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Abstract 

Cardiovascular disease (CVD) is a significant concern in chronic kidney disease (CKD) 

accounting for over half of all mortality. The high CVD prevalence in CKD is not accounted for by 

traditional Framingham risk factors (e.g. smoking, obesity) and is likely influenced by CKD-

mineral bone disorder (CKD-MBD). CKD-MBD consists of abnormalities in circulating calcium, 

phosphate, vitamin D, and parathyroid hormone (PTH), as well the development of soft tissue 

calcifications like vascular calcification (VC). CKD-MBD has been well-characterized clinically and 

experimentally, however, significant knowledge gaps exist pertaining to: treatment targets and 

modalities, daily variation in minerals/hormones, the impact of the circulating factors versus 

local factors on VC, and inversely the impact of VC on the circulating mineral/hormonal milieu.  

A dietary adenine model was used to induce CKD in rats with differing phosphate diets 

to propagate/mitigate CKD-MBD. In comparison to healthy rats those with CKD displayed a shift 

for the acute accrual of infused phosphate and calcium into vascular beds instead of the 

kidneys and bone. VC amplified this preferential vascular accrual. Further, a preceding 

phosphate pulse amplifies vascular calcium accrual.  

In experimental CKD rats CKD treated with calcitriol, alteration of neither the bolus dose 

nor daily dose administered resulted in improvements to any CKD-MBD parameters. 

Additionally, adhering to guideline-recommended PTH suppression targets did not provide any 

benefits in CKD-MBD, other than reducing circulating PTH. 

In CKD rats fed different phosphate diets, it was found that low phosphate mitigated the 

pathologic increases in circulating minerals/hormones and protects against VC. Fibroblast 
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growth factor-23 was identified as a potential biomarker for VC in CKD as it was significantly 

elevated in CKD rats with VC, and early elevations during CKD-induction predicted eventual VC. 

The daily variations in circulating minerals/hormones was characterized in experimental 

CKD. It was found that kidney dysfunction did not independently impact circulating 

minerals/hormones, but that VC significantly impacted the daily variation in circulating 

phosphate. 

These findings identify critical areas that need further investigation pertaining to CKD-

MBD treatment, as well as expand current knowledge of how the circulating CKD milieu impacts 

the development of VC and in turn how VC impacts the circulating milieu.  
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Chapter 1: 

General Introduction
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1.1 Mineral Regulation and the Impact of Kidney Function 

1.1.1 Mechanisms of Calcium and Phosphate Regulation 

Calcium and phosphate are the two most abundant minerals in the body and are 

important to maintaining normal physiologic function. These minerals combine to form a crystal 

called hydroxyapatite which is the primary component of bone. Other important functions of 

these minerals in the body are diverse and include (but are not limited to): the generation of 

high energy bonds (e.g. adenosine triphosphate), production of phospholipids, and cellular 

signaling (e.g. neurotransmitter release). Calcium and phosphate are taken in via the diet with 

absorption in the intestines occurring by both passive and active methods.1, 2  Calcium is 

actively absorbed by the transient receptor potential vanilloid Type-5 and Type-6 (TRPV-5, 

TRPV-6)1 channels and phosphate by the Type-2b sodium-phosphate cotransporter (Npt-2b).3

These receptors are hormonally regulated. TRPV5 and TRPV6 are upregulated by calcitriol, the 

active form of Vitamin D3 that is largely produced in the kidneys, as well as by parathyroid 

hormone (PTH) that is released by the parathyroid glands.4, 5 Npt-2b, on the other hand, is 

downregulated by fibroblast growth factor-23 (FGF-23) that is produced predominantly in 

bone.6-8

Both minerals are primarily excreted through the kidneys. To maintain adequate 

circulating levels, reabsorption is necessary.9 In the kidneys, approximately 80% of calcium 

reabsorption occurs by passive diffusion although some active transport also occurs via TRPV-5 

and TRPV-6.10 The reabsorption of phosphate is mainly an active process employing Npt-2a, 

Npt-2c, and Type-3 Npt (PiT-2) transporters.3, 11, 12 These receptors are regulated by PTH and 

FGF-23. Whereas PTH increases calcium reabsorption through TRPV-5 and -6 upregulation, in 
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conjunction with FGF-23 it downregulates the sodium-phosphate cotransporters to increase 

phosphate excretion.13, 14 As such the kidneys play a fundamental role in mineral homeostasis. 

1.1.2 Chronic Kidney Disease 

Chronic kidney disease (CKD) is an umbrella term encompassing diseases that include a 

decline in kidney function.15, 16 The specific definition and classification of CKD has changed over 

time, but current international guidelines define it as decreased kidney function lasting at least 

three months as demonstrated by an estimated glomerular filtration rate (eGFR) less than 60 

mL/min per 1.73m2, or by markers of kidney damage, or both.17 A stage classification system is 

used (Table 1.1) with Stage 5 (G5), an eGFR less than 15 mL/min per 1.73m2, corresponding to 

end stage kidney disease (ESKD); the point when renal replacement therapies such as dialysis or 

transplantation are required.2 The prevalence of CKD is approximately 11% in high-income 

countries (e.g. the United States, Canada) and in 2010 approximately 225.7 million men and 

271.8 million women were living with CKD.16 In 2010, it was estimated that 24% of the 

Medicare budget in the United States went to addressing CKD-based treatments, thus there is a 

significant societal burden directly related to CKD.18 Diabetes and hypertension are the two 

leading causes of CKD with diabetes accounting for 30-50% of all CKD cases. Genetic causes 

(e.g. polycystic kidney disease) or environmental pollution (e.g. heavy metals in water) are also 

factors in CKD occurrence, albeit small ones.16 CKD is one of few chronic conditions that has 

shown an increase in mortality during modern times. That is, since 1990, only complications of 

HIV infections have shown a greater increase in rate of death than CKD.16 Current estimates 

project that CKD mortality will increase from 12.2 deaths per 100 000 people in 2012 to 14 per 
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100 000 by 2030.19 Over half of all CKD morbidity and mortality is attributed to cardiovascular 

diseases (CVD) in conjunction with co-morbidities (e.g. diabetes), lifestyle complications (e.g. 

inability to exercise), and conditions brought on from dysregulation to mineral and bone 

homeostasis. 

Table 1.1 Classification of CKD, according to international guidelines.16

Persistent albuminuria categories, 

descriptors and ACR range 

Stage Renal function 

eGFR Range 

(mL/min/1.73m2)

Normal to 

mildly 

increased 

(<30mg/g) 

Moderately 

increased 

(30-300mg/g)

Severely 

increased 

(>300mg/g) 

G1 Normal or high ≥ 90 1 if CKD 1 2 

G2 Mildly decreased 60 – 89 1 if CKD 1 2 

G3a 
Mildly to moderately 

decreased 
45 – 59 1 2 3 

G3b 
Moderately to 

severely decreased 
30 – 44 2 3 3 

G4 Severely decreased 15 – 29 3 3 ≥ 4 

G5 Kidney failure < 15 ≥ 4 ≥ 4 ≥ 4 

1.1.3 CKD-Mineral Bone Disorders 

The chronic kidney disease-mineral bone disorder (CKD-MBD) arises from the 

dysregulation of mineral metabolism that occurs with CKD.20 This disorder manifests by one or 

more of (i) abnormalities to circulating calcium, phosphate, PTH, and calcitriol, (ii) abnormalities 

in bone turnover, mineralization, volume, linear growth, strength, or (iii) vascular and other soft 

tissue calcifications.21 The changes occurring to bone, either by excessive turnover or lack 

thereof, result in weaker bone with an increased fracture risk.20 Patients with CKD-MBD are 



5 

often asymptomatic until later in the disease course at which point they may present with pain 

and joint stiffness as well as greater fracture predisposition.20 Particularly concerning are the 

elevations in circulating phosphate as hyperphosphatemia is directly implicated in the 

development of vascular pathology (e.g. vascular calcification), cardiovascular disease, and 

increases in morbidity and mortality in CKD.22-25 As such a critical target in CKD-MBD treatment 

is controlling the levels of circulating calcium and phosphate while also protecting against the 

development of hyperparathyroidism or treating it if present. A variety of medications including 

calcimemetics, calcitriol or vitamin D analogues, and phosphate binders are employed to try 

and counteract pathologic changes with CKD-MBD. 

1.1.4 Cardiovascular disease in CKD 

Cardiovascular disease (CVD) is the greatest disease burden in CKD and accounts for 

over half of all CKD mortality.19 As kidney function declines below 60 mL/min per 1.73m2 a 

greater than 57% increase in cardiovascular mortality occurs and non-fatal myocardial 

infarction risk also increases by approximately 33-48%.26-29 Stroke risk also significantly 

increases as renal function declines.27 Although classic Framingham risk factors like obesity and 

old age are common in CKD, they do not account for this high prevalence of CVD-based 

mortality. It is believed that changes corresponding to CKD-MBD contribute to this high 

prevalence of CVD. Phosphate has been shown in patients with and without CKD to associate 

with greater CVD prevalence.24, 30 In CKD the relationship between increases in circulating 

phosphate and cardiovascular disease is independent of age, diabetic status, or heart failure; 

with Kestenbaum et al (2005) showing that in CKD patients the risk of acute myocardial 
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infarction increased by 35% with every unit increase of serum phosphate.23 Cardiovascular 

pathologies like left ventricular hypertrophy (LVH), artery endothelial dysfunction and vascular 

pathology all associate with the level of serum phosphate or have shown a susceptibility to be 

induced by phosphate.23, 31-35 Vascular calcification is a prominent feature of CKD-MBD that 

strongly associates with phosphate and leads to stiffer vessels and strain on the cardiovascular 

system.36, 37

1.1.5 Vascular Calcification 

The pathological accrual of calcium and phosphate in the vascular medial layer is known 

as vascular calcification (VC).38, 39 These minerals accrue in the walls of blood vessels as a crystal 

that is stoichiometrically consistent with hydroxyapatite, which results in the development of 

vessel stiffening along with reduced arterial compliance and elasticity.40 Less compliant arteries 

are not as capable of distending during systole while the reduction in elasticity means that the 

distention that does occur results in less elastically stored energy for use during diastole. As 

diastolic blood flow is driven by elastic recoil of conductance arteries, vessel stiffening lowers 

the force and subsequent pressure that arteries can generate to propel blood after the heart is 

finished contracting, thus lowering diastolic blood pressure (DBP). A larger column of blood is 

now left for the heart to propel during systole, causing an increased systolic blood pressure 

(SBP) and workload on the heart; this increased workload can be reflected in the difference 

between SBP and DBP known as the pulse pressure (PP). Further, an increase in systemic 

resistance from stiffer peripheral vessels increases the workload on the heart. These 

consequences of vessel stiffening combine to lower the perfusion ability of the cardiovascular 
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system.41 Unsurprisingly, VC and vessel stiffening strongly associate with LVH, CVD, and 

subsequently mortality.42, 43

 Multiple processes occur in concert for VC to arise, although the critical and rate-

limiting steps are still unknown. Phosphate is a fundamental player in the generation of VC.44-47

Many studies have shown that in a hyperphosphatemic environment the processes of VC are 

activated and amplified, leading to the development of this pathology in vivo, ex vivo, and in 

vitro.45, 48-51 Within VSMCs and the vascular ECM there are factors that inhibit VC, such as 

matrix Gla protein and Fetuin-A,52-54 however these factors are downregulated in a pro-VC 

environment.48

The literature suggests that the initiating mechanism for VC involves phosphate entry 

into VSMCs, however the immediate interactions of phosphate upon entering the vascular ECM 

are yet undetermined. It is known that phosphate enters VSCMs through the Type-3 sodium-

phosphate co-transporters, PiT-1 and PiT-2, whereupon entering the VSMC cytosol osteoblastic 

transdifferentiation is initiated.45, 55-57 The etiology of this process is believed to be the result of 

VSMCs and osteoblasts sharing the same mesenchymal precursor pool.38, 45 This 

transdifferentiation is driven by osteogenic proteins core-binding factor α-1/runt-related 

transcription factor-2 and osterix while a loss of smooth muscle phenotype is evident by 

reduced expression of contractile proteins like smooth muscle α-actin.58, 59 The end result is a 

cell that no longer has a contractile phenotype but one that supports further mineral accrual in 

the extracellular environment.  

During VC, VSMCS pre- and post-transdifferentiation secrete matrix vesicles (MVs) and 

apoptotic bodies.60, 61 These secreted factors act as nucleation sites and are believed to be the 
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initial sites for hydroxyapatite build-up and critical to the progression of VC.62 Phosphate has a 

significant influence where an increase in extracellular phosphate increases the production of 

MVs and ABs.56 An increased pool of extracellular calcium similar results in increase calcium 

uptake by MVs and ABs. Further, secreted MVs contain elastases which are then released into 

the vascular ECM to degrade elastin and create new sites for mineral accrual.63 Given that the 

immediate action of phosphate within the vascular ECM is still not known, the role of MVs and 

ABs as initiating factors is yet unconfirmed. However, their role in releasing factors that 

degrade the vascular ECM is an important aspect of VC.  

1.1.6 Degradation of the Vascular Extracellular Matrix in Vascular Calcification 

For VC to occur significant changes to the underlying VC ECM must occur, with some of 

these changes being a prominent target of this presented thesis. The vascular ECM is a network 

of cells and non-cellular components in the medial vessel layer.64, 65 VSMCs produce the 

majority of the ECMs constituents, including structural components like collagen and elastic 

fibers and matrix macromolecules (e.g. fibronectin) that allow for cell movement, polarization, 

and anchorage. The organization of elastin and collagen fibers are especially important as they 

provide functional elasticity and stability, respectively.66-68 Within the context of VC, the ECM is 

the location where hydroxyapatite accumulates, leading to vessel stiffening and reduced 

function.41, 65, 69

Although evidence points to the initial calcification of VSMC secreted MVs or ABs as the 

first phase of VC, the literature points to the continual degradation of the ECM as a 

fundamental step for propagating VC.70, 71 This degradation is carried out by the gelatinases, 
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matrix metalloproteinase-2 (MMP-2) and MMP-9.72, 73 MMP-2 and MMP-9 are important to 

tissue remodeling and are expressed in multiple tissues including VSMCs and osteoblasts in 

bone. In a pro-VC environment, MMP-2 and MMP-9 are upregulated and secreted by VSMCs 

and/or transdifferentiated VSMCs to degrade the elastin-collagen framework thus providing 

binding pockets for calcium and phosphate.63, 72, 74 MMP activity is integral to the development 

of VC, as their downregulation or inhibition leads to significant or complete inhibition of 

calcification.75 Although it is known that MMPs are upregulated by a pro-calcification 

environment, it is not yet determined what specific aspects most influence this upregulation 

and activity. As MMPs are zinc-dependent proteins there is the potential another divalent 

cation (e.g. calcium) may have stimulating effects; although growing evidence indicates a 

phosphate-linked mechanism.63

MMP degradation of the vascular ECM supports VC both by creating pockets for 

hydroxyapatite binding and by releasing VC-stimulating factors. That is, studies have shown that 

the soluble elastin produced by MMP degradation stimulates elastin laminin receptors (ELRs) 

on VSMCs and osteoblast-like cells that not only upregulate MMPs, but also initiate VSMC 

transdifferentiation.76, 77 Further, soluble elastin has been shown to have chemotaxic and 

proliferative effects on VSMCs,77, 78 potentially increasing the area within the ECM that can 

calcify. The importance of elastin in VC is evident and some studies imply its initial degradation 

by MMPs in a pro-VC environment is the initiating phase of VC and not MV calcification.79 There 

is a gap in the knowledge regarding the relative contribution of these mechanisms to both the 

time scale and magnitude of VC as, at present, no examination has been conducted pertaining 
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to the acute localizations and interactions that calcium and phosphate undergo upon entering 

the vascular medial layer. 

Figure 1.1 Uremia-driven vascular ECM breakdown and subsequent mechanisms of increased 
vessel stiffening.80 CCM, calcification competent matrix; Pi, phosphate. 

1.2 Circulating Minerals and Hormonal Regulators 

1.2.1 Vitamin D 

Vitamin D3 (cholecalciferol) enters the body either via the diet or by production in the 

skin through the ultraviolet light (e.g. sunlight) catalyzed conversion process of 7-

dehydrocholesterol.81-83 In the liver, vitamin D3 is hydroxylated by the cytochrome P450 

enzymes CYP27A1 and CYP2R1 into 25-(OH)D3, also known as calcifediol. Vitamin D-binding 

protein transports calcifediol to the kidneys for further hydroxylation by CYP27B1,82 producing 

the most biologically active form of Vitamin D3, 1,25-(OH)2D3 (calcitriol). Although evidence 
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shows that there is extrarenal tissue expression of CYP27B1 and that other cytochrome P450 

enzymes can carry out the 1-α hydroxylation of calcifediol, the kidneys are the critical 

producers of calcitriol. Calcitriol exerts its actions through binding to nuclear Vitamin D 

Receptors (VDR) across a host of tissues that include, but are not limited to the: kidneys, 

intestines, vasculature, and bone.83-87 Cholecalciferol and calcifediol can also stimulate the VDR, 

however, to elicit a similar effect as calcitriol a greater concentration exceeding two orders of 

magnitude of the pro-hormones is required.88-90 Both calcifediol and calcitriol are metabolized 

into less biologically active forms by CYP24A1. 

Calcitriol contributes to many bodily functions including lipogenesis, immune function, 

and inhibition of inflammation.83 In mineral homeostasis, calcitriol functions to ensure 

adequate levels of circulating calcium and phosphate by upregulating mineral transporters in 

the intestines and kidneys.2 Mineral balance is safeguarded by calcitriol acting on the 

parathyroid glands and bone to downregulate PTH and upregulate FGF-23, respectively.91-93

Reducing PTH lowers the stimulation of calcitriol production in the kidneys while increasing 

FGF-23 results in an upregulation of CYP24A1 to encourage metabolism into less biologically 

active forms. Additionally, FGF-23 upregulation lowers circulating phosphate by reducing renal 

reabsorption.  

As kidney function declines, calcitriol production is reduced; this may be further 

compounded by disease co-morbidities that reduce exposure to sunlight or dietary access to 

cholecalciferol.81, 83 Calcitriol deficiency becomes evident by CKD stage G3 (eGFR < 60 mL/min 

per 1.73m2).42 CKD is also accompanied by a relative upregulation of CYP24A1 with only a slight 

increase in CYP27B1, creating an unfavorable balance between production and metabolism of 
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calcitriol favoring enhanced metabolism.81, 94 As circulating FGF-23 is also significantly increased 

at this same time in the disease course it is likely, though not proven, that this skewing is driven 

by FGF-23. Vitamin D deficiency in CKD associates with cardiovascular dysfunction,95 higher 

risks for all-cause mortality,96 and sudden cardiac death.97

Given these negative repercussions the treatment of vitamin D deficiency is a significant 

focus in CKD management. Previously the use of VDR agonists was strongly recommended by 

the Kidney Disease: Improving Global Outcomes (KDIGO) guidelines for the control of PTH and 

avoidance of MBD in clinically-defined CKD.98 Multiple retrospective and prospective cohort 

studies identify improvements in all-cause mortality and reductions in cardiovascular events 

and mortality with the use VDR agonists that include exogenous calcitriol.99-104 However, there 

is a lack of consistency amongst studies as well as significant potential for bias and within 

recent prospective cohort studies either little or no improvement has been reported in 

cardiovascular conditions.103, 105, 106 The mixed clinical results of vitamin D-based treatments are 

further confounded by experimental studies in CKD where some studies report reductions in 

cardiovascular pathologies when calcitriol or analogues are provided, and others report an 

additive contributing treatment effect to pathology development.107-110 Given that 

cardiovascular disease accounts for over half of all CKD mortality this is a key area for treatment 

that needs further evaluation. An additional risk of vitamin D based therapies is that they risk 

the development of hypercalcemia, hyperphosphatemia and potential generation of adynamic 

bone disease (a state of low bone turnover that increases fragility) via excessive PTH 

suppression. Due to this lack of confirmed benefits versus potential risks the 2017 KDIGO 
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guideline update changed its recommendation for clinical VDR agonist use in CKD to only be 

employed in the case of severe hyperparathyroidism.17

1.2.2 Parathyroid Hormone (PTH) 

Parathyroid hormone (PTH) fundamentally functions to maintain calcium balance in the 

system. By detecting deficiencies in circulating calcium or calcitriol the parathyroid glands 

increase PTH secretion to ensure an adequate circulating calcium pool.111, 112 The systemic 

changes brought on by increased circulating PTH involve direct alterations to activity in bone, 

intestines, and kidneys; as well as indirect actions of other hormones on the same organs and 

the cardiovascular system. As such, the role of PTH in mineral homeostasis is complex and 

under the influence of many factors. 

For its primary role as a calcium regulator the secretion of PTH is dependent on signaling 

via calcium sensing receptors (CaSR) and VDR in the parathyroid glands.113-115 A decrease in 

CaSR or VDR stimulation results in upregulation and secretion of PTH. In bone, PTH binds to PTH 

receptor-1 (PTHR-1) and increases production of receptor activator of nuclear factor-κβ-ligand 

(RANKL) as well as inhibits sclerostin production.116 Increased RANKL stimulates osteoclast-

mediated bone resorption leading to mineral mobilization while sclerostin inhibition allows for 

the production of osteoblasts in bone through the Wnt/β-catenin pathway. Under proper 

regulation this duel process on bone increases the circulating calcium pool while stimulating a 

counteracting remodeling phenotype. PTH also binds to renal PTHR-1 to induce upregulation of 

CYP27B1 and inhibit renal CYP24A1, leading to increased calcitriol production.3, 117 These 
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actions of PTH result in an overall increase to circulating calcium and through bone mineral 

mobilization and calcitriol upregulation of intestinal TRPV-5, TRPV-6, and Npt-2b.3, 117, 118

PTH also possesses a phosphaturic function to counteract any increase in circulating 

phosphate and thus avoids the toxic effects of hyperphosphatemia.13, 14, 111, 119 Directly, the 

stimulation of proximal tubule PTHR-1 results in the internalization and breakdown of renal 

Npt-2a.13, 14, 120, 121 Indirectly, PTH stimulation of PTHR-1 in osteogenic cells increases FGF-23 

production,8, 122 another phosphaturic hormone. This phosphaturic function is further ensured 

by increases to circulating phosphate stimulating PTH production at the parathyroid glands 

through a PiT-1 associated mechanism.123-125

The wide range of systemic effects PTH has directly and indirectly results in significant 

health concerns when PTH dysregulation arises. A common PTH-based pathology is the 

occurrence of secondary hyperparathyroidism (SHPT) in CKD.115 In CKD the stimulation of PTH is 

caused through multiple paths that include: reduced calcitriol-induced absorption/reabsorption 

of calcium, reduced calcitriol stimulation of the parathyroid glands, and increased circulating 

phosphate from a decline in renal excretory capacity.91 These changes lead to chronic 

upregulation of PTH.118, 122, 123, 126-128 The stimulation of bone resorption by PTH results in an 

elevation to circulating calcium, but also leads to increases in circulating phosphate which 

becomes problematic in more severe stages of CKD as the system is unable to excrete 

phosphate. This elevated phosphate further compounds the problem of excess PTH stimulation 

in CKD as phosphate also stimulates PTH production. 

During the progression of CKD, an increase in PTH is preceded by an increase of FGF-23 

and a decrease of calcitriol.42, 128 These changes are followed by chronic elevations in phosphate 



15 

and decreases in calcium. This trend is surprising as between PTH and FGF-23, PTH maintains 

the role of acute responder to changes in circulating phosphate, calcium, and calcitriol42, 128; 

although the mechanism for this temporal pattern is yet to be elucidated. Of note is that at the 

point of chronic PTH elevation there is significant parathyroid gland hyperplasia that results in a 

reduction in the density of CaSR, VDR, and fibroblast growth factor receptor-1 (FGFR-1) in the 

parathyroid gland itself.114, 129-134 Reduction of these receptors leads to a loss of sensitivity or 

even response to the subsequent substrates (e.g. calcium, calcitriol) that could inhibit PTH 

secretion. As such, when kidney dysfunction is severe, PTH resistance occurs. 

Treatment of SHPT is a critical component of CKD clinical management. Due to its 

multiple sites of activity an excess circulating pool of PTH can result in many negative effects. 

The predominant consequence of SHPT is alterations to bone health where the overstimulation 

of bone resorption leads to frail bones that can be painful and are susceptible to fracture.135-137

Further, the indirect effects of PTH on the system, mainly the upregulation of FGF-23 and 

phosphate have significant cardiovascular complications. FGF-23, phosphate, and PTH all 

associate with an increased risk of CVD and cardiovascular events in CKD patients.138-142 Primary 

treatments of SHPT in CKD involve the use of calcimemetics or VDR agonists (including 

exogenous calcitriol).17, 143-145 In observational studies, these treatments have been associated 

with increased survival in CKD and reductions in cardiovascular events.99-104 SHPT treatment 

with VDR agonists does raise some concerns however. As these agonists act systemically they 

may exacerbate hyperphosphatemia by stimulating intestinal phosphate absorption, which in 

turn may contribute to cardiovascular disease. Further, oversuppression of PTH in CKD may 

result in adynamic bone disease (ABD).146 ABD is a condition where the severe inhibition of PTH 



16 

prevents bone from undergoing appropriate remodeling and repair, resulting in an increased 

risk of fracture. The complex relationships between PTH, minerals, and other hormones makes 

understanding its alterations and subsequent necessary treatments in CKD a high priority. 

1.2.3 Fibroblast Growth Factor-23 

First identified in 2000,147 fibroblast growth factor-23 (FGF-23) is a critical hormone in 

preserving appropriate levels of circulating phosphate. FGF-23 is primarily produced by bone 

osteoblasts and osteocytes,8, 92, 93, 148 but is also expressed by other tissues including the heart, 

liver, and skeletal muscle. 

FGF-23 regulates circulating phosphate directly by decreasing renal reabsorption and 

indirectly by reducing intestinal absorption. Increases in circulating phosphate or factors that 

increase circulating phosphate (e.g. calcitriol and PTH) directly stimulate osteoblasts and 

osteocytes to increase FGF-23 transcription and production.8, 14, 92, 93, 122, 149-151 FGF-23 then acts 

in the renal tubules in a complex formed with its co-receptor, α-klotho, to stimulate fibroblast 

FGFR-1. FGFR-1 initiates the processes of downregulation of renal Npt-2a and Npt-2c,152

resulting in greater urinary phosphate excretion. Indirectly FGF-23 reduces phosphate 

absorption through its effects on calcitriol and PTH production. In the kidneys an FGF-23 – α-

klotho complex downregulates CYP27B1 and upregulates CYP24A1 while in the parathyroid 

glands this same complex downregulates PTH production,7, 153 with both these actions 

decreasing calcitriol production and subsequent calcitriol-based mineral absorption. Although 

FGF-23 is fundamental to maintaining circulating phosphate balance, its mechanism of action is 
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in response to long-term stimulation. Acute management, such as that post-prandially, is 

believed to be primarily regulated by PTH.154

FGF-23 was the last phosphate regulating hormone to be discovered but was quickly 

recognized as critical to appropriate phosphate balance. Mutations in the FGF-23 gene were 

determined as the cause for autosomal dominant hypophosphatemia rickets (ADHR).148, 155

Through missense mutations a non-cleavable version of FGF-23 is produced that results in 

reduced circulating phosphate via increased excretion and reduced absorption. The subsequent 

phenotype is phosphate wasting and results in osteodystrophy. FGF-23 was then later determined 

as the source of hypophosphatemia in tumor induced rickets/osteomalacia as well as X-linked 

hypophosphatemia rickets.156 Not surprising, FGF-23 is a prominent component of MBD in CKD. 

Of the fundamental changes occurring with declining renal function in CKD the earliest 

observed changes are decreases in circulating calcitriol and increases in FGF-23. Isakova et al

(2011)42 have shown that these changes occur as early as CKD Stage G3 and precede 

hyperparathyroidism and hyperphosphatemia; findings supported by Hasegawa et al (2010).157

This early rise is somewhat paradoxical as the stimuli for FGF-23 are yet to be chronically 

increased (e.g. phosphate and PTH) or decreased (e.g.calcitriol). Studies examining the effect of 

parathyroidectomy on FGF-23 production in CKD indicate that FGF-23 is heavily influenced by 

PTH. Specifically, that irrespective of phosphate or calcitriol status a significant decline or 

removal of PTH (e.g. parathyroidectomy) will either return FGF-23 to control levels in CKD or if 

PTH signaling removed prior to CKD-induction, prevent any rise in FGF-23.8, 122, 149 In turn, FGF-

23 has a significant downregulatory influence on circulating PTH where infusion of exogenous 

FGF-23 decreases PTH in early CKD133; and conversely, antibody inhibition of FGF-23 in CKD 
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significantly increases PTH levels. Studies of daily oscillations in these hormones show that PTH 

has a marked daily variation while FGF-23 has a static profile that only increases after a 

prolonged period of excess stimulus (i.e. multiple exposures to high phosphate stimuli).127, 158

The paradoxical early rise of FGF-23 compared to other factors may be explained by its 

relationship with PTH. It is possible that in CKD the initial decreases in calcitriol stimulate PTH 

production that in turn stimulates FGF-23. FGF-23 then downregulates PTH back to normal 

levels. Calcitriol is also downregulated by FGF-23, contributing to the already present calcitriol 

deficiency in CKD and thus generating greater signaling (or lack thereof) to the parathyroid 

glands, further stimulating PTH and creating a feedforward loop. Eventually this repetitive 

stimulation of calcitriol deficiency, as well as slight increases in phosphate due to a lack of 

excretion, cause significant parathyroid hyperplasia with loss of VDR and FGFR-1 receptor 

density that result in an inability to downregulate PTH and generates SHPT. 

Increased FGF-23 in CKD is a source of concern due both to its negative influence on the 

already compromised production of calcitriol as well as its association with CVD and 

mortality.31, 139, 159 Multiple studies show significant associations between FGF-23 and CVD in 

patients with and without CKD. These associations carry over to other negative clinical cardiac 

outcomes including heart failure, vascular dysfunction, and all-cause mortality.160 Pertaining to 

cardiac abnormalities FGF-23 has been shown to have a direct effect on ventricular modeling. 

Via a klotho-independent mechanism FGF-23 activates FGFR-4 on cardiac ventricular myocytes 

to induce hypertrophy.161 Some studies bring to question the exact influence on FGF-23 on 

cardiac pathology, or at least its causative role, however a critical role in CKD-associated LVH is 

evident. Inhibition of FGF-23 in experimental CKD studies, via use of an FGF-23 antibody or 



19 

blockade of FGFRs, results in significant mitigation to LVH in CKD.160, 162 Another area of 

cardiovascular disease where the role of FGF-23 is less clear is in vascular pathology. Clinical 

associations have been identified between FGF-23 and the development of vascular stiffness. 

Experimental studies display a lack of consistency pertaining to the role or association of FGF-

23 with VC. Some studies indicate a supporting/amplifying influence of FGF-23 in a klotho-

dependent mechanism whereas others indicate FGF-23 has no effect at all.31, 163-165 Given the 

osteogenic transdifferentiation of VSMCs in VC it is logical to expect some association between 

FGF-23 and these transdifferentiated cells. The exact nature of the overall relationship in this 

pathology needs further elucidation. 

Figure 1.2 CKD-induced changes to circulating phosphate and hormonal regulators. 
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1.3 Temporal Patterns of Mineral Regulation 

1.3.1 Acute mineral regulation 

The acute regulation of mineral levels, such as postprandially, has an established 

pattern. In humans the post-prandial alterations to circulating minerals are initially renal-reliant 

and then further attenuated under the influence of hormonal regulators. Urinary levels of 

calcium and phosphate rise prior to any changes in serum levels,154 likely caused by increased 

post-prandial renal perfusion.166 Multiple studies in humans and experimental animal models 

show that the hormonal responses to acute mineral changes are regulated by PTH.118, 154, 167

Unlike PTH, FGF-23 appears to only act in response to chronic changes. Experimental and 

clinical studies indicate that a persistent stimulus is required for a change in FGF-23 to occur, 

usually within the span of one to three days.127, 158 Of note is that the predominant stimulus of 

FGF-23 is yet unknown. 

1.3.2 Daily variation of minerals and hormones 

Circadian rhythms are oscillating endogenous changes in the body that occur 

throughout a 24-hour period.168 These rhythms factor heavily into the homeostatic function of 

an organism and are influenced by a variety of external factors including: exposure to 

light/sunlight, temperature, and food. Circadian rhythms can be further defined based on these 

factors, with the influence of active and resting phases corresponding to an organism’s 

behavior during the day versus the night is known as a diurnal variation/rhythm. Calcium and 

phosphate have a multitude of functions during both an organism’s active phase (e.g. muscle 

function)169 and resting phase (e.g. bone repair)170 therefore it is important to develop an 
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understanding pertaining to the daily oscillations of these minerals and their regulators. To date 

there are inconsistencies in the literature pertaining to the diurnal variations of calcium, 

phosphate, calcitriol, PTH, and FGF-23. With noticeable variation in the reporting of the timing 

of pulsatile increases and the occurrences of absolute maxima (acrophase) and absolute 

minima (bathyphase) between studies.171-173

Of the aforementioned minerals and their regulators, the least is known about calcitriol 

and FGF-23. At present only a couple of studies describe 24-hour variations in circulating 

calcitriol with tight regulation of calcitriol levels around the corresponding 24-hour average 

being reported.171, 174, 175 The peaks and nadirs of calcitriol correspond inversely to the peaks 

and nadirs of serum phosphate. The timing of these trends, however, does not carry across 

studies. Daily variation in FGF-23, as with calcitriol, has not been extensively studied. To date 

only minor variations in circulating FGF-23 around a daily circulating average have been 

reported.154, 174, 176 The lack of noticeable FGF-23 variation is emphasized by Miyagawa et al.

(2018)176 who showed that despite a daily variation in the expression of FGF-23’s primary 

targets, Npt-2’s, no corresponding changes are seen in circulating FGF-23. These findings 

support the idea that FGF-23 is a chronic and not acute regulator of circulating phosphate. 

Vervloet et al (2011)158 support this concept by showing that repeated administration of a high 

phosphate diet in healthy adults elevates FGF-23, appearing to reset to a higher set baseline 

day-over-day. This apparent resetting may indicate that FGF-23 only responds to chronic 

increases in phosphate. 

The daily variations of calcium and PTH have been thoroughly investigated, particularly 

for examining daily trends in bone remodeling.177-179 Not surprising, given that a critical role of 
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PTH is ensuring adequate levels of circulating calcium, the rhythms of the two appear to be 

highly inversely associated where a nadir in calcium corresponds to a peak in PTH.154, 180, 181

During active phases (for humans daytime), there is a strong dietary impact on the rhythm of 

calcium, and subsequently PTH.154 In this phase the timing of meals corresponds to significant 

increases in urinary calcium excretion resulting in negative inflection points of circulating 

calcium.154, 182, 183 This, in turn, corresponds to increases in PTH.154, 184 Most often the 

minima/bathyphase of circulating calcium has been observed during the resting phase, 

specifically for humans in the early hours of the morning between 0200 hours to 0500 hours.173, 

175, 185 Correspondingly, PTH maxima occur during this timeframe.174, 186 This trend is believed to 

be a response to reduced circulating calcium during the fasted sleeping period as markers of 

bone resorption are also increased at this time period.177-179, 187 Blumsohn et al (1994)179

confirm that the peak in PTH is calcium based as evening calcium supplementation reverses the 

occurrence of the PTH peak. Interestingly, the circadian rhythm of other connected bone 

resorption markers is merely attenuated and not reversed, indicating other unidentified factors 

are responsible for the bone resorption rhythm and not just an acute calcium deficiency. 

The reports of phosphate diurnal variation have been the most consistent. Many studies 

consistently identify daily rhythms in circulating serum phosphate that includes a biphasic 

pattern with maxima in the middle of the resting and active phases.120, 173-175, 182, 183, 188, 189 As 

expected, the movement of phosphate out of the circulation into the urine results in an inverse 

circadian pattern of urinary phosphate levels to serum phosphate.188, 190 This relationship 

between circulating and urinary phosphate implies that the diurnal variation seen in phosphate

is regulated by phosphate absorption and re-absorption; specifically, intestinal absorption by 
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Npt-2b receptors and renal reabsorption by Npt-2a receptors. Miyagawa et al (2018)176 build on 

this concept where they have shown that the endogenous regulation of these channels via liver 

produced substrates causes daily oscillations in circulating phosphate. This diurnal regulation of 

Npt-2’s is independent of either FGF-23 or PTH regulation, findings supported by Logue et al 

(1990)191 who show patients with clinical primary hyperparathyroidism and a lack of PTH 

circadian variation still maintain phosphate diurnal variation. 

These findings emphasizing the role of Npt-2a and Npt-2b in phosphate circadian 

rhythm may prove controversial as studies also show that diurnal phosphate variation is 

preserved in moderate-to-severe chronic kidney disease (CKD).174, 188, 190 Therefore, a renal 

independent mechanism for the daily oscillations in phosphate must also be in play. Given the 

role of the kidneys in regulating phosphate, calcium, calcitriol, and their subsequent hormonal 

regulators (PTH and FGF-23) there is a surprising lack of literature pertaining to the effects of 

kidney disease on the circadian rhythms of these circulating factors. To date only a handful of 

clinical studies have been conducted,154, 174, 188, 190, 192 and no experimental animal studies are 

yet reported. Recent experimental findings indicate a shift in how a system with CKD acutely 

handles circulating minerals.193 These findings may carry over to impacting the 24-hour 

regulation. Building from these experimental findings and those of Miyagawa et al (2018)176 it is 

necessary to further examine and understand how changes in kidney function may impact the 

circadian rhythm of these minerals and their regulators. 

From the perspective of systemic monitoring a better understanding of daily oscillations 

would lead to improvements in interpretation of the blood and urine levels of a patient or 

research subject. Improvements to monitoring could greatly impact upon how certain 
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conditions or protocols are addressed, ultimately enhancing patient health and reducing 

disease burden. More importantly, understanding the fluctuations of these minerals and their 

regulators can greatly improve upon how and when therapeutic interventions are applied. By 

best knowing when certain minerals/hormones spike and wane a more targeted approach to 

counteracting these changes can be developed. CKD treatment particularly emphasizes the use 

of dietary phosphate binders to counteract hyperphosphatemia.17 Current findings in 

experimental CKD indicate that acute phosphate pulses (e.g. dietary) promote vascular calcium 

uptake thereby supporting processes that lead to CVD.193 As such, it is evident that the ability to 

effectively target times or stimulators of sudden mineral-associated changes can create 

significant avenues to improving patient care. 
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1.4 Rationale and Statement of Hypothesis and Objectives 

The chronic changes that occur in CKD to circulating minerals and hormonal regulators 

are well established. These changes and other aspects of CKD-MBD are strongly associated with 

an increased risk of mortality, particularly from CVD. There is a gap in the literature with 

respect to how treatment of these alterations (e.g. calcitriol deficiency and SHPT) impact other 

MBD parameters (e.g. VC). Further, it is not known whether the development of MBD-based 

cardiovascular changes also reciprocally affect the acute handling of minerals and hormones. 

These presented studies sought to elucidate the effects of (i) different calcitriol-based 

treatment regimens on CKD-MBD, (ii) the relationship between the circulating CKD milieu and 

the propagation of VC in CKD, (iii) how manipulations of dietary phosphate can affect the 

development of CKD-MBD and what circulating factors may act as adequate biomarkers, and 

(iv) how the patterns of circulating minerals and hormones change throughout the day and if 

CKD-MBD affects these patterns. 

Exogenous calcitriol is prescribed with the goal of suppressing PTH in CKD-MBD with 

treatment success based on the extent of balanced PTH suppression. This treatment modality 

has been associated with increased survival in observational studies, however, the exact effects 

on the cardiovascular system are unknown. As such, one element in these studies will seek to 

clarify whether PTH suppression from calcitriol treatment translates to improvements in other 

CKD-MBD parameters. 

Managing phosphate levels is important in CKD due to a strong association between 

phosphate and CVD and increased mortality. The use of high dietary phosphate to induce VC in 

experimental CKD has been prominent in contemporary experimental designs; however, the 



26 

potential for variability in CKD-MBD-related outcomes with different phosphate diet, including 

low levels of dietary phosphate, has not been tested. Further, how the cardiovascular system 

changes and what hormonal aspects can potentially predict CVD in CKD are also not well 

established. Therefore, one component of the presented work is to establish how dietary 

phosphate manipulations affect CKD-MBD and to identify hormonal changes that may act to 

predict different disease severities. 

With CKD and the subsequent MBD there are alterations in how the system handles 

circulating calcium and phosphate. Transdifferentiated VSMCs have an increased capacity to 

take up these minerals and thus have the potential to act as an acute reservoir in CKD after the 

system is challenged. To examine the influence of transdifferentiated VSMCs and VC on the 

circulating milieu the presented studies sought to characterize the impact of CKD-MBD on acute 

mineral handling. 

The 24-hour circulating patterns of calcium, phosphate, and PTH have been studied 

clinically within the contexts of normal bone turnover as well as the effects of menopause. 

Surprisingly little evaluation has been conducted pertaining to the effects of CKD on these 

circulating trends, with only a handful of clinical studies presented and no experimental studies 

(as of the writing of this thesis) published.174, 188, 190, 192 Interestingly, the evidence from clinical 

studies evaluating the effects of kidney dysfunction on circadian and/or diurnal pattern of 

mineral and hormone handling contradicts experimental findings examining these patterns in 

healthy mice176. The previous experimental study imply there is a significant role for the kidneys 

in these circulating patterns whereas the clinical studies show little-to-no effect of kidney 

dysfunction. As such, the presented work sought to characterize these circulating trends and 
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identify the effects of CKD and CKD with VC on these patterns within a model of experimental 

CKD.  

The hypothesis tested in this thesis include: 

1. Administering multiple small doses versus one large bolus of calcitriol will alter the 

development of MBD in CKD, particularly in terms of PTH suppression and prevalence of VC. 

2. The development of vascular pathology, such as calcification, changes how rats with 

experimental CKD acutely handle phosphate and calcium. 

3. Severity and prevalence of VC in CKD can be manipulated by using diets with varying 

phosphate contents. The subsequent differences in VC will be predicted by elevated 

circulating FGF-23. 

4. Normal daily patterns in circulating minerals and hormonal regulators will be altered by CKD 

and significantly disrupted by the development of MBD.  

The studies in which these hypotheses were tested include: 

Chapter 2: Calcitriol-mediated PTH Response Poorly Predicts Overall Pathogenesis in 
Experimental CKD 
The objectives were: 

1. In experimental CKD, to determine the impact of two doses of calcitriol given either as a 

single dose or four times daily on: 

a. Circulating calcium and phosphate 

b. Circulating PTH and FGF-23 

c. Prevalence and severity of VC; 
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2. To evaluate whether the degree of PTH suppression in treated experimental CKD 

reflects beneficial changes to circulating levels of calcium, phosphate, PTH, and FGF-23 

as well as the prevalence and severity of VC; 

3. To determine the impact of two doses of calcitriol given either as a single dose or four 

times daily on the metabolism of vitamin D derivatives in an experimental rodent model 

of CKD. 

Chapter 3: Acute Tissue Mineral Deposition in Response to a Phosphate Pulse in Experimental 

CKD 

The objectives were: 

1. To evaluate in experimental CKD, the time course of acute mineral handling by the 

tissues and at what point the kidneys influence circulating levels; 

2. To determine in experimental CKD, how renal dysfunction affects the management of 

an acute phosphate bolus and if VC has an effect on acute phosphate handling; 

3. To determine if a sudden change in circulating phosphate (i.e. a bolus) influences the 

influx of calcium into the vascular beds of rodents with experimental CKD. 

Chapter 4: Early Rise in FGF-23 Predicts Subsequent Vascular Calcification Mediated by High 

Dietary Phosphate in Experimental CKD. 

The objectives were: 

1. To determine whether the level of dietary phosphate content modifies levels of 

circulating minerals and hormones longitudinally in an adenine-induced model of 

experimental CKD; 
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2. To determine whether the level of dietary phosphate affects the development and 

severity of VC in an adenine-induced model of experimental CKD; 

3. To determine whether FGF-23 can be used as a potential biomarker for VC in 

experimental CKD; 

4. To determine if the inhibition of VC will significantly affect levels of circulating FGF-23 in 

experimental CKD. 

Chapter 5: Vascular Calcification in Experimental CKD Disrupts the Daily Variability in 

Circulating Phosphate and Hormonal Regulators. 

The objectives were; 

1. To characterize the daily patterns of circulating phosphate, calcium, PTH, and FGF-23 in 

healthy animals; 

2. To evaluate the effects of mild-to-moderate CKD, without MBD, on any pre-established 

patterns to circulating minerals and hormones; 

3. To evaluate the effect of increasing dietary phosphate content on daily variations of 

circulating minerals and hormones in healthy rats; 

4. To determine if the generation of VC through a high phosphate diet in experimental CKD 

results in significant changes to diurnal patterns of circulating minerals and hormones. 
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Chapter 2: 

Calcitriol-mediated Parathyroid Hormone Response Poorly Predicts  

Overall Pathogenesis in Experimental Chronic Kidney Disease
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2.1 Introduction 

Vitamin D deficiency, as measured by 25-OH-D3 (calcifediol) levels below 30 ng/mL, is a 

hallmark of chronic kidney disease (CKD).194 CKD also results in reduced conversion of 

calcifediol to its active form 1,25-(OH)2D3 (calcitriol), due to loss of expression and/or function 

of renal CYP27B1. This vitamin D deficiency commonly results in hypocalcaemia as calcitriol is 

the primary mediator of calcium absorption from the gastrointestinal tract. Together lower 

calcitriol levels accompanied by hypocalcaemia stimulate parathyroid hormone (PTH) release to 

restore calcium levels by stimulating resorption of bone calcium and phosphate stores.194, 195

Vitamin D levels further decrease as CKD progresses, leading to a worsening cycle of increasing 

secondary hyperphosphatemia and osteodystrophy.  

The abnormalities in bone and mineral homeostasis that are a direct consequence of 

PTH overproduction strongly associate with frailty and relative risk of death in patients with 

CKD. Block et al (2004)34 identified that even early PTH elevations prior to overt secondary 

hyperparathyroidism (SHPT) are associated with increased mortality. Lowering has long been a 

therapeutic target although no randomized controlled trials exist to define an optimal PTH level 

for patients with end stage kidney disease (ESKD). Present guidelines suggest that patients with 

levels of intact PTH (iPTH) that are progressively rising should be evaluated for modifiable 

factors including hyperphosphatemia, hypocalcaemia, and vitamin D deficiency.44

The new 2017 KDIGO recommendations for using calcitriol and vitamin D analogs focus 

on targeting severe and progressive hyperparathyroidism in patients with CKD G3a-G5, not on 

dialysis.17 The new guidelines do not provide advice on how to normalize vitamin D deficiency 

in patients that have not yet progressed to this level of this severity. Depending on the 
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jurisdiction, treatment options include calcitriol, paricalcitol, or precursors such as calcifediol or 

cholecalciferol.17, 196, 197 Observational studies suggest vitamin D receptor (VDR) agonist use 

associates with a reduction in the occurrence of cardiovascular events and left ventricular 

hypertrophy (LVH), and increases survival in ESKD patients with SHPT.198-200 However, there are 

no randomized controlled trials evaluating these observations with patient-level outcomes such 

as cardiovascular events, hospitalization, and mortality. Although observational data suggest 

that VDR agonist use may be linked to survival, a number of clinical and animal studies suggest 

that using VDR agonists may promote cardiovascular disease (CVD) via off-target impact on 

mineral regulation. Further, calcitriol acts to upregulate fibroblast growth factor-23 (FGF-23), a 

phosphaturic hormone that can non-selectively stimulate left ventricular growth via FGF 

receptors (FGFR) in cardiac myocytes.160, 201 Taken together, these sequelae of calcitriol suggest 

further evaluation of its use is important. 

An additional risk in using calcitriol for treatment of CKD is that it may promote vascular 

calcification (VC), a process where calcium-phosphate crystals form within the medial layer of 

arteries.107, 202 This process causes vascular stiffening, and associates with LVH and the 

development of CVD in CKD. By increasing gut absorption of calcium and phosphate to a level 

as to cause hyperphosphatemia and hypercalcemia, calcitriol can produce a pro-mineralization 

environment. Further, calcitriol upregulates several pro-calcification genes in vasculature and 

can cause iatrogenic PTH over-suppression leading to adynamic bone disease. Together these 

observations may account for the link between calcitriol and calcification that has been 

reported in experimental models.107, 109, 203, 204 It is noteworthy that pre-clinical studies report 

discordant effects of calcitriol on VC that appear to be linked to dose. That is, low doses of 
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calcitriol (e.g 20 ng/day) have been shown to inhibit VC progression in murine models whilst 

higher doses promote VC in rats with CKD.107, 108, 160, 198, 200, 201, 203-207

The exact mechanism by which VDR activation modulates VC in a dose-dependent 

manner has yet to be elucidated but one hypothesis, being tested in the present study, is that 

the adverse effects of calcitriol, including hypercalcemia, increased FGF-23 and over-

suppression of PTH, are a consequence of the pharmacologic strategy of once-daily bolus 

dosing. Studies examining the use of a modified release calcifediol dosing regimen 

demonstrated marked reductions in PTH and higher levels of circulating calcitriol without 

causing hypercalcemia/hyperphosphatemia or significantly increasing FGF-23.208-210 To test if 

similar benefits could be derived with calcitriol dispersed over a broader time period, this study 

examined if altering the calcitriol dose or frequency of administration so as to moderate peak 

levels would improve outcome measures of PTH, FGF-23, and VC. We examined two different 

doses (20 and 80 ng/kg/day) with each of the treatment doses provided either once a day (SD) 

or divided into smaller doses four times a day (QID) in rats with an experimental form of CKD. 

Given that VDR agonists are the mainstay of SHPT management in many countries, strategies 

that could enhance their safety profile are warranted. 

2.2 Methods 

2.2.1 Animal model 

All animal procedures were performed in accordance with the guiding principles of the 

Canadian Council on Animal Care and were approved by the Queen’s University Animal Care 

Committee.  
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Adult male Sprague Dawley rats (n = 34, 14 weeks of age; Charles River®, Montreal, QC) 

were individually housed and maintained on a 12-hour light/dark cycle. Animals were 

acclimatized for one week prior to study commencement during which they were provided 

water ad libitum and CKD was generated using a specially formulated diet (0.25% adenine, 1% 

phosphate, 1% calcium, 6% protein).107, 211 Three weeks post-CKD induction, rats were sorted 

into one of five calcitriol treatment groups: 0 ng/kg (CKD-Untreated, n =8), 20 ng/kg SD (20D 

SD, n = 8), 5 ng/kg QID (5D QID, n = 9), 80 ng/kg SD (80D SD, n = 8), and 20 ng/kg QID (20D QID, 

n = 9) based on serum creatinine to ensure equivalent CKD status across groups. After three 

weeks of calcitriol treatment, rats were anesthetized and sacrificed with blood and tissues 

collected for analysis. A control group (n = 6) was given standard rat chow (LabDiet 5001, Ren’s 

Pets Depot, Oakville, ON, Canada) for the duration of the experiment and sacrificed with CKD 

animals. 

2.2.2 Calcitriol dose 

Calcitriol dosage is approximately 15-50 ng/kg/day in the rat to mimic human clinical 

therapeutic levels. From our previous studies, the 80 ng/kg/day was selected to generate a 

phenotype consisting of vascular calcification, mild hypercalcemia, and over-suppression of 

PTH.203, 204 The 20 ng/kg/day dosage previously appeared to avoid these adverse outcomes. The 

dosing schedule of SD versus QID was to determine if the magnitude of bolus or 24-hour 

exposure changed outcomes. 

2.2.3 Serum biochemistry 

Blood samples from saphenous vein were collected in capillary tubes for serum and 

heparin plasma at baseline, 3, 5, and 7 weeks. Plasma PTH and C-terminal FGF-23 (cFGF-23) 
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levels were measured using enzyme-linked immunosorbent assays (ELISA; 60-2500, 60-6300, 

Immutopics®, Clemente, CA). Circulating VWF levels were measured via ELISA per 

manufacturer’s protocol (DAKO, Carpinteria, CA, USA).  Creatinine levels were measured with 

QuantiChrom Creatinine Assay Kit (DICT-500; BioAssay Systems, Hayward, CA) while serum 

calcium and phosphate were measured using the o-cresolphthalein complex-one assay (Sigma-

Aldrich Canada Co., Oakville, ON, Canada) and malachite green methods, respectively.204

2.2.4 Vessel calcification 

Aorta were demineralized in 50 µl/mg tissue 1.0 N hydrochloric acid at 4⁰C for 24 hours. 

Tissue was then removed, and homogenate analysed for calcium and phosphate content using 

the assays for serum calcium and phosphate.53, 203, 204

2.2.5 Measurement of 1,25-(OH)2-D3 and metabolites 

Serum 25-(OH)-D3, and 24, 25-(OH)2-D3 were quantified by LC-MS/MS, using previously 

published methods,212, 213 except that the starting volume of serum was reduced to 25μL and 

diluted with 275μL of water after addition of internal standard (mixture of d6-25-OH-D3 and d6-

24-25-(OH)2-D3) where an equivalent of 19μL of serum was analyzed per injection. Vitamin D 

metabolite levels were determined in individual animals. A six-point calibrator for 1, 25-(OH)2D3

was created in vitamin D-stripped serum (MSG2000; Golden West Biologicals), containing 5–

300pg/ml 1, 25-(OH)2D3 (Cerilliant). 150μL aliquots of serum were equilibrated with 200 pg/ml 

d6-1, 25-(OH)2D3 and 12.5 pg/ml d6-1, 24, 25-(OH)3D3, which were generated in-house by HPLC 

purification from a CYP24A1 expression system incubated with d6-1,25(OH)2D3 based on 

previously described methodology.214 The serum was incubated with 100μL of anti-1,25-

(OH)2D3 antibody slurry for 2 hours at room temperature with orbital shaking at 1200 rpm.215
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The slurry was isolated by vacuum filtration and rinsed four times with 400-μL aliquots of 

water, and vitamin D metabolites were eluted two times with 400μL of ethanol. The ethanol 

eluate was evaporated to dryness and derivatized with 4-[2-(3,4-dihydro-6,7-dimethoxy-4-

methyl-3-oxo-2-quinoxalinyl)ethyl]-3H-1,2,4-triazole-3.5-(4H)-dione (DMEQ-TAD) as described 

previously. The sample was re-dissolved in 50μL of mobile phase consisting of 50:50 (% by 

volume) methanol/water, and 35μL (110-μL eq of serum) was injected into the LCMS/ MS 

system as described previously.216 Multiple reaction monitoring transitions used for analysis of 

1,25-(OH)2-D3 as follows: m/z 762 → 468 + 762 → 484. 

2.2.6 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, 

LaJolla, CA). Two-way ANOVA was performed with post-hoc Bonferroni correction to identify 

interactions while linear regressions were employed to identify associations. Significance was 

defined as p < 0.05. 

2.3 Results

2.3.1 Induction of chronic kidney disease 

We used a modification of the standard adenine rat model of CKD for these studies.217

Providing adenine in the diet over seven weeks (0.25% adenine, 1% phosphate) increased 

circulating creatinine (Table 2.1), phosphate (Table 2.1), PTH (Figure 2.1A), and FGF-23 (Figure 

2.1B) to levels reflecting of moderate -to- severe CKD (210 – 685 μM). As expected, this 

modified adenine-based dietary protocol caused a slight reduction in bodyweight during the 

induction of CKD (Table 2.1).53, 203, 204, 218 After four weeks on the adenine diet, CKD rats were 
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stratified, based on circulating creatinine, into the five calcitriol treatment groups with similar 

overall severity of CKD: (i) No treatment (0 ng/kg ), (ii) 5 ng/kg 4 times/day (5D QID, n = 9), (iii) 

20 ng/kg/ once/day (20D SD, n = 8), (iv) 20 ng/kg 4 times/day (20D QID, n = 9) and (v) 80 ng/kg 

once/day (80D SD, n =8). Following the sorting of groups according to creatinine there were no 

between group differences regarding bodyweight, PTH, or FGF-23. 

2.3.2 Influence of calcitriol on the CKD phenotype. 

Compared to untreated CKD animals, calcitriol treatment produced significant 

elevations (27-53%) in serum calcium (Table 2.1) without significantly changing serum 

phosphate (Table 2.1). 

Within one week of calcitriol treatment PTH was significantly suppressed in all calcitriol 

groups relative to untreated rats (Figure 2.1A). With 80ng/kg/day treatments providing 

significantly greater suppression than the 20ng/kg/day treated groups (Figure 2.1A). The 

effectiveness of calcitriol to suppress PTH in all treatment regimens was significantly reduced 

between one and three weeks. 

In contrast, there was no marked attenuation of the effect of calcitriol on FGF-23, which 

significantly increased over time for both daily doses (Figure 2.1B). Notably, rats receiving 

80ng/kg/day had significantly higher overall FGF-23 levels compared to 20ng/kg/day (Figure 

2.1B). 

2.3.3 Effect of dividing calcitriol doses on circulating biomarkers of CKD. 

No significant differences in elevated circulating phosphate (Table 2.1), calcium (Table 

2.1), PTH (Figure 2.1A), or FGF-23 (Figure 2.1B) were observed comparing single daily dose (20 

or 80 ng/kg SD) versus subdivision into four smaller doses (5 or 20 ng/kg QID).
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2.3.4 Measures of vascular damage and endothelial dysfunction 

Aortic tissue accrual of both calcium and phosphate was significantly increased in all 

calcitriol treated groups compared to untreated CKD (Figure 2A-B). However, no differences 

were detected between the 20 ng/kg and 80 ng/kg total dose groups or between the single vs 

four-time dosing regimens (SD vs QID). Further, all calcitriol treated rats had a significantly 

greater proportion of animals with von Kossa stainable VC (phosphate > 50nmol/mg tissue, 

calcium > 80nmol/mg tissue) compared to untreated CKD rats.  

Von Willebrand Factor (VWF), a biomarker of endothelial dysfunction, was significantly 

elevated with the progression of CKD (Figure 2.2C). In addition, the levels of VWF were 

increased with calcitriol treatments, after only one week of treatment. Linear regression 

analysis revealed there was a significant association (r2 = 0.32, p < 0.001) between aortic 

phosphate content and the level of VWF at the end of the experiment.  
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Table 2.1 Characteristics of control, untreated CKD, and CKD rats treated with calcitriol at 

study end point. (7 weeks CKD; 0.25% adenine diet; 5D QID: 5 ng/kg 4x/day; 20D SD: 20 

ng/kg/day; 20D QID: 20 ng/kg 4x/day; 80D SD: 80 ng/kg/day). 

Control

(n = 6) 

CKD-Untreated 

(n = 8) 

CKD 5D QID

(n = 9) 

CKD 20D SD

(n = 8) 

CKD 20D QID

(n = 9) 

CKD 80D SD

(n = 8) 

BWt 461.8 ± 20.8 394.6 ± 46.2 385.6 ± 22.4 398.3 ± 45.4 370.9 ± 31.5 400.3 ± 25.6 

Cre 41.6 ±   4.3 472.3 ± 81.6 374.8 ± 117.3 372.9 ± 122.4 383.2 ± 156.0 365.7 ± 111.0 

Ca 1.9 ± 0.3 1.5 ± 0.2 2.2 ± 0.1** 2.3 ± 0.3*** 1.9 ± 0.4 2.1 ± 0.4** 

PO4 2.0 ± 0.3 5.0 ± 1.2 4.1 ± 0.6 4.6 ± 0.8 4.2 ± 1.0 4.2 ± 0.8 

Abbreviations: CKD, chronic kidney disease; 5D QID, 5 ng/kg calcitriol 4x/day; 20D SD, 20 ng/kg 

calcitriol 1x/day; 20D QID, 20 ng/kg calcitriol 4x/day; 80D SD, 80 ng/kg calcitriol 1x/day; BWt, 

bodyweight (g); Cre, creatinine (μM); Ca, calcium (mM); PO4, phosphate (mM).  

Data expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 significantly different than 

CKD-Untreated.  
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Figure 2.1 Changes to circulating PTH (A) and FGF-23 (B) during calcitriol treatment. Calcitriol 
treatment at after 1 and 3 weeks decreases circulating PTH (A), while increasing circulating FGF-
23 (B). Groups consisted of untreated CKD (black circle), 5D QID (white square), 20D SD (gray 
square), 20D QID (white diamond), 80D SD (gray diamond). **p < 0.01, ***p < 0.001 all 
treatment groups significantly different than untreated CKD at the same time period; ΦΦp < 
0.01 80D SD significantly different than untreated CKD at the same time period. Dashed 
horizontal line represents levels of circulating PTH and FGF-23 levels in healthy Controls (mean 
± SD; 186.90 ± 52.67 and 338.93 ± 30.33, respectively) Shaded area represents therapeutic 
target PTH range (448 to 2017 pg/mL). Data represented as mean ± SD. 
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Figure 2.2 Impact of calcitriol on vascular health and calcification. Changes to circulating VWF 
after 1 and 3 weeks of treatment (A) in untreated CKD (black circle), 5D QID (white square), 20D 
SD (gray square), 20D QID (white diamond), 80D SD (gray diamond). Accrual of phosphate (B) 
and calcium (C) in abdominal aorta. Multiple comparisons test with Bonferroni correction to 
test within-group differences; †p < 0.05 20D SD significantly different than untreated CKD, ‡p < 
0.05 5D QID significantly different than untreated CKD, Φp < 0.05 80D SD significantly different 
than untreated CKD, θp < 0.05 20D QID significantly different than untreated CKD. Chi-squared 
test to compare proportion calcified (phosphate > 50nmol/mg, calcium > 80nmol/mg); *p < 0.05, 
**p < 0.01 significantly different than untreated CKD-control. Data represented as mean ± SD. 
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2.3.5 Alterations to CKD biomarkers relative to PTH suppression status. 

The therapeutic target for PTH suppression is two -to- nine times above the upper limit 

of the reference range for the PTH assay being used.17 As a proxy, we employed a therapeutic 

target that was two -to- nine times the circulating PTH average in healthy control rats (mean = 

224.12 pg/mL; range: 448.24 – 2017.07 pg/mL). Neither altering the magnitude of the daily 

dose (20 vs 80ng/kg/day) or changing the frequency of administration (SD vs QID) led to 

differences in attaining therapeutic PTH suppression; where 41.2% of animals on 20ng/kg/day 

versus 46.7% on 80ng/kg/day attained therapeutic PTH target. 

A sub-analysis was performed to determine the effects according to different levels of 

PTH suppression. Minimal Suppression (MS, PTH > 2017.17 pg/mL), Target (448.24 < PTH < 

2017.07 pg/mL), and Over-Suppression (OS, PTH < 448.24 pg/mL). In comparing these groups, 

CKD rats attaining Target or OS levels were more likely to have significantly lowered serum 

creatinine than untreated CKD and MS groups. Despite the differences in PTH suppression 

across the various calcitriol dose groups, the impact on FGF-23 was consistently and similarly 

elevated across all treatment groups (Figure 2.3B). The increased development of VC during 

calcitriol treatment was also not altered when assessed according to PTH suppression status 

(Figure 2.3C-D). In contrast, there was a significant increase in VWF levels for Target or MS rats, 

whereas OS rats were closer to untreated CKD. 



43 

Table 2.2 Stratification based on different levels of PTH suppression after 3 weeks of 
treatment.  

CKD-Untreated

(n = 6) 

Minimal Suppression

(PTH > 2017; n = 13) 

Target

(PTH = 448 - 2017; n = 14) 

Over Suppression

(PTH < 448; n = 5) 

BWt 394.6 ± 46.2 379.8 ± 42.8 391.6 ± 24.7 401.2 ± 21.1

Cre 472.3 ± 81.6 454.3 ± 120.7 339.2 ± 87.4*† 260.5 ± 66.5**††

Ca 1.5 ± 0.2 2.2 ± 0.3** 2.1 ± 0.4** 2.2 ± 0.3**

PO4 5.0 ± 1.2 4.8 ± 0.6 4.1 ± 0.7 3.6 ± 0.5*

Abbreviations: PTH, parathyroid hormone (pg/mL); BWt, bodyweight (g); Cre, creatinine (μM); 
Ca, calcium (mM); PO4, phosphate (mM). Data expressed as mean ± SD. *p < 0.05, **p < 0.01, 
***p < 0.001 significantly different than CKD-Untreated; †p < 0.05, ††p < 0.01 significantly 
different than the Moderate Suppression group.  
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Figure 2.3 Sub-analysis of serum PTH (A), FGF-23 (B), aortic tissue calcium (C) and phosphate 
(D) after calcitriol treatment in CKD rats based on stratification of PTH response. Untreated 
CKD rats (black circles), Minimal Suppression (MS, white upward triangle), Target Suppression 
(Target, gray diamond), Over Suppression (OS, black downward triangle). Multiple comparisons 
test with Bonferroni correction to test within-group differences. ‡p < 0.05 Target significantly 
different than untreated CKD; ΦΦp < 0.01 and ΦΦΦp < 0.001 OS significantly different than 
untreated CKD; θθp < 0.01 and θθθp < 0.001 Target significantly different than MS; *p < 0.05 and 
***p < 0.001 all groups significantly different than untreated CKD. Dark shaded area represents 
therapeutic target PTH range (A, 2-9x normal control range), light shaded area represents 
control range (C, D). The horizontal line represents levels of PTH and FGF-23 in healthy Controls 
(mean ± SD; 186.90 ± 52.67 and 338.93 ± 30.33, respectively). Data represented as mean ± SD. 
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2.3.6 Calcitriol dosing effect on Vitamin D and Vitamin D-related metabolites. 

Compared to untreated CKD, calcitriol treatment resulted in marked decreases to both 

circulating 25-OH-D3 and 24, 25-(OH)2D3 (Figure 2.4A-B). Further, the ratio of 24, 25-(OH)2D3 to 

25-OH-D3 was mildly decreased for the two higher doses of calcitriol: with significant 

suppression in the 80 ng/kg per day vs 20 ng/kg per day treated rats (Figure 4C). Circulating 

1,25-(OH)2D3 was significantly elevated in all calcitriol treated rats compared to untreated CKD 

with significantly higher levels in rats given 80 ng/kg/day versus 20 ng/kg/day (Figure 2.4D). 

Further analysis, based on PTH suppression status, showed significant decreases in 

circulating 25-(OH)D3 in Target and OS groups, but not the MS group (Figure 2.5A). Although a 

similar pattern was noted for 24,25-(OH)2D3, only the decline in the OS group was significant 

CKD (Figure 5B). The ratio of 25-OH-D3 to 24,25-(OH)2D3 was not significantly different between 

the three groups divided by suppression status (Figure 2.5C). Interestingly, 1,25-(OH)2D3 levels 

were similarly elevated in all calcitriol treatment groups regardless of the impact on PTH 

suppression (Figure 2.5D). 
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Figure 2.4 Circulating vitamin D metabolites at study endpoint. Total 25-OH-D3 levels (A), total 
24,25-(OH)2D3 levels (B), ratio of 24,25-(OH)2-D3 to 25-(OH)2-D3 levels (C), 1,25-(OH)2D3 levels 
(D). Shaded area represents range of values from healthy animals. Multiple comparisons test 
with Bonferroni correction to test within-group differences. *p < 0.05, **p < 0.01 significantly 
different than untreated CKD. †p < 0.05, ††p < 0.01, †††p < 0.001 20 ng/kg/day significantly 
different than 20 ng/kg/day. Data represented as mean ± SD. Shaded area represents range of 
values from healthy animals (Mean ± SD). 
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Figure 2.5 Sub-analysis of circulating vitamin D metabolites at study endpoint stratified based 
on PTH response to calcitriol treatment. Total 25-OH-D3 levels (A), total 24,25-(OH)2D3 levels 
(B), ratio of 24,25-(OH)2-D3 to 25-(OH)2-D3 levels (C), 1,25-(OH)2D3 levels (D). Multiple 
comparisons test with Bonferroni correction to test within-group differences. *p < 0.05, **p < 
0.01 significantly different than untreated CKD. ‡p < 0.05, significantly different than Minimal 
Suppression (MS). Data represented as mean ± SD. Shaded area represents range of values 
from healthy animals (Mean ± SD). 
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2.4 Discussion 

This study sought to determine whether implementing a divided-dose strategy for 

calcitriol, the direct acting VDR agonist, in the management of SHPT in experimental CKD would 

ameliorate the adverse changes of this treatment to the mineral-bone disease phenotype. The 

findings revealed that all calcitriol treatment protocols produced untoward effects on VC, 

elevation of circulating FGF-23 and VWF, as well as modification of the vitamin D metabolome, 

without providing proportional and sustained PTH suppression. Specifically, comparing two 

daily single dosing strategies (20 ng/kg/day vs. 80 ng/kg/day) to a divided dosing strategy (QID) 

revealed that: (i) despite all treatments producing significant short term suppression of PTH, in 

a dose-dependent manner, there was marked attenuation of PTH suppression in all groups by 

week three of treatment and (ii) stratification by level of PTH suppression (minimal-, 

therapeutic-, over-) did not differentially determine the negative impact on VC, endothelial 

dysfunction, hypercalcemia or increased FGF-23, although there was a moderate differential 

impact on the vitamin D metabolome.  

A critical finding was the significant loss of PTH responsiveness with calcitriol treatments 

between one and three weeks. Previous studies suggest that a potential cause of this 

progressive attenuation of response is a CKD-induced decline of VDR density in the parathyroid 

glands possibly mediated by hyperplasia. Specifically, in experimental models of CKD, 

pharmacological inhibition of parathyroid gland hyperplasia preserved both VDR levels and the 

associated calcitriol-based PTH suppression.130, 134 Experimentally, the stimulus for parathyroid 

gland hyperplasia has been reported to be a combination of uremia and 

hyperphosphatemia.114, 129, 134, 219 The current findings agree with this concept since both the 
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severity of hyperphosphatemia and serum creatinine elevation were associated with a greater 

loss of calcitriol-mediated PTH-suppression. The present findings differ from other studies in 

that calcitriol was still able to suppress PTH at four weeks of CKD.134 The more prolonged 

responsiveness could be because the generation of CKD through adenine induction is achieved 

more gradually than that obtained using 5/6 nephrectomy.220 If hyperplasia of the parathyroid 

gland resulting in a decline in VDR density is the primary cause of the attenuated PTH 

response,221 the present data suggest that despite initiating treatments during a responsive 

phase, none of the four calcitriol treatments could prevent this maladaptive process. 

All calcitriol treatments, regardless of the dosing profile, increased the VWF-associated 

endothelial dysfunction, enhanced FGF-23 levels, and exacerbated the severity of VC in all 

blood vessels. The significant increases in FGF-23 and VC were expected as similar findings were 

previously reported in this adenine model.203, 204 An unexpected finding was the minimal 

difference found between the different dosing regimens. The half-life of calcitriol in rats is five -

to- eight hours,222, 223 such that the lower dose (5 ng/kg and 20 ng/kg, QID) given four times per 

day was expected to produce a different pattern compared to the single high doses (20 ng/kg 

and 80 ng/kg, SD) given once per day. There have been conflicting reports from studies using 

calcitriol in vivo, with respect to alterations in the prevalence of VC in experimental CKD. Some 

studies have found protective effects whereas others have found accelerated pathogenesis 

using similar doses of calcitriol.107, 109, 203, 204, 224

The finding that calcitriol-induced vascular dysfunction (e.g. increased circulating VWF) 

occurs as early as one week following initiation of treatment in adenine-induced CKD was an 

unexpected new finding, as it conflicted with previous studies suggesting that increasing VDR 
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agonist levels improves endothelial function.95 Although further studies will be required to 

confirm the basis of this change, the early approximately two-fold increase in VWF in all 

calcitriol groups after only one week suggests this endothelial effect may be a sentinel of the 

onset of VC as has been reported previously.225 The further increase in circulating VWF in both 

treated and untreated rats after three more weeks of CKD supports the concept that the 

increased levels are mediated from the progressing severity of VC rather than prolonged VDR 

activation. 

Although there was a similar pathogenic impact of the four calcitriol protocols on VC, 

VWF and FGF-23, changes within the vitamin D metabolome appeared to be much more dose-

dependent. Specifically, calcitriol treatment increases circulating levels of 1,25-(OH)2D3, as 

expected, and reduced that of the endogenous precursor, 25-OH-D3, and associated metabolite 

24,25-(OH)2D3 in a dose-dependent manner. The calcitriol-mediated reduction in the levels of 

25-OH-D3 likely results from a negative feedback response producing changes in the levels of 

enzymes involved in synthesis and/or degradation.81 Given that the ratio of 25-OH-D3 to 24,25-

(OH)2D3 was not altered suggests that a full analysis of the pathways will be needed to 

determine which components of the vitamin D metabolome are affected by calcitriol 

treatments.  

Using the KDIGO paradigm,17 stratification by minimal-, target- and over-suppression 

revealed that focus on PTH alone does not predict changes in the development of VC or FGF-23 

elevation. Specifically, despite achieving a wide range of suppression for PTH with the various 

calcitriol dosing strategies there were no significant differences in the levels of FGF-23 induction 

or VC according to this stratification. These findings suggest that modifying calcitriol treatment 



51 

strategies in this experimental CKD is insufficient to gain additional benefit beyond PTH 

suppression. VDR agonist use remains a prominent strategy for managing progressive and 

severe SHPT in CKD.17 However, the potential for adverse effects of this therapy suggests that 

further refinement is clearly needed.106, 226 Although retrospective clinical studies report 

survival benefits and reduced CVD in patients given VDR agonists,99, 100 there are no prospective 

randomized clinical trials, particularly in pre-dialysis patients,106 to show a benefit of direct 

acting VDR agonists. As with rodent studies, the balance of results does not indicate 

cardiovascular benefit.107, 224

In conclusion, the present findings demonstrate that calcitriol treatment, given either as 

single or divided doses, loses its ability to sustain long-term PTH control and yet promotes the 

same level of adverse outcome (increased VC, VWF and FGF-23). Thus, the concept that a 

sustained release formulation of a direct-acting VDR agonist would provide greater benefit in 

terms of PTH control as well as decrease negative off-target outcomes was not supported.  

Specifically, the loss of efficacy at suppressing PTH in combination with the untoward effects on 

CKD-MBD suggest a very different approach may be required to manage SHPT such as providing 

a precursor to facilitate appropriate and feedback controlled local production of active vitamin 

D or treatments which modify the sensitivity of the parathyroid gland sensitivity to calcium. 
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Chapter 3: 

Acute Tissue Mineral Deposition in Response to a  

Phosphate Pulse in Experimental Chronic Kidney Disease 

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

Adams, M. A. (2018), Acute Tissue Mineral Deposition in Response to a Phosphate Pulse in 

Experimental CKD. Journal of Bone Mineral Research. doi:10.1002/jbmr.3572
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3.1 Introduction 

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

phosphate is the compartment which provides the dynamic link between bone, the parathyroid 

glands, intestines, kidneys and other tissues; all of which play some role in phosphate 

regulation.227 The levels of circulating phosphate remain in the normal range in the early stages 

of chronic kidney disease (CKD), in part, due to the counter-regulatory effects of hormones such 

as parathyroid hormone (PTH) and fibroblast growth factor-23 (FGF-23), acting to attenuate 

renal phosphate reabsorption.228, 229 However, with advancing disease (eGFR < 30 ml/min), 

these compensatory mechanisms become insufficient and hyperphosphatemia develops 

consistently. The uptake of phosphate by vascular tissue, particularly when the tissues are 

exposed to elevated levels, is widely acknowledged to be an important trigger of phenotypic 

change by vascular smooth muscle cells (VSMCs) in favor of osteochondrogenic 

transdifferentiation.46, 230 A shift towards an enhanced uptake of phosphate by tissues may be a 

key link between hyperphosphatemia and the pathogenesis of vascular calcification (VC).231-233

In healthy individuals, excess phosphate is cleared through renal-dependent 

mechanisms.154, 167, 228, 234 In a clinical study of healthy people, 100% of phosphate administered 

intravenously (100% bioavailable) over 36 hours was accounted for in urine within 120 hours, 

suggesting that extra-renal deposition of phosphate did not play a significant role in this time 

frame.228 In response to an intravenous phosphate load, there was an early rise (~ 2 hrs) in PTH 

followed by a later rise (~12 hrs) in FGF-23.228 Whether the disposition of circulating phosphate 

is similar in people with CKD was not established.  

Isakova et al (2008) compared acute, oral phosphate handling in healthy individuals and 
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in patients with moderate CKD.154 In healthy individuals, the appearance of phosphate in urine 

at 30 minutes was markedly increased compared to the CKD group. Interestingly, in the CKD 

patients neither serum phosphate levels or the urinary fractional excretion of phosphate were 

elevated after ingesting a high phosphate meal (500mg), a finding that could be explained by 

increased extra-renal phosphate disposition in CKD.   

The inextricable relationship between the regulation of circulating phosphate and 

calcium has long been recognized. As far back as the 1930s, various studies reported that oral 

phosphate administration can mediate a decrease in serum calcium.235, 236 Although various in 

vitro studies have shown that excess calcium alone can also promote VSMC calcification,51, 61, 

237, 238 other reports have suggested that changes in both phosphate and calcium may be 

required for the induction of VC.61, 237 However, unlike phosphate, which appears to be 

essential for osteogenic vascular transdifferentiation, calcium alone does not appear to induce 

this phenotypic change.51 Rather, excess calcium has been linked to increased apoptosis and 

vesicle release, processes which are also considered to contribute to mineral nucleation and 

further hydroxyapatite crystallization.61 While these results indicate there is a significant 

interplay between these two minerals, they did not establish whether the tissue disposition of 

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

studies sought to address several knowledge gaps and to test the hypotheses that: (i) both the 

renal and non-renal regulation of phosphate disposition is acutely altered in CKD; (ii) the CKD 

condition causes preferential deposition of circulating phosphate and calcium into vascular 

tissue, and (iii) increased circulating phosphate mediates, at least in part, vascular calcium 

accumulation. 
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3.2 Methods 

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 University Animal Care Committee 

(UACC).  

3.2.1 Disposition of an oral phosphate load 

16-week old male Sprague Dawley rats (Charles River Laboratories, Montreal, Canada; n 

= 9) were conditioned to eat 25% their daily diet (5 grams) in a high phosphate form (1.5% 

phosphate) within a 15-minute period. On the day of the study, each rat received this ‘meal 

‘containing the radioactive tracer 33phosphate (100μCi). Blood samples were collected at 

baseline and every subsequent 15 minutes for 120 minutes. 

3.2.2 Role of the kidney in acute phosphate clearance from the circulation 

48 hours after the oral 33phosphate load, rats (n = 6) were then anaesthetized and 

received a 1mL tail vein bolus injection of 33phosphate (100mM Na2PO4 + 33phosphate, 100μCi). 

Blood samples were collected for one-hour post-infusion. Twenty-four hours later, these rats 

were anaesthetized and underwent bilateral nephrectomy (Nx). Anaesthetized, anephric rats 

received the same 1mL tail vein infusion of phosphate as the previous day and blood samples 

were collected for 60 minutes.  

3.2.3 Induction of CKD-animal preparation: 

Male Sprague-Dawley rats (n = 44) at 14 weeks of age 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) 
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was induced using an adenine model (0.25%) as previously described.53

3.2.4 33PO4 tracer studies: 

Phosphate infusion: 

Intravenous delivery of phosphate was used to provide precise control over 

bioavailability of the total delivered dose. After an overnight fast, an incision was made to 

expose the right and left jugular veins in both CKD (n = 12) and healthy controls (n = 5). For 

intravenous infusion a 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 

blood sampling. Phosphate (300 μmol Na2HPO4+100μCi 33phosphate; ~8,000,000 CMP/mL) 

dissolved in warmed saline, was infused using an infusion pump (3 mL, 0.3 mL/min over 10 

minutes). Blood was sampled at baseline (T = 0 min), immediately post infusion (T = 10 min) and 

20 minutes post infusion before sacrifice (T = 30min). At the end of the study, CKD rats were 

stratified into two groups based on the presence (n=5, VC+) or absence (n=7, VC-) of abdominal 

aorta calcification (435.9 nmol/mg tissue VC+ vs 7.5 nmol/mg tissue, VC-). VC was considered to 

be present if the calcium content of the abdominal aorta exceeded 50nmol/mg tissue; the 

threshold for demonstrable von Kossa staining (Supplemental Figure 3.3) as well as 

physiological manifestations of arterial stiffening such as elevated pulse wave velocity and pulse 

pressure. 

The amount of delivered phosphate was selected to simulate a physiologically relevant 

profile; i.e. mimicking the approximately two fold diurnal variations and oral phosphate induced 

alterations in serum phosphate previously established.167, 188 Thus, the 2.1 fold and 2 fold 

increase in serum phosphate at 30 minutes in the controls and CKD animals, respectively, was 
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comparable and physiological relevant.  

Ex vivo assays assessing phosphate flux: 

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

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

and CKD animals were placed in high phosphate DMEM media (3.8 mM) containing 33phosphate

(~ 1,000,000CPM/ML) to measure 33phosphate tissue kinetics. Tissue segments were assessed 

at baseline (background counts) and then at 10, 30, and 60 minutes. CKD rats were stratified 

into two groups based on the presence (n = 4, VC+) or absence (n = 7, VC-) of abdominal aorta 

calcification. 

3.2.5 45Calcium tracer studies: 

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

(Na2HPO4 300 μmol; CKD, n=9, Control, n = 8) or saline without phosphate (CKD, n = 9; Controls, 

n = 6) was delivered by infusion pump (3 mL, 0.3 mL/min, 10 minutes). A third PE-50 cannula 

was inserted in the right femoral vein for a tracer injection of 45calcium (1mCi) in 0.5mL of 

sterile saline (~40,000,000 CPM/mL), an amount that did not impact the overall circulating 

levels of calcium, one minute after starting the phosphate or saline infusion. Blood was 

sampled at baseline (T = 0), 2 minutes and 5 minutes, immediately post-phosphate or post-

saline infusion (T = 10 min), and then every 5 minutes until sacrifice (T = 30 min). 

3.2.6 Serum/vessel phosphate and calcium content 

Tissues were weighed, and demineralized in hydrochloric acid (1.0 N HCl, 24h, 40C). The 

samples were then spun and the mineral content of the supernatant determined.
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3.2.7 Cold mineral levels: 

Calcium content was determined colorimetrically (540 nM) using the O-cresolphthalein 

complex reagent (Sigma-Aldrich Canada Co., Oakville, ON, Canada) which generates a purple 

complex with calcium. Tissue phosphate levels were determined in the same samples using the 

spectrophotometric malachite green method (650 nm). This method, as previously described,232

involves the formation of a green complex following a reaction between molybdate, malachite 

green, and free phosphate.  

3.2.8 Radioactivity measurement and analysis 

Supernatant samples obtained from tissues and plasma (100-200μL) were added to ~5 

mL Ultima Gold AB scintillation cocktail (Perkin Elmer, USA) and analyzed using a Beckman 

Coulter LS 6500 multi-purpose scintillation counter. Each sample was measured twice for a 1-

minute count time. The values were corrected for background and normalized to the total dose 

of radioactivity given to the rat. Tissue radioactivity for both 33phosphate and 45calcium, are 

reported following normalization to the time-weighted average serum specific activity following 

cessation of infusion (10 min).  

1) Specific Activity (CPM/pmol) = Serum Radioactivity (CPM/uL)/ Serum Phosphate (mM)  

2) Tissue Mineral Transport (pmol mineral/mg tissue) = Tissue Radioactivity (CPM/mg tissue) / Avg 

Specific Activity (CPM/pmol)

3.2.9 Blood biochemistry: 

Creatinine levels were measured using the QuantiChrom Creatinine Assay Kit (BioAssay 

Systems, Hayward, CA). Parathyroid hormone (PTH) and fibroblast growth factor-23 (FGF-23) 

concentrations were measured using a commercially available Rat Intact Elisa (Immutopics, 
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Clemente, California) in accordance with manufacturer’s instructions.  

3.2.10 Statistical analysis 

Statistical analysis and graphical representation was performed using GraphPad Prism 

7.0. All data was presented as mean ± SD (standard deviation) unless otherwise stated. A 

statistical threshold of p < 0.05 was used to establish significant difference for all comparisons. 

Overall assessment of changes in circulating values over time was done using a repeated 

measures two-way ANOVA. Specifically, comparison of means within a group was performed 

via a post-hoc Dunnett’s test and between group comparison of means across time points was 

done using Sidak’s multiple comparison test. Statistical comparisons of PTH and FGF-23 were 

performed on log-transformed data to generate a normal distribution. Comparison of tissue 

mineral radioactivity within and between tissues was done using a two-way ANOVA with Tukey-

corrected post-hoc comparisons test.  

3.3 Results 

3.3.1 Assessment of renal and non-renal phosphate clearance from the circulation: 

In both pre-Nx and post-Nx states, serum 33phosphate reached a maximum 2 minutes 

post-infusion and steeply declined afterwards, falling by ~75% in both conditions by 30-minutes 

(Figure 3.1). Only after 30-minutes did the clearance of the residual phosphate load (~25%) 

became more dependent on the kidney (Figure 3.1A-B). In fact, between 30-60 minutes in the 

post-Nx condition there was no significant additional clearance, whereas in the intact group 

there was a further decline of more than 50%. To investigate whether an oral phosphate 

challenge generates a similar profile, an oral dietary 33phosphate load was given (Supplemental 



60 

Figure 3.1). The peak levels of serum 33phosphate using this method of delivery were found at 

15-30 minutes. Thus, the majority of the clearance of circulating phosphate was found to occur 

within 30-minutes and in a predominantly kidney independent manner. Subsequent studies 

were designed to determine the tissue-based distribution of phosphate within this 30-minute 

time frame as well as the effects of CKD on these processes. 

3.3.2 Acute phosphate kinetics 

3.3.2.1 Baseline biochemical analysis  

The marked increases in serum creatinine, phosphate, FGF-23 and PTH confirmed that 

moderate to severe CKD developed in animals exposed to the adenine diet (Table 3.1).  

3.3.2.2 Acute changes in circulating 33phopshate  

The acute disposition of circulating phosphate in the first 30 minutes, determined 

following the intravenous injection of 33phosphate (Figure 3.2), revealed marked differences 

between groups. However, in both CKD and non-CKD control animals, the initial impact on total 

serum phosphate was a significant elevation immediately following the infusion period (T = 10 

min), an effect which persisted for the subsequent 20 minutes measured (T = 30 min; Figure 

3.2A). Clearance of 33phosphate was significantly impaired in the CKD group with the levels of 

radioactivity remaining markedly higher in CKD animals at both time points (Figure 3.2B-C, 2.3x 

at 10 min, 3.5x at 30 min; Overall AUC 2.6x, p < 0.05) In contrast, serum calcium levels were 

not different at baseline between CKD and control rats. In response to the acute phosphate 

load, serum calcium levels of CKD rat decrease over the course of the infusion, but did not 

change in non-CKD (Figure 3.2D).  
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Although FGF-23 and PTH were significantly higher in CKD animals compared to non-

CKD at baseline, the acute phosphate load did not alter the levels of either hormone in CKD 

animals within 30 minutes of infusion (Table 3.1, Figure 3.2E-F). In contrast, PTH levels of non-

CKD animals increased at 10 and 30 minutes (Figure 3.2E).  
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Figure 3.1 Serum 33phosphate activity following an IV bolus of phosphate solution spiked with 
33phosphate in rats before (Pre-Nx) and after (Post-Nx) bilateral nephrectomy (n=6). Data 
presented as relative to maximum CPM at 2 min (A) and total activity of circulating 33phosphate
(B insert). Repeated measures two-way ANOVA evaluating between group differences (Sidak 
correc�on; ††p<0.01, ††† p<0.001). Data expressed mean ± SD.
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3.3.2.3 Tissue 33phosphate distribution 

To assess differences in the tissue disposition of circulating phosphate, the distribution 

of 33phosphate was measured in 36 tissues 30 minutes after starting the infusion. Estimated 

measure of de novo phosphate transport were rank-ordered by level of radioactivity per tissue 

in both non-CKD (Figure 3.3A) and CKD (Figure 3.3B) conditions. The overall relative 

biodistribution of phosphate was compared via the average tissue ranking. This overall analysis 

revealed a dramatic shift in relative phosphate distribution in CKD. The analysis demonstrates 

that only the rank order of vascular tissue was significantly higher in CKD and only non-vascular 

tissue (jugular vein, skeletal muscle, fat) had significantly lower rank, as compared with control 

(p < 0.05). This effect was even more pronounced in CKD animals with severe vascular 

calcification (p < 0.05, Figure 3.3C). There was a significant impact of CKD on the overall tissue 

transport of 33phosphate (Figure 3.4A). Compared to controls, CKD animals had significant 

increases of phosphate incorporation in muscular tissues: vasculature (median  ~24.8x, 0.48 

vs. 11.9 pmol/mg tissue), skeletal muscle (median  ~7.8x, 0.61 vs. 4.80 pmol/mg tissue) and 

heart (median  ~5.5 x, 2.83 vs. 15.42 pmol/mg tissue). There was also an increase in kidney 

accrual (median  ~ 4.7x, 7.39 vs. 34.99 pmol/mg tissue) and a trend, although not significant, 

towards an increase in bone (median  ~ 4.5 x, 7.65 vs. 34.44 pmol/mg tissue; p=0.20) but no 

differences were detected fat and skin (Figure 3.4). The increased accrual in the vasculature in 

CKD was consistent across all arterial vessel types, sizes and locations (Figure 3.4B). To 

determine a link to the mineral bone disease phenotype we analyzed the relationship between 

PTH, FGF-23 and vascular 33phosphate accrual (Figure 3.5) and revealed that increased uptake 
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and retention of phosphate was significantly correlated with increased levels of the two 

phosphaturic hormones.  

3.3.2.4 Ex vivo tissue 33PO4 transport 

To determine whether tissue phosphate uptake is modified by CKD, as well as by the 

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

muscle and femur) from healthy and CKD rats were placed ex vivo (following in vivo 

33phosphate infusion) in high phosphate media (DMEM, 3.8 mM phosphate containing 

33phosphate, 0 -to- 60 minutes; Figure 3.6). 33Phosphate uptake, relative to baseline, was 

significantly increased in a time-dependent manner in CKD with VC as 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 not in other tissues (skeletal muscle, bone). 
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Table 3.1 Baseline serum parameters in non-CKD and CKD (7wk CKD; 0.25% adenine in diet)

rats receiving IV phosphate + 33phosphate. 

Non-CKD (n=5) CKD (n=13)

Phosphate (mM) 1.6 ± 0.3 5.5 ± 1.7*

Calcium (mM) 2.5 ± 0.4 2.6 ± 0.5

PTH (pg/mL) 358.0 ± 210.2 4926.3 ± 3045.3*

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

Creatinine (μM) 26.7 ± 8.4 345.8 ± 151.8*

Abbreviations: CKD, chronic kidney disease; PTH, parathyroid hormone; FGF-23, fibroblast 
growth factor-23. 

Data are expressed mean  SD. *p < 0.05 significantly different than Non-CKD. 
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Figure 3.2 Circulating mineral and protein levels pre- and post-phosphate infusion in CKD
(n=12) and controls (n=5). Serum phosphate levels (A), 33phosphate activity levels (corrected 
CPM/100uL serum) (B), specific activity (CMP/pmol) (C) serum calcium levels (D), parathyroid 
hormone (PTH) (E), and fibroblast growth factor 23(FGF-23) (F). Repeated measures two-way 
ANOVA evaluating within-group differences from time 0 (Dunnett correction; * p<0.05, 
**p<0.01, ***p<0.001, **** p<0.0001) and between group differences (Sidak correc�on; † 
p<0.05, ††p<0.01, ††† p<0.001, ††††p<0.0001). Data expressed mean ± SD. Comparisons in 
PTH and FGF-23 evaluated on log-transformed data.  
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Figure 3.3 In vivo post-infusion de novo 33phosphate content (pmol of phosphate per mg of 
tissue) in non-CKD (A; n=5), CKD (B; n=12), and CKD with VC (C, n=5). Tissues are rank ordered 
by mean tissue 33 phosphate. Arteries are highlighted in black. Data expressed mean ± SEM. 
Relative change in 33 phosphate biodistribution was compared between controls and CKD. * 
Significant increase in average rank or; Φ significant decrease in average rank between CKD and 
controls, p<0.05. Post-hoc analysis was done within the CKD group between animals that had 
vascular calcification and without. Statistics are displayed in (C). 
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Figure 3.4 In vivo post-infusion de novo 33phosphate content (pmol of phosphate per mg of 
tissue) in vasculature (thoracic and abdominal aorta, superior mesenteric, iliac, renal, carotid, 
pudendal arteries), kidney (cortex and medulla), skeletal muscle (abdominal, quadriceps, 
sternohyoid), skin/fat (retroperitoneal, mesentery, ependymal fat and adjacent skin), heart 
(LV, RV, apex) and bone (femur) (A). Post-infusion de novo 33phosphate content in different 
vascular beds from controls (n=5) and CKD (n=12): aorta (thoracic/abdominal) carotid 
(left/right), iliac (left/right), renal (left/right), superior mesenteric, and pudendal (left/right)(B). 
Centreline at median. A two-way ANOVA was performed on log-transformed data with Tukey 
corrected post-hoc comparisons (** p<0.01, ***p<0.001 ****p<0.0001). The influence of CKD 
was highly significant (p<0.0001).  
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Figure 3.5 Correlation of FGF-23 (A) or PTH (B) with average vascular (aorta, carotid, renal, 
iliac and superior mesenteric arteries) post-infusion 33phosphate content.  
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Figure 3.6 Ex vivo phosphate kinetics measured with 33phosphate (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 33phosphate. Data expressed relative to 

baseline, mean ± SD. *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001.  
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3.3.2 45Calcium tracer experiments: 

3.3.2.1 Baseline biochemical analysis  

The phosphate and saline groups that received dietary adenine developed significant 

CKD with elevated serum creatinine, phosphate, and PTH (Table 3.2).  

3.3.2.2 Acute changes in circulating 45calcium: response to IV phosphate and effects of CKD 

status 

In response to the intravenously infused phosphate, serum phosphate increased and 

remained significantly elevated from baseline for 30 minutes post phosphate infusion in both 

CKD and non-CKD animals (Figure 3.7A). In CKD, the levels of PTH were not markedly altered by 

the short-term phosphate infusion (Figure 3.7C). There were no differences in the acute 

clearance of radioactive 45calcium or total calcium from the bloodstream between CKD and 

non-CKD animals in response to the phosphate load (Figure 3.7B, 3.7D).  

In contrast to the impact of an infusion of phosphate, there was no change in serum 

phosphate following the intravenous delivery of the same volume of saline (Figure 3.8). The 

clearance of 45calcium and total serum calcium was found to be similar between vehicle treated 

and phosphate-infused CKD animals (Figure 3.8B, 3.8D).  

3.3.2.3 Changes in 45calcium tissue distribution: response to IV phosphate and effects of CKD 

status 

The acute transfer of 45calcium from the circulation to the tissues was similarly rank 

ordered in non-CKD (Figure 9A, 9C) and CKD animals (Figure 9B, 9D), although the magnitude of 
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deposition in certain tissues were enhanced in CKD. That is, similar to phosphate, there was an 

increase, although moderate, in the 45calcium distribution in the vasculature in CKD animals 

(median 1.25x; Figure 3.10). This increase occurred despite that the 45calcium was not 

administered in excess but rather just as a tracer. This increase deposition, in the presence of 

calcification, was further enhanced by an acute pulse of phosphate in CKD. Specifically, the 

calcified CKD animal, given a phosphate pulse, had increased 45calcium deposition in the blood 

vessels compared to all other animals (Figure 3.10).  

To determine the basis of 45calcium incorporation into tissues in CKD, mineral 

accumulation was assessed in both CKD and non-CKD animals receiving either a vehicle control 

of saline (CKD saline) or the infusion of phosphate. In CKD animals receiving saline, 45calcium 

accrual was substantially lower only in vascular tissue (Figure 3.10). Thus, increased 45calcium 

incorporation in CKD animals appeared to be dependent, in part, on exposure to an acute 

increase in circulating phosphate, particularly in the presence of vascular calcification.  
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Table 3.2 Baseline serum parameters in non-CKD and CKD (7wk CKD; 0.25% adenine in diet) 

rats receiving 45calcium infusion.
Non-CKD

(Saline; n = 6) 

Non-CKD

(Phosphate; n = 8) 

CKD

(Saline; n = 9) 

CKD

(Phosphate; n = 9) 

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

Calcium (mM) 2.26 ± 0.14 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*

Abbreviations: CKD, chronic kidney disease; PTH, parathyroid hormone. 

Data are expressed mean  SD. *p < 0.05 significantly different than non-CKD.  
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Figure 3.7 Circulating mineral and protein levels pre- and post- phosphate infusion + 45calcium 
tracer in CKD (n=9) and non-CKD controls (n=8). Serum phosphate levels (A), 45calcium activity 
(corrected CPM/100uL serum) (B), parathyroid hormone (PTH) (C), and serum calcium levels 
(D). Repeated measures two-way ANOVA evaluating within-group differences from time 0 
(Dunnett correction; * p<0.05, **p<0.01, ***p<0.001, **** p<0.0001) and between group 
differences (Sidak correc�on; † p<0.05, ††† p<0.001). Data expressed mean ± SD. Comparisons 
in PTH evaluated on log-transformed data. 
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Figure 3.8 Circulating mineral and protein levels pre- and post-phosphate + 45calcium tracer (n 
= 9) or saline infusion + 45calcium tracer (n = 9) in CKD animals. Serum phosphate levels (A), 
45calcium activity (corrected CPM/100uL serum) (C), parathyroid hormone (PTH) (B), and serum 
calcium levels (D). Repeated measures two-way ANOVA evaluating within-group differences 
from time 0 (Dunnett correction; * p<0.05, **p<0.01, *** p<0.001) and between group 
differences (Sidak correc�on; † p<0.05, ††† p<0.001). Data expressed mean ± SD. Comparisons 
in PTH evaluated on log-transformed data. 
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Figure 3.9 In vivo post-infusion de novo 45calcium content (pmol of calcium per mg of tissue)
in non-CKD (A; n = 6), CKD (B; n = 9), post-phosphate infusion in non-CKD (C; n = 8), and CKD 
(D; n = 9). Tissues are rank ordered by mean tissue 45calcium activity. Arteries are highlighted in 
black. CPM normalized to circulating cold calcium exposure. Data expressed mean ± SEM.  
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Figure 3.10 In vivo post-infusion de novo 45calcium content (pmol of calcium per mg of tissue) 

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, ependymal), heart (LV, RV, apex) and bone 

(femur). Centre line at median. Evaluation of in vivo 45calcium activity (CPM/mg tissue) 

normalized to circulating calcium. A two-way ANOVA was performed on log-transformed data 

with Tukey corrected post-hoc comparisons (** p < 0.01, ***p < 0.001, ****p < 0.0001).
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3.4 Discussion 

A major finding of this study, in experimental CKD, was that phosphate and calcium 

accumulates in the vasculature to a much greater extent than in other tissues, and occurs in a 

time frame that is largely independent of renal excretion. The discovery that 75% of the 

clearance of circulating phosphate, delivered intravenously, occurs within 30 minutes in a 

largely renal-independent manner revealed that tissue deposition is a critical component of the 

regulation. In CKD, the non-renal clearance of phosphate involved a preferential accumulation 

of excess phosphate into vascular tissue with bone remaining as an important depot. Increased 

vascular calcium accrual was also found to be substantially dependent on CKD status as well as 

being regulated, at least in part, by a ‘pulse’ of circulating phosphate, which appears to increase 

the susceptibility to further accrual of calcium in the vasculature. Adenine-induced CKD appears 

to promote maladaptive mechanisms, that are not kidney dependent, that increase acutely the 

susceptibility of the vasculature to phosphate and to phosphate-dependent calcium accrual; 

mechanisms that are likely to play an important role in the initiation of vascular calcification.  

The findings also reveal that the increased vascular 45calcium accrual in CKD was not 

solely a result of specific alterations in calcium handling, but rather that the changes in both 

systemic and local tissue phosphate handling are likely to be a key component of this response, 

despite that bone remains as the predominant location of mineral deposition. Expanding the 

concept further, the findings suggest that the increase in circulating phosphate in CKD may be 

an important aspect to the overall calcification stimulus since the increased incorporation of 

45calcium in the vasculature was most evident following the intravenously delivered phosphate 

load. The ex vivo findings are consistent with this concept, given that exposure of vascular 
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tissue segments from CKD or control animals to the same levels of phosphate generated a 2-6 

fold increase in accrual of 33phosphate in CKD (VC+) versus non-CKD tissues. These ex vivo 

findings corroborate previous research demonstrating accelerated mineral uptake occurs after 

the initiation of VSMC trans-differentiation and VC.45, 204, 231 This is consistent with our previous 

work, which demonstrates that in adenine-induced CKD there was significantly increased 

vascular RUNX2 and decreased SM-22, i.e. transdifferentiation of VSMC towards osteoblast-like 

cells.204 The finding of a strong correlation between phosphate accrual and FGF-23, in 

particular, across the vasculature, is consistent with this vascular maladaptation. These results 

also suggest important differences in ex vivo and in vivo calcification. For example, ex vivo

phosphate accrual in the VC+ tissues may result from the increased density of pre-nucleated 

sites serving as a nidus for crystal growth.  

Although significant interplay between calcium and phosphate has long been 

recognized, the critical role of maladaptive phosphate handling as a key aspect in the 

generation of VC has not been previously established. In vitro evidence strongly suggests that 

calcium and phosphate act together to induce VC, as both minerals are required in sufficient 

concentrations to develop significant VC.61, 237 Although increasing tissue calcium is critical for 

the development of VC, hypercalcemia is not common in CKD patients, unless they are treated 

with calcium-containing phosphate binders or with vitamin D receptor agonists.51, 239, 240 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.227

The present findings extend this concept with the finding that there was a vascular selective 

change through which abnormal disposition of circulating phosphate, particularly acutely, could 
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be a sentinel for future pathogenesis. Specifically, the findings demonstrate that in CKD, when 

the vasculature is exposed to a short-term increase in circulating phosphate there is a 

preferential translocation of phosphate and calcium into vascular tissues. Although 

hypercalcemia is not as prevalent in CKD, whether calcium loading also impacts phosphate 

kinetics as the disease progresses will require further study.  

Translating the results to the human condition would suggest that the pattern of dietary 

phosphate consumption, treatments with vitamin D analogs, the phosphate circadian rhythm, 

and interdialytic intervals, would all be important factors involved in altering the well-known 

phosphate ‘pulses’.188, 241-244 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.243-245 In 

this regard, recent results indicate that increasing dialysis frequency (i.e. dampening phosphate 

fluctuations) confers benefits to cardiovascular health, quality of life and survival.246, 247

Although the management of circulating phosphate levels in CKD patients is clinically 

recognized to attenuate soft tissue calcification,248-250 the present findings suggest that 

targeting the acute fluctuations in phosphate may also be an important component of the 

approach to reducing VC related outcomes. Whether the benefit of phosphate binders results 

from dampening the amplitude of phosphate pulses, an overall reduction in mean serum 

phosphate or both is an important area of future research. 

The skeleton is a major reservoir involved in buffering the circulating levels of both 

phosphate and calcium, a concept which was fully confirmed by the present findings.251, 252 The 

current experimental findings in control rats confirmed this, given that following short-term 
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phosphate infusion 33phosphate and 45calcium appeared in a spectrum of tissues, but with bone 

being the most prominent. Scanni et al (2014) assessed longer term disposition of circulating 

minerals and reported that in healthy subjects nearly 100% of the phosphate administered 

intravenously over 36 hours was found in the urine by 120 hours.228 These data suggested there 

is a minimal long term role for non-renal clearance of phosphate in healthy subjects. However, 

when the potential for vascular pathogenesis in CKD is addressed, the consequences of 

maladaptive changes in transient, short term and long term non-renal handling of phosphate 

and calcium may become much more important.  

Altered function of skeletal tissues in CKD, a condition referred to as renal 

osteodystrophy, is characterized by excess bone resorption compared to bone formation.253, 254

One hypothesis provided to be an explanation of the development of VC in CKD, is that other 

tissue and organs become a new reservoir for this positive phosphate balance.227, 255 In this 

study, bone still accounted for the highest proportion of 33phosphate and 45calcium uptake but 

the most marked change was the distribution pattern to the cardiovascular tissues specifically 

in CKD. That is, the acute clearance of circulating radioactive phosphate within thirty minutes 

was significantly impaired in the CKD rats and yet there was increased uptake of 33phosphate in 

the vasculature and hearts, as well as into skeletal muscle. Phosphate-dependent changes in 

circulating calcium homeostasis in CKD are well known and were revealed when the tissue 

disposition was found to be altered specifically in response to the acute phosphate load but not 

to the presence of hyperphosphatemia. This finding was consistent with previous studies 

demonstrating that the regulation of circulating calcium is impacted specifically by phosphate 

loading.154, 228, 234 That is, although the levels of circulating 45calcium following the phosphate 
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infusion were not altered by CKD, the preferential deposition in vascular tissue in CKD rats is 

consistent with the concept. Overall, these data indicate that CKD also generates altered 

calcium handling such that the response to an acute phosphate pulse becomes manifest as a 

phosphate-dependent calcium accrual by vascular tissue.  

While phosphate is a direct secretagogue for FGF-23 and PTH,228, 256 the results of the 

present study confirm that FGF-23 does not appear to be an acute regulator of phosphate 

homeostasis, but might be more of a biomarker of osteogenic vascular pathogenesis.167, 228, 230

Consistent with our findings it has been previously hypothesized that in advanced CKD there 

may be an attenuated PTH response to acute changes in serum phosphate that could negatively 

impact the bodies capacity to acutely regulate the overall disposition of phosphate.257

Importantly, the present results in the intact versus anephric conditions confirm that, within 30 

minutes, three quarters of the phosphate is acutely cleared from the circulation via non-renal 

mechanisms, independent of acute changes in PTH and FGF-23. The mechanism of this short-

term phosphate clearance appears to be mediated by tissue-based distribution, particularly into 

blood vessels, a mechanism that is further exacerbated by progressing by CKD with VC.  

In conclusion, acute phosphate handling, which largely occurs independently of the 

kidney in the first 30 minutes, is markedly altered in CKD. The disposition of the resulting pulse 

in circulating phosphate was found to be ‘handled’ somewhat preferentially by deposition into 

vascular tissue. Homeostasis of circulating calcium was shown to follow the disposition of 

phosphate in that both calcium and phosphate were selectively deposited into vascular tissue in 

CKD. The impact on both minerals, likely represents an important maladaptive mechanism 

which could impact the initiation and progression of vascular calcification in CKD, a process 
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which is likely linked to the transdifferentiation towards and osteogenic phenotype. Although 

the lowering of circulating phosphate levels in CKD patients is clinically recognized as an 

important goal for attenuating soft tissue calcification, the present findings support the concept 

that attenuating the oscillations in phosphate may, in fact, be a more important therapeutic 

target in reducing VC-related outcomes. Taken together, these studies provide compelling in 

vivo evidence that acute phosphate dysregulation in experimental CKD occurs at the level of 

specific tissues, particularly within the vasculature that is undergoing maladaptive changes, and 

that alterations in short term mineral handling in the circulation may be an early indicator of 

the sequelae that result in persistent tissue phosphate and calcium accrual and the 

pathogenesis of vascular calcification. 
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Supplemental Figure 1. In vivo serum 33phosphate activity in rats post dietary 33phosphate 

load (n=9). Data expressed as mean ± SD.  
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Supplemental Figure 2. In vivo 45calcium activity (CPM/mg tissue) post-phosphate or saline 
infusion in vasculature. Thoracic and Abdominal Aorta (A), iliac artery (left/right) (B), carotid 
artery (left/right) (C), renal artery (left/right) (D), pudendal artery (left/right) (E), and superior 
mesenteric artery (F). Means were compared between saline and phosphate with an un-paired 
T-test on log-transformed data. Phosphate and saline were combined to determine the 
influence of CKD. They were compared using a un-paired t-test on log-transformed data 
(*p<0.05, ** p<0.01, ***p<0.001 ****p<0.0001).  
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Chapter 4: 

Early Rise in Fibroblast Growth Factor-23  

Predicts Subsequent Vascular Calcification Mediated by  

High Dietary Phosphate in Experimental Chronic Kidney Disease. 

Disclosure: funding for this project was provided in part by OPKO Renal©
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4.1 Introduction 

Chronic kidney disease (CKD) is an umbrella term encompassing disorders of declining 

renal health and function that persists for longer than three months.16 Cardiovascular disease 

(CVD) is highly prevalent in CKD and accounts for over half of all CKD mortality,19 with 

traditional Framingham risk factors (e.g. smoking, obesity) not accounting for this high CVD 

prevalence. The progression of CKD impacts the regulation of mineral homeostasis in the body. 

Clinical studies indicate that pathologic increases to phosphate and the phosphaturic 

regulators, fibroblast growth factor-23 (FGF-23) and parathyroid hormone (PTH), are likely 

contributors to the high CVD prevalence in CKD.142, 201, 258 In particular, circulating phosphate 

and FGF-23, have been consistently linked with the development of vascular pathology and 

cardiovascular outcomes including mortality, potentially through both direct and indirect 

mechanisms.23, 24, 30, 31, 160, 164, 259, 260

In its direct role, phosphate has been shown to stimulate the transdifferentiation of 

medial vascular smooth muscle cells (VSMCs) towards an osteogenic phenotype.37, 56, 231 These 

transdifferentiated cells are then said to promote the active process of vascular calcification 

(VC) whereby calcium and phosphate accrue in the modified vascular medial layer. 

Transdifferentiated VSMCs secrete matrix vesicles (MVs) containing proteases, specifically 

matrix metalloproteinase-2 (MMP-2) and MMP-9, that digest collagen and elastin in the 

vascular extracellular matrix (ECM) leaving pockets for calcium to bind.63, 261, 262 The process of 

extracellular matrix degradation also releases products like transforming growth factor-β that 

further stimulate VSMC transdifferentiation, leading to a feedforward mechanism for VC.75 The 

development of VC has recently been shown to potentiate further mineral accrual with an 
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acute phosphate load, suggesting that vascular tissue has transitioned to become a mineral 

reservoir (Chapter 3).193 Specifically, the findings in Chapter 3 revealed that in this type of 

experimental CKD the calcified arteries become the more preferred locations for acute mineral 

deposition. VC is an important adverse outcome in CKD as cardiac dysfunction can develop with 

VC through vessel stiffening.259, 263 This vessel stiffening negatively impacts the ability of vessels 

to store energy from cardiac systole and release it during diastole, thereby reducing the 

Windkessel function of vessels and increasing the workload on the heart during systole.41 These 

changes increase strain on the heart and potentiate left ventricular hypertrophy. 

Further in CKD is the indirect cardiovascular effect of hyperphosphatemia where off-

target actions of phosphaturic hormones, specifically FGF-23, may induce cardiac 

hypertrophy.160, 201 Clinically in CKD patients, increases to circulating FGF-23 associate with an 

increase to left ventricular mass index.31 Experimental studies support this relationship, where 

in vitro it has been demonstrated that FGF-23 via a klotho-independent mechanism induces 

cardiomyocyte hypertrophy while in vivo the pharmacologic inhibition of FGF-23 activity in CKD 

prevents the development of LVH in CKD.160 The overall impact of FGF-23 as a primary influence 

on CVD has been questioned,164, 264 however current evidence suggests that an increase in 

circulating FGF-23 is at least an indicator of progressing cardiovascular pathology. 

This study sought to determine how the manipulation of dietary phosphate in 

experimental CKD modified the development of CVD. Although many studies have employed 

increasing dietary phosphate to alter circulating FGF-23 and PTH as well as to induce VC in 

CKD,128, 133, 165, 265 many of these studies have been conducted in the more aggressive five-sixths 

nephrectomy models of CKD. By using an adenine model of CKD this study sought to mimic a 
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slowly progressing renal pathology more reflective of clinical CKD. This model and the 

subsequent use of varying phosphate diets generated a stable CKD phenotype with varying 

cardiovascular changes. Further, based on the initial findings, an additional experiment was 

conducted to examine the impact of VC inhibition on circulating levels of FGF-23. 

4.2 Methods 

4.2.1 Animal model 

All animal procedures were performed in accordance with the guiding principles of the 

Canadian Council on Animal Care and were approved by the Queen’s University Animal Care 

Committee.  

Adult male Sprague Dawley rats (n = 34, 14 weeks of age; Hilltop®, Scottdale, PA) were 

individually housed and maintained on a 12-hour light/dark cycle. Animals were acclimatized 

for one week prior to study commencement during which they were provided standard Purina 

Rat Chow and water ad libitum. A CKD-inducing diet (0.25% adenine, 0.5% phosphate, 1% 

calcium, 6% protein) was then provided ad libitum. After four -to- five weeks of CKD induction, 

CKD rats were stratified based on circulating creatinine into one of three dietary phosphate 

groups: 0.5% (LP, n = 12), 1.0% (MP, n = 14), and 1.5% (HP, n = 8). After three weeks of the 

phosphate regimen, rats were anesthetized and sacrificed with blood and tissues collected for 

analysis. A non-CKD control group (n = 7) was given standard rat chow and 0.5% phosphate diet 

for the duration of the experiment and sacrificed with CKD animals. 
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4.2.2 Measurement of pulse-wave velocity

Animals were initially anesthetized using isoflurane gas (5%; Fresenius Kabi, Toronto, 

ON) and once determined to be on a surgical plane maintained on anesthetic (2.5% isoflurane). 

Pulse-wave velocity (PWV) was assessed using the foot-to-foot method as described by Essalihi 

et al.53, 266 Two catheters were placed at the opposite ends of the aorta to measure blood 

pressure simultaneously using PE-50 heparinized solid-state cannula (Transonic Systems Inc., 

Ithaca, NY). One catheter was inserted into the left common carotid and advanced to the top of 

the aortic arch while the second catheter was inserted into the left femoral artery and 

advanced to the base of the abdominal aorta. Blood pressure was recorded as a pulsatile wave-

form at a frequency of 1000 Hz. After blood pressure recordings, animals were euthanized by 

exsanguination via cardiac puncture. At the end of the pressure recording, the distance from 

the tip of the carotid and femoral catheters was measured. PWV was measured as the speed it 

takes for waveforms to travel from the carotid cannula down to the femoral cannula. The 

following formula was used to calculate PWV: PWV = propagation distance/propagation time 

(m/s). At least 10 normal consecutive waveforms were individually analyzed and averaged. 

Systolic blood pressure, diastolic blood pressure, and pulse pressure were calculated in Lab 

Chart v7.1 (AD Instruments Inc., Colorado Springs, CO). 

4.2.3 Pharmacological inhibition of vascular calcification in CKD 

A follow-up experiment aimed at evaluating the effects of VC was conducted. As before, 

CKD was induced in adult male Sprague Dawley rats using the adenine diet, however, CKD was 

induced for six weeks to induce a more severe phenotype more likely to lead to VC. At six 

weeks, CKD rats were placed on 1.0% phosphate diets and separated into one group receiving 
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only 1.0% phosphate (HP, n = 11) and one group receiving 1% phosphate and 30 mg/kg 

doxycycline BID (HP-DXY, n = 7); a dose previously shown to attenuate development of VC. 

Doxycycline is a non-selective inhibitor of the collagenases, MMP-2 and MMP-9. After two 

weeks on these treatments animals were anesthetized and sacrificed with blood and tissues 

collected for analysis.  

4.2.4 Serum biochemistry 

Blood samples from saphenous vein were collected in capillary tubes for weekly serum 

and heparin plasma analysis. Plasma PTH and cFGF23 levels were measured using ELISA (60-

2500, 60-6300, Immutopics®, Clemente, CA). Creatinine levels were measured using 

QuantiChrom Creatinine Assay Kit (DICT-500; BioAssay Systems, Hayward, CA) while serum 

calcium and phosphate were measured using the o-cresolphthalein complex-one assay (Sigma-

Aldrich Canada Co., Oakville, ON) and malachite green methods, respectively.53, 193, 203, 204

4.2.5 Assessment of vessel calcification 

Vascular tissue (aortic arch, thoracic aorta, abdominal aorta, carotid arteries, superior 

mesenteric artery, celiac artery, renal artery, iliac arteries, femoral arteries, pudendal artery) 

were homogenized in 50µL/mg tissue 1.0 N hydrochloric acid at room temperature for one 

week. After one week tissues were removed from acid and homogenate was analyzed for 

calcium and phosphate content using well established essays.53, 193, 203, 204

4.2.6 MMP activity 

Activity of MMP-2 and MMP-9 was evaluated using standard gelatin zymography. 

Samples were homogenized using RIPA buffer (10mM TrisHCl, 1mM EDTA, 1% Triton X-100, 

0.1% SDS, 140mM NaCl) and evaluated for protein content using a Biorad assay (Bio-Rad 
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Laboratories©). Sample protein homogenate was then mixed with non-reducing SDS buffer 

(50mM Tris-HCL, 2.5% SDS, and 12% glycerol) and run immediately on SDS-8% polyacrylamide 

gels containing 1 mg/mL gelatin in a standard Tris-glycine system. Gels were washed twice with 

2.5% Triton X-1000 for 20 minutes and incubated for 18 hours at room 37°C in 50mM Tris-HCL, 

pH 7.8, 5mM CaCl2. Gels were then stained with 0.4% Coomassie blue and destained in a 30% 

methanol, 10% acetic acid solution. MMP-2 expression appeared at approximately 66kDa and 

MMP-9 at approximately 92kDa. Gels were scanned on a commercial scanner and resultant 

images analyzed for band density of MMP-associated areas using the Fiji distribution of 

ImageJ.267

4.2.7 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, 

LaJolla, CA). Two-way ANOVA was performed with post-hoc Tukey correction to identify 

interactions while linear regressions were employed to identify associations. Significance was 

defined as p < 0.05. 

4.3 Results 

4.3.1 Progression of adenine-induced CKD. 

A CKD inducing diet (0.25% adenine, 0.5% phosphate, 1% calcium) was provided to adult 

male Sprague-Dawley rats (n = 34) for 4-5 weeks. Healthy controls (n = 7) were fed a 0.5% 

phosphate diet for the duration of the study. Blood samples were taken at regular intervals to 

assess for circulating creatinine, FGF-23, PTH, phosphate and calcium to determine disease 

progression. Creatinine, FGF-23, PTH and phosphate all increased across time to varying 
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amounts across all CKD groups during the adenine induction period (p < 0.0001), but there 

were no differences between groups during this phase (Figure 4.1A, C, E, G, I). Specifically, area 

under the curve (AUC) analysis for circulating creatinine, phosphate, calcium, FGF-23, and PTH 

(Table 4.2) verified each group contained a cohort of animals with similar CKD severity. 

4.3.2 Influence of dietary phosphate on serum biochemistry. 

To determine the effects of differential phosphate exposure, animals were taken off the 

CKD-inducing diet and placed for three -to- four weeks on one of three phosphate diets: Low 

Phosphate (LP, 0.5% phosphate; n = 12), Moderate Phosphate (MP, 1.0% phosphate; n = 14), 

and High Phosphate (HP, 1.5% phosphate; n = 8). Higher phosphate diets, 1.0% and 1.5%, led to 

increases in circulating creatinine, FGF-23, and PTH over time (Figure 4.1B, 4.1H, 4.1J). MP and 

HP groups compared to LP had increased levels of phosphate (Table 4.2, p < 0.001 and p < 

0.0001), FGF-23 (Table 4.2, p < 0.001), and PTH (Table 4.2, p < 0.0001). The LP group showed 

marginal increases to circulating PTH and FGF-23 over time (Figure 4.1H, J) and phosphate 

stayed within the control range (Figure 4.1D). All groups showed progressive declines in 

circulating calcium with time (Figure 4.1F) although levels were significantly lower in MP and HP 

groups compared to the LP group (Table 4.2, p < 0.01 and p < 0.001). 

4.3.3 Changes to physiological characteristics from CKD and with different phosphate diets. 

CKD animals in the MP and HP groups had reduced bodyweight compared to LP and 

healthy controls (Table 4.1). Bodyweight only decreased by 6.8% in LP group compared to 

healthy controls versus the 16.4% and 20.9% reductions observed in the MP and HP groups, 

respectively. All CKD animals had significantly increased kidney mass (Table 4.1) with no 

differences between groups. Left ventricular size increased by ~15% elevations in all CKD 
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groups (Table 4.1) with significant elevations in the LP and MP group compared with healthy 

controls (p < 0.01). 

4.3.4 Vascular mineral accrual in CKD rats fed different PO4 diets and subsequent effect on 

hemodynamics. 

Abdominal aortic accrual of both phosphate (Figure 4.2A, p < 0.01) and calcium (Figure 

4.2B, p < 0.01) was elevated in MP and HP groups compared to LP, however, not all animals 

developed VC. This increase in mineral accrual was evident across all vascular beds (Figure 

4.2C). There was no significant difference in the proportion of animals with VC (defined as von 

Kossa stainable mineral accrual, phosphate > 50 nmol/mg tissue and calcium > 80 nmol/mg 

tissue)193 between the MP and HP groups (Figure 4.2C-insert). 

Pulse-wave velocity (PWV) was increased in higher dietary phosphate groups with a 

significant elevation in HP versus LP (Figure 4.2F, p < 0.05) and no noticeable between group 

differences with respect to pulse pressure (PP).  
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Table 4.1 Morphological parameters at study endpoint for Control and CKD rats fed diets of 

differing phosphate content (4-5.5 weeks 0.25% adenine, 2-3 weeks phosphate diet; 0.5%, 

1.0%, 1.5%).

Control (n = 7) LP (n = 12) MP (n=14) HP (n=8)

Bodyweight (kg) 0.51 ± 0.02 0.47 ± 0.03 0.43 ± 0.05***†† 0.40 ± 0.04 ***††† 

Kidney Mass (g) 1.31 ± 0.15 2.79 ± 0.60*** 2.66 ± 0.65*** 2.70 ± 0.66*** 

Left Ventricle Mass (g) 0.98 ± 0.09 1.09 ± 0.12 0.97 ± 0.09† 0.88 ± 0.07††† 

Left Ventricle / 

Bodyweight (g/kg) 
1.91 ± 0.14 2.30 ± 0.15** 2.29 ± 0.25** 2.19 ± 0.31 

Left Ventricle / Tibial 

Length (g/m) 
23.36 ± 1.45 25.88 ±  3.14 23.62 ± 2.17 21.40 ± 2.18†† 

Abbreviations: LP, low phosphate diet; MP, moderate phosphate diet; HP, high phosphate diet. 

Data represented as mean ± SD. **p<0.01, ***p<0.001 significantly different than healthy 

controls; ††p<0.01, †††p<0.001 significantly different than LP. 
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Table 4.2 Influence of dietary adenine and phosphate on circulating mineral and hormonal 

markers during CKD induction and at study end point. 

LP (n = 12) MP (n=14) HP (n=8) 

Creatinine (μM) 
CKD Induction 170.1 ± 49.30 148.1 ±  46.76 131.2 ± 35.13 

Phosphate Diet 304.5 ± 99.68 306.8 ± 157.6 278.2 ± 128.4 

Phosphate (mM) 
CKD Induction 2.77 ± 0.24 2.77 ± 0.30 2.62 ± 0.20 

Phosphate Diet 2.26 ± 0.29 4.18 ± 1.26††† 4.89 ± 1.52†††

Calcium (mM) 
CKD Induction 2.68 ± 0.23 2.68 ± 0.16 2.75 ± 0.11 

Phosphate Diet 2.69 ± 0.31 2.28 ± 0.21†† 2.10 ± 0.29†††

FGF-23 (pg/mL) 
CKD Induction 1866 ± 951.1 1965 ± 1966 1662 ± 1122 

Phosphate Diet 2477 ± 1743 27747 ± 30488††† 25758 ± 16377†††

PTH (pg/mL) 
CKD Induction 362.20 ± 221.5 466.70 ± 205.3 305.30 ± 46.0 

Phosphate Diet 383.60 ± 153.2 2002 ± 1295††† 2513 ± 642.6†††

Abbreviations: LP, low phosphate diet; MP, moderate phosphate diet; HP, high phosphate diet. 

Data represented as mean ± SD. Area under the curve analysis indicating total exposure to 

circulating factors during CKD induction and subsequent dietary phosphate exposure phases of 

the study. ††p < 0.01, †††p < 0.001 significantly different than LP.  
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Figure 4.1 Changes to circulating markers of CKD during disease induction with high adenine 

(0.25%) diet (A, C, E) and post-adenine exposure to differing dietary phosphate (B, D, F, H, J). 

After 4-5 weeks of dietary adenine, CKD rats were separated into groups given diets with 

differing phosphate content of: 0.5% (LP, open circles, n=12), 1.0% (MP, grey squares, n = 14), 

and 1.5% (HP, black diamonds, n=8). These exposures led to marked alterations in circulating 

creatinine (A, B), phosphate (C, D), and calcium (E, F), FGF-23 (G,H) and PTH (I,J). FGF-23: 

fibroblast growth factor-23; PTH: parathyroid hormone. Shaded area represents Control range 

(mean ± SEM) of values. Data presented as mean ± SEM.
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Figure 4.2 Vascular mineral accrual and changes to hemodynamics in CKD rats fed 0.5% (LP, 

n=12), 1.0% (MP, n=14) and 1.5% (HP, n=8) phosphate diets. Increased vascular mineralization 

represented by aortic phosphate (A) and calcium (B) accrual, as well as phosphate accrual in 

vasculature that include: carotid, aortic arch, thoracic aorta, abdominal aorta, celiac, superior 

mesenteric, renal, pudendal, iliac, and femoral arteries (C). Measures of vascular stiffness 

represented by pulse-wave velocity (E) and pulse-wave velocity normalized to mean blood 

pressure (F). Dashed lines correspond to point where mineralization is von Kossa stainable 

(phosphate > 50 nmol/mg, calcium > 80 nmol/mg; A-C). Insert compares proportion of calcified 

animals in each group. PO4: phosphate; Ca: calcium; PWV: pulse-wave velocity; PWV/MAP: 

pulse-wave velocity normalized to mean arterial pressure. *p < 0.05, **p < 0.01 significantly 

different than CKD 0.5% PO4. ¥p < 0.05, ¥¥p < 0.01, ¥¥¥p < 0.001 significantly different. Shaded 

area corresponds to range of values from Controls (mean ± SD). Data presented as mean ± SD. 
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Figure 4.3 Relationship between aortic mineral accrual and hormonal regulators of mineral 

homeostasis. Association of C-terminal FGF-23 (A, C, E, G) and PTH (B, D, F, H) with abdominal 

aortic (A, B), carotid (C,D), renal (E, F), and iliac (G, H) phosphate levels in LP (open circles), MP 

(gray squares), and HP (black diamonds) CKD groups. Linear regressions represented by solid 

line. Vertical dashed line represents aortic phosphate levels associated with von Kossa stainable 

calcification. PO4: phosphate; Ca: calcium; FGF-23: fibroblast growth factor-23; PTH: 

parathyroid hormone. Data represented as individual points. 
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4.3.5 Hemodynamic effects of increased dietary phosphate and vascular calcification. 

To examine the impact of VC in CKD, animals were categorized based on the presence or 

absence of von Kossa stainable arteries.193 Animals with VC had significant reductions to DBP 

(Table 4.3, p < 0.001), whereas both PP and PWV were significantly elevated (Table 4.3). 

4.3.6 Levels of circulating minerals and hormonal regulators in CKD rats with vascular 

calcification. 

Animals with VC had greater circulating creatinine, phosphate, FGF-23, and PTH (p < 

0.001), as well as lower circulating calcium (p < 0.05).  

Circulating factor exposure was determined through time-weighted area under the 

curve analysis. During the CKD induction phase, exposure to circulating creatinine, phosphate, 

calcium, and PTH were the same in all animals, whereas FGF-23 showed a significant elevation 

in animals that would become calcified (Table 4.4, p < 0.05). Further, after the dietary switch at 

five weeks, the only differences between non-calcified and calcified CKD rats were higher levels 

of creatinine (Table 4.4, p < 0.01) and FGF-23 (Table 4.4, p < 0.001) in the calcified animals. 

Examination of the relationship between vascular mineral accrual and circulating hormones 

revealed significant associations between circulating FGF-23 (r2 = 0.67, p < 0.001) and PTH (r2 = 

0.44, p < 0.001) with phosphate accrual across all vessels (Figure 4.3). 
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Table 4.3 Comparison of Calcified vs Non-Calcified CKD rats fed a high phosphate diet (1% or 
1.5%) at study endpoint. 

CKD No-VC (n = 7) CKD VC (n = 7)

Bodyweight (g) 467.70 ± 6.44 383.90 ± 4.77ψψψ

Kidney Mass (g) 2.57 ± 0.13 3.02 ± 0.16ψ

Left Ventricle / Bodyweight (g/kg) 2.20 ± 0.04 2.40 ± 0.07ψ

Systolic Blood Pressure (mmHg) 119.8 ± 21.67 108 ± 28.25

Diastolic Blood Pressure (mmHg) 81.85 ± 16.22 50.64 ± 20.66ψψψ

Pulse Pressure (mmHg) 37.97 ± 7.83 57.38 ± 18.95ψ

Pulse Wave Velocity (m/s) 5.15 ± 1.91 12 ± 6.08ψψ

Normalized Pulse Wave Velocity (m/(s-mmHg)) 0.05 ± 0.003 0.21 ± 0.04ψψ

Abbreviations: CKD, chronic kidney disease; VC, vascular calcification. 

Vascular calcification defined as von Kossa stainable mineralization (phosphate > 50 nmol/mg 
tissue, calcium > 80 nmol/mg tissue).
Data represented as mean ± SD. ψp < 0.05, ψψp < 0.01, ψψψp < 0.001 significantly different than 
CKD Non-Calcified.  
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Table 4.4 Effect of vascular calcification on circulating minerals and hormones in CKD rats 

with equivalent kidney disease fed 1.0% or 1.5% phosphate. 

CKD No VC (n = 7) CKD VC (n = 7)

Creatinine (μM) 
CKD Induction 125.3 ± 30.63 141.2 ± 28.74

Phosphate Diet 187.3 ± 47.39 352 ± 110.3ψψ

Phosphate (mM) 
CKD Induction 2.66 ± 0.13 2.71 ± 0.28

Phosphate Diet 3.84 ± 1.14 4.76 ± 1.11

Calcium (mM) 
CKD Induction 2.64 ± 0.17 2.74 ± 0.10

Phosphate Diet 2.27 ± 0.27 2.19 ± 0.21

FGF-23 (pg/mL) 
CKD Induction 1038 ± 431.9 2195 ± 1175ψψ

Phosphate Diet 9102 ± 4800 45035 ± 28642ψψ

PTH (pg/mL) 
CKD Induction 326.4 ± 68.33 380.4 ± 97.43

Phosphate Diet 2005 ± 956.7 2327 ± 1208

Abbreviations: CKD, chronic kidney disease; VC, vascular calcification; FGF-23, fibroblast growth 

factor-23; PTH, parathyroid hormone. 

Area under the curve analysis indicating total exposure to circulating factors during CKD 
induction and subsequent dietary phosphate exposure phases of the study. Vascular 
calcification defined as von Kossa stainable mineralization (phosphate > 50 nmol/mg tissue, 
calcium > 80 nmol/mg tissue).
Data represented as mean ± SD. ψψp < 0.01, significantly different than CKD Non-Calcified.  
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4.3.7 Impact of doxycycline treatment in CKD on serum biochemistry and animal condition. 

A follow-up experiment was conducted to evaluate the effect of MMP inhibition on VC 

development and severity in a hyperphosphatemic CKD model. As previously, adult male 

Sprague Dawley rats were placed on a CKD-inducing diet (0.25% adenine, 0.5% phosphate, 1% 

calcium; n = 26) for six weeks to ensure the development of severe CKD. Animals were then 

separated into two groups. Both were fed a 1.0% phosphate diet with one group receiving only 

1.0% phosphate (HP, n = 11) and the other receiving 1.0% dietary phosphate with 30 mg/kg 

doxycycline BID orally (HP-DXY, n = 7) for two weeks. Doxycycline is a tetracycline derivative 

that attenuates the development of VC by inhibiting the collagenases, MMP-2 and MMP-9. 

At study endpoint, all CKD rats showed equivalent kidney disease as represented by 

circulating Cystatin-C (Table 4.5, creatinine assays do not work due to the confounding 

presence of doxycycline) as well as hyperphosphatemia and equivalent elevations of PTH (Table 

4.5). HP-DXY rats had lower levels of FGF-23 compared to HP (p = 0.0611). 

4.3.8 Changes to vascular proteomics, mineral accrual, and stiffness with doxycycline 

administration in CKD. 

Doxycycline administration attenuated abdominal aortic MMP activity without changing 

protein expression of MMP-2 and MMP-9 (Figure 4.4A-B). Across all vascular beds there was a 

significant reduction in mineral accumulation in HP-DXY versus HP (Figure 4.4C). PWV was also 

significantly lower in HP-DXY compared to HP CKD rats (Figure 4.4E). 
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Table 4.5 Circulating mineral and hormone levels at study endpoint in the follow-up study 
examining effect of vascular calcification inhibition in CKD.  

CKD HP (n = 11) CKD HP-DXY (n = 7)

Cystatin-C (ug/mL) 5386.33 ± 1383.70 4828.28 ± 1140.04

Phosphate (mM) 4.35 ± 0.54 4.25 ± 0.59

Calcium (mM) 2.51 ± 0.25 2.55 ± 0.15

cFGF-23 (pg/mL) 24876.00 ± 14729.00 12596.00 ± 8582.00

PTH (pg/mL) 2861.00 ± 1201.00 3014.00 ± 1662.00

Abbreviations: CKD, chronic kidney disease; HP, high phosphate; DXY, doxycycline; cFGF-23, c-
terminal fibroblast growth factor-23; PTH, parathyroid hormone. 
CKD HP = CKD fed high phosphate diet; CKD HP-DXY = CKD fed high phosphate diet and 
administered doxycycline. 
Data are expressed as mean ± SD. 
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Figure 4.4 Effect of dietary phosphate and doxycycline on arterial health in CKD animals at 

study endpoint. Arterial tissue was harvested and analyzed post-sacrifice. Abdominal aortic 

content of matrix MMP-2 (A), MMP-9 (B), vascular phosphate accrual (C), PWV (D), and PWV 

normalized to mean blood pressure (E). Dashed lines correspond to point where mineralization 

is von Kossa stainable (phosphate > 50 nmol/mg, calcium > 80 nmol/mg Data are expressed as 

mean ± SD. MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; PWV, 

pulse-wave velocity. ‡p < 0.05 significantly different than CKD HP.
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4.3.9 Effect of vascular calcification inhibition on circulating biomarkers in CKD. 

All CKD rats were stratified and then examined based on the presence of aortic VC. 

There were no marked differences in circulating phosphate, calcium, or PTH between HP CKD 

rats with and without VC (Table 4.6). In contrast, FGF-23 was significantly lower in non-calcified 

HP CKD rats compared to those with VC (Table 4.6, p < 0.05). 
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Table 4.6 Serum parameters at study endpoint in CKD HP with and without VC. 

CKD HP VC (n = 9) CKD HP No-VC (n= 8 )

Phosphate (mM) 4.44 ± 0.61 4.20 ± 0.50

Calcium (mM) 2.46 ± 0.26 2.59 ± 0.16

cFGF-23 (pg/mL) 28082 ± 14724 13839 ± 9659ψ

PTH (pg/mL) 3257 ± 1505 2651 ± 1230

Abbreviations: CKD, chronic kidney disease; HP, high phosphate; VC, vascular calcification; 

cFGF-23, c-terminal fibroblast growth factor-23; PTH, parathyroid hormone. 

HP groups include all rats fed 1% phosphate diet including doxycycline treated animals. 
Vascular calcification defined as von Kossa stainable mineralization (phosphate > 50 nmol/mg 
tissue, calcium > 80 nmol/mg tissue).
Data represented as mean ± SD. ψp < 0.05, significantly different than CKD Non-Calcified.  
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4.4 Discussion 

We used a modified adenine-induced model of reduced kidney function to investigate 

the role of dietary phosphate load in the development of vascular calcification (VC) in chronic 

kidney disease (CKD). The major findings were that increasing dietary phosphate from a low 

(0.5%) to high (1.5%) level resulted in: (i) a marked increase in the prevalence of severe 

calcification across the vasculature, (ii) increased circulating phosphate, FGF-23, and PTH, (iii) 

amplified hemodynamic changes, particularly increased pulse wave velocity, and (iv) reduced 

circulating levels of calcium. In addition, the analysis of the relationship between the presence 

or absence of VC versus the magnitude of change in hormonal regulators, revealed that an early 

elevation of FGF-23, but not PTH, in the adenine induction period was a prognostic indicator of 

eventual calcification induced by elevated dietary phosphate content (both 1.0% and 1.5% 

diets) despite similar level of kidney function at group stratification. These findings suggest that 

the calcifying vasculature may be a source of FGF-23. The follow-up study of pharmacological 

inhibition of extracellular matrix degradation with doxycycline further supports these findings 

where the attenuation of VC development resulted in significant inhibition to the rise in FGF-23. 

The induction of experimental CKD with dietary adenine, in animals on a moderately low 

phosphate diet, produced progressive increases in circulating creatinine, phosphate, FGF-23, 

and PTH. Consistent with previous studies, the early increase in both FGF-23 and PTH at two 

weeks preceded the significant rise in circulating phosphate at five weeks,42, 157 reflecting the 

early adaptive response mediated by these phosphaturic hormones. The overall pattern of PTH 

and FGF-23 changes differed as the initial two-fold rise in PTH at two weeks was followed by a 

decline back to 1.5-fold at weeks four and five, whereas FGF-23 progressively rose throughout 
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the five weeks, reaching a more than three-fold rise at five weeks. Whether the attenuation of 

the changes in PTH from weeks three to five resulted from the increased action of the rising 

FGF-23 on the kidney or from a direct action on FGF receptors in the parathyroid gland 

suppressing PTH production cannot be determined from this study.7, 133

Challenging the CKD rats with three different phosphate diets (0.5%, 1.0%, 1.5%) 

following the adenine-induction phase induced differential changes in the circulating factors. 

The findings demonstrate that removing the confounding influence of adenine does not alter 

the overall profile of chronic CKD or the pathology. Through increasing dietary phosphate there 

were significant elevations to circulating phosphate, FGF-23 and PTH with a decline in 

circulating calcium. Although these relationships have been previously studied, in part,118, 127, 

128, 268, 269 the present data provide strong additional evidence of the importance of using an 

appropriate phosphate stimulus to reveal the underlying maladaptive responses. The present 

findings indicate that 1.0% and 1.5% dietary phosphate had a similar impact on PTH and FGF-23 

suggesting there is an upper limit to the phosphate-dependent stimulus that results from the 

animals self-regulating food consumption (i.e. they eat less) and thereby total phosphate 

exposure is similar (data not shown). The predominant renal and intestinal phosphate 

transporter, Type-2 sodium-phosphate co-transporters (Npt-2), were not measured, but if there 

was a differential effect previous work suggests the higher phosphate diet would induce greater 

Npt-2 downregulation.12, 127

The elevation of creatinine from CKD-induction in rats fed the 0.5% phosphate was 

stable and both phosphate and calcium stayed within healthy control ranges. In this group PTH 

steadily increased with time despite the lack of change in the other circulating factors. Although 
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not measured, this may be due to further decreases in circulating calcitriol, a factor that would 

be progressively downregulated by the elevated FGF-23 and persistent renal disease. 

Interestingly, circulating calcium was reduced in the higher dietary phosphate groups. This may 

be the result of extraosseous accrual of calcium into soft tissues, specifically the vasculature. 

This finding is supported by Neves et al (2007)268 who showed a similar decrease of serum 

calcium in their pro-calcification group. 

Higher dietary phosphate load corresponds to increases in vascular accrual of both 

phosphate and calcium in comparison to the low dietary phosphate group, where pathological 

mineral accrual was almost non-existent. Many studies employ increased dietary phosphate as 

a stimulus for VC with Neves et al (2007)268 and El-Abbadi et al (2009)165 demonstrating that 

uremic conditions on their own are not sufficient to induce VC, but that a high dietary 

phosphate stimulus is required as well; findings the present study affirms. Our lab has found 

that at approximately 50 nmol/mg tissue phosphate and 80 nmol/mg tissue calcium, arteries 

become von Kossa stainable,193 as such this criteria was used to categorize a vessel (and 

subsequently all data from that animal) as calcified. Looking at the proportion of animals with 

VC in each group shows that increased dietary phosphate diet leads to significant increases in 

calcification propensity versus the low phosphate group; however, no significant differences are 

present between CKD animals receiving 1.0% or 1.5% phosphate. Pertaining to the VC stimulus, 

these findings are unsurprising as both MP and HP groups had equivalent hyperphosphatemia. 

The further examination of animals based on the presence of VC yields notable findings. 

As expected the presence of VC leads to vessel stiffening evident by increases to pulse-wave 

velocity and pulse pressure in calcified animals. Arterial calcification lowers the elastic modulus 
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of vessels leading to faster pulse transmission through the system and lower diastolic blood 

pressure without changing systolic blood pressure, hence the widened pulse pressure.259, 263

These changes to the cardiovascular system may strain the heart and put it at risk for 

hypertrophy, as supported by the increase to left ventricular-to-bodyweight ratio in CKD 

animals with VC versus those without.  

The only circulating differences between CKD rats with and without VC were in 

creatinine and FGF-23. Increased creatinine in calcified animals is likely the result of kidney 

mineralization leading to more severe kidney disease and reduced animal health, as 

demonstrated by Haut et al (1980).265 Indeed, rats with VC in this study present with larger 

kidney mass and increases to kidney phosphate and calcium content (data not presented) with 

subsequently lower bodyweight reflective of greater disease burden. Of special interest is the 

increase of FGF-23 in VC rats. The role of FGF-23 in CVD and VC with CKD has long been 

debated.164, 165, 264 Through the sub-analysis of calcified versus non-calcified animals it was not 

only demonstrated that there were elevations to FGF-23 in calcified animals at sacrifice, but 

also that during CKD induction the animals that would become calcified had a higher circulating 

FGF-23 exposure. Further, a significant association is present between mineral accrual across all 

vascular beds and circulating FGF-23. These findings give credence to the idea of FGF-23 not 

only as an indicator of VC, but also as a predictor of future VC development and subsequent 

CVD. 

Expanding on this linkage between VC and FGF-23 a follow-up experiment was 

conducted using similar dietary manipulations to generate CKD and VC. To examine the impact 

of VC on FGF-23 levels without altering dietary phosphate CKD rats were treated with 
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doxycycline to pharmacologically inhibit MMP-2 and MMP-9; a first (to our knowledge) in 

progressive animal models of CKD. MMP-2 and MMP-9 are collagenases that act to break up 

the underlying elastin framework of the vascular extracellular matrix to allow for the accrual of 

calcium and phosphate and are heavily associated with the development of VC.55, 75 Inhibition 

of arterial MMP-2 and MMP-9 activity, without lowering protein expression, reduced vascular 

mineral accrual and subsequent vessel stiffening. CKD rats treated with doxycycline 

experienced similar hyperphosphatemia and increases to PTH as those solely on high 

phosphate, although there was a marked decrease in FGF-23. Further examination of high 

phosphate rats based on the presence of VC re-affirmed the previous experiment’s findings 

where FGF-23 was significantly higher in calcified animals despite similar levels of circulating 

phosphate, calcium, and PTH. These findings not only support the concept of FGF-23 as a 

biomarker for VC, but also implicate transdifferentiating vascular smooth muscle cells as a 

source of FGF-23 in CKD. These findings, while novel, are expected given that FGF-23 is normally 

produced by osteogenic cells (i.e. osteoblasts and osteocytes) and the phenotype of 

transdifferentiated VSMCs being osteoblast-like.56, 108, 122, 270

In summary the present study expands on multiple important concepts on the 

pathogenesis of CVD in CKD. Phosphate has long been known as a significant risk factor for 

cardiovascular events and mortality in CKD with its dietary manipulation being a critical 

component in generating VC.23, 24, 30, 31, 133, 157, 160, 165 This study showed that the uremic 

environment is not sufficient on its own to generate a calcification phenotype, but that an 

increase in phosphate exposure to the system is required. Most importantly, our findings 

expand on the acknowledged role of FGF-23 in CVD and CKD. Although the present study does 
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not provide further evidence of a link between FGF-23 and CVD, it does indicate that FGF-23 is a 

suitable biomarker of progressing CVD in CKD while highlighting transdifferentiated VSMCs in 

calcifying arteries as a source. By showing that FGF-23 levels significantly increase with VC and 

that the inhibition of VC reduces FGF-23 levels, the data provide evidence for this previously 

unidentified source of FGF-23. Further this is the first study, to our knowledge, that presents 

FGF-23 as a potential predictor of VC and potential CVD of this type. Clinically these are 

promising findings for the early identification and management of patients with renal disease 

who may be at risk of CVD without having clearly identifiable signs. 
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Chapter 5: 

Vascular Calcification in Experimental Chronic Kidney Disease Disrupts the Daily 

Variability in Circulating Phosphate and Hormonal Regulators.
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5.1 Introduction 

A biological rhythm is any change that is cyclic and impacts bodily functions and can 

involve both endogenous (e.g. temperature) and exogenous controllers (e.g. light, food). If an 

endogenously generated rhythm has a period close to 24 hours it would be termed a circadian 

rhythm,168 whereas if it is synchronized with a day/night or food ingestion cycle it would be a 

diurnal rhythm.271 A biological rhythm can be further characterized based on the interaction 

between endogenous and exogenous controllers; e.g. the influence of dark and light phases 

corresponding to an organism’s behavior during the day versus the night is known as a diurnal 

rhythm. Biological rhythms are known to be generated at the cellular level by circadian 

oscillators within the suprachiasmatic nucleus (SCN) of the anterior hypothalamus,272 as well as 

in other cell types around the body.271

Various studies have demonstrated that ossification (endochondral, intramembranous) 

and the associated regulation of minerals is regulated by specific biological rhythm associated 

proteins (e.g. Clock) expressed in skeletal-associated cells such as chondrocytes and osteoclasts 

during postnatal skeletogenesis as well as during the healing of fractures.170 Calcium and 

phosphate have a multitude of functions during both an organism’s dark (e.g. bone repair) and 

light phase (e.g. muscle function ).169, 170 Previous reports regarding the diurnal variation of 

calcium, phosphate, and the primary hormonal regulators 1,25-dihydroxyvitamin D3 (calcitriol), 

parathyroid hormone (PTH), and fibroblast growth factor-23 (FGF-23) have not been consistent. 

For example, the timing of pulsatile increases achieving a maxima (acrophase) and declines 

toward a minima (bathyphase) has varied significantly between studies,171-173 likely because of 
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differences in the involvement of other factors (e.g. light cycles, food access and content, 

activity). 

For example, some studies have revealed that the pattern for calcitriol levels is inverted 

compared to the maxima/minima pattern for circulating phosphate.171, 174, 175 One mechanistic 

link to this interaction, that has not been studied sufficiently, could be the temporal pattern of 

circulating FGF-23, and yet it has not been fully elucidated. To date only minor variations in 

circulating FGF-23 have been reported.154, 174, 176 With Miyagawa et al. (2018)176 reporting that 

there appears to be minimal variation in FGF-23 throughout the day, despite there being some 

daily heterogeneity in the expression of the key targets of FGF-23 such as the Type-2 sodium-

phosphate cotransporters (Npt-2). These findings support the previously established concept 

that FGF-23, as a phosphate regulator, is much more a long-term rather than a short-term 

regulator of phosphate homeostasis. The findings of Vervloet et al (2011)158 also support this 

concept in showing that repeated administration of a high phosphate diet in healthy adults 

elevates FGF-23 slowly, appearing to reset to a higher baseline day-over-day.  

The regulation of calcium and PTH have been better investigated, particularly within the 

context of examining daily trends in bone remodeling.177-179 Given that a critical role for PTH is 

thought to be to maintain adequate circulating levels of calcium, it should be that the biological 

rhythms of the two should be highly associated where a nadir in calcium corresponds to a peak 

in PTH.154, 180, 181 During dark phases (i.e. humans night), there is a strong dietary impact on the 

rhythm of calcium, and subsequently PTH.154 During this time period the timing of meals 

corresponds to phases of significant increases in the urinary excretion of calcium resulting in a 

downward trend in  circulating calcium,154, 182, 183 which in turn corresponds to increasing 
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PTH.154, 184 Most often the bathyphase of circulating calcium has been observed during the dark 

phase, specifically for humans in the early hours of the morning between 0200 hours to 0500 

hours.173, 175, 185 Correspondingly, PTH maxima occur during this same time period.3,15 This trend 

in PTH is likely a response to reduced circulating calcium during the sleeping-fasting period,178

as bone resorption may also be increased during this time period.177, 179, 187 Blumsohn et al

(1994)179 confirmed that the peak in PTH is calcium-dependent, since evening calcium 

supplementation reverses the occurrence of the PTH peak. The circadian rhythm of other 

associated bone resorption markers is merely attenuated and not reversed, indicating other 

unidentified factors are responsible for the bone resorption rhythm and not just a reduction in 

available calcium. 

Diurnal variations in the circulating levels of phosphate have been previously 

estanlished.120, 173-175, 182, 183, 188, 189 These studies demonstrated that the patterns of circulating 

phosphate had a biphasic pattern, with maxima in the middle of both the light and dark phases. 

Consistent with the kidney playing a significant role in the regulation of the levels of urinary 

phosphate, an inverse pattern relative to the levels in blood has been found.188, 190 This 

relationship between circulating and urinary phosphate implies that the diurnal variation seen 

in circulating phosphate is regulated by phosphate absorption and re-absorption.183 Specifically, 

intestinal absorption by Npt-2b transporters and renal reabsorption by Npt-2a transporters.3, 11, 

12 Miyagawa et al (2018)176 build on this concept where they showed that the endogenous 

regulation of these transporters via liver generated substrates causes daily oscillations in 

circulating phosphate. This diurnal regulation of Npt-2’s is thought to be independent of either 

FGF-23 or PTH regulation since findings by Logue et al (1990)273 show that patients with primary 
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hyperparathyroidism and lacking PTH circadian variation still maintain phosphate diurnal 

variation. 

Findings that suggest a key role of Napt-2a/-2b transporters in the phosphate rhythm 

may prove contentious since diurnal phosphate variation appears to be preserved in moderate-

to-severe chronic kidney disease (CKD).174, 188, 190 That is, greater understanding of the renal 

independent mechanism involved in the daily oscillations in circulating phosphate is needed. 

Few clinical studies,154, 174, 188, 190, 192 and no experimental animals studies have addressed the 

role of PTH, FGF-23, calcitriol, or kidney disease with respect to changes in the biological 

rhythms related to phosphate handling. Recent experimental findings indicate there is a 

marked shift in the handling of phosphate loads in CKD such that the role played by these 

hormonal regulators is likely altered, although this concept needs to be further evaluated, 

particularly with respect to the longer term biological rhythms involved in the handling of 

minerals.193

Calcium and phosphate are critical players in many cellular functions and pathogenic 

processes, such that it is important to address gaps in knowledge pertaining to the biological 

rhythms controlling these minerals. From the perspective of longitudinal monitoring, better 

characterization of daily oscillations would lead to more appropriate timing for the analysis of 

the changes in minerals found in blood and urine of a patient or research subject at a given 

point during the day. More importantly, understanding the fluctuations of these minerals and 

their regulators would improve how and when therapeutic interventions are applied. CKD 

treatment particularly emphasizes the use of dietary phosphate binders primarily to counteract 

prevalent hyperphosphatemia. In the present study the objective was to determine whether 
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there are substantive changes in the biological rhythms for circulating phosphate, calcium, PTH 

and FGF-23 in a model of adenine-induced CKD, particularly after an increase in dietary 

phosphate. 

5.2 Methods 

5.2.1 Animal model 

All animal procedures were performed in accordance with the guiding principles of the 

Canadian Council on Animal Care and were approved by the Queen’s University Animal Care 

Committee.  

Adult male Sprague Dawley rats (n = 20, 14 weeks of age; Hilltop®, Scottdale, PA) were 

individually housed and maintained on a 12-hour light/dark cycle. Animals were acclimatized 

for one week prior to starting the study during which they were provided a 0.5% phosphate diet 

twice daily (2 x 10g, at lights on/off, 0730 and 1930, respectively) with water ad libitum. At the 

end of the acclimatization period, repeated blood samples were taken (300μL via saphenous 

venapuncture) every three hours for 24 hours to determine the time course of changes in 

circulating minerals and hormones under baseline control conditions. 

After this baseline sampling, animals were separated into Control (n = 7) and CKD (n = 

13) groups. CKD was induced by providing a specialized diet containing adenine twice daily (2 x 

10g, 0.25% adenine, 0.5% phosphate, 1% calcium, 6% protein, n = 13).217 A single blood sample 

(10-12:00 hrs; 750μL via saphenous venapuncture) was collected from each animal weekly to 

assess changes in the circulating minerals, hormones and creatinine in the adenine-treated CKD 

group as well as in the Control group. After five weeks of CKD induction, all animals were then 
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given a similar composition diet which did not contain adenine. Five days after giving the rats 

the adenine free diet, the same time course, and blood sampling protocol was repeated every 

three hours for 24 hours. A full one day later, all animals were placed on a high phosphate diet 

for six days (2 x 10g, 1.0% phosphate, 1% calcium, 6% protein) after which repetitive blood 

samples were again collected (q3h) to assess the time course of changes following high dietary 

phosphate exposure. All animals were fed using the twice daily delivery protocol (0730 and 

1930 hrs) with water ad libitum throughout the study. 

On day 10 of the high phosphate diet, animals were anesthetized and received an 

infusion of radiolabelled phosphate solution (300 μmol in 3mL, Na2HPO4 containing 100μCi 

33PO4; ~8,000,000 CMP/mL). The solution was warmed and infused into the left jugular vein (0.3 

mL/min over 10 minutes). Blood was sampled from the right jugular vein at baseline (t = 0 min), 

immediately post-infusion (t = 10 min) and 20 minutes post-infusion (t = 30min). Animals were 

then euthanized via aortic puncture and exsanguination and tissues were excised for analysis. 

Tissues were weighed and demineralized in 1N HCl for 1 week.  

5.2.2 Radioactivity measurement and analysis 

Supernatant samples obtained from tissues and plasma (100-200μL) were added to ~5 mL 

Ultima Gold AB scintillation cocktail (Perkin Elmer, USA) and analyzed using a Beckman Coulter 

LS 6500 multi-purpose scintillation counter. Each sample was measured twice for a 1-minute 

count time. The values were corrected for background and normalized to the total dose of 

radioactivity given to the rat. Tissue radioactivity for both 33phosphate, are reported following 

normalization to the time-weighted average serum specific activity following cessation of 

infusion (10 min).  
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1) Specific Activity (CPM/pmol) = Serum Radioactivity (CPM/uL)/ Serum Phosphate (mM)  

2) Tissue Mineral Transport (pmol mineral/mg tissue) = Tissue Radioactivity (CPM/mg 

tissue) / Avg Specific Activity (CPM/pmol)Tissue 33PO4 radioactivity (counts per minute, 

CPM)

5.2.3 Serum biochemistry 

Blood samples from the saphenous vein were collected in capillary tubes for serum and 

plasma analysis weekly. Plasma PTH and iFGF23 levels were measured using ELISA (60-2500, 60-

6300, Immutopics®, Clemente, CA). Creatinine levels were measured with QuantiChrom 

Creatinine Assay Kit (DICT-500; BioAssay Systems, Hayward, CA) while serum calcium and 

phosphate were measured using the o-cresolphthalein complex-one assay (Sigma-Aldrich 

Canada Co., Oakville, ON, Canada) and malachite green methods, respectively.204

5.2.4 Assessment of vessel calcification 

Vessels were demineralized in hydrochloric acid (50µl/mg tissue 1.0 N, room 

temperature) for one week. Calcium and phosphate content of samples were determined using 

the same colorimetric assays used for serum calcium and phosphate.53, 193, 203, 204

5.2.5 Statistical analysis 

Statistical analysis for disease progression, tissue mineral accrual, and patterns of 

radiolabelled phosphate activity were performed using GraphPad Prism 7.0 (GraphPad 

Software, LaJolla, CA). Two-way ANOVA was performed with post-hoc Tukey correction to 

identify interactions. A significant difference was defined as p < 0.05. Assessment of variations 

in the biological rhythms was performed using cosinor analysis as described by Refinetti et al274

using MATLAB®-R2018a (Mathworks©, Santa Clara, Ca). 
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5.3 Results 

5.3.1 CKD induction and effects of changing dietary phosphate. 

The progressive induction of CKD using dietary adenine (0.25%) exposure was confirmed 

over the five week protocol given that both creatinine and phosphate were significantly 

elevated from two weeks onwards (Figure 5.1). As a result of the low phosphate diet, 

circulating calcium was also significantly increased from week four onwards. The moderate 

severity of the experimental CKD, determined when rats were no longer receiving adenine, was 

verified at six weeks by demonstrating sustained increases in circulating creatinine (Table 5.2), 

phosphate (Fig 5.2B) and FGF-23 (Figure 5.2J). PTH was not significantly elevated prior to 

switching the animals onto high dietary phosphate (Table 5.3). 

Providing high levels of dietary phosphate produced marked elevations in circulating 

phosphate (Figure 5.2C), PTH (Figure 5.2I) and FGF-23 (Figure 5.2L), while the magnitude of the 

hypercalcemia (Figure 5.2F) was decreased (from 27% to 14%) in the CKD rats. In contrast, the 

minerals and hormones were not significantly altered in Control rats given the high dietary 

phosphate.  

At sacrifice, animals with CKD had significantly lower bodyweight (p < 0.001) but no 

change in left ventricular mass, such that the resultant left ventricular to body mass index was 

significantly increased (p < 0.01, Table 5.1).  
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Table 5.1. Morphological parameters for CKD rats (fed a 0.25% adenine diet for 5 weeks, n = 

13) and Control rats (fed a 0.5% phosphate diet for 5 weeks, n = 7), that were then provided 

with one week of 0.5% phosphate diet and one week of 1.0% phosphate diet before sacrifice. 

Control (n = 7) CKD (n = 13)

Bodyweight (kg) 0.44 ± 0.02  0.37 ± 0.02*** 

Kidney Mass (g) 2.29 ± 1.00 2.23 ± 0.67  

Left Ventricle Mass (g) 0.88 ± 0.03 0.88 ± 0.08 

Left Ventricle / Bodyweight (g/kg) 2.02 ± 0.12 2.37 ± 0.24** 

Left Ventricle / Tibial Length (g/m) 21.12 ± 0.72 21.05 ± 1.76  

Phosphate (mM) 1.58 ± 0.14 4.22 ± 0.42*** 

Calcium (mM) 2.22 ± 0.12 2.72 ± 0.30 

Abbreviations: CKD, chronic kidney disease. 
All data points are mean ± SD. **p < 0.01, ***p < 0.001 significantly different than Control. 
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Figure 5.1. CKD progression as induced by high adenine (0.25%) diet for 5 weeks followed by 

increasing dietary phosphate challenge week-over-week. After 5 weeks on dietary adenine, 

rats were switched to a standard 0.5% phosphate diet (same that Controls were on for 5 weeks) 

for one week then all rats were switched to 1.0% phosphate diet for one week. CKD rats (black 

squares, n = 13) and Control rats (white circles, n =7). CKD induction led to significant increases 

in creatinine (A), phosphate (B), and calcium (C). All data points are mean ± SD.*p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001 significantly different than Control.  



126 

5.3.2 Temporal profile of circulating phosphate 

At baseline, prior to CKD induction (Figure 5.2A, 5.3A), the temporal pattern for the 

circulating levels of phosphate was characterized as having a significant cosinor profile (p < 

0.001) as described by Refinetti et al,274 that was biphasic within each 24-hour period studied. A 

similar pattern for the control group was found at each of the experimental time points after 

adenine removal (i.e. baseline ≈ 0.5% dietary phosphate ≈ 1% dietary phosphate). That is, a 

peak was found both during the mid to late light cycle and dark cycle with the troughs closer to 

the light-dark transition phases. 

Circulating phosphate was decreased approximately two hours after a meal despite the 

significant phosphate content and then rose for the remainder of the period prior to the next 

meal. This pattern was similar in both the light and dark phases. Following five weeks of CKD 

induction, with rats no longer consuming adenine but continuing to consume the 0.5% 

phosphate diet, there was a similar pattern of biphasic peaks compared to controls, although 

phosphate levels overall were slightly elevated compared to controls, particularly during the 

night phase (Figure 5.2 and 5.3, p < 0.001). In addition, the peak in phosphate was more 

prominent in the dark phase compared to controls (Figure 5.2 and 5.3). The daily amplitude for 

circulating phosphate was 0.88 mM (20.18%) in CKD animals and 0.60mM (17.20%) in control, 

with no marked effect of CKD on the normalized amplitude. Switching from the 0.5% phosphate 

diet to the 1.0% phosphate diet for one week in CKD resulted in a significant blunting of diurnal 

variation, particularly with respect to the phosphate peak during the light phase. CKD animals 

displayed a significantly greater amplitude of change (2.0 mM, 24.75%) compared to Control 
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animals (1.0 mM, 13.18%), and both groups displayed a significantly greater amplitude of 

change compared to baseline (0.57mM, 26.2%, p < 0.01 and p < 0.02, respectively). 

5.3.3 Patterns in circulating calcium 

Circulating calcium showed little 24-hour variation at baseline or with the induction of 

CKD (Figure 5.2D-F, 5.3D-F). An appreciable diurnal variation within the light and dark phases 

was not observed in either CKD or Control animals during any of the 24-hour evaluation 

periods. However, an increased variation in the circulating levels of calcium was observed in 

CKD rats after one week of 1.0% phosphate diet (p < 0.05). At baseline, an overall difference 

during light and dark phases was present with a calcium elevation during the light phase and a 

slight decrease during dark periods (p < 0.01, Table 5.4). The relative change in the circulating 

level of calcium was unaffected by CKD although 1.0% phosphate diet, as expected, markedly 

increased levels compared to baseline and 0.5% phosphate (p < 0.001). There was no significant 

impact on calcium in Control animals when put on the high phosphate diet. 

5.3.4 Patterns in circulating PTH 

At baseline, PTH levels presented with diurnal variation (p < 0.05, Figure 5.2G, 5.3G). In 

the light phase, PTH levels fell relative to the daily average while levels rise during the dark 

phase, resulting in significant differences between the two phases (Figure 5.2 and 5.3, Table 

5.4). The largest decline in circulating PTH is found mid-afternoon in the light phase in all three 

experimental periods. A diurnal pattern of variation was still present in CKD animals after one 

week on the 0.5% phosphate diet (p < 0.001, Figure 5.2H, 5.3H). Except for a transient night 

time dip in PTH levels in these CKD rats, there was a similar overall pattern compared to 

baseline, with the light phase corresponding to a period of relative decline and the dark phase 
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to overall increase (p < 0.001, Table 5.5). Both CKD and control groups displayed a change in the 

diurnal variation in circulating PTH after one week of consuming the 1.0% phosphate diet (p < 

0.05 and p = 0.001, respectively; Figure 5.2H, 5.3H). Significant light-dark phase differences 

were still present in CKD animals (p < 0.05, Table 5.5), but not in Control rats. As with early 

timepoints the greatest decreases was towards the latter portion of the light phase. 

5.3.5 Patterns in circulating FGF-23 

A significant diurnal variation in FGF-23 is present at baseline (Figure 5.2J, 5.3J) and in 

Controls at each of the time points there was a minima in the latter half of the light phase and a 

relative increase in the middle of the dark phase (Figure 5.2J). The amplitude of these changes 

was significantly smaller than with PTH. With the induction of CKD and consumption of the 

0.5% phosphate diet a significant pattern of diurnal variation was present (p < 0.001) although 

the amplitude of FGF-23 changes was significantly reduced in the dark phase compared to 

Controls (Figure 5.2K, 5.3K, Table 5.5). Increasing dietary phosphate to 1.0% for one week 

resulted in attenuation of the diurnal variation for FGF-23 in the CKD animals, while a significant 

pattern of diurnal variation was maintained in the Control animals (Figure 5.2L, 5.3L). In both 

groups on the 1% dietary phosphate there was a slight prolongation of the trough that spanned 

from the light phase into the early dark phase when on the 1.0% diet. The daily amplitude for 

FGF-23 increased in the CKD rats and further increased when they were consuming the high 

phosphate diet (Baseline; 232.95 pg/mL vs. CKD 0.5%; 5685.32 pg/mL vs. CKD 1.0%; 32723.06 

pg/mL, respectively). However, when the daily amplitude was normalized to the daily average 

there was not a significant change (Baseline: 16.76%, CKD 0.5%: 15.49%, CKD 1.0%: 12.72%).  
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Table 5.2. Circulating markers of CKD at end of induction, during 0.5% phosphate, and at end 
of 1.0% phosphate dietary periods in rats with experimental CKD.  

End of CKD Induction End of 0.5% Dietary PO4 Phase End of 1.0% Dietary PO4 Phase

Cre 270.51 ± 40.16 200.28 ± 31.86*** 215.92 ± 42.92**

Ca 2.39 ± 0.17 2.64 ± 0.27** 2.72 ± 1.08

PO4 2.03 ± 0.21 1.87 ± 0.32*** 4.22 ± 0.70***

Abbreviations: CKD, chronic kidney disease; Cre, creatinine (μM); Ca, calcium (mM); PO4, 

phosphate (mM).

Data represented as mean ± SD. **p < 0.01, ***p < 0.001 significantly different than CKD 

induction phase. 
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Table 5.3. Daily averages of circulating hormones at end of low and high phosphate dietary 

phases in Control, CKD animals with VC, and CKD animals without VC.  

Control (n = 7) CKD Non-VC (n = 6) CKD VC (n = 7)

0.5% PO4 Diet – PTH 0.26 ± 0.10 0.29 ± 0.09 0.35 ± 0.23

1.0% PO4 Diet– PTH 1.95 ± 0.06 1.45 ± 0.47***††† 1.78 ± 0.71***†††

0.5% PO4 Diet – FGF-23 0.33 ± 0.07 2.88 ± 1.14*** 7.84 ± 4.19***‡‡‡

1.0% PO4 Diet – FGF-23 0.40 ± 0.09 18.85 ± 5.71***††† 44.96 ± 12.89***‡‡‡†††

Abbreviations: CKD, chronic kidney disease; Non-VC, no vascular calcification; VC, vascular 

calcification; PTH, parathyroid hormone (ng/mL); FGF-23, fibroblast control factor-23 (ng/mL). 

Vascular calcification defined as von Kossa stainable mineralization (phosphate > 50 nmol/mg 

tissue, calcium > 80 nmol/mg tissue).  

Data represented as mean ± SD. ***p < 0.001 significantly different than Control; ‡‡‡p < 0.05 

significantly different than CKD non-calcified. †††p < 0.001 significantly different than 0.5% 

dietary phosphate phase. 
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Table 5.4. Circulating averages for minerals and hormonal regulators in animals (n = 20) at 

study commencement.

Daily Average Amplitude (%) Light Phase Average Dark Phase Average

PO4 2.16 ± 0.08 26.15 ± 6.01 2.14 ± 0.07 2.18 ± 0.12

Ca 2.10 ± 0.04 18.15 ± 7.24 2.13 ± 0.05 2.07 ± 0.06ψψ

PTH 0.26 ± 0.10 135.85 ± 60.85 0.22 ± 0.07 0.35 ± 0.24ψψ

FGF-23 0.26 ± 0.10 36.21 ± 17.76 0.26 ± 0.09 0.26 ± 0.11

Abbreviations: PO4, phosphate (mM); Ca, calcium (mM); PTH, parathyroid hormone (ng/mL); FGF-23, 

fibroblast growth factor-23 (ng/mL). 

Data represented as Mean ± SD. ψψp < 0.01 significantly different than Light phase. 
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Table 5.5. Circulating averages for minerals and hormonal regulators in CKD rats (5 weeks 0.25% adenine diet prior to switch) and 

Control rats after one week of 0.5% phosphate diet followed by one week of 1.0% phosphate diet.

CKD (n = 13) Control (n=7)

Daily 

Average 

Max-Min 

Amplitude (%) 
LightPhase Dark Phase 

Daily 

Average 

Max-Min 

Amplitude (%) 
Light Phase Dark Phase 

0.5% Diet – PO4 2.18 ± 0.23 40.4 ± 11.87 2.12 ± 0.25 2.25 ± 0.22 1.73 ± 0.10 34.40 ± 8.59 1.71 ± 0.11 1.76 ± 0.11

1.0%Diet –PO4 4.21 ± 0.42 49.5 ± 28.89 4.08 ± 0.42 4.38 ± 0.49ψ 1.81 ± 0.14 53.41 ± 19.77 1.76 ± 0.14 1.87 ± 0.21

0.5%Diet – Ca 2.52 ± 0.19 27.2 ± 8.10*** 2.54 ± 0.19 2.50 ± 0.20 1.98 ± 0.12 13.57 ± 4.77 1.97 ± 0.12 1.98 ± 0.14

1.0%Diet – Ca 2.38 ± 0.32 84.9 ± 39.30*** 2.44 ± 0.42 2.31 ± 0.29 2.09 ± 0.17 37.39 ± 32.24 2.05 ± 0.18 2.13 ± 0.25

0.5%Diet –PTH 0.32 ± 0.17 83.3 ± 27.26 0.31± 0.16* 0.32 ± 0.19 0.26 ± 0.10 109.86 ± 54.08 0.22 ± 0.08 0.34 ± 0.17

1.0%Diet –PTH 1.63 ± 0.61 56.0 ± 21.40* 1.56 ± 0.57 1.73 ± 0.70 0.19 ± 0.05 114.17 ± 69.25 0.19 ± 0.07 0.21 ± 0.10

0.5%Diet – FGF-23 5.55 ± 4.0 31.0 ± 12.33 5.65 ± 4.18 5.40 ± 3.73 0.33 ± 0.07 29.81 ± 15.39 0.33 ± 0.07 0.35 ± 0.08

1.0%Diet – FGF-23 32.90 ± 16.73 25.44 ± 8.90*** 32.78 ± 16.05 33.11 ± 17.88 0.40 ± 0.09 44.84 ± 9.72 0.38 ± 0.09 0.42 ± 0.11

Abbreviations: CKD, chronic kidney disease; PO4, phosphate (mM); Ca, calcium (mM); PTH, parathyroid hormone (ng/mL); FGF-23, 

fibroblast growth factor-23 (ng/mL). 

Data represented as Mean ± SD. *p < 0.05, ***p < 0.001 significantly different than Control; ψp < 0.05 significantly different than 

Light phase. 
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Figure 5.2. 24-hour circulating levels of minerals and hormonal regulators in CKD (black 

squares, n = 13) and Control (white circles, n = 7) rats. Assessment of phosphate (A-C), calcium 

(D-F), PTH (G-I), and FGF-23 (J-L) at study commencement (A, D, G, J), after CKD induction and 

one week of 0.5% phosphate diet (B, E, H, K) and one week of 1.0% phosphate diet (C, F, I, L). 

All data points are mean ± SD. 



134 

Figure 5.3. Normalized levels of circulating minerals and hormonal regulators over 24-hours in 

CKD (black squares, n = 13) and Control (white circles, n = 7) rats. Assessment of phosphate (A-

C), calcium (D-F), PTH (G-I), and FGF-23 (J-L) at study commencement (A, D, G, J), after CKD 

induction and one week of 0.5% phosphate diet (B, E, H, K) and one week of 1.0% phosphate 

diet (C, F, I, L). Data is represented as the percent difference at a given timepoint compared to 

the animal’s circulating daily average. *p < 0.05, ****p < 0.0001 significantly different from 

Control. All data points are mean ± SD.  
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5.3.6 Vascular mineral accrual in CKD animals at sacrifice. 

Vascular accrual of phosphate (Figure 5.4A) and calcium (data not presented) was 

significantly elevated across all vascular beds in CKD animals compared to control animals (p < 

0.001). 62% of CKD animals experienced vascular calcification (VC) as defined by von Kossa 

stainable calcification (phosphate > 50 nmol/mg tissue).193 No significant differences in 

bodyweight, kidney mass, ventricular size, were present at sacrifice (Table 5.6). The only 

circulating factor that differentiated between calcified and non-calcified sub-groups was FGF-

23, as it was significantly elevated in CKD animals with VC both after one week of the 0.5% 

phosphate diet and one week of the 1.0% phosphate diet (p < 0.001, Table 5.3). 

5.3.7 Acute regulation of infused radiolabeled phosphate (33PO4) 

Previous investigations demonstrated that acute handling of minerals is significantly 

altered in CKD and differentially impacted by the presence of VC.193 In this study, radiolabeled 

phosphate (33PO4) was infused to assess the acute handling of phosphate between groups. 

Deposition of phosphate was determined after adjusting for the specific activity of circulating 

radioactive phosphate. Adjusting for changes in the proportion of radioactive phosphate 

corrects for differences between animals. Overall vascular accrual of 33PO4 was significantly 

elevated in CKD compared to control (p < 0.01, Figure 5.4C). The heat map (Figure 5.4C) of all 

tissues collected revealed that in CKD the major change compared to baseline for acute 33PO4

deposition was the greater accrual in vascular tissue, even though kidneys, bone, intestine, liver 

and parathyroid glands accrue phosphate substantially at baseline. Further comparison of acute 

deposition between calcified and non-calcified CKD animals (Figure 5.4B) revealed there was 

further enhancement of vascular phosphate accrual in calcified animals. 
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5.3.8 Effect of vascular calcification on diurnal variation 

Previous studies indicate VC associated with CKD normally requires a high dietary 

phosphate stimulus.128, 165 Stratifying CKD animals based on the endpoint presence or absence 

of VC showed that there was a diurnal variation present for phosphate in non-calcified rats (p < 

0.01, Figure 5.5A, 5.6A) whereas no variation was found in those calcified. A biphasic pattern in 

circulating phosphate occurs for non-calcified animals with the initial peak present in the early 

afternoon and the greater peak mid-evening. In neither group was a significant diurnal variation 

present for PTH or FGF-23 (Figure 5.5C-D, 5.6C-D). A time-dependent variation in PTH and FGF-

23 was observed in both groups (p < 0.01 and p < 0.001, respectively). 
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Table 5.6. Comparison of Calcified vs Non-Calcified CKD rats at end of study. 
VC (n = 7) No VC (n = 6)

Bodyweight (kg) 0.37 ± 0.01 0.38 ± 0.01

Kidney Mass (g) 2.23 ± 0.26 2.24 ± 0.30 

Left Ventricle Mass (g) 0.89 ± 0.03 0.87 ± 0.04

Left Ventricle / Bodyweight (g/kg) 2.44 ± 0.10 2.28 ± 0.08

Left Ventricle / Tibial Length (g/m) 21.12 ± 0.70 20.97 ± 0.75 

Cre 209.10 ± 49.13 223.88 ± 37.19

PO4 4.37 ± 0.88 4.04 ± 0.43

Ca 3.05 ± 1.33 2.32 ± 0.57

PTH 1.78 ± 0.27 1.45 ± 0.19

FGF-23 45.00 ± 4.87‡‡‡ 18.85 ± 2.33

Abbreviations: CKD, chronic kidney disease; Cre, creatinine (μM), PO4, phosphate (mM); Ca, 

calcium (mM); PTH, parathyroid hormone (ng/mL); FGF-23, fibroblast growth factor-23 (ng/mL). 

Vascular calcification defined as von Kossa stainable mineralization (phosphate > 50 nmol/mg 

tissue, calcium > 80 nmol/mg tissue).

Data represented as Mean ± SD. ‡‡‡p < 0.001 significantly different than CKD non-calcified. 
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Figure 5.4.  Phosphate accrual dynamics in Control (n = 7) and CKD rats (n = 13) and the effect 

of vascular calcification. Increased vascular mineral accrual represented by phosphate (A) and 

radiolabelled phosphate accrual (B) across vascular beds. Heat map (C) representing 

radioisotope accumulation generated through rank-ordering and averaging sites of greatest 

(dark shading) versus least accrual (light shading). VC defined as von Kosa stainable calcification 

(aortic phosphate > 50 nmol/mg tissue) *p < 0.05, **p < 0.01, ***p < 0.001 significantly greater 

compared to Control. ‡p , 0.05, ‡‡p < 0.01 significantly different than CKD non-calcified All data 

points are mean ± SD. 
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Figure 5.5. Effect of vascular calcification on 24-hour levels of circulating minerals and 

hormonal regulators in rats consuming 1% dietary phosphate. Comparison of CKD animals 

with vascular calcification (filled diamonds, n = 7) versus those without (empty diamonds, n = 6) 

of circulating markers of CKD. All data points are mean ± SD. 
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Figure 5.6. Effect of vascular calcification on 24-hour levels of circulating minerals and 

hormonal regulators in rats consuming 1% dietary phosphate. Comparison of CKD animals 

with vascular calcification (filled diamonds, n = 7) versus those without (empty diamonds, n =6) 

of normalized circulating markers of CKD. Data is represented as the percent difference at a 

given timepoint compared to the animal’s circulating average. All data points are mean ± SD. 
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5.4 Discussion 

This study sought to characterize daily variations in circulating minerals (phosphate, 

calcium) and hormonal regulators (PTH, FGF-23) and how these potential biological rhythms 

may be affected by CKD or the development of vascular calcification. This was accomplished by 

placing animals on a high adenine diet to induce CKD and then, following removal of the 

adenine from the diet, exposing them to low-normal phosphate (0.5%) and high phosphate 

(1.0%) diets, each for a week, with evaluations of 24-hour blood levels at baseline and after one 

week on each diet. To our knowledge this is the first study to compare and contrast the effect 

of experimental CKD with and without vascular calcification on the daily variation of these 

circulating factors daily. The major findings were that (i) renal impairment did not markedly 

alter normal daily variations in circulating minerals or hormonal regulators in low dietary 

phosphate conditions, (ii) that generation of severe hyperphosphatemia in CKD, with high 

dietary phosphate, was associated with an attenuated diurnal variation in phosphate, PTH and 

FGF-23, (iii) the development of VC in CKD was predicted by an early increase in the circulating 

level of FGF-23, but not PTH or hyperphosphatemia, and (iv) the presence of VC was associated 

with a substantially altered diurnal variation in circulating phosphate, suggesting that blood 

vessels become a significant source of this systemic maladaptation.  

Consistent with previous studies the use of the adenine containing diet resulted in 

progressive development of renal dysfunction with corresponding elevations in circulating 

creatinine, phosphate, calcium, and FGF-23, even during low-normal dietary phosphate 

exposure.53, 193, 203, 204, 211 Use of a high phosphate diet was required to induce severe 

hyperphosphatemia as well as marked elevation of PTH and FGF-23 in the CKD rats. Although 
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the specific role of FGF-23 in the development of cardiovascular disease in CKD remains 

unresolved, the early three times greater increase in circulating FGF-23 found in the 62% of rats 

that went on to develop VC provides support for the concept that this elevation is an index of 

susceptibility to calcify (Chapter 4). Given that the diurnal variations in phosphate, PTH and 

calcium were not significantly affected by this early increase in FGF-23, the findings are 

consistent with FGF-23 not being an acute regulator of mineral handling.154, 174

In agreement with clinical studies, in control rats both phosphate and PTH had 

significant diurnal variations that were similar to previously established trends (e.g. biphasic 

peaks in phosphate and a dark phase peak in PTH); additionally, although of lesser amplitude, 

FGF-23 also presented with a diurnal rhythm. No clear diurnal variation could be detected for 

calcium under control conditions, although, a decreasing trend similar to previously established 

patterns was observed.172, 179, 182, 275, 276 These findings, particularly the PTH rise corresponding 

to lower calcium was anticipated based on some previous reports.179 In the current study, 

animals were provided with the same amount of food at the onset of both the lights-on and 

lights-off periods to mitigate the potential effect of fasting periods on daily mineral regulation. 

Rats are nocturnal and as such it was unexpected that the pattern was not inverted between 

light and dark (i.e period of calcium decrease and PTH increase during daylight, aka lights-on) 

compared to humans. Based on this observation, clinically, the relative importance in roles of 

light-dark cycles versus timing of food consumption needs to be better resolved. One 

complication of the approach used herein relates to the possible impact of the blood sampling 

stress, even though stress was not previously shown to effect the diurnal variation of calcium, 

PTH, or bone resorption.177 It also may be that the variations are not necessarily linked to a 
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calcium deficiency from fasting but may be tied to a calcium-independent variation in bone 

turnover as postulated by Blumsohn et al (1994).179

Five weeks of CKD induction with adenine plus an additional week on the low-normal 

phosphate diet without adenine resulted in no alterations to the observed diurnal variations at 

baseline. These results are in line with clinical examinations of CKD that indicate despite 

significant changes in the level of some circulating factors (e.g. phosphate) the overall daily 

variation and patterns are not necessarily affected.154, 174, 188 However, based on finding that 

there was a marked increase in circulating FGF-23 at this timepoint, despite only moderate 

increases in phosphate and creatinine, it may be that there was already a substantial deficiency 

within the vitamin D metabolome. Appropriate indicators of vitamin D receptor activation will 

need to be developed since circulating levels of calcitriol alone are not sufficient.277 It was 

expected that there would be impact from the decline in functional renal mass on the 

organisms ability to regulate renal phosphate excretion and reabsorption although a reduced 

ability for intestinal phosphate absorption was not expected to play a major role.278 Despite 

these disruptions to absorption and reabsorption no appreciable changes to diurnal variations 

compared to baseline were observed in phosphate or calcium until high dietary phosphate was 

given and/or vascular calcification occurred. Although these results, at least in part, contradict 

the findings of Miyagawa et al (2018)176 the basis of the discordance is not self-evident unless 

the regulation of Npt-2 in the intestines and kidneys are playing a bigger role in the diurnal 

variation of these minerals and hormones than previously thought.176

Dietary phosphate was also increased in control animals to try to identify potential 

effects of phosphate exposure on normal daily mineral homeostatic patterns. Increasing the 
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dietary phosphate did not alter the patterns of phosphate or FGF-23 in controls. Increasing 

dietary phosphate left-shifted the PTH maxima by three hours and the overall profile became 

more blunted; potentially a result of the increased phosphate stimulus. Unlike at baseline, a 

diurnal variation was observed in calcium with a peak occurring at the start of the dark phase. 

This result was unexpected as calcium generally decreases with a phosphate stimulus in 

addition to decreasing post-prandially.154 The slightly increased levels may explain the observed 

decrease in relative circulating PTH at these time points. 

With the CKD animals the high phosphate diet was used to induce a severe 

hyperphosphatemic state that altered the daily phosphate rhythm, and yet did not markedly 

change the diurnal variation of FGF-23. A blunting of the previously observed mid-afternoon 

spike occurred. With the progressing CKD and addition of high dietary phosphate there was a 

very significant increase in FGF-23 production and yet the diurnal variation was not significantly 

altered; i.e. the 24-hour FGF-23 profile remained blunted. It was hypothesized that the large 

change was a consequence of changes to several other factors that would have generated a 

more noticeable alteration in daily variability, but it may be that the magnitude of the change 

represented a maximal signal for FGF-23 production and release. Overall in terms of the 

mineral-bone axis it appears that FGF-23 has a role that is not affected by acute daily changes, 

unlike PTH.158, 174, 181 With respect to calcium, the more prominent decrease in this mineral is 

likely due to changes to the acute mineral handling reservoirs where instead of calcium and 

phosphate interacting with they now exchange with the vasculature.193

Inducing hyperphosphatemia in the CKD animals served two roles: firstly, it enabled the 

evaluation of how an increased phosphate load is handled across 24-hours and secondly, it 
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induced vascular calcification and thereby enabled an assessment of how vascular calcification 

impacts biological rhythms. To verify that vascular calcification significantly altered acute 

mineral handling in this study we infused radiolabeled phosphate, took regular blood samples 

for 30 minutes, and then sacrificed animals to analyze locations of accrual. The 30 minute 

timeframe was selected as we have previously shown that prior to that time the kidneys have 

not been significantly involved in clearing phosphate.193 That is, by evaluating the half hour of 

mineral handling a renal-independent, at least in part, examination is possible between control 

and CKD animals. Within two minutes of intravenous delivery there is already a significantly 

lower level of radiolabeled phosphate in the circulation of CKD animals compared to controls 

and does not exceed the levels present at five minutes. This suggests that the infused 

phosphate is immediately entering non-renal tissues in CKD animals at a greater extent than in 

control animals. Tissue analysis reveals that in CKD animals with vascular calcification a 

preferential deposition for phosphate into the arteries occurs compared to bone for non-

calcified animals and the kidneys and bone for healthy control animals. For non-calcified CKD 

animals the preferential accrual in bone is likely due to bone being a natural location of acute 

mineral exchange in the system with bone remodeling activity being further bolstered by the 

significant remodeling stimulus from elevated PTH.279-281 The preferential phosphate deposition 

in arteries in CKD, likely the result of the transdifferentation of vascular smooth muscle cells 

towards an osteoblastic phenotype,56, 61 appears to be further increased when vessels calcify as 

they become even more susceptible to mineral deposition (Chapter 3).193

Given these altered mineral dynamics and the variable presence of vascular calcification, 

the daily variations were re-examined by stratifying based on the presence or absence of 
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vascular calcification. In CKD with vascular calcification, there was less of a pattern of daily 

phosphate and FGF-23 variation but more variation with PTH. This finding indicates, as the 

condition progresses towards vascular calcification, the vasculature progressively becomes 

more of a significant location of mineral influx and retention and is likely source for the loss in 

daily variation in circulating levels. 

Diurnal variation of circulating calcium, phosphate, and PTH have been previously 

examined, particularly with respect to the impact of daily changes on bone turnover. A 

significant repercussion of mineral dysregulation in CKD is the occurrence of renal 

osteodystrophy where normal processes of bone turnover and general health are 

compromised. This results in weakened bone and overall frailty that can contribute to 

fractures.20, 282 Further, significant elevations in circulating phosphate and FGF-23 in CKD have 

been shown to be associated with increased morbidity and mortality, particularly from 

cardiovascular disease.23, 139, 159, 283 Thus, the aim of some therapeutic strategies in CKD is 

mitigation of hyperphosphatemia, thereby attenuating the progression towards cardiovascular 

sequelae and preserving bone health.17, 284 By better understanding how these minerals and 

their hormonal regulators normally vary throughout the day as well as how the regulation is 

altered by CKD, more targeted approaches to therapy can be developed. In addition, the 

present findings provide evidence that there should be specific times selected for sample 

collection given the pattern of changes observed, particularly if the objective is a long-term 

versus a short-term indicator. As the first investigation in experimental CKD to assess the daily 

variations in these factors, this study was able to demonstrate that: (i) renal phosphate 

handling does not appear to be the dominant component in the daily variations, (ii) severe 
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hyperphosphatemia in CKD is associated with altered phosphate, calcium, and PTH variability, 

and (iii) vascular calcification significantly decreases the daily oscillations of circulating 

phosphate and FGF-23, while increasing the variation in PTH. Taken together, the findings 

provide a framework to examine the short-term and long-term time course of changes in the 

minerals and hormones, highlighting that the patterns of change likely have different time 

constants. 
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Chapter 6 

General Discussion
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With chronic kidney disease (CKD) comes a multitude of changes to how the body 

handles circulating calcium, phosphate, and mineral hormonal regulators. As CKD progresses 

the resultant mineral and hormonal disruption result in the development of CKD-mineral bone 

disorder (CKD-MBD).15, 17 This multifaceted pathology consists of: (i) abnormalities of calcium, 

phosphate, PTH, or vitamin D metabolism, (ii) abnormalities in bone turnover, mineralization, 

volume, linear growth, or strength, and (iii) vascular or soft tissue calcification".20, 21, 285 The 

mineral and hormonal maladaptations in CKD-MBD have a significant burden on the health of 

CKD patients, with hyperphosphatemia being a significant correlate with cardiovascular disease 

(CVD) and mortality.23, 30, 286-288 As over half of all CKD mortality is attributed to CVD an 

understanding of CKD-MBD and its underlying facets is critical.19 Of the cardiovascular 

abnormalities in CKD-MBD the development of vascular calcification (VC) is particularly 

concerning. This active process leads to vessel stiffening that likely causes cardiovascular strain 

and associates with increased propensity for cardiovascular events in CKD.41, 287, 289

Hyperphosphatemia is a known stimulus for the active transdifferentiation of vascular smooth 

muscle cells (VSMCs )needed for VC to occur,41, 287, 290 however, the acute interactions of 

phosphate with the vascular environment in vivo are not well defined. Despite the general 

trends of CKD progression being well established there are still significant gaps in the literature. 

Many central characteristics (e.g. FGF-23 elevation prior to PTH elevation) are based on clinical 

studies and lack definitive controls.42, 154 Further, although many clinical studies outside of CKD 

have examined the circadian variation to calcium,174, 180, 185, 291-293 phosphate,120, 173-175, 183, 188, 189

and PTH,174, 180, 181, 185, 188, 291-293 very few studies have examined their daily variation in CKD and 

none have done so within experimental CKD. Finally, within CKD-MBD there is a critical need for 
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refinement of treatment protocols. Current treatment modalities emphasize PTH suppression, 

despite no further treatment benefits to patients or research subjects being evident (aside from 

the PTH suppression itself).17, 294

In this regard, the key objective of this thesis was to identify how the progressive 

changes to the circulating mineral-hormonal milieu in CKD affects the vasculature, and in turn 

how the vasculature may affect said milieu. Another objective was to examine the current 

approach of using PTH suppression as a primary target in the therapeutic treatment of CKD-

MBD and if VDR agonism was an appropriate approach in doing so.  

6.1 Calcitriol-induced PTH suppression in CKD-MBD 

The treatment of CKD-MBD lacks definitive direction. Although the central tenants (i.e. 

pathologic elevations of PTH and FGF-23, VC, etc.) are well established, the best course of 

treatment is not. At the point of this study’s design and implementation the use of vitamin D 

receptor (VDR) agonists was still a mainline therapy for suppressing PTH in CKD-MBD.21 This 

recommendation came despite a lack of definitive targets for what quantifies a healthy PTH 

level or any identification of a treatment benefit that coincides with PTH suppression.294 If 

anything, the established literature indicated that the use of VDR agonists may potentially 

complicate the already existing harmful changes to the vitamin D metabolome with CKD and 

the evidence was mixed pertaining to increasing the propensity and severity of VC.81, 107-109

Recent studies looking at supplementation of the calcitriol prohormone, calcifediol, indicated 

that a modified extended dosing strategy could lead to the desired PTH suppression without 

negatively impacting the vitamin D metabolome.208-210 Using that line of reasoning, this study 
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sought to follow a similar dosing strategy, albeit using the established standard of therapy, 

calcitriol. 

This study brought forward multiple new facets pertaining to VDR agonist use in CKD-

MBD. First and foremost, irrespective of magnitude of dose or dosing strategy (SD vs QID) all 

calcitriol treated animals experienced a significant loss in the ability for calcitriol to suppress 

PTH; this is despite all groups initially showing PTH suppression with one week of treatment. 

These findings are important as they indicate that even with moderate (20 ng/kg/day) and high 

(80 ng/kg/day) dosing of calcitriol early in CKD there is still potential for the phenotype to 

escape suppressive potential. Similarly, that irrespective of dosing magnitude or strategy 

employed, all treated animals experience similar pathologic increases to FGF-23, VC, and 

endothelial dysfunction. This cross-treatment ability to increase instead of mitigate these facets 

of CKD-MBD support prior experimental findings that the use of VDRAs in CKD-MBD may 

potentiate CKD-MBD.107, 109, 203, 204 Of this study’s reported findings, the most important lie in 

the ad-hoc analysis of CKD-MBD state based on the level of PTH suppression. Using the PTH 

suppression standards set by the KDIGO guidelines, the analysis of calcitriol-treated CKD rats 

shows that despite attaining different levels of PTH suppression (-over, -target, -under) there 

were no differences in the other pathological aspects of CKD-MBD. These findings are critical as 

they highlight two fundamental issues in the KDIGO guidelines that need to be addressed, in 

that: (i) calcitriol use in CKD-MBD can drastically exacerbate the pathological components of 

CKD-MBD instead of providing benefit even at low doses and bolus sizes, and (ii) the current 

PTH suppression targets do not lead to a treatment benefit in CKD-MBD. 
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Through this study some of the key problematic areas in CKD-MBD treatment with 

calcitriol have come to light. Of note is that in the time of this study’s compilation an update to 

the KDIGO guidelines was released that significantly soften the stance on VDR agonist use in 

CKD-MBD.17, 285 Where previously it was recommended that VDR agonists like calcitriol be used 

relatively early in CKD-MBD (Stage G3a), it is now recommended that VDR agonists only be used 

in severe CKD (G5) that is unresponsive to other PTH suppressive therapies. These new 

recommendations come from a lack of identified treatment benefit with VDR agonist use 

amidst the risk of the potential negative aspects (e.g. hypercalcemia, hyperphosphatemia, 

VC).294 Although this change does address the previous recommended use of VDR agonists as 

an early therapy for PTH suppression in CKD-MBD, the larger issue of what PTH levels to target 

for suppression and whether PTH suppression is an appropriate target still need to be 

addressed. The findings of this study indicate that irrespective of PTH suppression the other 

negative facets of CKD-MBD are still a critical concern, as such, more investigation is needed 

pertaining to what the treatment targets and subsequent treatment mechanisms need to be to 

provide significant health benefits in CKD-MBD. 

6.2 Acute mineral interactions in animals with experimentally induced CKD. 

Changes to the circulating mineral and hormonal milieu in CKD, particularly the 

development of hyperphosphatemia, are known to contribute to the development of VC.56, 164, 

165, 231, 268 Although the association between increases to circulating minerals and the propensity 

for VC are well established, what was not previously known is how the now-altered vasculature 

affects the circulating milieu. Given that VC is an active and self-propagating process,76-78 it was 

likely that the development and progression of VC in CKD could significantly alter circulating 
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mineral dynamics in a manner that supports further calcification. Chapter 3 sought to examine 

how CKD may alter the circulating mineral and hormonal dynamics to contribute to CKD-MBD. 

Clinical studies demonstrate that there is a lag between the administration of a calcium 

or phosphate bolus and its removal from the circulation into the urine.154, 228 These studies are 

conducted using oral loads and the initial findings of this study confirm the lag period between 

mineral entrance to the circulation and clearance. Further, these findings hold true within the 

context of a 100% bioavailable phosphate bolus which requires ~30minutes before an apparent 

renal-dependent removal from the circulation. Of note is that although it takes half an hour for 

renal mechanisms to come into play, at this point there is already a ~75% reduction in 

circulating phosphate indicating that the tissues of the body (e.g. bone) play a significant role in 

acute mineral handling. The rest of the study was carried forward using these findings to 

determine how CKD may alter the interaction of the body’s tissues with circulating minerals.  

An acute infusion of a phosphate load into a healthy or CKD animal led to rises in 

phosphate and PTH, with a concurrent dip in calcium and no changes to FGF-23. Even within 

the acute 30-minute time frame there was an exaggeration to the magnitude and persistence 

of change in circulating minerals and PTH for CKD animals compared to controls, an indication 

of a change in how the tissues acutely interact with minerals. Through rank-ordering tissues 

based on radiolabeled mineral accrual the distinct trend of preferential mineral accrual in the 

vasculature of CKD animals versus the bone and soft-tissues of control animals is a clear 

indication of the CKD-MBD phenotype altering vascular biology to further propagate VC. The 

findings that the presence of VC further amplifies this accrual phenotype further supports this 

concept. The osteogenic-transdifferentiated VSMCs in calcifying vessels are likely actively 
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incorporating the acute mineral loads similar to the role osteogenic cells have within bone291, 

293; although not assessed in this study, the general preference for vascular mineral accrual over 

bone may be resultant of ease of access via the circulation (i.e. minerals directly interacting 

with the pathway, arteries, instead of the destination, bone). 

An interesting expansion of these results was the finding that a phosphate bolus 

preceding a radiolabeled calcium infusion enhances the status of the vasculature as a 

preferential site for acute mineral accrual. These findings illuminate two key aspects. First, they 

further confirm that the changes brought on to the vasculature by CKD result in a continual 

feedforward mechanism where the escalating changes to the circulating CKD milieu (e.g. 

hyperphosphatemia) further affect the vasculature more so than they would in health. Second, 

these findings illustrate the importance of targeting phosphate balance in CKD to avoid the 

propagation of CKD-MBD pathologies. It is possible that timing the appropriate implementation 

of a dietary phosphate binder or a systemic-acting phosphate binder could prevent the type of 

pulsatile increases in phosphate supporting vascular calcium accrual. This timing has yet to be 

determined and would first require an examination of daily variability in circulating minerals 

and associated hormonal regulators. 

6.3 FGF-23 as a biomarker for vascular calcification 

Phosphate is long known as a critical harbinger of the negative components to CKD-

MBD. 23, 31-35 The pathological increase of circulating phosphate in CKD is an important stimulus 

for VC and the elevations of circulating PTH and FGF-23.14, 44-47, 111, 157, 165 Despite significant 

work already being published pertaining to the pathologic increases to circulating phosphate, 

FGF-23, and PTH in CKD there are still significant gaps in the literature pertaining to the 
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influence of these factors on one another. Particularly, the role of FGF-23 in the development of 

cardiovascular disease, both of the vasculature and heart, has come into question of late.164, 264

This study sought to examine the effects of phosphate in a progressive form of CKD and identify 

changes to the CKD-MBD phenotype brought on by alterations to dietary phosphate content. 

A key component of this study was a refinement to the experimental model of CKD 

employed. Previously, CKD studies conducted by our lab-maintained CKD animals on a high 

adenine (0.25%) moderate phosphate (1.0%) diet for the entirety of the study. As evidence 

suggests that the continual use of adenine results in continual acute kidney injury,217 this study 

aimed to isolate the effects of phosphate on animals with well-established CKD that was no 

longer being generated through acute kidney injury. To do so animals were placed on a high 

adenine (0.25%) low phosphate (0.5%) diet for the first phase of the study, and then taken off 

the adenine diet and placed on diets of differing phosphate content (0.5%, low phosphate, LP; 

1.0%, moderate phosphate, MP; 1.5%, high phosphate, HP). Through this refinement to the 

experimental plan it is the belief of this research group that a more accurate and isolated 

examination of the effect of dietary phosphate exposure in experimental CKD was conducted. 

During the CKD induction phase all adenine fed animals developed equivalent CKD 

(assessed through elevations to circulating creatinine, PTH, FGF-23, and phosphate). As CKD 

developed the standard temporal order of pathological increase occurred where the 

phosphaturic hormones, FGF-23 and PTH, elevated prior to phosphate, a trend supported by 

the literature.42, 128 This is believed to be a result of enough kidney function still being present 

early in disease course as to adequately excrete phosphate. Of note is that PTH elevated prior 

to the FGF-23 elevation, and then decreased as FGF-23 increased. This finding supports a 
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current hypothesis by this primary author that the initial elevations to circulating hormones in 

CKD are not the result of a mineral dysregulation (phosphate excess or calcium deficiency) but 

caused by a calcitriol deficiency upregulating PTH that in turn upregulates FGF-23, which then 

downregulates PTH. This hypothesis stems from analysis of (i) circadian rhythm studies showing 

PTH to be the more acute-acting/responsive of the two hormones118, 154, 188; and from CKD 

studies showing that (ii) without PTH upregulation in CKD there is no elevation to FGF-23,8, 122, 

149 and (iii) administering exogenous FGF-23 in experimental CKD leads to marked suppression 

of circulating PTH.7 As of now an analysis of circulating vitamin D metabolites in this 

experimental cohort has not been conducted, as such further investigation is necessary. 

Switching CKD animals onto diets of differing phosphate content yielded significant 

results. Those fed higher phosphate diets, MP and HP groups, developed significant 

hyperphosphatemia, VC, and much greater elevations to circulating FGF-23 and PTH than the LP 

group. Through maintaining animals on the 0.5% phosphate diet a majority of the pathological 

changes in CKD-MBD (e.g. VC, continual FGF-23 upregulation) were avoided; implying that 

phosphate restriction in CKD may be a valid approach to improving overall health in CKD. Sub-

analysis of the high dietary phosphate groups based on the presence of VC yielded interesting 

results. As expected, those with VC experienced significant vessel stiffening (represented by 

elevated pulse-wave velocity) that in turn led to a widened pulse pressure. Although it cannot 

be confirmed as causative, this vessel stiffening does correspond with a significant elevation in 

left ventricular mass to bodyweight ratio in comparison to the non-VC group. Further, this sub-

analysis may provide answers to a role of FGF-23 in CKD-MBD. Area under the curve analysis 

indicates that of all factors present in the non-VC vs VC groups the only two factors that were 
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significantly different at study endpoint were creatinine (likely caused by worsening health 

brought on by VC)265 and FGF-23. The much greater elevation in FGF-23 at study endpoint 

implicates the vasculature as a potential source for FGF-23 and could signify FGF-23 as a useful 

biomarker for vascular pathology in CKD. Further, during the CKD induction phase, the exposure 

to FGF-23 was the only differentiating factor between the non-VC and VC groups, implying that 

its early elevation may identify experimental subjects more likely to calcify. 

Following up on the implications of calcifying vasculature being a potential source of 

FGF-23 in CKD-MBD, a study examining the pharmacologic inhibition of VC in CKD was 

conducted. A similar dietary adenine model, albeit with longer CKD induction phase to ensure 

more severe CKD phenotype, was employed where all CKD rats were given a high phosphate 

(1.0%) diet with a group of rats treated with doxycycline. Doxycycline is a tetracycline derivative 

that inhibits the activity of matrix metalloproteinase-2 (MMP-2) and MMP-9 with studies 

reporting an inhibition of VC.63, 75 A pilot study conducted in our lab showed that doxycycline-

based inhibition at the selected dose, 30 mg/kg/BID, significantly attenuates the development 

of VC. As expected, CKD animals treated with doxycycline had a marked inhibition of VC and no 

development of vessel stiffening, unlike those fed high phosphate diet alone. This was despite 

equivalent kidney disease, hyperphosphatemia, and circulating PTH levels. Additionally, the 

doxycycline treated rats expressed markedly lower levels of circulating FGF-23. As with the 

prior study, a sub-analysis comparing calcified to non-calcified was conducted and showed that 

despite equivalent hyperphosphatemia, circulating calcium, and similar PTH levels, the non-

calcified animals had significantly lower (greater than 50% reduction) circulating FGF-23 levels. 
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These findings further support the concept that the calcifying vasculature is a likely source of 

FGF-23 in CKD. 

The presented studies provide valuable information pertaining to the development of 

CKD-MBD and the changes to circulating factors and vascular health. By maintaining CKD 

animals on a low phosphate diet, many negative aspects of CKD-MBD (e.g. VC, continual FGF-23 

rise) were avoided or at the very least mitigated (PTH was only moderately progressed). This 

indicates that dietary phosphate control may be a suitable avenue for treating CKD-MBD 

clinically. Further, the identified trends of early FGF-23 elevation and subsequent significantly 

elevated FGF-23 levels in animals that would calcify hint at the potential that FGF-23 may serve 

as a biomarker for VC in CKD. More research is needed, but analysis of circulating FGF-23 in 

clinical CKD may allow for identification of likely VC without the need for radiation exposure 

(e.g. X-rays) or be an early indicator for patients more likely to calcify. This early predictive 

measure may allow for early initiation of anti-phosphataemic treatments to manage CKD-MBD 

(e.g. phosphate binder administration). 

6.4 The impacts of CKD and VC on daily variation trends in minerals and mineral hormonal 

regulators. 

A consensus has long been established pertaining to the chronic circulating patterns of 

calcium, phosphate, and mineral hormonal regulators (calcitriol, FGF-23, PTH) in CKD-MBD.42, 

128 That is, studies show that significant increases to FGF-23 and PTH, coinciding with calcitriol 

deficiency, precede the increases to calcium and phosphate. Surprisingly, in CKD, the daily 

variations to these circulating factors and the effects of CKD or CKD-MBD (specifically VC) on 

the patterns of daily oscillation have received little investigation. In fact, no experimental 
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studies to date have been reported that examine the effects of CKD and CKD-MBD on the daily 

oscillations in calcium, phosphate, FGF-23, and PTH. As such, the primary goal of this study was 

to establish (i) the general circulating trends of these factors in health, (ii) identify if the 

development of renal dysfunction affects any previously observed trends, and (iii) determine if 

CKD-MBD, specifically VC, caused significant attenuation to these potential trends. 

Through this study several key facets were elucidated. First, that the general trend in 24-

hour phosphate handling, which is best referred to as a biphasic “M-pattern” with a peak mid 

dark phase and one mid-light phase, was observed as it has been in multiple clinical 

examinations of 24-hour mineral circulation; similarly, the variability of PTH was also 

modellable to a diurnal patterning, albeit one with only a significant mid-dark phase and early 

light phase deficit. These findings support previous clinical findings and give credence to an 

overall mechanism for mammalian mineral-hormonal regulation. More importantly, this study 

establishes that the kidneys are not the principle regulator of 24-hour mineral variable 

regulation. That is, although our animals developed CKD, the general patterning of daily 

mineral-hormonal variability was not affected by renal dysfunction aside from an increase in 

the magnitude of oscillation and set-point levels. This is in contrast to the findings of Miyagawa 

and collogues (2018)176 who assert the kidneys as a primary regulator of 24-hour phosphate 

variability; however, these findings do support multiple clinical studies indicating that the 

development of CKD does not affect the general trends. It is likely that the daily variation of 

these minerals and hormones are highly interdependent on another and associate more with 

aspects of bone turnover and/or other temporary tissue reservoirs.  
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Unsurprisingly, the administration of a high phosphate diet (1.0%) resulted in CKD-MBD 

that significantly attenuated the 24-hour pattern of circulating phosphate and caused marked 

dysregulation to circulating calcium, which was previously stable. Based on previous 

experimental findings,193 it was suspected that the development of VC attenuated this 

patterning and upon stratifying CKD animals based on the presence/absence of calcification the 

hypothesis was proven valid; where animals with VC lacked the distinct “M-pattern” for daily 

phosphate, whereas the non-VC animals maintained this pattern. These findings indicate that 

the temporary tissue reservoirs like bone, or in the case of CKD-MBD the vasculature, have a 

significant impact in how the daily levels of circulating minerals and hormones are regulated. 

Further, these results show the impact that CKD-MBD has on vascular biology of turning blood 

vessels into preferred depots for mineral accrual and how a self-propagating mechanism 

develops with CKD-MBD. Such that mineral dysregulation in CKD causes VC (a facet of CKD-

MBD), that in turn causes further mineral dysregulation that further supports VC etc. etc. 

The findings from this study can prove beneficial to the general understanding and 

treatment of CKD-MBD. Through establishing the circulating trends in CKD-MBD a more 

accurate approach to patient/subject monitoring can be established both clinically and 

experimentally. Where the timing of blood sample collection used for establishing the extent of 

CKD-MBD pathogenesis can be more accurately timed to be taken at a time of day more 

reflective of the 24-hour circulating average. Additionally, although our research group had 

already established that VC significantly impacts acute phosphate handling in CKD,193 these 

findings further demonstrate the extent that this CKD-MBD pathology impacts how the body 

handles circulating minerals and hormonal regulators. This impact may potentially cause other 



161 

deleterious changes (e.g. impacting bone health by disrupting bone resorption regulation as 

evident by the increases to circulating PTH and overall disruption to circulating calcium 

patterning). Most importantly, the identification of the points of significant inflection (peaks or 

valleys) can improve the therapeutic management of CKD-MBD. Phosphate binders are a key 

component of present CKD-MBD management and better timing of binder administration can 

result in greater treatment benefit. The established findings of a phosphate bolus being 

necessary for vascular wall calcium influx, Chapter 3, give the potential that mitigating a 

phosphate spike in CKD-MBD could potentially reduce the VC-burden in CKD. An understanding 

of when a phosphate spike is most likely to occur, with or without the influence of food, can 

help develop better strategies. Lastly, the identification that renal dysfunction does not 

independently alter the 24-hour circulating patterns of minerals and hormones supports prior 

clinical findings, but disputes a recent experimental study. This finding and discordance is an 

indicator that further research in this field is necessary. 
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Summary 

The studies encompassed by this thesis provide significant expansion to current 

understanding pertaining to the circulating milieu in CKD, the development of VC and other 

CKD-MBD facets, and how current treatment protocols can be improved upon within CKD. 

Through the dietary adenine model of CKD induction these studies employ a progressive CKD 

phenotype that is highly representative of the chronic development of this disease condition in 

humans. Characterizing the effects of dietary phosphate, and the protective effects of a low 

phosphate diet, in CKD indicate the feasibility of a highly applicable treatment modality (i.e. 

dietary phosphate restriction). The findings of Chapters 3 and 5 build on these results to 

demonstrate how VC pathologically alters circulating mineral dynamics to further propagate 

CKD-MBD, in addition to demonstrating the maladaptive impact that VC in CKD has on 

circulating mineral dynamics. Further, Chapter 5 helps to identify the timepoints throughout 

the day most reflective of an animal’s daily average for a circulating mineral/hormone as well as 

at what time points the administration of a phosphate binder would provide the most benefit 

to mitigating sudden phosphate rises. The findings of Chapters 4 and 5 also identify FGF-23 as a 

predictor and potential biomarker for VC in CKD. Finally, Chapter 2 demonstrates the negative 

impact that the use of vitamin D receptor agonists can have in CKD-MBD and highlights the 

necessity for more concrete treatment targets for CKD-MBD than the current emphasis on PTH 

suppression. 
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Future Directions 

The chronic changes to circulating minerals and hormones have been previously 

established, however, they prove paradoxical. Given the well-known acute-response function of 

PTH (minutes-to-hours) compared to the long-term sustained stimulus (greater than eight 

hours) necessary for an FGF-23 response,127, 167 the chronic elevation of FGF-23 prior to PTH is a 

surprising trend given that the significant mineral level alterations that would stimulate FGF-23 

and PTH occur later in the disease course.42, 157 In fact, it has been shown through 

parathyroidectomy (PTX) studies in experimental CKD that increased circulating PTH is a 

necessity for FGF-23 to elevate in CKD;122, 149 such is the extent of this FGF-23 reliance on PTH 

that PTX in early experimental CKD can normalize circulating FGF-23.122 Given the findings of 

Chapter 4 where PTH elevated prior to FGF-23 and then reduced with FGF-23 elevation, there is 

potential that this established chronic pattern is a result of sampling error. That is, sufficient 

longitudinal studies (experimental or clinical) have yet to have been conducted that regularly 

sample and examine circulating CKD parameters (e.g. calcitriol, FGF-23, PTH) at an early enough 

time point. Given the reliance of FGF-23 changes to PTH, but a lack of mineral stimuli, there is 

potential that the predominant driver of CKD-MBD based alterations is the vitamin D deficiency 

that develops. This warrants an examination of longitudinal CKD changes and how early 

supplementation with calcitriol or a calcitriol prohormone (i.e. calcifediol) may affect the 

development of experimental CKD-MBD.  

Another interesting component from Chapter 4 and re-established in Chapter 5 was the 

observed earlier elevations to circulating FGF-23 in animals that would later calcify and the 

identification of FGF-23 as a potential biomarker for VC in CKD animals. These findings may 
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clear up some discrepancies pertaining to the role of FGF-23 in cardiovascular disease and 

CKD.31, 160, 161, 163, 164 An observational clinical study could expand on these findings by examining 

associations between circulating FGF-23 levels and the presence of arterial calcification (e.g. 

coronary artery calcification, aortic calcification) in CKD patients or through a longitudinal study 

examining the developments of VC in CKD patients and how FGF-23 changed during that 

timeframe. 

Based on the results from Chapters 3 and 5 the occurrence of VC in CKD clearly alters 

circulating mineral dynamics in CKD. Given the impact of a phosphate bolus to potentiating 

preferential vascular mineral accrual an examination of the impact of phosphate binders on this 

trend is warranted. Ideally, these binders would be administered at a suitable timepoint prior 

to the occurrence of a significant phosphate rise, as identified in Chapter 5. 

Finally, the experimental findings of Chapter 2 bring into question key components of 

the KDIGO guidelines for CKD-MBD treatment. The study indicates that aside from PTH 

suppression itself, the use of calcitriol does not provide any other observable benefits in 

experimental CKD-MBD. As such, aiming for other measures of treatment efficacy may be a 

necessary step. A potential target may be the repletion of vitamin D in CKD. Studies of the 

calcitriol prohormone calcifediol indicate significant improvement of vitamin D status, PTH 

suppression, with no negative affects when using moderate dosing strategies in CKD 

patients.208-210, 295 As such, an evaluation of calcifediol treatment on experimental CKD that 

emphasizes the effects on vascular pathology and mitigating pathologic changes to circulating 

factors (e.g. hypercalcemia, FGF-23 elevation) is a promising avenue for therapeutic 

investigation. 
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