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Abstract 

Cardiovascular disease is the leading cause of death in patients with chronic kidney 

disease (CKD). Vascular calcification (VC) is the most prevalent form of cardiovascular disease 

in this population and the attributable cardiovascular mortality is 10-100 times greater than 

healthy individuals. Mineral imbalance is a hallmark of progressing CKD, which greatly 

increases the propensity for VC. Specifically, pathogenic VC has been consistently linked to 

altered phosphate metabolism in CKD patients. Despite the critical role of phosphate in cell 

biology, there are significant gaps in knowledge regarding the in vivo kinetics of circulating 

phosphate. 

 

 A modified adenine model of CKD was used to characterize the disposition of circulating 

phosphate and calcium from the circulation to tissues. Studies used radiolabeled phosphate and 

calcium infusions to demonstrate that acute, non-renal phosphate handling is impaired in CKD 

and is manifested as an amplified phosphate pulse following administration. This pulse, rather 

than hyperphosphatemia per se, generated an increased transfer of phosphate and calcium 

selectively into vascular tissues. The maladaptive nature of this mineral handling process reveals 

an important early mechanism in both the initiation and progression of vascular calcification in 

CKD.  

 

This mechanism will potentially generate new therapeutic targets for reducing the impact 

of phosphate on vascular calcification outcomes in CKD. Although the management of 

circulating phosphate levels in CKD patients is clinically recognized to attenuate soft tissue 

calcification, the present findings indicate for the first time that targeting the oscillations in 
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phosphate, rather than the circulating phosphate level per se, is likely to be more relevant 

approach for reducing the morbidity linked to the progression of vascular calcification. 

 



iv 

 

Co-Authorship 

The research presented in this thesis has been performed and written by Jason Gordon Ernest 

Zelt with the following co-authorships and technical assistance (see below). Dr. Michael A. 

Adams and Dr. Rachel M. Holden, JGEZ’s supervisors, helped: conceive and design the 

research, perform statistical analysis and in developing the discussion of all experiments.  

Chapter 2: Co-authored by Kieran Quinn, Bruno Svajger, Kim Laverty, Bonnie Shum, Michael 

A. Adams and Rachel M. Holden  

Bruno Svajger provided assistance with liquid scintillation. Kim Laverty provided 

technical assistance in animal handling and daily health checks. Kieran Quinn helped 

design the 33PO4 infusion study. Bonnie Shum conducted phosphate infusions in anephric 

animals. Emilie Ward provided technical assistance for the serum and tissue biochemical 

analyses. 

Zelt J.G.E., Quinn K., Svajger B., Laverty K., Shum B., Holden R.M., and Adams M.A. 

(2015). Circulation (in review). 



v 

  

Acknowledgements 

 
Dear Dr. Michael A. Adams and Dr. Rachel M. Holden 

 
I would first like to express my sincere appreciation and thanks to my supervisors, Dr. 

Adams and Dr. Holden, who have both been great mentors in my research and personal life. I am 

extremely grateful for the research environment fostered throughout the course of my degree, full 

of inspiration, enthusiasm, and particularly important to me, the freedom to try my strengths and 

make mistakes. You both have provided me with numerous research and career opportunities 

that greatly enriched my experience. You both continually push me intellectually and encourage 

me to strive for my dreams. I look forward to continued research collaborations as I pursue my 

career as a physician scientist at the University of Ottawa’s MD/PhD program.  

 

Dear Dr. Brendon Gurd 

My research career and passion all began with you. Thank you for taking a chance on me 

at such a young age and introducing me to your research. You were an inspiring lecturer, 

supervisor and mentor.  

 

Dear Adams Lab members past and present 

I have been fortunate to work alongside such accomplished labmates. I would like to 

thank all of the past and present members of the Adams/Holden lab with whom I have had the 

pleasure to talk science, conduct experiments and play sports with over the past two years. I 

would first like to thank Kim Laverty who provided invaluable animal assistance for all of my 

projects and has become a very good friend. Also, I would like to thank Dr. Cyndi Pruss, Dr. 

Navid Shobieri and Dr. Kristin McCabe for introducing me to the lab and Kingston Sports 



vi 

 

Leagues. And of course, my good friend Bruno Svajger, thank you for all of the great laughs, 

pranks, conferencing and late night nerding out.  

 

Dear Family and Friends 

I am very lucky to have dedicated friends, Justin Hall, Bruno Svajger, Charlie Smillie, 

and Aaron and Ashton Trotman-Grant. Thank you for the encouragement, guidance and 

inspiration. To my girlfriend Sarah, who has provided unconditional love and support in the 

pursuit of my dreams. I would also like to thank Sarah for listening to my science-talk 24/7. 

Sarah can probably present my projects as well, if not better than I can.  

I am very thankful to my family, who have supported me and pushed me to my best. To 

my brothers Jordan, Joel an Jonathan who have always supported me and been a walk away 

when I need them, and my Mom and Dad for making the tremendous sacrifices in life so that I 

can follow my dreams. To my family, I dedicate this thesis. 



vii 

 

Table of Contents 

Click anywhere in the table below.  Right click mouse button and select “Update	  Field” then “Update 
entire table” to update the Table of Content.  Delete this help text when no longer required. 

Abstract ......................................................................................................................................................... ii	  

Co-Authorship .............................................................................................................................................. iv	  
Acknowledgements ....................................................................................................................................... v	  

List of Figures .............................................................................................................................................. ix	  
List of Tables ............................................................................................................................................... xi	  

List of Abbreviations .................................................................................................................................. xii	  

Chapter 1 General Introduction ..................................................................................................................... 1	  
1.1 Chronic Kidney Disease ...................................................................................................................... 2	  
1.2 Chronic Kidney Disease: A risk factor for cardiovascular disease ..................................................... 2	  
1.3 Vascular Calcification ......................................................................................................................... 3	  

1.4 Phosphate Regulation .......................................................................................................................... 6	  
1.4.1 Control of Phosphate Homeostasis .............................................................................................. 6	  
1.4.2 Hyperphosphatemia and CKD ................................................................................................... 13	  

1.5 Calcium Regulation ........................................................................................................................... 15	  
1.5.1 Control of calcium homeostasis ................................................................................................. 15	  
1.5.2 Calcium regulation in CKD ....................................................................................................... 16	  

1.6 Animal Models of CKD .................................................................................................................... 17	  
1.7 Statement of Hypothesis and Objectives .......................................................................................... 18	  

Chapter 2 ..................................................................................................................................................... 21	  
2.1 Abstract ............................................................................................................................................. 22	  

2.2 Introduction ....................................................................................................................................... 23	  

2.3 Methods ............................................................................................................................................. 25	  
2.3.1 Animal Preperations ................................................................................................................... 25	  

2.3.2 33PO4 Tracer Studies ................................................................................................................... 26	  

2.3.3 45Ca Tracer Studies .................................................................................................................... 28	  
2.3.4 Role of the Kidney in Acute Phosphate Clearance; Disposition in Intact vs. Anephric Rats .... 28	  

2.3.5 Serum/Vessel Phosphate and Calcium Content: ........................................................................ 29	  
2.3.6 Blood Biochemistry ................................................................................................................... 30	  

2.3.7 Statistical Analysis ..................................................................................................................... 30	  
2.4 Results ............................................................................................................................................... 31	  



viii 

 

2.4.1 33PO4 Baseline Biochemical Anaylsis ........................................................................................ 31	  

2.4.2 Acute Changes in Circulating 33PO4 .......................................................................................... 33	  
2.4.3 Changes in 33Phosphate Tissue Distribution .............................................................................. 35	  

2.4.4 Ex Vivo Tissues 33PO4 Transport ............................................................................................... 40	  

2.4.5 Non-Renal Phosphate Clearance ................................................................................................ 40	  
2.4.6 45Ca Baseline Biochemical Analysis .......................................................................................... 42	  

2.4.7 Acute changes in circulation 45Ca in response to parenteral PO4: Effects of CKD status ......... 42	  

2.4.8 Changes in 45Ca Tissue Distribution effects of CKD status ....................................................... 45	  
2.4.9 Effect of Phosphate Levels on Circulating 45Calcium in CKD .................................................. 45	  

2.4.10 Preferential vascular 33PO4 deposition modifies 45Ca Tissue Distribution in CKD .................. 50	  

2.5 Discussion ......................................................................................................................................... 50	  
2.6 Acknowledgments ............................................................................................................................. 56	  

Chapter 3 ..................................................................................................................................................... 57	  
3.1 Summary ....................................................................................................................................... 58	  
3.2 Future Perspectives ....................................................................................................................... 58	  

3.2.1 Effect of Vitamin K status on short-term calcium and phosphate accrual. ................................ 58	  
3.2.2 Chronic Phosphate Clamping in Healthy Control ...................................................................... 60	  
3.2.3 Hormone response to phosphate in CKD and Controls ............................................................. 63	  

Reference List ......................................................................................................................................... 64	  

  

  



ix 

 

List of Figures 

Figure 1.1 Calcification of the aorta as shown by von Kossa stains of the thoracic 

aorta………………………………................................................................................................17 

 

Figure 1.2: Hypothetical framework, in health, depicting the approximate degree of potency and 

activity……………........................................................................................................................21 

 

Figure 1.3: Hypothetical framework in late stage CKD, depicting the approximate degree of 

potency and activity……………...................................................................................................22 

 

Figure 1.4: Humoral responses to a phosphate load in health…………………………...............24 
 

Figure 1.5: Development of hyperphosphatemia in CKD. In CKD, serum phosphate levels no not 

increase until stage 4 CKD……………........................................................................................27 

 

Figure 2.1: Serum mineral and protein levels pre and post phosphate infusion…………………47 

 

Figure 2.2: In vivo 33PO4 activity (CPM/mg tissue) post infusion in tissue.….............................49 

 

Figure 2.3: In vivo 33PO4 activity (CPM/mg tissue fold increase above non-CKD) post infusion in 

vasculature and tissues...................................................................................................................50 

 

Figure 2.4: In vivo 33PO4 activity (CPM/mg tissue fold increase above non-CKD ) post 

phosphate infusion in vasculature……………..............................................................................51 

 

Figure 2.5: In vivo 45Ca and 33PO4 activity (CPM/mg tissue fold increase above non-CKD) post 

phosphate infusion comparison between tissues............................................................................52 

 

Figure 2.6: Ex vivo phosphate kinetics measured with 33PO4 across tissues..................................54 

 



x 

  

Figure 2.7: Serum mineral and protein levels pre and post phosphate infusion 45Ca 

studies……………........................................................................................................................57 

 

Figure 2.8: In vivo  45Ca activity (CPM/mg tissue) post saline infusion in non-CKD and CKD 

post phosphate or saline infusion ……………..............................................................................59 

 

Figure 2.9: In vivo 45Ca activity (CPM/mg tissue fold increase above non-CKD phosphate) post 

phosphate or saline infusion in various tissues…………………………………………………..60 

 

Figure 2.10: In vivo 45Ca activity (CPM/mg tissue fold increase above non-CKD phosphate ) post 

phosphate infusion in vasculature…………..................................................................................61 

 

Figure 2.11: Serum mineral and protein levels pre and post phosphate or saline 

infusion…………………………………………………………………………………………..62 

 

Figure 3.1: Calcium and phosphate accrual in vitamin K responsive vascular tissues…………..74 

  



xi 

 

List of Tables 

Table 2.1: Baseline serum characteristics in non-CKD and CKD rats given 33PO4 

infusions………………………………………………………………………………………….45 

Table 2.2: Baseline serum characteristics in non-CKD and CKD rats given bolus 

45Ca………………………………………………………………………………………………56 



xii 

 

List of Abbreviations 

 

1α,25dihydroxyvitaminD3 Calcitriol  

25(OH)D 25-hydroxyvitamin D 
33PO4 Radiolabeled Phosphate 
45Ca Radiolabeled Calcium 

ANOVA Analysis of Variance  

AUC Area Under Curve  

BMP-2 Bone Morphogenic Protein 2 

Ca Calcium 

CCAC Canadian Council on Animal Care 

CKD Chronic kidney disease 

CPM Counts Per Minute  

CVD Cardiovascular disease 

DMEM Dulbecco’s Modified Eagle Medium 

DOPPS  Dialysis Outcomes and Practice Patterns Study Program 

eGFR Estimated Glomerular Filtration Rate  

FGF-23 Fibroblast Growth Factor 23 

GFR Glomerular Filtration Rate   

Gla γ-Carboxyglutamate Residue  

Glu Glutamic Acid Residue  

LV Left Ventricle (Heart) 

MGP Matrix Gla Protein 

NaPi-IIa/c Sodium-Phosphate Co-Transporter Type 2a and Type 2c 

PiT1 Sodium-Dependent Phosphate Transporter 1 

PiT2 Sodium-Dependent Phosphate Transporter 2 

PO4 Phosphate 

PTH Parathyroid Hormone 

RM Repeated Measures  



xiii 

 

RUNX2 Runt-Related Transcription Factor 2 

RV Right Ventricle (Heart) 

TRPV5 Transient Receptor Potential Vallinoid Receptor Type-5 

UACC Queen’s University Animal Care Committee 

VC Vascular Calcification 

VC- Vascular Calcification Absent  

VC+ Vascular Calcification Present 

VSMC Vascular smooth muscle cell 
 

 

 

 



1 

 

Chapter 1 

General Introduction 
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1.1 Chronic Kidney Disease 

Chronic kidney disease  (CKD) is characterized by a progressive decline in 

kidney function over time. CKD has multiple etiologies; the most common attributable 

diseases/risk factors are diabetes, hypertension and age.1–3 Not surprisingly, the increase 

in the incidence of CKD in recent years has coincided with a concomitant increase in the 

incidence of these prevailing risk factors.  In fact, current estimates suggest that CKD 

affects more than 25 million people in North America.1 While these statistics represent a 

problem in itself, there are many associated complications with the progression and 

development of CKD that affect patients’ quality of life and overall mortality.  

1.2 Chronic Kidney Disease: A risk factor for cardiovascular disease 

Cardiovascular disease (CVD) is the leading cause of mortality in CKD patients 

and their risk of cardiovascular mortality is 10-100 times greater than in healthy 

individuals.4–6 Despite the high prevalence of Framingham risk factors (i.e. smoking, 

hypertension) in CKD populations, these traditional risk factors do not fully explain the 

elevated vascular risk. Rather, concomitantly evaluating non-traditional risk factors, such 

as disordered mineral metabolism and its corollary medial vascular calcification (VC) 

provides a more comprehensive assessment and understanding of the higher morbidity 

and mortality prevalence observed in CKD populations.6–9 The projects described herein 

seek to contribute knowledge to the field of nephrology and vascular medicine and 

address important challenges, particularly facing cardiologists and nephrologists.  
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1.3 Vascular Calcification 

There are two main types of calcification that impact the vasculature. The first, 

intimal calcification, also termed atherosclerotic vascular disease, is associated with 

macrophage infiltration in lipid-rich areas of arteries.10 In contrast, medial calcification, 

or Monckeberg’s arteriosclerosis, has it’s own distinct etiology and is primarily 

associated with phenotypic changes to vascular smooth muscle cells (VSMC) as well as 

within the elastic region of arteries (Figure 1.1).11 This form of calcification is an active 

mineralization process involving stoichiometric accumulation of calcium and phosphate 

(10:6 ratio). These two distinct pathologies may be present simultaneously.  However, in 

CKD patients, medial calcification appears to be the more prevalent form.12 The focus of 

this thesis is on medial calcification and will be described hereafter as vascular 

calcification (VC).  

 VC is a common manifestation of CVD in CKD.  In fact, studies have revealed 

that up to 90% of CKD patients have pathogenic VC.13 Aberrant mineral metabolism, 

involving hyperphosphatemia, hyperparathyroidism and vitamin K and D insufficiency, 

are hallmarks of progressing CKD.14–16 These indicators have been consistently linked to 

the severity of VC and mortality in these patients. VC is now recognized as an active 

mineralization process, involving transformative changes in medial vascular smooth 

muscle cells (VSMC) and the surrounding microenvironment that negatively impacts 

circulating function. VC can cause increases in wall stiffness and pulse-wave velocity 

and decreased vascular compliance.17 From a cardiac perspective, these hemodynamic 

changes can also then impact left ventricular hypertrophy and heart failure.6 
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Figure 1.1: Calcification of the male rat aorta. Representative photos of thoracic aorta in healthy 

rats (A) and CKD rats (D) with severe levels of medial vascular calcification. Von Kossa stain 

(brown regions) to visualize calcification in healthy (B) and CKD (C) thoracic aortas (10X 

Magnification). Vascular calcification, indicated with red arrows, denotes the region of 

calcification.  
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The mechanisms regulating VC are still under investigation; however, it is generally 

accepted that the process involves a balance of calcification inducers 

(hyperphosphatemia, hypercalcemia) and inhibitors (magnesium, matrix gla protein, 

vitamin K).11,18–20 

Various in vitro and ex vivo models have provided valuable mechanistic insight 

into the regulation and development of VC. These studies have consistently identified 

phosphate as a key factor in the development and progression of vascular calcification.18 

Phosphate enters vascular smooth muscle cells (VSMCs), predominantly via sodium-

dependent phosphate transporter 1 (PiT-1) and sodium-dependent phosphate transporter 2 

(PiT-2), (type III sodium-dependent phosphate co-transporters) and promote the 

transition to an osteoblast-like cell.21–23 These de-differentiated VSMCs begin to actively 

accrue calcium and phosphate in a process analogous to bone formation (the end process 

of this extra-osseous calcification involves the formation of insoluble hydroxyapatite 

(Ca10(PO4)6(OH)2)).24,25 High intracellular phosphate has been found to up-regulate 

various osteogenic proteins (e.g. Cbfa-1/Runx2 (Runt-Related Transcription Factor 2), 

osteocalcin) and down-regulate the expression of VSMC contractile proteins (Smooth 

Muscle-22).21,26 The expression of PiT-1 is up regulated by phosphate (a positive 

feedback mechanism), by other pro-calcification signals, and during transformation 

towards an osteogenic phenotype.  Importantly, a PiT-1 knockdown can prevent 

phosphate deposition and subsequent VC in the presence of high phosphate.27,28  

Unlike phosphate, which seems to be essential to promote osteogenic 

differentiation of VSMC, calcium alone does not induce this phenotypic change. Rather, 
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calcium has been shown to induce apoptosis and vesicle release, together forming a nidus 

for mineral nucleation.32 Not surprisingly, the synergism between phosphate and calcium 

to induce VC has been previously demonstrated in vitro, as both minerals are required in 

sufficient concentrations to develop significant VC.30,32 That is, in previous studies, 

VSMC (aortic ring explants) exposed to media with either low calcium/high phosphate or 

high calcium/low phosphate do not develop calcification.30,32 Together these studies 

indicate significant interplay between these two minerals, however their synergism in 

vivo has never been examined in CKD.   

1.4 Phosphate Regulation 

The skeleton is the major reservoir for phosphate and calcium and represents 85% 

of total body stores.  In CKD, there is diminished skeletal function, a condition referred 

to as renal osteodystrophy that is characterized by excess bone resorption compared to 

bone formation.33,34 It has been hypothesized that vascular beds and soft tissue organs 

become a new reservoir for the positive phosphate balance.15,35  Less than 1% of total 

body phosphate is found in blood, yet the circulating pool of phosphate acts as a dynamic 

mediator between bone, the parathyroid glands, intestines, and kidneys; all of which play 

a role in phosphate regulation.15  

 

1.4.1 Control of Phosphate Homeostasis 

Regulation of phosphate is accomplished via the complex integration of hormonal 

and intrinsic factors involving bone, intestines, kidney and parathyroid glands. 
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Maintenance of phosphate levels around an operating point is not only necessary for 

adequate bone health, but to also prevent aberrant phosphate deposition in soft tissues 

which may damage blood vessels and organs, and thereby lead to various cardiovascular 

pathologies. For this reason, the body is adequately equipped with an integrated, 

multifaceted system to regulate phosphate within a homeostatic range (Figure 1.2). In 

health, this system consists of multiple feedback mechanisms that function within 

specific time frames, i.e. short-term (second-to-second), intermediate (minutes to hours) 

and long-term (hours to days). However, in CKD these systems are severely challenged 

and lead to various cardiovascular pathologies (Figure 1.3).  

Short-term mechanisms primarily involve interactions at the bone-plasma 

interface. In this respect, bone contributes to short-term error correction in phosphate and 

calcium homeostasis by mineral movement in and out of bones without activating bone 

remodeling.36 Thus, this short-term system (second-to-second) acts to buffer the moment-

to-moment changes in minerals, but there is also a distinct system that contributes to 

maintaining longer-term regulation of phosphate (bone-remodeling via PTH dependent 

processes), the details of which are beyond the scope of this thesis.  Simplified, the 

involvement of bone in mineral homeostasis comprises short-term (second-to-second and 

minute-to-minute), intermediate (e.g. Fibroblast Growth Factor 23 (FGF-23) and long-

term regulation (bone remodeling).  
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Figure 1.2: Hypothetical framework, in health, depicting the approximate degree of potency and 

activity, expressed as feedback gain, of multiple phosphate homeostatic systems across time in 

response to a sudden elevation in circulating phosphate. This schematic represents the integration 

of multiple systems that occurs to generate homeostasis in a healthy person. PTH, parathyroid 

hormone; FGF-23, fibroblast growth factor 23. PTH and FGF-23 are phosphatonins, whereas 

calcitriol is an important regulator of phosphate absorption in the intestines and in bone 

formation. 
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Figure 1.3: Hypothetical framework in late stage CKD, depicting the approximate degree of 

potency and activity, expressed as feedback gain, of the reduced involvement of phosphate 

homeostatic systems across time in response to a sudden elevation in circulating phosphate. Note: 

FGF-23, vitamin D and PTH are not indicated as they are largely unresponsive at this stage of 

disease. 
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Other phosphate control mechanisms respond to alterations in phosphate levels 

within minutes-to hours. These intermediate modulators of phosphate homeostasis 

primarily encompass a number of humoral systems. A schematic summarizing the 

hormonal response to a phosphate load is shown in Figure 1.4. These systems primarily 

regulate phosphate homeostasis by targeting ion channels in the intestine and kidney to 

alter phosphate absorption and renal excretion of phosphate respectively. These major 

regulators of phosphate homeostasis are vitamin D receptor activators (e.g. calcitriol), 

fibroblast growth factor 23 (FGF-23) and parathyroid hormone (PTH). FGF-23 and PTH 

are released into the circulation as part of a feedback mechanisms to lower positive 

phosphate balance. In contrast, activation of vitamin D receptors acts to increase 

intestinal phosphate absorption, increase calcium and phosphate use in bone formation, 

and alter vascular function.37 FGF-23 is produced by osteoblasts and osteocytes and 

released into the circulation where it has a direct effect on kidney re-absorption of 

phosphate.38 FGF-23 binds to FGF receptors (Type 1-4) in the presence of αKlotho, a 

transmembrane protein predominantly found in the kidneys, on the basolateral membrane 

of renal tubules.39 This results in decreased expression of renal sodium-phosphate 

cotransporter type 2a and type 2c  (NaPi-IIa/c) in the proximal and distal tubules of 

nephrons. Ablation of FGF-23, in mice, results in hyperphosphatemia, secondary 

hyperparathyroidism and severe ectopic calcification.16  FGF-23 also inhibits 1-α-

hydroxylase and increases the expression and activity of 24-hydroxylase, the net result of  
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Figure 1.4: Humoral responses to a phosphate load in health. 
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which is an increased breakdown of 1α,25 dihydroxvitamin D3 (calcitriol).37,40,41 These 

mechanisms work in an integrated manner to increase phosphate excretion. PTH 

regulates phosphate similarly to FGF-23. PTH binds to PTH receptors, which decreases 

NaPi-IIa transporters in the proximal tubules.37 It is important to note that PTH’s 

mechanism of action is more promiscuous, as evidence indicates that (i) FGF-23 release 

may depend on an antecedent rise in PTH and (ii) PTH stimulates osteoblasts and 

therefore also modulates bone remodeling.34,36,42,43 However, these systems have a finite 

feedback gain as the humoral response targets a limited number of receptors, thereby 

diminishing the involvement of these mechanisms in regulating the long-term levels of 

phosphate.  

If both the short and intermediate mechanisms fail, or as in CKD, a ceiling effect 

is reached (i.e. the action of a given substance, process or both is already maximum), 

hyperphosphatemia develops. In health, the intermediate-to-long term phosphate 

homeostasis is regulated via bone remodeling. However, in CKD there is diminished 

skeletal function, a condition, as indicated earlier, which is referred to as renal 

osteodystrophy.  This condition is characterized by excess bone resorption compared to 

bone formation.33,34 In order to maintain the long-term level of phosphate, a mechanism 

with an infinite feedback gain must be initiated following the decline of effectiveness of 

the aforementioned systems. It has been hypothesized that vascular beds and soft tissue 

organs become a new reservoir for the positive phosphate balance.15,35 Unfortunately, if 

reliance on this long-term regulation is maintained, i.e. in chronic kidney disease or 

chronic phosphate clamping, the ectopic phosphate deposition engenders various 
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pathologies, namely VC. Although speculative, it would be interesting if in CKD, ectopic 

mineral deposition becomes the short-term/intermediate regulator of calcium and 

phosphate homeostasis. This concept will be explored in Chapter 2 of this thesis.  

 

1.4.2 Hyperphosphatemia and CKD 

During the progression of CKD, the majority of patients develop 

hyperphosphatemia as a consequence of a reduction in the number of functional 

nephrons. Specifically, serum phosphate typically becomes elevated by stage 4 CKD 

(estimated glomerular filtration rate (eGFR) <30mL/min) and has been identified as a 

strong predictor of mortality (Figure 1.5).15  However, levels of key counter-regulatory 

hormones involved in phosphate homeostasis (e.g. FGF-23 and PTH) become abnormal 

(increased) at much earlier stages of CKD (e.g. eGFR of 60 ml/min) indicating that 

phosphate dysregulation is present at a time when abnormal kidney function may be 

under-recognized.44  
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Figure 1.5: Development of hyperphosphatemia in CKD. In CKD, serum phosphate levels no not 

increase until stage 4 CKD. Rather, extensive counter-regulatory mechanisms (PTH and FGF-23) 

are activated early in the progression of CKD. Adapted from Isakova et al. (2011)44 
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1.5 Calcium Regulation 

To date, much of the epidemiological and experimental evidence has focused on 

the role of phosphate in the initiation, progression and development of cardiovascular 

related pathologies in CKD. This is particularly interesting given that i) there is 

significant overlap between the humoral systems that regulate both calcium and 

phosphate, and ii) VC is, in fact, the accrual of hydroxyapatite crystals and is composed 

of 1.66X more calcium than phosphate. It is important to note that serum calcium levels 

are very tightly regulated compared to phosphate and this may be a reason why the 

mineral has been less studied as a significant promoter of calcification.  

 

1.5.1 Control of calcium homeostasis  

Similar to phosphate homeostasis, calcium regulation is also comprised of 

complex interrelated feedback mechanisms that function within specific time frames. For 

the purpose of this review, only the intermediate (minute to hours) regulation involving 

humoral factors will be discussed. Some of the principal humoral mechanisms controlling 

serum calcium levels are calcitriol (1α, 25-dihydroxyvitamin D3; active vitamin D), PTH, 

α klotho, and calcitonin.  

The action of calcitriol is multifaceted and acts to increase serum calcium through 

its direct effects on intestinal calcium absorption, decreasing calcium excretion at the 

level of the kidney, and increasing calcium resorption from bone.45 PTH also increases 

calcium through direct and indirect mechanisms. That is, PTH directly increases calcium 
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levels by decreasing renal excretion of calcium and increasing bone resorption. PTH also 

acts indirectly on serum calcium by increasing 1-alpha-hydroxylase activities in the 

kidney, thereby increasing the production of calcitriol.29 Recent evidence also implicates 

secreted klotho in calcium regulation by stimulating transient receptor potential vallinoid 

receptor type-5 (TRPV5) mediated calcium reabsorption in renal cells.46 Conversely, 

calcitonin, a hormone produced by parafollicular cells of the thyroid, decreases serum 

calcium by decreasing bone resorption.47 Together these hormonal feedback mechanisms 

work in concert to regulate calcium levels at a homeostatic set point.  

 

1.5.2 Calcium regulation in CKD 

CKD is well recognized to be a state of vitamin D deficiency, attributable to both 

declining renal function and increased serum FGF-23, which inhibits 1-alpha 

hydroxylase, thereby leading to diminished production in the kidney.14 The prevalence of 

vitamin D insufficiency is well documented in CKD and is one of the acknowledged 

causes of secondary hyperparathyroidism and worsening calcium (hypocalemia) and 

phosphate (hyperphosphatemia) homeostasis in these patients.14,37 In fact, up to 80% of 

CKD patients at the initiation of chronic hemodialysis have levels of 1,25(OH)2D3 and 

25(OH)D3 below normal.48 Epidemiological evidence indicates that vitamin D deficiency 

is associated with adverse cardiovascular outcomes. According to the DOPPS (Dialysis 

Outcomes and Practice Patterns Study Program) Annual Report in Canada, treatment 

with vitamin D and analogs in CKD patients on dialysis is common and on the rise 

(50.6% in 2002 to 65.9% in 2011).  This practice is largely based on the salutary effect on 
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serum PTH and bone demineralization. Accordingly, careful monitoring of PTH and 

mineral levels, in particular, is important to avoid the iatrogenic adverse effects of these 

treatments and to emphasize the beneficial effects.  

Unfortunately, treatment with vitamin D analogs has also been associated with 

episodes of hypercalcemia.  Despite hypercalcemia being a significant issue clinically 

calcium containing phosphate binders are commonly prescribed in these patients to 

control hyperphosphatemia, despite the potential for further increasing the calcium 

burden.29 Together these treatments may cause ‘sporadic hypercalcemia’, and when 

combined in a hyperphosphatemic milieu can generate a potent stimulus for calcification 

in an already susceptible population.    

1.6 Animal Models of CKD 

There are three prevalent rodent models of CKD used to study VC all with 

inherent advantages and disadvantages. These models include: i) the 5/6th nephrectomy 

(! kidney mass surgically), ii) a second surgical model in mice where one kidney is 

electro-cauterized and the other removed, and iii) adenine model of CKD.49  

 The rodent studies described in this thesis will all use the adenine-induced model 

of CKD. Briefly, this model consists of feeding rodents adenine in the diet. This protocol 

was modeled after Price et al.: the adenine concentration was reduced from 0.75% to 

0.25%, the protein content was increased from 2.5% to 6% and phosphate was increased 

from 0.92% to 1%.50 Compared to Price et al., this model mitigates weight loss in the rats 

and induces comparable hyperphosphataemia in rats by 5 weeks and VC in ~60% of the 

animals by 7 weeks.17,19,50 The mechanism of renal toxicity in this model is well defined. 
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Orally administered adenine is metabolized to 2,8-dihydroxyadenine, which precipitates 

and forms crystals in the microvilli and apical region of the proximal tubular epithelia. 

Unlike the 5/6-nephrectomy model, which produces an unpredictable CKD severity post-

surgery, the adenine model enables the control of progression and severity of CKD. 

Overall, the adenine model produces a stable CKD phenotype that develops 

cardiovascular pathologies similar to the clinical setting.  

 

 

1.7 Statement of Hypothesis and Objectives 

The uptake of phosphate by vascular tissue triggers a phenotypic change within 

VSMCs that favors an osteochondrogenic profile and is the proposed link between 

hyperphosphatemia, pathogenic vascular phosphate and calcium accrual, and the 

corollary VC.18,21,27 

Studies evaluating acute postprandial phosphate metabolism in healthy 

individuals and in patients with moderate CKD demonstrated marked and significant 

increase in the urinary appearance of phosphate in healthy individuals by 30 minutes.  In 

contrast, serum phosphate and urine fractional excretion of phosphate did not change 

after ingesting a high phosphate meal (500mg) in patients with CKD.43  The maintenance 

of normal phosphate levels in the blood in the absence of phosphate in the urine strongly 

suggests that extra-renal phosphate disposition occurs in CKD.  However, the overall 

tissue disposition of phosphate acutely in vivo is currently unknown. Studies evaluating 

phosphate kinetics in CKD and healthy patients have also reported marked reductions in 
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serum calcium following an acute oral and IV phosphate load.42,43 While these results 

suggest significant interplay between these two minerals; it is also currently unknown 

whether the overall tissue disposition of calcium in vivo is modified by an acute 

phosphate load. Thus, the main focus of the research presented herein is to characterize 

the disposition of phosphate and calcium, and assess the pattern of accrual across various 

vascular beds in a rodent model of experimental CKD.  

The overall working hypotheses are as follows: 

1. Serum phosphate regulation is impaired acutely in CKD. 

2. CKD induces a shift towards preferential deposition of phosphate and 

calcium into vascular tissue, rather than other soft tissues, in response to 

increases in circulating phosphate.  

3. Acute deposition of calcium into blood vessels is dependent, at least in 

part, on the local tissue handling of an acute phosphate load. 
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The studies in which these hypotheses were tested include: 

Chapter 2: Acute Phosphate Pulses, but not Hyperphosphatemia per se, Increase 

Vascular Calcium Accrual and Vascular Calcification in Experimental CKD 

 

The specific objects were: 

1. To determine the tissue distribution of radiolabelled phosphate and 

calcium following the parenteral administration of phosphate in rats with 

experimentally induced CKD, 

2. To assess whether the CKD condition modifies the proportion of uptake of 

phosphate and calcium by different tissue beds 

3.  To determine whether phosphate per se modifies the distribution of 

radiolabelled calcium in experimental CKD.  
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Chapter 2 

Acute Phosphate Pulses, but not Hyperphosphatemia per se, Increase 

Vascular Calcium Accrual and Vascular Calcification in Experimental 

CKD 
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2.1 Abstract 

Pathogenic vascular accumulation of calcium and phosphate (vascular 

calcification; VC) is a marker of advancing cardiovascular disease (CVD) in chronic 

kidney disease (CKD). This study sought to determine the relationship between 

distribution patterns of radiolabelled phosphate (33PO4) and calcium (45Ca) in 

cardiovascular tissues following acute, parenteral administration in rats with CKD 

(0.25% adenine). 

At 7 weeks, 33PO4 and 45Ca disposition were assessed in blood and 36 tissues after 

a 10 min infusion of (i) phosphate+33PO4, (ii) phosphate+45Ca and (iii) saline+45Ca in 

CKD or non-CKD animals. Post-infusion, 33PO4 radioactivity in blood remained elevated 

(2.3x@10 min, 3.5x@30 min) in CKD, compared to non-CKD (p<0.05). In contrast, 

there was no difference in 45Ca blood clearance between CKD and controls following 

infusions. The tissue distribution patterns of 33PO4 and 45Ca, although similar in controls, 

were markedly different in CKD rats. Specifically, CKD animals had markedly increased 

33PO4 incorporation in vasculature (4.6x), skeletal muscle (2.7x), and heart (1.8x) 

whereas enhanced 45Ca incorporation only occurred in vasculature (2.0x) and kidney 

(1.5x).  Furthermore, the phosphate infusion increased (1.7x) the 45Ca incorporation into 

vascular tissue in CKD animals (p<0.0001) but not in non-CKD, nor in groups 

administered saline.  

This study reveals differential disposition of circulating phosphate and calcium 

into vascular tissue in CKD.  Acute accumulation of vascular calcium in CKD was not 

associated with hyperphosphatemia, but rather an acute ‘pulse’ of circulating phosphate; 



23 

 

a profile amplified by CKD.  This maladaptive process likely represents an important 

mechanism in the initiation and progression of VC. 

 

2.2 Introduction 

Less than 1% of total body phosphate is found in blood, yet the circulating pool of 

phosphate acts as a dynamic mediator between bone, the parathyroid glands, intestines, 

and kidneys; all of which play a role in phosphate regulation.15 Phosphate levels remain 

in the normal range in the early stages of CKD despite elevations of serum creatinine due 

to the counter regulatory actions of rising parathyroid hormone (PTH) and fibroblast 

growth factor 23 (FGF-23) on renal phosphate re-absorption.42,51 With advancing disease 

(e.g. eGFR < 30 ml/min), these compensatory mechanisms are overwhelmed and 

hyperphosphatemia develops.  The uptake of phosphate by vascular tissue triggers a 

phenotypic change within vascular smooth muscle cells (VSMCs) that favors an 

osteochondrogenic profile and is the proposed link between hyperphosphatemia, 

pathogenic vascular phosphate and calcium accrual, and the corollary vascular 

calcification (VC).18,21,27  

In health, excess phosphate is thought to be cleared through renal-dependent 

mechanisms. In a recent study of healthy humans, 100% of phosphate administered 

parentally over 36 hours appeared in the urine by 120 hours indicating that extra-renal 

disposal of phosphate did not play a significant role in this time frame.42  In response to 

the parenteral phosphate load, there was an early rise (~ 2 hrs) in PTH followed by a later 

rise (~12 hrs) in FGF-23. 42  Whether the disposition of parenteral phosphate (i.e. 100% 
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bioavailable) is similar in people with chronic kidney disease (CKD) has not been 

established, as a similar study has not been conducted in this population.   

Isakova et al (2008) compared acute, oral phosphate handling in healthy 

individuals and in patients with moderate CKD.43 In healthy individuals, there was a 

marked and significant increase in the urinary appearance of phosphate by 30 minutes 

that was sustained over time.  In contrast, in patients with CKD, serum phosphate and 

urine fractional excretion of phosphate was not elevated after ingesting a high phosphate 

meal (500mg) which strongly suggested that extra-renal phosphate disposition had 

occurred in CKD.  However, the specific tissue disposition of the phosphate was not 

established.  

The inextricable relationship between phosphate and calcium has long been 

recognized. As far back as the 1930s, various reports linked oral phosphate 

administration with decreases in serum calcium.52,53  Goldsmith and Ingbar (1966) 

evaluated the efficacy of phosphate treatment on hypercalcemia of diverse etiologies and 

confirmed that phosphate administration causes a rapid and robust decrease in serum 

calcium. 54 However, these treatments were linked to the development of severe VC at 

autopsy. Recently, several in vitro studies showed that calcium also promotes VSMC 

calcification.29–32 Unlike phosphate, which appears to be essential for osteogenic 

differentiation of VSMC, calcium alone does not induce this phenotypic change.29 

Rather, calcium has been shown to induce apoptosis and vesicle release, together forming 

a nidus for mineral nucleation and further crystalization.32 An interaction between 
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phosphate and calcium in the induction of VC has also been previously demonstrated in 

vitro.30,32 While these results recognize that there is significant interplay between these 

two minerals, they do not establish whether the overall tissue disposition of calcium in 

vivo is regulated, at least in part, via a phosphate-dependent process.  

The objectives of these studies targeted these gaps in knowledge and sought to 

determine, (i) the tissue distribution of radiolabelled phosphate and calcium following the 

parenteral administration of phosphate in rats with experimentally induced CKD, (ii) 

whether the CKD condition modifies the relative uptake of phosphate and calcium by 

different tissues, and (iii) whether phosphate is a primary driver regulating the tissue 

distribution pattern of calcium in experimental CKD. The hypotheses were that: (1) 

serum phosphate regulation is impaired acutely in CKD; (2) the CKD condition causes 

preferential deposition of phosphate and calcium into vascular tissue beds in response to 

parenteral phosphate administration, and (3) increased serum phosphate is key to 

enhancing vascular calcium accumulation selectively. 

 

 

2.3 Methods 

 

2.3.1 Animal Preperations 

Animal experiments conformed to the Guide for the Care and Use of Laboratory 

Animals published by US National Institutes of Health, the guiding principles of the 

Canadian Council on Animal Care (CCAC) and with the approval of the Queen’s 
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University Animal Care Committee (UACC).  

Male Sprague-Dawley rats (n=44) at 14 weeks of age were individually housed 

and maintained on a 12-h light/dark cycle. All animals were given a 1-week 

acclimatization period, for which animals were provided with standard rat chow (LabDiet 

5001, Ren’s Pets Depot, Oakville, ON, Canada) and water ad libitum. At 15 weeks of 

age, CKD (n=31) was induced using an adenine model as previously described.19 Briefly, 

the standard rat chow was exchanged with a specially formulated adenine diet (Harlan, 

Teklad, Madison, WI) on which the animals were maintained for 4 weeks. This diet 

contained 0.25% adenine with 1% phosphate, 1% calcium, 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%. At sacrifice, under anesthesia 

(isoflurane  5%), rats were exsanguinated using a 22 g hypodermic needle inserted into 

the left ventricle of the heart. The heart was excised and the right ventricle was separated 

from the left ventricle. 

 

2.3.2 33PO4 Tracer Studies  

Phosphate Infusion: 

After an overnight fast, a midline incision was made to expose the right and left 

jugular veins of CKD (n=13) and healthy controls (n=5). A venous infusion PE-50 

cannula was inserted into the left jugular vein and secured using n-butyl cyanoacrylate 

glue. A second PE-50 cannula was inserted into the right jugular vein for venous blood 
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sampling. Phosphate (300 µmol Na2PO4 + 100µCi 33PO4; ~8,000,000 CMP/mL) was 

dissolved in saline (100mM Na2PO4) and infused using an infusion pump (KD Scientific) 

set for a volume of 3 mL at a rate of 0.3 mL/min (10 minutes). Blood was sampled at 

baseline (T=0 min), immediately post infusion (T=10 min) and 20 minutes post infusion 

(T=30min). Tissues (36 tissues) were excised at (T=30 min), weighed and demineralized 

in 1N HCl for 24 hours. Counts per minute (CPM) of 33PO4 (radioactivity) were measured 

by liquid scintillation counting normalized to tissue weight and infusion radioactivity.  

Ex vivo assays assessing phosphate flux: 

Following 33PO4 in vivo infusion, excised segments of thoracic and abdominal 

aorta, carotid and iliac artery, left ventricle, kidney cortex, skeletal muscle, and femur 

from the control (n=5) and CKD (n=11) were placed in high phosphate DMEM media 

(3.8 mM) containing 33PO4 (~ 1,000,000CPM/ML) to measure 33PO4 tissue kinetics. 

Tissue segments were taken at immediately after the in vivo infusion (0 min), 10, 30 and 

60 minutes, then weighed and placed in 1N HCl overnight. 33PO4 (radioactivity) was then 

measured in the supernatant and normalized to tissue weight to determine de novo 

phosphate entry into the tissues. CKD rats were stratified into two groups based on the 

presence (n=4, VC+) or absence (n=7, VC-) of abdominal aorta calcification.  VC was 

considered to be present if the calcium content of the abdominal aorta exceeded 

50nmol/mg tissue.  This is the threshold above which there is demonstrable von Kossa 

staining and physiological manifestations of arterial stiffening including elevated pulse 

wave velocity and pulse pressure are present.17  
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2.3.3 45Ca Tracer Studies  

After an overnight fast, using the same preparation as described above (CKD, 

n=18; controls, n=14),  phosphate (Na2PO4 300 µmol (3mL of 100mM Na2PO4) in saline; 

CKD, n=9; Control, n=8) or saline without phosphate (CKD, n=9; Controls, n=6) was 

infused using an infusion pump (KD Scientific) set for a volume of 3 mL at a rate of 0.3 

mL/min (10 minutes). A third PE-50 cannula was inserted in the right femoral vein for a 

bolus injection of 45Ca (1mCi) in 0.5mL of sterile saline (~40,000,000 CPM/mL), one 

minute after the commencement of the phosphate or saline infusion (T=1min). Blood was 

sampled at baseline (T=0), two minutes (T=2 minutes), 5 minutes (T=5 minutes), 

immediately post-phosphate or post-saline infusion (T=10 min), and every subsequent 5 

minutes until sacrifice (T=30min). Tissues were excised at T=30 minutes, weighed and 

then demineralized in 1N HCl for 24 hours. Counts per minute (CPM) of 45Ca  

(radioactivity) were measured by liquid scintillation counting and normalized to tissue 

weight and infusion radioactivity.  

 

2.3.4 Role of the Kidney in Acute Phosphate Clearance; Disposition in Intact vs. 

Anephric Rats 

In a separate experiment, 8-week-old male, Sprague Dawley rats (Charles River 

Laboratories, Montreal, Canada) were individually housed in standard conditions and fed 

the adenine diet (0.25%, n=11) for three weeks. Rats were fasted overnight before all 

surgical experiments and data collection.  
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Phosphate load with intact kidneys:  

Two intravenous lines were inserted as previously described for blood sampling 

and for infusion of phosphate boluses or saline respectively.  Then, 100mM of Na2PO4 in 

0.9% saline (4mL/kg body weight) was infused at 1.5mL/min, ensuring delivery within 

1-1.5 minutes. Blood samples (150µL each) were obtained T=baseline,1, 10, 20, and 40 

minutes after the end of the Na2PO4 infusion.  

Phosphate load after bilateral nephrectomy:  

In subset of rats, a bilateral nephrectomy was performed (n=7). Briefly, each renal 

artery, vein, and ureter was isolated and ligated before the left and right kidneys were 

removed. Immediately following this procedure, a second phosphate load was 

administered as described above. To control for a repeated phosphate measure, a small 

group (n=4) was administered a second phosphate infusion with the kidneys intact.  

 

 

2.3.5 Serum/Vessel Phosphate and Calcium Content: 

Vessels were weighed, and fully dissolved in hydrochloric acid (1.0 N HCl, 24h, 

40C). The samples were then spun and the calcium content of the supernatant determined 

colorimetrically using the O-cresolphthalein complexone method (Sigma-Aldrich Canada 

Co., Oakville, ON, Canada). O-cresolphthalein color 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, Winooski, VT). Tissue phosphate levels from the same set of samples  used 

for calcium analysis were quantified using the malachite green method. The malachite 
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green reagent was prepared as previously described. 7 When ammonium molybdate is 

added, a green complex is formed between malachite green, molybdate, and free 

phosphate. The absorbance for this complex was measured for standards, tissue 

homogenates, and plasma at 650 nm.  

 

2.3.6 Blood Biochemistry 

Creatinine levels were measured using the QuantiChrom Creatinine Assay Kit 

(DICT-500) (BioAssay Systems, Hayward, CA). Serum phosphate and calcium assays 

were identical to those described above for tissues. Parathyroid hormone (PTH) and 

fibroblast growth factor 23 (FGF-23) concentrations were measured using a 

commercially available Rat Intact Elisa (Immutopics, Clemente, California) in 

accordance with manufacturer’s instructions.   

2.3.7 Statistical Analysis  

Statistical analysis and graphical representation was performed using GraphPad 

Prism 6.0. All data was presented as mean ± SD (Standard Deviation) unless otherwise 

stated.  A repeated measure one-way ANOVA over time (with a post-hoc t-test using a 

Bonferroni correction for comparison of means) was used to test for statistical differences 

within groups, from fasting baseline (0 min), following the IV phosphate or saline 

infusion. A treatment by time two-way ANOVA (with a post-hoc Tukey’s for 

comparison of means) was used to determine between-group differences in the 45Ca and 

33PO4 clearance (Figure 2.1B, Figure 2.7C, Figure 2.11C) as well as to determine 
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significant difference in ex vivo tissue 33PO4 kinetics (Figure 2.6).  A Student’s t-test with 

a Bonferroni correction was used to determine between-group differences in 33PO4 

(Figure 2.3) and 45Ca tissue uptake (Figure 2.9). For all tests a P <0.05 was considered 

significant. 

 

2.4 Results 

2.4.1 33PO4 Baseline Biochemical Anaylsis  

The marked increase in serum creatinine confirmed that significant CKD 

developed in animals exposed to the adenine diet and, as expected, phosphate, FGF-23 

and PTH were also elevated compared to non-CKD controls (p<0.05; Table 2.1).  
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Serum Parameter Non-CKD (n=5) CKD (n=13) 

Phosphate (mM) 1.55 ± 0.27 5.43 ± 1.70* 

Calcium (mM) 2.54 ± 0.42 2.51 ± 0.45 

PTH (pg/mL) 358.0 ± 210.26 4926.3 ± 3045.3* 

FGF-23 (pg/mL) 235.6 ± 52.1 19201.0 ± 12524.3* 

Creatinine (µM) 26.78 ± 8.42 345.8 ± 151.79* 

 

Table 2.1: Baseline serum parameters in non-CKD and CKD (7wk CKD; 0.25% adenine in diet) 

rats receiving IV phosphate + 33PO4. Data are expressed mean ± SD. Cr, creatinine; PO4
2-, 

phosphate; Ca2+, calcium; PTH, parathyroid hormone; FGF 23, fibroblast growth factor 23. 

*p<0.05 significantly different than non-CKD.  
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2.4.2 Acute Changes in Circulating 33PO4  

To examine the acute disposition of parenteral phosphate from the bloodstream to 

tissues, rats were injected with 33phosphate (300 µmol Na2PO4 + 33PO4) into the left 

jugular vein as a tracer (Figure 2.1). In both CKD and non-CKD control animals, total 

phosphate was significantly elevated immediately post infusion (T=10min), and remained 

elevated 20 minutes later (T=30 min; Figure 2.1A). 33Phosphate clearance was 

significantly impaired in the CKD group given that 33PO4 radioactivity remained 

markedly higher (2.3x at 10 min, 3.5x at T=30 min; AUC "2.6x) in CKD animals at 

both time points (Figure 2.1B, p<0.05).  In contrast, serum calcium levels were not 

different at baseline between CKD and control rats, and within this time period, did not 

change in response to the intravenous phosphate load (Figure 2.1C).  

Although, FGF-23 and PTH were significantly higher in CKD animals compared to non-

CKD at baseline, the phosphate load did not lead to further changes in either hormone 

within 30 minutes of infusion (Table 1, Figure 2.1 D/E).  
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Figure 2.1: Serum mineral and protein levels pre and post phosphate infusion. Total PO4 levels 

(A), 33PO4 activity levels (CPM/100uL serum) (B), total calcium levels (C), parathyroid hormone 

(D), and FGF-23 (E). RM (Repeated Measures) ANOVA within-group differences from baseline 

(A/C/D/E); * p<0.05, ****p<0.0001. Two way ANOVA between group differences in Figure  

2.1(B) ††† p<0.001 † p<0.05. Data express mean ± SD. Non-CKD rats (n=5), CKD rats (n=13). 
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2.4.3 Changes in 33Phosphate Tissue Distribution 

To assess differences in the acute disposition of circulating phosphate, de novo 

33phosphate distribution was measured in 36 tissues (eg. organs, arteries, bone, skeletal 

muscle, fat) 20 minutes post infusion (T=30 min) and was rank ordered in non-CKD 

(Figure 2.2A) and CKD (Figure 2.2B). It was observed that bone and some regions of the 

kidney were significant depots for 33PO4.  In CKD animals, there was also a marked shift 

in the 33PO4 distribution towards the vasculature. Compared to controls, CKD animals 

had significant increases of 33PO4 incorporation in muscular tissues: vasculature ("4.6x 

Figure 2.3, Figure 2.4), skeletal muscle ("2.7x) and heart ("1.8x), but no differences 

were detected in bone, kidney, fat and skin (Figure 2.3). When the fold increases in 33PO4 

incorporation was compared across tissues, the greatest change occurred in the 

vasculature (Figure 2.5). The overall increase in phosphate exposure in CKD (AUC of 

circulating 33PO4 was "2.6x) accounted for only half of the total vascular accumulation 

of phosphate (tissue levels were "4.6x). That is, local tissue mechanisms would need to 

be assessed to account for more than half of the response in CKD.   
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Figure 2.2: In vivo 33PO4 activity (CPM/mg tissue) post infusion in non-CKD (A), CKD (B). 

Tissues are rank ordered for tissue 33PO4 activity. Vascular beds are highlighted in black.  Data 

expressed mean ± SEM. Non-CKD rats (n=5), CKD rats (n=13). 
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Figure 2.3: In vivo 33PO4 activity (CPM/mg tissue fold increase above non-CKD) post infusion in 

vasculature (thoracic and abdominal aorta, superior mesenteric, iliac, renal, carotid, pudendal 

arteries), kidney (cortex and medulla), S. muscle (Skeletal Muscle; abdominal, quadriceps, 

Sternohyoid), Fat (retroperitoneal, mesentery, epididymal), heart (LV, RV) and bone (femur). * 

p<0.05, ****p<0.0001. Non-CKD rats (n=5), CKD rats (n=13). 
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Figure 2.4: In vivo 33PO4 activity (CPM/mg tissue fold increase above non-CKD ) post phosphate 

infusion in vasculature. Data expressed mean ± SD, *p<0.05. Non-CKD rats (n=5), CKD rats 

(n=13). Sup. Mes. A. (superior Mesenteric Artery). 
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Figure 2.5: In vivo 45Ca and 33PO4 activity (CPM/mg tissue fold increase above non-CKD ) post 

phosphate infusion in vasculature (thoracic and abdominal aorta, superior mesenteric, iliac, renal, 

carotid, pudendal arteries), kidney (cortex and medulla), skeletal muscle (abdominal, quadriceps, 

sternohyoid), Fat (retroperitoneal, mesentery, epididymal), heart (left and right ventricle) and 

bone (femur, skull). *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001. Phosphate: Non-CKD rats 

(n=5), CKD rats (n=13). Calcium: Non-CKD rats (n=8), CKD rats (n=9).  
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2.4.4 Ex Vivo Tissues 33PO4 Transport  

To determine whether tissue phosphate uptake is modified by CKD and the 

presence of VC, tissues (aorta, iliac and carotid arteries, kidney cortex, left ventricle, 

skeletal muscle and femur) from healthy and CKD rats (following in vivo 33PO4 infusion) 

were placed in high phosphate media (DMEM, 3.8 mM PO4 containing 33PO4, 0 to 60 

minutes; Figure 2.6). 33Phosphate uptake, relative to baseline, only in CKD with VC was 

significantly increased in a time-dependent manner compared to non-CKD and CKD 

without VC, in abdominal aorta (1.9x), iliac (3.7x) and carotid artery (3.8x), left ventricle 

(2.0x), and kidney cortex (2.3x) but did not in other tissues (skeletal muscle, bone).  

There was no difference in 33PO4 uptake in CKD without VC rats compared to non-CKD.  

2.4.5 Non-Renal Phosphate Clearance  

To confirm that acute clearance of phosphate from the circulating phosphate pool 

is substantially independent of renal excretion, rats with CKD (3-weeks) were infused 

with phosphate (100mM) before and after a bilateral nephrectomy. Animals fed on the 

adenine diet had significantly elevated serum creatinine concentrations (112.2 ± 33.9µM) 

and baseline serum phosphate concentrations (2.60 ± 0.40mM).  Phosphate peak 

concentrations (4.1 ± 0.5 mM vs. 4.5 ± 0.4 mM) and clearance rates (intact: -

1.73±0.95mM/min, anephric: -1.45±0.079 mM/min) from the circulation before and after 

bilateral nephrectomy were not altered, indicating that within this time frame, clearance 

of phosphate from the circulation was not dependent on the presence of the kidney.  
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Figure 2.6: Ex vivo phosphate kinetics measured with 33PO4 (activity CPM/mg tissue) in the 

thoracic aorta (A), abdominal aorta (B), carotid artery (C), Iliac artery (D), kidney cortex (E), 

apex of the heart (F), quadriceps skeletal muscle (G), and femur bone (H). Tissue segments were 

incubated in calcification media with 3.8mM phosphate+p33. Data expressed mean ± SD. 

*p<0.05, **p<0.01, *** p<0.001, ****p<0.0001. Non-CKD (n=5), CKD (n=13). 
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2.4.6 45Ca Baseline Biochemical Analysis  

 

As previously established, in both CKD (phosphate) and CKD (saline) groups, the 

adenine model induced significant CKD with elevated serum creatinine, phosphate, and 

PTH (p<0.05; Table 2.2).  

 

2.4.7 Acute changes in circulation 45Ca in response to parenteral PO4: Effects of CKD status  

The transfer of calcium from the circulation to tissues in response to parenteral 

phosphate (300 µmol over 10 minutes) followed by 45calcium in both CKD and non-CKD 

animals showed that serum PO4 increased and remained significantly elevated from 

baseline for 30 minutes post infusion (Figure 2.7A). The greater increase in serum PO4 in 

CKD animals occurred in the absence of a response in PTH (Figure 2.7B), confirming the 

previously established alterations in PO4 handling.  In contrast, there were no differences 

in the acute clearance of radioactive 45Ca from the bloodstream between CKD and non-

CKD animals in response to the phosphate load (Figure 2.7C/D).  
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Serum Parameter Non-CKD 

(Saline; n=6) 

Non-CKD 

(PO4;n=8) 

CKD 

(Saline; n=9) 

CKD 

(PO4; n=9) 

Phosphate (mM) 1.65 ± 0.12 1.87 ± 0.17 3.45 ± 0.93* 2.98 ± 0.97* 

Calcium (mM) 2.42 ± 0.20 2.07 ± 0.25 2.12 ± 0.30 2.17 ± 0.16 

PTH (pg/mL) - 219.9 ± 113.4 4359.9 ± 2284.1* 4317.5 ± 3628.0* 

Creatinine (µM) 25.07 ± 8.60 50.40 ± 8.98 298.13 ± 83.11* 258.68 ± 70.27* 

 

Table 2.2: Baseline serum parameters in non-CKD and CKD (7wk CKD; 0.25% adenine in diet) 

rats receiving 45Ca infusion. Data are expressed mean ± SD, Cr, creatinine; PO4
2-, phosphate; 

Ca2+, calcium; PTH, parathyroid hormone. *p<0.05 significantly different than non-CKD.  
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Figure 2.7: Serum mineral and protein levels pre and post phosphate infusion, total PO4 (A), 

PTH (B), 45Ca activity (CPM/100uL serum) (C), and total calcium (D). RM (Repeated Measures) 

ANOVA within-group differences from baseline (A/B/D). Significantly different than baseline (0 

min); * p<0.05,**p<0.01, *** p<0.001,. Data express mean ± SD.  Two-way ANOVA between 

group differences (C).  CKD phosphate (n=9), non-CKD phosphate (n=8). 
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2.4.8 Changes in 45Ca Tissue Distribution effects of CKD status 

The acute transfer of 45calcium from the circulation to the tissues (36 tissues, eg. 

organs, arteries, bone, skeletal muscle, fat) in response to a parenteral phosphate was 

similarly rank ordered in non-CKD (Figure 2.8C) and CKD animals (Figure 2.8D), 

although the magnitude of deposition in certain tissues were markedly enhanced in CKD 

+ phosphate group. In particular, there was a disproportionate increase in the 45Ca 

distribution in the vasculature in CKD animals. Specifically, CKD animals following 

phosphate infusion experienced a significant increase of 45Ca deposition compared to that 

in non-CKD animals — vasculature ("2.0X Figure 2.9, Figure 2.10), kidneys ("1.5X) 

— but no significant increases were observed in other tissues (heart, muscle, skin, fat, 

and bone; Figure 2.9). Similar to observed changes in accumulation of 33PO4, when 

relative increases in 45Ca deposition was compared across tissues, the greatest changes 

again occurred in the vasculature (Figure 2.5).  

2.4.9 Effect of Phosphate Levels on Circulating 45Calcium in CKD 

To determine whether the increased 45calcium incorporation observed in CKD 

animals was a direct consequence of CKD status, or secondary to alterations in phosphate 

handling, a second CKD group received a vehicle control of saline (CKD saline) instead 

of phosphate. In contrast to the impact of a phosphate infusion, there was no change in 

serum phosphate or PTH levels in response to the isovolumetric saline infusion (Figure 

2.11 A/B). There was also no difference in the clearance of 45calcium between the vehicle 

control and phosphate infusion (Figure 2.11 C).  
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Figure 2.8: In vivo  45Ca activity (CPM/mg tissue) post saline infusion in non-CKD(A), CKD 

(B), and post phosphate infusion in non-CKD (C), and CKD (D). Tissues are rank ordered for 

tissue 45Ca activity. Vascular beds are highlighted in black.  Data expressed mean ± SEM. CKD 

phosphate (n=9), non-CKD phosphate (n=8), CKD saline (n=9), non-CKD saline (n=6). 

 

 

 



 

 

 

47 

 

Figure 2.9: In vivo 45Ca activity (CPM/mg tissue fold increase above non-CKD phosphate) post 

phosphate or saline infusion in vasculature (thoracic and abdominal aorta, superior mesenteric, 

iliac, renal, carotid, pudendal arteries), kidney (cortex and medulla), skeletal muscle (abdominal, 

quadriceps, sternohyoid), Fat (retroperitoneal, mesentery, epididymal), heart (LV, RV) and bone 

(femur, skull). ****p<0.0001, * p<0.05. CKD phosphate (n=9), non-CKD phosphate (n=8), CKD 

saline (n=9), non-CKD saline (n=6). 
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Figure 2.10: In vivo 45Ca activity (CPM/mg tissue fold increase above non-CKD phosphate ) post 

phosphate infusion in vasculature. Aorta (A), Iliac artery (B), Carotid artery (C), Renal Artery 

(D), Superior Mesenteric Artery (E), and Pudendal Artery (F). Data expressed mean ± SD 

*p<0.05. CKD phosphate (n=9), non-CKD phosphate (n=8), CKD saline (n=9), non-CKD saline 

(n=6). 
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Figure 2.11: Serum mineral and protein levels pre and post phosphate or saline infusion, total 

phosphate (A), PTH (B), 45Ca activity (CPM/100uL serum) (C), and total calcium (D).RM 

ANOVA within-group differences from baseline (A/B/D). Significantly different than baseline (0 

min); * p<0.05, **p<0.01 *** p<0.001,. Two way ANOVA between group differences (C).  Data 

express mean ± SD. CKD phosphate (n=9), CKD saline (n=9).  
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2.4.10 Preferential vascular 33PO4 deposition modifies 45Ca Tissue Distribution in 

CKD 

As described above, in CKD animals, the order of tissues ranked by 45calcium 

radioactivity accumulation was unaffected by the saline infusion whereas the magnitude 

of the 45calcium accumulation was markedly less. In CKD animals receiving saline, 

45calcium accrual was comparatively lower (!1.7X) only in vascular tissue (Figure 2.9). 

Thus, increased 45calcium incorporation in CKD animals was found to be dependent on 

exposure to acutely increased phosphate, whereas CKD induced hyperphosphatemia was 

by itself insufficient to drive tissue 45calcium uptake. Furthermore, there were no 

differences in either overall clearance of 45calcium from the circulation or tissue 

incorporation (vasculature, skin, fat, heart, skeletal muscle, bone) between non-CKD 

(saline or phosphate) and CKD (saline) (Figure 2.9).  

 

 

2.5 Discussion 

A major finding of this study was that rapid accumulation of vascular calcium in 

CKD is driven by an acute ‘pulse’ of circulating phosphate rather than 

hyperphosphatemia per se.  In addition, acute non-renal phosphate handling, following 

intravenous loading, was clearly shown to be impaired in CKD, resulting in an increased 

circulating phosphate concentration and preferential accumulation of phosphate into the 

vascular tissue. That is, the area under the curve for the phosphate pulse, generated 
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intravenously was more than double (2.6x) in experimental CKD compared to non-CKD 

animals resulting in increased transfer of both phosphate and calcium selectively into 

vascular tissue. This maladaptive process likely represents an important mechanism in 

both the initiation and progression of vascular calcification. We anticipate that this 

mechanism may yield new therapeutic avenues for reducing the impact of phosphate on 

vasculature calcification outcomes in CKD. 

The studies demonstrate for the first time that the increased vascular 45calcium 

accrual in CKD animals was not a consequence of altered calcium handling in CKD, but 

rather a result of the impact of alterations in both systemic and local tissue phosphate 

handling in this condition.  The concept of the circulating phosphate pulse as a 

differentiating stimulus in CKD was revealed, in part, by finding that the marked increase 

in vascular 45calcium incorporation only occurred in CKD in response to phosphate. 

Although the marked rise in circulating phosphate in CKD accounted for a significant 

portion of the tissue accumulation of phosphate, half of the response was not explained 

by the magnitude of the change; i.e. local mechanism(s) were likely involved.  The ex 

vivo findings are consistent with this concept, given that exposure of vascular tissue 

segments from CKD or control animals to the same levels of phosphate generated a 2-6 

fold increase in accrual of phosphate in CKD versus non-CKD tissues. These ex vivo 

findings corroborate previous research that demonstrates accelerated mineral uptake after 

the initiation of VC and VSMC trans-differentiation.11,55 

Although significant interplay between calcium and phosphate has long been 
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recognized, the critical role of maladaptive phosphate handling as the preeminent signal 

in the generation of VC has not been previously established. In vitro evidence strongly 

suggests that calcium and phosphate act synergistically to induce VC, as both minerals 

are required in sufficient concentrations to develop significant VC. In these studies, 

VSMC in media with either low calcium/high phosphate or high calcium/low phosphate 

do not develop calcification.30,32 Although calcium is critical for the development of VC, 

hypercalcemia is rare in CKD patients, unless treated with calcium containing phosphate 

binders or with vitamin D hormone analogs.29,45,56 Rather, much of the CKD research has 

focused on the role of phosphate, since hyperphosphatemia is much more prevalent and 

has been consistently linked to VC and mortality in these patients.15 The present study 

significantly extends this paradigm, and proposes a novel mechanism through which 

phosphate leads the development of VC in CKD. Specifically, the findings demonstrate 

that in CKD, a short-term phosphate pulse transfers both calcium and phosphate 

preferentially to vascular tissues, likely representing an important aspect of the 

pathogenic process in vascular calcification. Phosphate consumption (diet), vitamin D 

analogs, phosphate circadian rhythm, and interdialytic intervals, all generate well 

characterized phosphate ‘pulses’.57–61 For example, a growing body of evidence indicates 

that a long interdialytic interval is associated with greater impairment of phosphate 

handling, increased swings in phosphate levels and increased risk of cardiovascular and 

all cause mortality.60–62 Thus, daily hemodialysis treatments, which should thereby 

provide a beneficial effect, in part, by dampening the phosphate fluctuations have 
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generated interest. Recent results indicate that increasing dialysis frequency confers 

benefits to cardiovascular health, quality of life and survival.63,64 Although the 

management of circulating phosphate levels in CKD patients is clinically recognized to 

attenuate soft tissue calcification, the present findings indicate that targeting the acute 

fluctuations in phosphate is a more relevant approach for reducing VC related outcomes.  

Whether phosphate binders dampen phosphate pulses and confers a health benefit 

independent of reductions in mean serum phosphate is an important area of future 

research. 

The skeleton is the major reservoir that buffers the levels of both phosphate and 

calcium.36,65 Experimental findings in the control rats confirmed this, as following the 

short-term phosphate infusion 33PO4 and 45Ca appeared in a spectrum of tissues, but with 

bone being the most prominent.  Longer term disposition of circulating minerals has been 

previously assessed by Scanni et al. who recently reported that healthy humans excreted 

100% of parenterally-administered phosphate over 36 hours in the urine by 120 hours.42   

These data indicate a minimal role for any long term non-renal disposal of phosphate in 

healthy subjects.  However, when the potential for pathogenesis is taken into account in 

CKD, establishing the consequences of CKD-induced changes to transient or short term, 

non-renal handling of phosphate and calcium becomes much more important.   

Diminished skeletal function in CKD, a condition referred to as renal 

osteodystrophy, is characterized by excess bone resorption compared to bone 

formation.33,34 An explanation often touted for the development of VC in CKD, is that 
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vascular beds and soft tissue organs become a new reservoir for this positive phosphate 

balance.15,35 In this study of experimental CKD, bone still accounted for the highest 

amount of 33phosphate and 45calcium uptake but the distribution pattern for other tissues 

was markedly different between CKD and controls. Furthermore, in the CKD rats, the 

acute clearance of circulating 33phosphate (↑circulating levels at 10-30 min) was 

significantly impaired compared to controls, and yet there was increased 33phosphate in 

muscle tissues (vasculature, skeletal muscle and heart). Although the clearance of 

circulating 45Ca following the phosphate infusion was not altered by CKD, a significant 

preferential distribution towards the vasculature occurred compared to controls. These 

data strongly indicate that in CKD there is an impaired overall handling of an acute 

phosphate pulse that becomes further complicated by a phosphate-dependent increase 

specifically in vascular calcium incorporation. 

While phosphate is a direct secretagogue for FGF-23 and PTH,37,42 the results of 

the present study, and others, agree that FGF-23 is not an acute regulator of phosphate 

homeostasis. 2, 5, 10 There is recent evidence from humans that the FGF-23 response to a 

parenteral phosphate load may be critically dependent on an antecedent rise in PTH. 2, 10 

Although PTH levels were significantly higher in CKD rats, an acute change in PTH was 

not observed CKD or non-CKD rats in response to the phosphate infusions within this 

time frame. It has been hypothesized that in advanced CKD, there may be an attenuated 

PTH response to acute changes in serum phosphate that could impact on the acute total 

body disposition of phosphate.  Studies evaluating acute phosphate disposition in animals 



 

 

 

55 

following parathyroidectomy might help to resolve these issues.  Importantly, the results 

from the intact versus anephric studies confirm that in this model of CKD, phosphate is 

acutely cleared from the circulation via non-renal mechanisms, independent of changes in 

PTH and FGF-23 within 30 minutes. The mechanism of this phosphate clearance appears 

to be mediated by local tissue-based distribution, a mechanism that is further modified by 

CKD.  

In conclusion, acute non-renal phosphate handling is impaired in CKD which 

increases the magnitude of the resulting phosphate pulse following administration. This 

pulse then generated an increased transfer of both phosphate and calcium selectively into 

vascular tissue. This maladaptive process likely represents an important mechanism in 

both the initiation and progression of vascular calcification in CKD. Although the 

management of circulating phosphate levels in CKD patients is clinically recognized to 

attenuate soft tissue calcification, the present findings indicate that targeting the 

oscillations in phosphate is likely to be more relevant approach for reducing VC related 

outcomes. Together these studies provide compelling in vivo evidence that acute 

phosphate dysregulation at the level of each tissue, in addition to the altered systemic 

handling, are important causes of the pathogenesis of the combined phosphate and 

calcium accrual underlying the development of vascular calcification in CKD. 
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Chapter 3  

Future Directions 
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3.1 Summary 

 

The work contained in this thesis confirms that acute non-renal phosphate 

handling is impaired in CKD, an effect which thereby magnifies the phosphate pulse 

following administration. The findings clearly reveal that this pulse is a key signal 

generating an increased transfer of both phosphate and calcium selectively into vascular 

tissue. Overall, the findings provide compelling evidence that this maladaptive process 

leading to both the initiation and progression of vascular calcification in CKD. 

Management of oscillations in circulating phosphate levels in CKD patients needs to be 

more clinically recognized to attenuate/prevent soft tissue calcification. The present 

findings indicate that targeting the oscillations in phosphate is likely to be more relevant 

approach for reducing VC related outcomes.  

 

3.2 Future Perspectives 

 

3.2.1 Effect of Vitamin K status on short-term calcium and phosphate accrual. 

 

Perturbations in phosphate and calcium homeostasis are a hallmark of progressing 

CKD; they include hyperphosphatemia, abnormal calcium and magnesium levels and 

hyperparathyroidism 9,66. A critical harbinger of VC is the degree of dysregulation in 

phosphate balance, and this is strongly associated with the severity of VC in CKD 
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patients 67,68. VC is now recognized as an actively regulated process involving 

transformative changes in medial VSMC and the surrounding microenvironment 11,29,69. 

Vitamin K-dependent regulation, via modification of carboxylation status, of various 

vascular proteins is considered to play a central role in these processes 70. Matrix Gla 

protein (MGP), an inhibitor of VC has been reported to be one of the prominent proteins 

affected by this regulation 71,72. 

MGP is an 84-amino acid protein that contains five γ-carboxyglutamic acid 

residues 73. Vitamin K is the cofactor required in the conversion of glutamic (glu) 

residues on MGP into γ-carboxyglutamate (gla) residues via the enzyme γ-carboxylase.  

This conversion is necessary to activate the VC inhibitory capacity of the protein. While 

the full biological mechanism of glaMGP has not been finalized, it is thought to act by 

binding Ca2+ and clearing it into the circulation,20 or by directly binding to bone-

morphogenetic protein-2 (BMP-2), an osteogenic growth factor 71. Recent evidence in an 

animal model of CKD also indicates that vitamin K supplementation has a therapeutic 

benefit, whereas vitamin K inhibition, using therapeutic warfarin, worsens the 

susceptibility of the vasculature to calcification 19.  

The evidence suggests that an early increase in phosphate concentration within 

the VSMCs and the surrounding microenvironment is a major initiating stimulus in VC 

27,74. However, the characteristics and time course of the phosphate and calcium accrual, 

particularly in vivo, are not well established.  Whether regional vitamin K status similarly 
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alters the early pattern of accrual of these minerals across various vascular beds is a 

significant gap in knowledge in CKD. 

Blood vessels have a differential susceptibility to calcification depending on 

anatomical location 17,75–78 Although VC is highly prevalent in patients with CKD, the 

regional and temporal pattern of initial phosphate and calcium deposition and 

accumulation across the vasculature has not been elucidated. Future studies are needed to 

determine whether: (i) the stoichiometry of phosphate and calcium differs between 

vascular beds at various stages (emphasis on early accrual) of VC development, and (ii) 

changes in vitamin K status (dietary vitamin K vs. oral warfarin) differentially modifies 

the accretion of phosphate and calcium in various blood vessels in a rodent model of 

CKD and in controls.  The focus on the early transition phase, prior to von Kossa 

detectable VC, enables the assessment of the early pattern of phosphate versus calcium 

accrual rather than on the phenotype after calcification has already occurred 75,79,80.  

 

 

Preliminary evidence indicates that pharmacological manipulation of vitamin K status 

alters the pattern of calcium and phosphate accrual in the vasculature (Figure 3.1). The 

previous studies were conducted on a chronic times scale. Future studies are need to 

assess the acute effects of warfarin or vitamin K on the disposition of 45Ca in 

experimental CKD following i) parenteral administration of calcium and ii) parenteral 

administration of phosphate.  

3.2.2 Chronic Phosphate Clamping in Healthy Control 
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The uptake of phosphate by vascular tissue in vitro triggers a phenotypic change 

within VSMCs that favors an osteochondrogenic profile and is the proposed link between 

hyperphosphatemia, pathogenic vascular phosphate and calcium accrual, and the 

corollary VC.18,21,27 While hyperphosphatemia is recognized risk factor for the 

development of VC in CKD patients; it is currently unknown whether chronic exposure 

to high phosphate in health, independent of uremia, has a similar impact on vascular 

tissues. Therefore, future studies are needed to elucidate the role and capacity of long-

term phosphate regulation in health, i.e. the role of soft tissue phosphate deposition. 

Scanni et al. performed phosphate infusion studies in healthy humans and discovered that 

after hours, serum phosphate levels began to normalize, despite a continuous infusion. 

This effect was attributable to ‘intermediate-term’ phosphate regulation, i.e. PTH and 

FGF-23 responses.42 Future studies conducted on healthy animals where serum phosphate 

levels are chronically elevated with a ramp phosphate protocol (1% to 2% in diet). After 

7 weeks on the high phosphate diet, vascular phosphate and calcium levels will then be 

assessed for evidence of mineral deposition. 
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Figure 3.1: Calcium and phosphate accrual in vitamin K responsive vascular tissues. Vessel 

(abdominal aorta, carotid artery, renal artery) calcium content and Calcium phosphate ratio (CPR) 

as a function of tissue phosphate in 7-week CKD animals treated with high vitamin K (n=16, 

Figure A) or therapeutic levels of warfarin (n=16, Figure B). This figure displays the average of 5 

consecutive calcium and phosphate values from individual artery segments. The dotted line 

represents the calcium and phosphate values or CPR of hydroxyapatite. Data is expressed mean 

+/- SEM. 
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3.2.3 Hormone response to phosphate in CKD and Controls 

In health, serum phosphate is regulated via a series of complex and integrated 

systems that involves the kidney, intestine, bone and parathyroid gland. In CKD, 

hyperphosphatemia develops which causes hyperparathyroidism (PTH levels ~10-15x 

control) and chronically elevated FGF-23 levels (~70-80x controls). In CKD, it is 

currently unknown whether the phosphate control of PTH and FGF-23 is intact, i.e. 

whether further increases in PTH and/or FGF-23 increase the clearance of phosphate 

from the circulation. We hypothesize that in CKD there is no intermediate phosphate 

regulation and that the long-term regulation in health (soft-tissue deposition) becomes 

CKD’s short-intermediate controller. That is, PTH and FGF-23 levels have reached a 

ceiling and do not respond to and effect phosphate clearance or tissue deposition. To test 

this hypothesis, the following methodologies will be employed: 

33PO4 (100mM, 3mL) constant IV rate infusion in all groups: 

a) Group 1: health controls 

b) Group 2: health controls with PTH infusion 

c) Group 3: health controls parathyriodectomy (day before) with FGF-23 infusion 

d) Group 4: CKD (7 weeks CKD) 

e) Group 5: CKD with PTH infusion 

f) Group 6: CKD with parathyriodectomy (day before) with FGF-23 infusion 
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