response to calcitriol treatment at 20 ng/kg (288 fold) and 80 ng/kg (859 

fold, Figure 4.4D).  There was no significant effect of vitamin K status on any of these measures 

from the warfarin, low vitamin K, and high vitamin K treatments. 

Animals started the experiment at 14 weeks of age at an average body weight of 553 ± 

46g.  CKD animals on the adenine diet lost significantly more weight than the control animals 

(control animals gained 5.2 ± 4.2% body weight).  There was no significant differences in weight 

loss between any of the treatment groups (-8.3 ± 8.0, -8.0 ± 7.4, -10 ± 6.3, -15 ± 4.7, -11 ± 6.6, 
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Figure 4.4: Serum calcium, phosphate, PTH, and FGF-23 in response to calcitriol treatment 

in adenine-induced CKD 

Two-way ANOVA of serum calcium, phosphate, PTH, and FGF-23 of rats given a 0.25% adenine 

diet for a total of 7 weeks with low vitamin K (Low K, 0.2 mg/kg, blue),  Warfarin (0.1 mg/kg 

warfarin, black), or high vitamin K (High K, 100 mg/kg vitamin K1, red), and 0 ng/kg, 20 ng/kg, 

or 80 ng/kg calcitriol (n=8/group) found no interaction between vitamin K status and calcitriol 

treatment and no significant differences between vitamin K status groups.   Therefore the groups 

were collapsed and a one-way ANOVA was performed between 0 ng/kg, 20 ng/kg, and 80 ng/kg 

calcitriol for serum calcium (A), phosphate (B), PTH (C), and FGF-23 (D).  Vitamin K status is 

colour coded, low K (blue), warfarin (black), and high K (red). Red dashed line represents mean 

of control animals. The data are shown as mean ± SD (n=24/group), *p<0.05 vs. control, † 

p<0.05 vs. 20 ng/kg.   
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 -12 ± 8.4, -11 ± 4.8, -14 ± 2.9, and -15 ± 3.2 % in the CKD only, warfarin, high K, 20ng/kg 

calcitriol, 20ng/kg and warfarin, 20ng/kg and high K, 80ng/kg calcitriol, 80ng/kg and warfarin, 

and 80ng/kg and high K groups respectively).   

4.4.2 Vessel calcification 

Vessel calcium levels were measured in the thoracic aorta, abdominal aorta, and the left 

carotid, superior mesenteric, right iliac, and right renal arteries.  A two-way ANOVA comparing 

the vitamin K and calcitriol variables found no interaction between vitamin K status and calcitriol 

treatment and no significant differences between vitamin K status groups.   Therefore the groups 

were collapsed and a one-way ANOVA was performed between 0 ng/kg, 20 ng/kg, and 80 ng/kg 

calcitriol (Figure 4.5).  Calcitriol treatment at 20 ng/kg increased vessel calcium content by 80%, 

62%, 59%, 50%, 90%, and 83% and at 80 ng/kg by 154%, 89%, 92%, 44%, 92%, and 210% in 

the thoracic aorta, abdominal aorta, and the carotid, superior mesenteric, iliac, and renal arteries, 

respectively (Figure 4.5 A-F).  There was no significant effect of vitamin K status on any of these 

measures from the warfarin, low vitamin K, and high vitamin K treatments. 

4.4.3 Hemodynamic consequences of calcification 

At the end of 7 weeks of CKD animals were anesthetized and pulse wave velocity (PWV) 

and pulse pressure (PP) were measured with indwelling fluid filled catheters.  A two-way 

ANOVA comparing the vitamin K and calcitriol variables found no interaction between vitamin 

K status and calcitriol treatment and no significant differences between vitamin K status groups.   

Therefore the groups were collapsed and a one-way ANOVA was performed between 0 ng/kg, 20 

ng/kg, and 80 ng/kg calcitriol.  PWV and PP were significantly elevated at both 20 ng/kg (84% 

and 40%, respectively) and 80 ng/kg (136% and 68%, respectively) doses of calcitriol compared 

to control (Figure 4.6 A,C).  Those with elevated PWV also had elevated thoracic and abdominal 

tissue calcium levels (data not shown).  There was no significant effect of vitamin K status on any 

of these measures from the warfarin, low vitamin K, and high vitamin K treatments. 
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Figure 4.5: Vessel calcium levels in adenine-induced CKD animals treated with calcitriol 

Two-way ANOVA of vessel calcium (nmol/mg tissue) in thoracic aorta (A), abdominal aorta (B), 

carotid (C), superior mesenteric (D), iliac (E), and renal arteries (F) of rats given a 0.25% adenine 

diet for a total of 7 weeks with low vitamin K (Low K, 0.2 mg/kg, blue),  Warfarin (0.1 mg/kg 

warfarin, black), or high vitamin K (High K, 100 mg/kg vitamin K1, red), and 0 ng/kg, 20 ng/kg, 

or 80 ng/kg calcitriol.  n=8/group, *p<0.05 vs. control, † p<0.05 vs. 20 ng/kg.  The two-way 

ANOVA found no interaction between vitamin K status and calcitriol treatment and no 

significant differences between vitamin K status groups.   Therefore the groups were collapsed 

and a one-way ANOVA was performed between 0 ng/kg, 20 ng/kg, and 80 ng/kg calcitriol 

(A,B,C,D,E,F).  Vitamin K status is colour coded, low K (blue), warfarin (black), and high K 

(red). The data are shown as mean ± SD (n=24/group), *p<0.05 vs. control, † p<0.05 vs. 20 

ng/kg.  
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Figure 4.6: Pulse wave velocity and pulse pressure of CKD animals treated with calcitriol  

Two-way ANOVA of pulse wave velocity and pulse pressure of rats given a 0.25% adenine diet 

for a total of 7 weeks with low vitamin K (Low K, 0.2 mg/kg, blue),  Warfarin (0.1 mg/kg 

warfarin, black), or high vitamin K (High K, 100 mg/kg vitamin K1, red), and 0 ng/kg, 20 ng/kg, 

or 80 ng/kg calcitriol, n=8/group, found no interaction between vitamin K status and calcitriol 

treatment and no significant differences between vitamin K status groups.   Therefore the groups 

were collapsed and a one-way ANOVA was performed between 0 ng/kg, 20 ng/kg, and 80 ng/kg 

calcitriol for Pulse wave velocity (A) and pulse pressure (B).  Vitamin K status is colour coded, 

low K (blue), warfarin (black), and high K (red). The data are shown as mean ± SD (n=24/group), 

*p<0.05 vs. control.  
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4.4.4 Effect of hypercalcemia on calcification 

To determine if the calcitriol-induced hypercalcemia was associated with the increased 

vessel calcification, animals were divided into two groups with serum calcium above or below 2.8 

uM.  2.8 uM was chosen to reflect hypercalcemia because it was the upper 99% confidence 

interval of the mean of control serum calcium levels.  There was no difference between vessel 

calcium levels between animals which had serum calciums below or above of 2.8 uM for any of 

the vessels studied (Figure 4.7). 

4.4.5 Expression of calcification genes 

To investigate the mechanism of calcitriol-induced vascular calcification we looked at its 

effect on gene expression.  Mgp, Pit-1, Runx2, and Bmp-2 transcripts were measured by qPCR in 

tissue from kidney and liver in control, CKD, and CKD + 80 ng/kg calcitriol animals (Figure 

4.8).  In CKD and CKD + 80 ng/kg calcitriol the kidney had significantly elevated levels of Mgp 

(7.5 and 8.8 fold respectively), Runx2 (3.4 and 4.0 fold respectively), and Bmp-2 (2.5 and 2.6 fold 

respectively) compared to control normalized to β-actin expression (Figure 4.8 A,E,G).  There 

was no significant changes in Pit-1 in the kidney and no changes in liver expression of any genes 

(Figure 4.8 C,B,D,F,H). 

4.4.6 Serum vitamin D metabolites 

Serum 25-OH-D3 and 24,25-(OH)2-D3 levels were measured in all animals.  A two-way 

ANOVA comparing the vitamin K and calcitriol variables found no interaction between vitamin 

K status and calcitriol treatment and no significant differences between vitamin K status groups.  

Therefore the groups were collapsed and a one-way ANOVA was performed between 0 ng/kg, 20 

ng/kg, and 80 ng/kg calcitriol.  The 25-OH-D3 levels were elevated in CKD 0 ng/kg (70% 

increase) compared to control animals (Figure 4.9A).  25-OH-D3 significantly decreased with 

calcitriol treatment at 20 ng/kg (40% above control) and 80 ng/kg (30 % above control, Figure 

4.9A).  Serum 24,25-(OH)2-D3 was decreased in CKD 0 ng/kg (40% decrease) compared to 
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Figure 4.7: Vessel calcium divided by serum calcium below or above 2.8 mM in CKD 

Vessel calcium (nmol/mg tissue) in thoracic aorta (A), abdominal aorta (B), carotid (C), superior 

mesenteric (D), iliac (E), and renal arteries (F) split by serum calcium below or above 2.8 mM (2 

SD above control animals).  Rats were given a 0.25% adenine diet for a total of 7 weeks and were 

treated with either 20 ng/kg or 80 ng/kg calcitriol.  The data are shown as mean ± SD 

(n=24/group).   
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Figure 4.8: Mgp, Pit1, Runx2, and Bmp2 transcripts assessed by qPCR in response to 

calcitriol treatment in adenine-induced CKD  

Mgp, Pit1, Runx2, and Bmp2 transcripts were assessed by qPCR in the kidney (A,C,E,G) and 

liver (B,D,F,H) of rats treated with 0% dietary adenine (control), 0.25% dietary adenine (CKD), 

or 0.25% dietary adenine and 80 ng/kg calcitriol (CKD 80 ng/kg).  Values are expressed as Fold 

change vs. control rats normalized by beta-actin.  The data are shown as mean ± SEM (n=6-

8/group).  *p<0.05 vs. control, † p<0.05 vs. CKD.  
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Figure 4.9: Serum vitamin D metabolites in calcitriol treated adenine-induced CKD 

Two way ANOVA of 25-OH-D3, 24,25-(OH)2-D3 and the ratio of 25-OH-D3:24,25-(OH)2-D3 

(data not shown) of rats given a 0.25% adenine diet for a total of 7 weeks with low vitamin K 

(Low K, 0.2 mg/kg),  Warfarin (0.1 mg/kg warfarin), or high vitamin K (High K, 100 mg/kg 

vitamin K1), and 0 ng/kg, 20 ng/kg, or 80 ng/kg calcitriol, n=8/group, found no interaction 

between vitamin K status and calcitriol treatment and no significant differences between vitamin 

K status groups.   Therefore the groups were collapsed and a one-way ANOVA was performed 

between 0 ng/kg, 20 ng/kg, and 80 ng/kg calcitriol for 25-OH-D3 (A), 24,25-(OH)2-D3 (B), and 

the ratio of 25-OH-D3:24,25-(OH)2-D3 (C).  Vitamin K status is colour coded, low K (blue), 

warfarin (black), and high K (red).  Data presented as mean ± SD, n=24/group, dashed red line 

represents mean of control animals.  *p<0.05 vs. control.  G shows the linear relationship 

between 25-OH- D3 and 24,25-(OH)2-D3 (p<0.05, r
2
 shown on graph). 
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control (Figure 4.9B) and calcitriol treatment further decreased 24,25-(OH)2-D3 at 20 ng/kg (57% 

decrease) and 80 ng/kg (64% decrease, Figure 4.9B).  The ratio of 25-OH-D3: 24,25-(OH)2-D3 

was elevated in CKD (approximately 200% elevated) compared to control but there was no 

difference between 0 ng/kg and 20 ng/kg or 80 ng/kg of calcitriol (Figure 4.9C).  There was no 

significant effect of vitamin K status on any of these measures.  Figure 4.9D is the linear 

relationship between serum 25-OH-D3 and serum 24,25-(OH)2-D3.  There was a significant linear 

relationship for all the groups (control, CKD 0 ng/kg, CKD 20 ng/kg, and CKD 80 ng/kg).  The 

slope for control animals is significantly steeper than the slopes for the CKD groups (p<0.05, 

Figure 4.9D).  The CKD groups are shifted to higher amounts of 25-OH-D3 which produce lower 

levels of 24,25-(OH)2-D3.  There was no difference between the slopes of different calcitriol 

doses (Figure 4.9D). 

4.4.7 Correlations between serum FGF-23 

Figure 4.10 examines the correlation between serum FGF-23 and vessel calcium in each 

vessel studied.  Overall, as serum FGF-23 levels increase, vessel calcium levels also increase but 

a plateau is reached (Figure 4.10 A-F).  There was a significant correlation between FGF-23 and 

calcium content in animals treated with 0 ng/kg (p<0.05) in all vessels studied except the superior 

mesenteric (R
2
=0.46, 0.37, 0.32, 0.25, and 0.28 for the thoracic aorta, abdominal aorta, carotid, 

iliac, and renal arteries respectively, Figure 4.10 A-F).  The correlation between FGF-23 and 

vessel calcium content in the animals treated with 20 and 80 ng/kg of calcitriol was not 

significant in any vessel (Figure 4.10 A-F).   

 Figure 4.11 examines the relationship of serum FGF-23 with serum calcium (Figure 

4.11A) and the ratio of 25-OH-D3:24,25-(OH)2-D3 (Figure 4.11B).  There is a significant positive 

correlation between serum FGF-23 and serum calcium for data from animals given the 80 ng/kg 

calcitriol dose (p<0.05, R
2
=0.43, Figure 4.11A).  There is also a significant positive correlation 

between serum FGF-23 and 25-OH-D3:24,25-(OH)2-D3.  This relationship shifts to higher levels  
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Figure 4.10: Correlation between serum FGF-23 and vessel calcium in CKD 

Correlation between serum FGF-23 on the x-axis and vessel calcium level on the y-axis in the 

thoracic aorta (A), abdominal aorta (B), carotid (C), superior mesenteric (D), iliac (E), and renal 

(F) arteries in rats treated with 0.25% dietary adenine and either 0 ng/kg (red), 20 ng/kg (green), 

or 80 ng/kg (black) of calcitriol.  0 ng/kg correlations are significant in each artery except for the 

superior mesenteric (p<0.05).  n=22-24/group.  
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Figure 4.11: Correlation between serum FGF-23 and serum calcium and vitamin D in CKD 

Correlation between serum FGF-23 and serum calcium (A) and the ratio of 25-OH-D:24,25-OH-

D (B) in rats treated with 0.25% dietary adenine for 7 weeks and either 0 ng/kg, 20 ng/kg, or 80 

ng/kg of calcitriol. N=24/group. FGF-23 vs. serum calcium is significant for 80 ng/kg dose (A, 

p<0.05).  FGF-23 vs. 25-OH-D:24,25-OH-D ratio is significant for 0 ng/kg and 80 ng/kg dose (B, 

p<0.05).  
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of FGF-23 with increasing doses of calcitriol (Figure 4.11B).  The relationship between FGF-23 

and 25-OH-D3:24,25-(OH)2-D3 is significant for the 0 ng/kg (p<0.05, R
2
=0.0.39) and 80 ng/kg 

doses (p<0.05, R
2
=0.19) indicating that at higher levels of FGF-23 we are getting a decrease in 

vitamin D metabolism (higher 25-OH-D3:24,25-(OH)2-D3). 

4.4.8 Von Kossa staining 

Figure 4.12 shows a representative picture of the thoracic and abdominal aortas for each 

treatment group.  Dark brown staining is indicative of phosphate in the crystals.  Staining of the 

vessels with Von Kossa confirmed that the localization of the calcium-phosphate deposits was 

limited to the vessel media (Figure 4.12).  There were some vessels that were positive for Von 

Kossa staining in the group treated with 0 ng/kg calcitriol, however in those treated with 20 ng/kg 

or 80 ng/kg, every vessel stained was Von Kossa positive (Figure 4.12).  No Von Kossa positive 

staining was found in any control animals (data not shown). 
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Figure 4.12: Von Kossa stained thoracic and abdominal aortas in calcitriol treated CKD 

Von Kossa stained blood vessels from animals treated with 0.25% dietary adenine along with low 

dietary vitamin K1 (0.2 mg/kg food), warfarin (0.08-0.1 mg/kg bw/day), or high dietary vitamin 

K1 (100 mg/kg food) and 0 ng/kg, 20 ng/kg or 80 ng/kg calcitriol.  Positive staining, dark brown 

areas in vessel, denotes the region of calcification in the thoracic and abdominal aortas.  Images 

were taken at the same magnification. 
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4.5 Discussion 

The major finding of this study was that calcitriol, at both low and moderate doses, 

increased the severity of vascular calcification and generated more severe hemodynamic 

consequences in a rat model of adenine induced CKD.  Furthermore, this outcome was contrary 

to the hypothesis, given that the adverse effect of calcitriol was unaffected by changes in vitamin 

K status which should have altered the carboxylation status of key proteins involved in the 

regulation of VC, such as MGP and OC.  The data confirmed that calcitriol produced the expected 

dose-dependent effect of (i) lowering PTH towards but not below control levels, (ii) inducing 

hypercalcemia and (iii) increasing FGF-23 levels.  In addition, there was a clear shift in the 

vitamin D metabolome in CKD, as characterized by lower levels of the primary 25-OH-D3 

metabolite, 24,25-(OH)2-D3.  This shift was further exacerbated by calcitriol treatment and 

appeared to be associated with increased FGF-23 levels suggesting that, in this model, CYP24 

enzymatic activity may have been impaired. The interpretation and integration of these data must 

recognize the phenotype of the animals used, in that this cohort had substantially greater adiposity 

than in previous studies [62,94].  The goal of this study was to assess whether improving vitamin 

K status would impact the therapeutic potential of calcitriol.  Although the answer appears to be 

negative at this stage the findings do provide greater understanding of the limits of 

pharmacotherapy targeting the vitamin K and vitamin D metabolomes in managing the complex 

pathological sequelae found in CKD. 

 The low calcitriol dose was chosen based on consolidating the evidence from previous 

experimental approaches [11,13,14,142,143].  A dose of 20 ng/kg of calcitriol has been shown to 

increase[142,143] or decrease[13,14] vascular calcification in various kidney disease models. Our 

results differ from the two previous studies using a renal ablation mouse model of CKD in which 

20-30 ng/kg calcitriol was administered 3 times/week for a total of 5 and 3 weeks and found a 

decreased calcification of atherosclerotic plaques [13] and medial vascular calcification, [14] 
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respectively.  In both of these murine CKD studies, serum phosphate levels were increased 

approximately 1.5 fold compared to control [13,14] and calcitriol treatment significantly 

decreased serum phosphate nearly back towards control levels [13,14].  In the Lau et al. paper, 

decreased serum FGF-23 was also reported [14].  In contrast, in this study, serum phosphate was 

elevated similarly in all CKD groups (≥2 fold), regardless of concomitant treatments, and the low 

dose calcitriol treatment increased both the serum calcium and FGF-23 [13,14].  Elevated 

circulating phosphate and calcium are well-known initiators of vascular calcification [144–146] 

and increasing levels of FGF-23 are associated with increased cardiovascular consequences 

[147,148].  It may be that the observed increase in vascular calcification and more severe 

hemodynamic consequences with calcitriol treatment, at least in part, reflects the narrow 

therapeutic window for beneficial targeting these various upstream and downstream factors 

(serum phosphate, calcium, PTH, and FGF-23).  It also may be that adenine induces a more 

severe level of CKD or that the rat species itself may be more susceptible to adverse changes in 

serum phosphate/calcium in response to a high phosphate diet and/or calcitriol.  Regardless, 

dialysis patients treated with calcitriol frequently experience hyperphosphatemia and 

hypercalcemia therefore these changes are observed in humans and have been linked to VC in 

this population [134,149].   

Circulating calcitriol mediates calcium and phosphate homeostasis[74], at least in part, by 

targeting the small intestine and bone where it increases calcium and phosphate absorption and 

resorption, respectively [71,72].  To examine whether the elevation in serum calcium was a key 

factor linked to the increased VC, the severity of vessel calcification in rats was compared in 

animals with and without hypercalcemia.  There was no difference between the level of 

calcification in any of the vessels between animals with or without hypercalcemia, suggesting that 

the contribution of other factors may be more important.  This is consistent with previous 
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research which has reported that calcitriol can induce calcification in uremic and non-uremic rats 

without necessarily inducing changes in serum calcium and phosphate [143].  

 The transcription of MGP, a key local inhibitor of VC, is regulated by calcitriol.   MGP 

was up-regulated in response to the uremic environment but no further increase in response to 

calcitriol treatment was observed.  It could be that the MGP response was already near its 

maximum in CKD (7.5 fold increase compared to control) and could not be significantly 

increased further in response to calcitriol (8.7 fold increase compared to control).   The original 

hypothesis that calcitriol at low doses would inhibit vascular calcification in the presence of an 

adequate vitamin K status was based, in part, on there being a calcitriol induced increased up-

regulation of MGP, a finding which was not observed.  Ultimately the severity of vascular 

calcification is determined by a balance between those factors that promote VC (e.g. 

hypercalcemia, hyperphosphatemia) and those that inhibit VC (e.g. MGP).  Despite overall up-

regulation of MGP in the CKD rats there was no impact of calcitriol on MGP expression nor was 

there any interaction between calcitriol with either a fully replete or deficient vitamin K state with 

respect to the calcification outcome.  Previous studies in this adenine model have shown that the 

identical dose of vitamin K attenuated vascular calcification[61,62] whilst warfarin treatment 

severely worsened VC.  However neither of these studies included calcitriol treatment and levels 

of serum calcium were not different from control animals.  Further, FGF-23 levels were 

significantly higher in these animals treated with the combination of calcitriol and vitamin K.    

Taken together, within this experimental context, the inhibitory effects of improving MGP 

carboxylation status was not found to be sufficient to surmount the adverse effects of calcitriol on 

the vasculature in CKD. 

 Vascular smooth muscle cells (VSMC) express both CYP27B1 (the enzyme that 

hydroxylates 25-OH-D3 to the active form, 1,25-(OH)2-D3) and the Vitamin D receptor (VDR) 

suggesting that calcitriol has a direct effect within the vasculature and therefore may have broad 
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implications in cardiovascular health [75].  To further examine the mechanism of calcitriol 

induced VC we looked at the expression of some key calcification regulating genes in response to 

calcitriol treatment.  Runx2, a marker of osteogenic transformation, has previously been shown to 

be up-regulated in response to calcitriol [142].   In our study, Runx2 was up-regulated in response 

to the uremic environment but no further increase was evident with calcitriol treatment, 

suggesting there was saturation of the overall signal for osteogenic transformation.  Bone 

morphogenic protein 2 (BMP2) is an osteoblastic protein involved in mineralization and the 

osteoblastic transformation of VSMC [146].  One of the proposed mechanisms of the calcification 

inhibition of MGP is through binding and blocking the osteo-inductive effects of BMP2 [138].  

Previous studies have found that calcitriol treatment increased protein levels of BMP2 [143].  In 

our experiment, Bmp2 expression was significantly increased in the uremic environment but no 

further increase was observed in response to calcitriol treatment.  Although our results did not 

support a direct effect of calcitriol treatment on the regulation of pro-calcific genes in the kidney 

and liver, many of these genes have been shown to be up-regulated in response to calcitriol in 

studies using vascular tissue [142,143] and therefore this could be a tissue specific response.  A 

study by Wu-Wong et al. looked at the effect of calcitriol on gene expression in human coronary 

artery smooth muscle cells [150].  They found a total of 176 target genes affected by calcitriol, 

therefore it is also possible that in this study genes other than those measured herein will be found 

to have involvement in the development of vascular calcification. 

CYP24A1 is the major route of catabolism of both calcitriol (1,25-(OH)2-D3) and 25-OH-

D3 into 1,24,25-(OH)3-D3 and 24,25-(OH)2-D3 respectively [151].  The expression of CYP24A1 

in the kidney has been shown to be up-regulated in adenine-treated rats [152].  However, in these 

rats with CKD, there was a lesser increment in 24,25-(OH)2-D3 for a given increment in 25-OH-

D3 compared to controls.  Human data, pooled from five large cohort studies, similarly showed 

that the relationship between 24,25-(OH)2-D3 with 25-OH-D3 is associated with GFR, in that as 
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kidney function declines, the slope becomes significantly less steep [153].   The 25-OH-D3 levels 

were higher in the CKD rats then healthy control animals, a finding which is not typical of 

humans with CKD where 25-OH-D3 deficiency is frequently observed.  The exact reasons for the 

higher levels of 25-OH-D3 are unknown but could reflect severe abnormalities with 25-OH-D3 

catabolism, and therefore accumulation in this model.  Given that CYP24A1 is the same enzyme 

that metabolizes calcitriol, it is possible that there was also a decrease in the catabolism of 

calcitriol and therefore the animals could have been more susceptible to reaching toxic levels.  

Although hyper-suppression of PTH was not observed, the elevated serum calcium is a reflection 

of calcitriol toxicity.   Unfortunately analyses of the serum levels of calcitriol or its major 

metabolite have not yet been accomplished to be able to ascertain whether this was the case.    

 In this study, calcitriol treatment significantly elevated serum FGF-23 levels in a dose-

dependent manner.  FGF-23 is known to inhibit bioactivation of vitamin D as well as increase the 

metabolism of active vitamin D and, in a negative feedback manner, active vitamin D can 

stimulate synthesis and release of FGF-23 [154].  There are potentially many off-target effects of 

elevated levels of FGF-23 that might be detrimental [155] and thereby increase the risk of 

cardiovascular events [147,156] and mortality [157] .  In these data, there was a positive 

correlation between FGF-23 and VC but this relationship was only significant in the CKD 

animals not treated with calcitriol.  Assessment of this relationship was obscured in animals 

treated with calcitriol because almost all of these animals achieved high plateau levels of 

calcification, making it unlikely that they would further respond to escalating levels of FGF-23.  

Although FGF-23 has been implicated in the up-regulation of CYP24A1, the ratio between 25-

OH-D3 and 24,25-(OH)2-D3 increased significantly with higher FGF-23 levels in all rats with 

CKD with the strongest correlation observed in CKD rats not treated with calcitriol.  Similarly, 

Dai et al. reported a correlation between higher FGF-23 levels and reduced 24,25-(OH)2-D3 

concentrations in a model of Alport syndrome-derived CKD [158].  Taken together, these data do 
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not support the notion that there is a greater FGF-23-mediated catabolism of vitamin D 

metabolites as assessed by 24,25-(OH)2-D3 and its ratio with its substrate.  One possibility is that 

the elevated PTH produced a decrease in CYP24A1 mRNA stability as shown by Zierold et 

al.[159]  We found a significant correlation between PTH and higher 25-OH-D3 levels in the 

animals treated without calcitriol (data not shown).  A further and contrasting hypothesis is that 

24,25-(OH)2-D3 is rapidly cleared to calcitroic acid in the CKD state.  Measurement of the 

enzymatic activity of CYP24A1 within the kidney as well measurement of further downstream 

metabolites would help resolve some of these uncertainties.   

 In summary, human studies indicate that low levels of serum calcitriol are associated with 

an increase in VC[135,136] and patients treated with calcitriol, to manage secondary 

hyperparathyroidism, have an increased survival [78–80,82,160].  However, there remains 

controversy in the clinical realm as to whether calcitriol treatment accelerates the rate of 

calcification.  In the present experimental animal model of CKD, low and moderate doses of 

calcitriol clearly accelerated vascular calcification and the attendant hemodynamic consequences 

and this effect of calcitriol was not modified by changing the underlying vitamin K status.  

Further, these data indicate that there is impaired vitamin D catabolism in experimental CKD, 

which may contribute to the development of calcitriol toxicity.  Further studies assessing 

CYP24A1 enzyme activity, the full profile of vitamin D metabolites and pharmacokinetic 

consequences of bolus calcitriol dosing are necessary to help explain our findings.  The 

unanticipated findings of this study provide an example of the how complex the regulation of 

vascular calcification is in CKD.  It may be that changes in the local and circulating levels of 

phosphate, calcium, PTH, FGF-23 and the direct vascular effects of calcitriol may each 

independently contribute to the process of VC and yet it will always be the complex interplay of 

factors that need to be considered in the management of this disease.  Further research regarding 

the interaction between the optimal therapeutic dosing window of calcitriol and vitamin K and the 
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underlying phenotype that these substances act on is still required in order to develop precision 

medicine strategies targeting the development of vascular calcification and the resultant 

pathological sequelae. 
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Chapter 5 

General Discussion 

The studies in this thesis were performed to characterize the importance of vitamin K 

status in the susceptibility to VC in rat model of CKD.  Specifically, the results in this thesis 

show that in a rat model of CKD: i) therapeutic warfarin treatment increases the severity of VC 

and the associated hemodynamic consequences (Chapter 2), ii) high dietary vitamin K1 

attenuated the development of VC (Chapter 2), iii) CKD induces differential regional alterations 

in vitamin K metabolism (Chapter 2 and 3), and iv) Despite that vitamin D and vitamin D analogs 

are used in the clinical management of CKD, the calcitriol treatment in these studies increased 

VC susceptibility regardless of vitamin K status (Chapter 4).  Taken together, these studies reveal 

there are shifts in metabolomics of vitamin D and vitamin K in CKD, such that vitamin K 

supplementation may become an important therapeutic approach; whereas with vitamin D and its 

analogs, the findings suggest that a cautious approach would be much more prudent.  

Furthermore, the serious complications of warfarin therapy, an agent widely used in dialysis 

patients, may require greater scrutiny and adjustments to clinical practice.   

The rationale for these studies are obvious.  CKD affects approximately 3 million 

Canadian adults [1] and these patients have a 10-20 fold increased risk of cardiovascular disease 

compared to the general population [161].  In fact, they are more likely to die of cardiovascular 

disease than to ever require renal replacement therapy [2].  Despite the traditional Framingham 

risk factors present in this population, such as hypertension, diabetes, and obesity, these do not 

fully account for their increased risk.  These patients also have altered mineral and vitamin 

metabolism that contributes to an increase in VC.  VC is associated with an increase in 

cardiovascular and all-cause mortality [3,162].  MGP is a vitamin K dependent protein that is a 

potent inhibitor of vascular calcification [163].  Vitamin K is required for the carboxylation 
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reaction that converts Glu residues on MGP to Gla residues rendering it an active inhibitor of 

calcification [7].  Numerous studies have found that patients with CKD and end-stage kidney 

disease have vitamin K deficiency, decreasing the carboxylation of vitamin K dependent proteins 

and putting them at an increased risk of vascular calcification [52–54,56,57], a concept confirmed 

in the present studies.  Patients with CKD are also deficient in vitamin D and clinical studies have 

found that treatment with vitamin D receptor activators, such as calcitriol (1,25-(OH)2-D3), versus 

no treatment increased survival in early-stage CKD and end-stage kidney disease (ESKD) 

patients on dialysis [74,77–83].  However, there is still some hesitation on calcitriol 

supplementation and approximately 50% of CKD patients in Canada are untreated for calcitriol 

deficiency.  Treatment outside of targeting specific PTH levels has been limited by a number of 

studies in vitro and in animal models of CKD which suggest that calcitriol promotes VC [8–

11,84].  However, emerging pre-clinical data suggests that treatment with lower doses of 

calcitriol inhibits VC [13,14].  The findings in Chapter 4 confirm that precision dosing is difficult 

and complicated.  A possible explanation is that calcitriol has an “optimal therapeutic window” of 

calcification inhibition that depends on the dose and micro-environment, beyond which there 

would be accelerated VC [87,137].  Calcitriol up-regulates the expression of MGP which requires 

vitamin K to become an active inhibitor of calcification, therefore this optimal therapeutic 

window may be associated with the vitamin K status.  Chapter 4 was designed to target this issue, 

and despite significant efforts to optimize the benefits of calcitriol, this goal (as well as 

understanding of the conceptual framework) has not yet been achieved. 

5.1 Vitamin K status alters the susceptibility of vascular calcification 

One of the major findings of this thesis was presented in Chapter 2 in which vitamin K 

status was critical in the predisposition of blood vessels to calcification in a rodent model of 

CKD.  There is a high prevalence of subclinical vitamin K deficiency in patients at all stages of 

kidney disease [5,52,54,58].  Warfarin, a vitamin K antagonist that is frequently prescribed to 
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CKD patients as an anticoagulant, has been linked to aortic valve calcification and calcific uremic 

arteriopathy in CKD [51].  Pre-clinical research has also shown that, in non-CKD animals, supra-

therapeutic doses of warfarin (30 mg/100 g body weight) along with high vitamin K1 

(1.5mg/100g to maintain coagulation) develop arterial calcification [7] that can be reversed by 

diets rich in either vitamin K1 or MK-4 [43,44].  This thesis revealed that treatment with much 

lower, therapeutic doses of warfarin markedly increased vascular calcification, whereas high 

dietary vitamin K1 intake attenuated the development of vascular calcification in an adenine-

induced rat model of CKD.  Therapeutic warfarin treatment, only in the presence of CKD, 

increased the levels of vascular calcification along with increased severity of hemodynamic 

consequences (elevated PWV and PP) compared to CKD alone.  To the best of our knowledge 

this was the first pre-clinical study to demonstrate that a therapeutic dose of warfarin can 

accelerate arterial calcification when CKD is also present.  It has previously been demonstrated 

that high levels of dietary vitamin K1, the same as that used in this study, could reverse warfarin-

induced arterial calcification in animals with normal kidney function [43,44].  This study revealed 

that the same dose of K1 (100 mg/kg diet) was able to blunt the progression of CKD-induced 

vascular calcification.  This is consistent with clinical data in which vitamin K supplementation 

has been shown to be beneficial in reducing progression of coronary artery calcification (CAC) 

among individuals with existing calcification [68,111].   

The most likely mechanism of the role of vitamin K in vascular calcification is through 

the carboxylation of MGP.  It has been established by others that high dietary vitamin K increases 

the carboxylation of MGP and that supra-therapeutic levels of warfarin result in increases in the 

uncarboxylated form [44].  The lack of cMGP data is a limitation of this thesis.  However, our 

finding that the dietary treatment group altered the carboxylation status of another extra-hepatic 

vitamin K-dependent protein, osteocalcin, confirms the impact of vitamin K and warfarin 

treatment on carboxylation status.  Warfarin treatment in both control and CKD animals resulted 
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in a reduction in OC carboxylation and an increase in the uncarboxylated form of OC whereas 

high dietary K1 resulted in an increase in the carboxylation of OC in the setting of CKD.   

Why vitamin K status played such a key role in calcification in Chapter 2 but did not 

impact calcification in Chapter 4 with the animals on 0 ng/kg calcitriol is largely unknown.  The 

animals received from Charles River for the studies performed in Chapter 4, despite beginning 

the study at exactly the same age, had significantly elevated body weights compared to previous 

studies with a much higher standard deviation in weights.  Clinical data has found that increases 

in abdominal and visceral fat were associated with an increased odds of thoracic aorta 

calcification [164].  If body weight can play a role in the development of VC, it will be 

imperative that all future studies use rats at the same age and weight either to control for this 

variable or to examine the impact of visceral adiposity on inflammation on other obesity related 

consequences. 

Taken together, although these studies support a possibly important role for vitamin K 

treatment in CKD, particularly with regard to the development of vascular calcification, the basis 

for this benefit has not been fully elucidated nor has the optimal dose.  The most provocative 

finding was that in Chapter 2 therapeutic levels of warfarin increased the severity of vascular 

calcification whereas a diet rich in vitamin K1 attenuated the development of vascular 

calcification in a rat model of CKD.  The implications are that warfarin therapy in CKD patients 

needs to be carefully scrutinized. 

5.2 Chronic kidney disease was associated with changes in vitamin K metabolism 

In patients the duration, severity of CKD, and the co-morbidities significantly complicate 

the evaluation of the vitamin K metabolome.  The experimental studies in this thesis were 

designed to focus on this metabolome while controlling for other factors where possible.  In 

Chapter 2, the tissue and serum levels of both K1 and MK-4 (the two major forms of vitamin K 

found in tissues) were examined in control and CKD animals under the three experimental 
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conditions, warfarin treatment, low dietary K1, or high dietary K1.  CKD animals had 

significantly higher MK-4 levels in the kidney and lower K1 levels in the liver and heart.  This 

suggested two possibilities: (1) there are changes that enhance efficiency of conversion in CKD 

of dietary K1 to MK-4 and/or (2) that utilization of MK-4 may be impaired in CKD.  This led us 

to a further evaluation of vitamin K metabolism in CKD in the following Chapter. 

In Chapter 3, the tissue composition of K1 and MK-4 and the expression of vitamin K 

metabolizing genes were described to further evaluate vitamin K metabolism in CKD.  After three 

weeks of adenine-induced CKD, at which point there is a mild increase in serum creatinine and 

before any signs of vascular calcification or altered hemodynamics are present [62], a shift in 

vitamin K metabolism was observed with developing CKD. There were higher levels of MK-4 

observed in the kidney and lower levels of K1 in the liver, heart, and spleen.  The ratio of MK-

4:K1 was also significantly higher in the kidney and spleen.  These differences were maintained 

after 7 weeks of CKD, in which creatinine was elevated 7 fold and vascular calcification was 

evident [62].  These data might suggest there is increased conversion to MK-4 in CKD.  

However, there was a significant reduction in the expression of Ubiad1, the known K1 to MK-4 

converting enzyme, and a significant reduction in the expression of Vkor, the enzyme responsible 

for recycling vitamin K.  These observations suggest an alternative, but unproven, hypothesis that 

an accumulation of MK-4 occurs in CKD due to abnormalities in MK-4 utilization either by 

GGCX and/or issues with VKD protein carboxylation in uremia.  This is consistent with research 

by Kaesler et al. who found that the activity of the GGCX was significantly reduced in an 

adenine-induced rat model of CKD [61].   

In Chapter 3, manipulations in vitamin K status to extremes, through warfarin treatment 

and high dietary vitamin K1, were used to further investigate the impact of CKD on the 

metabolomics of vitamin K.  Warfarin, an inhibitor of VKOR, was used at least in part, as a tool 

to determine the predominant substrate of VKOR in a particular tissue, ie. MK-4 or K1.  In 
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animals treated with warfarin there was a significant reduction of MK-4 in pancreas, testes, and 

kidney cortex with minimal changes in K1, suggesting that MK-4 is the form of vitamin K that is 

being utilized in these tissues.  In contrast, warfarin treatment significantly reduced K1 levels in 

the heart, suggesting the heart utilizes mainly K1.  Interestingly, no differences were observed in 

either K1 or MK-4 in the liver, possibly because the primary forms of vitamin K utilized by this 

tissue are longer chain menaquinones.  These results clearly indicate that certain tissues have a 

preference on which form of vitamin K is utilized in carboxylation.  It is currently unknown why 

some tissues preferentially utilize K1 or MK-4, as they both appear to have similar affinities for 

the enzyme GGCX [165].  It is possible, however, that they have differing co-operativity with the 

various vitamin K dependent proteins [166], although this is still unknown.   

In those animals treated with very high dietary K1, there was an increase in MK-4 in all 

the tissues studied, however all tissues had a relatively greater fold increase in K1 levels (3-240 

fold) suggesting that there are rate-limiting steps in MK-4 production.  Each tissue appeared to be 

able to enhance MK-4 production but to varying degrees.  Brain, liver, and kidney medulla had a 

high capacity to enhance MK-4 production and did so by approximately 12, 17, and 5 fold, 

respectively.  On the other hand, pancreas, testes, kidney cortex, spleen, and thoracic aorta had a 

lower capacity to enhance MK-4 production and levels were only modestly increased.  Clearly 

there are widely varying levels of MK-4 production across tissues suggesting further investigation 

of its role is required.  

Taken together, the results from this thesis have increased the understanding of various 

aspects of vitamin K metabolomics in CKD.  In an animal model of CKD, vitamin K metabolism 

is altered, and dietary K1 is a viable treatment option to increase tissue K1 and MK-4 levels. 

5.3 Calcitriol treatment increases susceptibility to calcification 

Patients with CKD have a deficiency in calcitriol, however there is some question 

whether they should be supplemented with it.  Calcitriol treatment in CKD has been shown to 



 

114 

 

have a survival benefit [74,77–83], however pre-clinical studies have shown that treatment with 

calcitriol can induce VC [8–10,142].  In Chapter 4 of this thesis this issue was addressed using 

low dose calcitriol treatment in an adenine-induced rat model of CKD.  It was hypothesized that 

calcitriol treatment had a window of therapeutic benefit and this was dependent on calcitriol dose 

and sufficient vitamin K status.  Both doses of 20 ng/kg and 80 ng/kg increased the severity of 

VC and contrary to our hypothesis, this was unchanged by variations in vitamin K status.  

Specifically, calcitriol increased vessel calcium content significantly in all vessels studied along 

with an increase in PWV and PP.  Calcitriol therapeutically reduced serum PTH levels in a dose-

dependent manner towards the level of control animals.  However, both doses of calcitriol 

significantly elevated serum calcium and FGF-23.  The vitamin K status had no effect on any of 

these parameters at any dose of calcitriol.  Taken together, these results indicate that calcitriol 

should be used cautiously, further investigation regarding the off-target actions must be 

performed and the potential benefit of vitamin K supplementation re-examined in a variety of 

conditions. 

The mechanism of calcitriol-induced calcification was not resolved by the present work. 

Hypercalcemia was a likely outcome of calcitriol treatment and yet there was no correlation 

between the higher levels of serum calcium and vessel calcium content.  This disconnect 

suggested that the pro-calcification actions of calcitriol were via other mechanisms.  Vascular 

smooth muscle cells express both vitamin D receptors and the vitamin D activating enzyme 

CYP27B1, therefore it is plausible that calcitriol has a direct effect on these cells.  Two key 

osteogenic transforming genes, Runx2 and Bmp2, were measured but neither was elevated in 

response to calcitriol treatment.  Another consequence of the calcitriol treatment was a dose-

dependent increase in serum FGF-23.  There are potentially many off-target effects of FGF-23 

that may be detrimental [155] such that elevated FGF-23 is associated with increased risk of 

cardiovascular events [147,156] and mortality [157] .   The correlation between serum FGF-23 
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and VC was analyzed; however, this relationship was only significant in the animals not given 

calcitriol.  Those treated with calcitriol were at such high levels of calcification they reached a 

plateau, and could not be further increased in response to any further increases in FGF-23.  The 

severe effects seen with the doses of calcitriol used made it difficult to determine where the 

potential benefit could be achieved.  It may be that future studies will have to consider changing 

the dose and the delivery profile of calcitriol (e.g. sustained release formulation).      

The adenine-induced CKD altered vitamin D metabolism.  That is, for a given amount of 

25-OH-D3, a smaller amount of 24,25-(OH)2-D3 was produced.  Although changes in CYP24A1 

activity may be part of the cause, it is unclear as to the consequences.  There is a possibility that 

with decreased vitamin D metabolism, calcitriol treatment may have been at an increased risk of 

reaching toxic levels. 

Taken together, this thesis provides evidence that at the doses used, although deemed low 

according to previous literature [11,13,14,142,143], increased vascular calcification despite any 

changes in vitamin K status.  Further research is needed to determine the therapeutic dose and 

delivery profile of calcitriol in order to optimize the conditions necessary for inhibition of 

calcification. 

5.4 Perspective 

Vitamin K status is a modifiable risk factor, and is particularly important in CKD 

patients, but further research is needed to determine which patients require supplementation and 

when it should be initiated.  Vitamin D status remains a more difficult issue given that optimal 

dosing and formulations are still not well established.  In addition, although the potential 

beneficial interaction between calcitriol and vitamin K was targeted in this thesis, the outcome 

did not provide definitive answers.  Given that the goal is a reduction in the risk of cardiovascular 

disease in this population, future studies still need to determine what are the complicating 

variables as well as whether these agents can provide significant benefit. 
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5.5 Limitations 

Although the studies in this thesis contain experiments, methodologies, and approaches 

used were carefully designed there were some limitations.   

i) In this thesis there was no direct measurement of the carboxylation status of 

MGP.  Carboxylation specific antibodies have so far not reliably produced 

consistent results.  Therefore, we cannot definitively say that vitamin K 

supplementation and warfarin therapy directly altered the carboxylation status of 

MGP. 

ii) Another limitation in this study was not being able to detect the epoxide form of 

vitamin K.  If the method used for measuring vitamin K had been sensitive 

enough to detect low levels of the epoxide, it would have increased the 

understanding of vitamin K utilization in CKD. 

iii) In this thesis the animals in Chapter 2 and Chapter 4 began the experiment at 

exactly the same age, however, in Chapter 4 the animals had significantly higher 

body weights and there was a much larger standard deviation in weights.  For 

future studies, it will be important to start animals at the same age and weight to 

ensure consistency. 

5.6 Future Directions 

The data presented in Chapter 2 found that vitamin K supplementation attenuated the 

development of vascular calcification in an animal model of CKD.  The future direction 

following that experiment is a randomized double-blind controlled trial which is now underway.  

Patients are being enrolled who have end-stage renal disease and are new to dialysis treatment 

and are being randomly assigned to either the treatment group (10 mg vitamin K1 3 times per 

week) or the placebo control.  The primary end-point is to measure the progression of coronary 

artery calcification after 12 months.  Results from this clinical trial are critical to help determine 
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if vitamin K1 supplementation is a novel treatment that can attenuate the progression of vascular 

calcification in end-stage renal disease patients. 

The novel findings on vitamin K metabolism in CKD described in Chapter 3 have started 

to unravel the regulatory mechanisms underlying tissue specific K1 to MK-4 conversion and 

tissue specific preference for K vitamers.  The results suggest there is a uremia-induced lack of 

utilization of MK-4.  Further research in this area is needed to determine what factor in uremia is 

causing the lack of utilization of MK-4 in CKD and what might be the role for tissue specific K1 

to MK-4 conversion.  A better understanding of the mechanism behind the lack in MK-4 

utilization will allow for more targeted treatment in this disease.    

In Chapter 4, calcitriol treatment in CKD resulted in increased severity of calcification at 

both doses studied.  Further research is needed to find the optimal therapeutic window of 

calcitriol, perhaps lower or sustained release doses are needed.  Also, further research into the 

mechanism of calcitriol induced calcification or inhibition is needed, this would allow for a better 

understanding of the micro-environment required for optimal therapy. 
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