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Abstract 

Hyperphosphatemia is a hallmark of progression in chronic kidney disease (CKD) and 

has been linked to the development of vascular calcification (VC), which increases 

cardiovascular risk. Phosphate binders are prescribed to control hyperphosphatemia. 

Fermagate is a calcium-free, magnesium-releasing, phosphate binder. Oral delivery of 

magnesium has been shown to attenuate VC. The aim of this study was to determine 

whether fermagate treatment compared to no treatment could impact VC in male 

Sprague-Dawley rats using an experimental model of adenine-induced CKD. The effect 

of fermagate on two different high phosphate dietary regimens was performed: high 

phosphate (0.75%) diet at all meals or a combination of low (0.5%) and high (1%) 

phosphate meals, such that the total amount of phosphate delivered was the same. In both 

studies, administration of fermagate increased serum magnesium and attenuated the 

levels of circulating phosphate, parathyroid hormone (PTH) and fibroblast growth factor 

23 (FGF-23). Compared to untreated CKD rats, fermagate treatment significantly reduced 

the prevalence of VC across a range of vascular tissues (70% VC in treated vs. 24% VC 

in untreated), but did not alter the accrual of magnesium in the vasculature. Serum 

phosphate and the prevalence of VC were higher in untreated and fermagate-treated rats 

on the constant high (0.75%) diet compared to the combination diet (0.5/1%), suggesting 

the impact of phosphate is dependent on the delivery of phosphate, not only the amount 

of phosphate consumed. Overall, the findings demonstrate that fermagate effectively 

reduces the bioavailability of the dietary phosphate load, increases systemic levels of 

magnesium, and limits the development and progression of CKD and VC.   
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Chapter 1 

General Introduction 

 

1.1 Chronic Kidney Disease and Cardiovascular Disease 

Chronic kidney disease (CKD) is a general term for disorders pertaining to 

prolonged impairment of kidney function and health for more than three months. Primary 

CKD diagnosis is based on glomerular filtration rate (GFR) and classified into five stages 

(Fig. 1.1); with the most severe stage, Stage 5 (GFR < 15 mL/min per 1.73 m2), 

representing end stage renal disease (ESRD; patients receiving dialysis or kidney 

transplant). All stages of CKD are recognized as significant risk factors for increased 

morbidity and mortality1. The prevalence of CKD (stage 1-5) in Canada is 12.5%, or 

about 3 million people, and is on the rise2,3. 

The leading cause of mortality in CKD is cardiovascular disease (CVD)4,5. CKD 

patients are more likely to die of CVD than to ever require renal replacement therapy4. 

The risk of CVD is 10-30 times higher in ESRD than in the general population but this 

increased risk cannot be fully explained by traditional Framingham risk factors 

(hypertension, age, diabetes, and etc.)6,7. Non-traditional risk factors, such as abnormal 

mineral metabolism (phosphate, calcium and magnesium), are common in CKD and 

increase risk of cardiovascular events8. In particular, mineral dysregulation contributes to 

the induction and propagation of vascular calcification (VC), resulting in arterial 

stiffening and circulatory dysfunction9.  
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Figure 1.1 Glomerular filtration rate (GFR) and the stages of CKD. Adapted from National 
Kidney Foundation Kidney Disease Outcome Quality Initiative guidelines (2003)10 
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1.2 Vascular Calcification 

There are two distinct kinds of vascular calcification (VC) that occur within a 

blood vessel. The first affects the intimal layer and is associated with plaque formation 

and atherosclerosis. The other, Monkeberg’s sclerosis or medial VC, involves the 

incorporation of calcium-phosphate crystals into the tunica media and is independent of 

atherosclerosis11. Medial VC is more common in CKD and will be the focus of this 

thesis; herein referred to as only VC.  

VC is common in the aging population and was initially thought to be a passive, 

degenerative process11. It is now known that VC is an active process that is dependent on 

the balance between promoters and inhibitors12. In CKD, the balance is tipped in favour 

of the promoters of VC, such that CKD patients are at the highest risk of VC13. It has 

been revealed that the prevalence of pathogenic VC in CKD patients is as high as 90%14. 

The calcium-phosphate crystal, hydroxyapatite, formed in VC is the same crystal as that 

in bone. The minerals accrue in a stoichiometric 10 to 6 calcium to phosphate ratio that is 

typical of the hydroxyapatite crystal (Ca10(PO4)6(OH)2). As the disease progresses, less 

calcium and phosphate are found in bone and more in calcifying arteries15. 

VC is a strong marker of all-cause and cardiovascular disease mortality in CKD 

patients. Calcification increases vascular stiffness and reduces vascular compliance16. 

The ability of arteries to dampen arterial pressure is reduced resulting in increased 

systolic blood pressure and pulse wave velocity. These alterations lead to left ventricular 

hypertrophy and are associated with adverse cardiovascular events, including myocardial 

infarction, congestive heart failure, endocarditis and death16.  
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1.2.1 Mechanism of Vascular Calcification 

The mechanism of VC is multifactorial and is not fully understood, however in 

some ways it resembles the active process of ossification in bone17. In vitro and ex vivo 

studies have repeatedly identified phosphate as a key player in the induction and 

progression of VC, and hyperphosphatemia is highly correlated with the calcification of 

central and peripheral arteries in CKD18. Vascular smooth muscle cells (VSMCs) actively 

transport phosphate into the cell via sodium-dependent phosphate transporter 1 and 2 

(PiT-1 and PiT-2). This phosphate influx results in a change of contractile VSMC to an 

osteoblast-like phenotype19. Inhibition of PiT-1 transport reduces VSMC calcification 

and transdifferentiation in high phosphate VSMC culture19. Upregulation of the bone 

development transcription factor Runx2/Cbfa1 and the extracellular bone matrix protein 

osteopontin occur in calcifying arteries of dialysis patients and are predominant markers 

for reporting VC in both in vitro and in vivo calcification models20,21. Runx2 is a 

transcription factor that induces bone matrix components, including collagen, osteocalcin 

and osteopontin; knockdown of Runx2 in VSMC culture prevents osteoblastic 

transdifferentiation and calcification21,22. With the phenotypic shift to bone formation,  

there is a simultaneous downregulation of smooth muscle lineage gene expression (e.g. 

SM22α and smooth muscle α-actin)20. Phosphate may also promote VC by inducing the 

formation of niduses (nucleation sites) for the initiation of crystal growth in the form of 

apoptotic bodies and degraded extracellular matrix23–25. Phosphate triggers the 

downregulation of the antiapoptotic protein growth arrest-specific gene 6 (gas6) and its 

receptor Axl23. Further, phosphate is associated with upregulation of the extracellular 
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Figure 1.2 Schematic representation of key processes of vascular calcification. Phosphate 
uptake by VSMCs promotes vascular calcification and leads to the initiation of osteoblastic 
transdifferentiation, formation of niduses (apoptotic bodies, matrix vesicles, and degraded 
extracellular matrix) and alters the balance of inhibitors to promoters of vascular calcification.  
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matrix degrading enzymes matrix metallopeptidases 2 and 9 (MMP-2/9); matrix 

degradation is correlated with increased arterial stiffening in CKD patients and 

phosphate-induced VC in a mouse model of CKD24,25.  

Other activators of VC, apart from phosphate, include calcium, bone morphogenic 

protein 2 (BMP-2), tumour necrosis factor α (TNF-α) and alkaline phosphatase. BMP-2, 

which is involved in normal bone development, is expressed in the vasculature under the 

influence of pro-calcifying stimuli and further increases phosphate uptake into 

transdifferentiating VSMCs by up-regulating PiT-1 in a positive feedback loop26,27. 

BMP-2 is further induced by the cytokine TNF-α, which is elevated by the chronic 

inflammatory conditions of CKD28. Tissue non-specific alkaline phosphatase is 

upregulated in CKD, resulting in an increase in hydrolysis of the inhibitor of VC, 

pyrophosphate29. Calcium and phosphate are required for VC; however, calcium alone 

does not induce the same phenotypic change that excess phosphate does. Calcium uptake 

results in apoptosis and matrix vesicle release, which are thought to offer a 

microenvironment of concentrated calcium and phosphate and provide a nidus for crystal 

formation12,30. 

It has been suggested that it is the lack of inhibitors in CKD that allow for the 

initial growth of the amorphous calcium-phosphate crystal31,32. There are circulating 

(fetuin-A) and local (matrix Gla protein (MGP), osteopontin and pyrophosphate) 

inhibitors of VC33–35. Fetuin-A is taken into VSMCs and reduces the ability of their 

matrix vesicles to undergo VC, and osteopontin and pyrophosphate function by binding 

and inhibiting the growing hydroxyapatite crystal17. MGP is a vitamin K-dependent 
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protein that is upregulated in calcifying vessels. An MGP knockout mouse model 

develops severe VC after birth and animals die within the first two months from vessel 

rupture, although the underlying mechanisms are not fully understood35. There is also 

evidence for magnesium acting as an inhibitor of VC by reversing phosphate-induced 

changes36. In CKD, the balance between activators and inhibitors shifts in favour of VC 

and calcium and phosphate begin to accrue at a 10:6 ratio, typical of hydroxyapatite. 

 

1.3 Phosphate Regulation 

Phosphate levels are dependent on dietary intake, gut absorption, distribution to 

phosphate stores, and excretion. About 70% of all phosphate consumed is absorbed by 

the gut, and in healthy individuals it is excreted, predominantly by the kidneys37. In a 

healthy situation, less than 1% of phosphate is in the extracellular fluids; approximately 

85% is kept in an exchangeable pool in bone and 10-15% is found in soft tissue. Three 

primary hormones act to regulate the handling of phosphate and maintain homeostasis in 

health; fibroblast growth factor 23 (FGF-23) and parathyroid hormone (PTH) act to 

decrease circulating phosphate, and vitamin D increases phosphate levels. In progressing 

CKD, excretion of phosphate is extremely reduced and there is a positive phosphate 

balance, even though FGF-23 and PTH levels increase dramatically. At this point, the 

effects of these phosphaturic hormones are maximized and yet are insufficient in 

controlling phosphate such that hyperphosphatemia ensues.  

Phosphate regulation is the result of dynamic crosstalk between the intestine, 

bone, parathyroid gland, and the kidneys. Circulating phosphate acts as a mediator 
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between the organs, however it is not understood how phosphate levels are monitored by 

bone, the parathyroid glands or kidneys37. Even so, the parathyroid gland and bone are 

activated when a phosphate-containing meal is consumed and circulating levels of 

phosphate increase. To reduce phosphate, PTH expression and secretion are increased38–

40. PTH binds to its receptors on the basolateral membrane of the proximal tubules 

resulting in decreased protein expression and increased internalization of renal sodium-

phosphate cotransporter type 2a and 2c channels (NaPi 2a/c), which function to reabsorb 

phosphate from the filtrate38,41,42. PTH also decreases expression of NaPi 2b in the small 

intestine to limit phosphate absorption43.  FGF-23 acts on the kidney by a similar 

mechanism38,44,45. Osteocytes and osteoclasts secrete FGF-23 in response to high 

phosphate, which binds to FGF receptors on the renal basolateral membrane in the 

presence of transmembrane co-receptor klotho to decrease gene expression of NaPi 

2a/c40. FGF receptor activation in the kidney also reduces 25 hydroxyvitamin D-1 α-

hydroxylase (CYP27B1, anabolism of vitamin D) and increases 25-hydroxyvitamin D-

24-hydroxylase (CYP24A1, catabolism of vitamin D), thus decreasing levels of active 

1,25-dihydroxyvitamin D3 (calcitriol)44,45. The importance of FGF-23 to systemic mineral 

balance is evident in the FGF-23 knockout mouse. These animals develop severe 

hyperphosphatemia, secondary hyperparathyroidism and vascular calcification45,46. Both 

FGF-23 and PTH work towards the same end, however PTH is thought to respond more 

acutely to changes in serum phosphate, for example after meals47.  

A decrease in circulating levels of phosphate triggers vitamin D activation in the 

kidneys leading to elevated levels of calcitriol38. Active vitamin D acts to increase serum 



 

9 

 

phosphate by up-regulating expression of NaPi 2b in the gut and decreasing secretion of 

PTH by the parathyroid gland38,48. Lowering PTH levels is a target in CKD patients as 

secondary hyperparathyroidism is common in this population (20% of stage 4 and 5 

patients), as a result of hyperphosphatemia, and is linked to cardiovascular morbidity and 

mortality49,50. To this end, vitamin D is the standard of care, with the off-target effect of 

further increasing phosphate levels as well as calcium levels51–53. Homeostatic control of 

phosphate is a complex system. There are also counterregulatory mechanisms; PTH 

increases bone resorption and calcitriol production, and there is evidence that calcitriol 

increases FGF-23 secretion38,54. In health, this system tightly regulates phosphate levels.  

At early stages of CKD (stage 1-3), PTH and FGF-23 are elevated and able to 

increase renal excretion of phosphate to control its levels55. Phosphate levels begin to 

increase with significantly decreased kidney function (CKD stage 4; GFR < 30 mL/min 

per 1.73 m2) even though PTH and FGF-23 continue to rise56. This is a result of the 

reduction in the number of functional nephrons and insufficient filtration of phosphate, 

even with PTH and FGF-23 inhibition of renal reabsorption. At this progression of the 

disease, renal osteodystrophy develops as bone remodeling can no longer regulate 

phosphate homeostasis and bone resorption occurs in excess of bone formation57.  

Chronically elevated FGF-23 and PTH also have other negative, off-target effects. 

FGF-23 can increase by multiple orders of magnitude in comparison to healthy subjects 

and is associated with left ventricular hypertrophy, cardiovascular disease and is a strong 

and independent risk factor for all-cause mortality in CKD56,58. There is evidence of PTH 

contributing to vascular calcification59. We hypothesize that in CKD, depositing 
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phosphate in the vasculature and other tissues, is a maladaptive response to elevated 

phosphate levels in an attempt to maintain long-term phosphate homeostasis. 

Maintenance of serum phosphate by dietary restriction of phosphate is often insufficient 

and phosphate binders, which prevent the gut absorption of phosphate, are prescribed52.  

 

1.3.1 Acute Phosphate Handling 

Recently, our lab found that the arteries become the most important depot for 

acute phosphate loading in a rat model of CKD60. Rats were injected intravenously with a 

bolus of phosphate that was spiked with radiolabeled phosphate (33PO4). 30 minutes later 

the rats were sacrificed and the amount of radioactivity in tissues was measured as a 

marker of acute phosphate handling. Compared to healthy controls, in CKD the 

vasculature showed the largest increase in delivery of 33PO4 of all tissues. A second 

experiment measured the disposition of intravenous radiolabeled calcium (45Ca) in CKD 

with and without a phosphate bolus. The amount of 45Ca in the vasculature was 

significantly increased with a phosphate spike. These results suggest that acute non-renal 

mineral handling is impaired in CKD and the vasculature becomes a preferential depot of 

phosphate and calcium. In addition, accrual of calcium in the arteries was driven by a 

phosphate pulse, and not hyperphosphatemia per se.   
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1.4 Calcium Regulation 

Compared to phosphate, circulating calcium levels are very tightly regulated22. 

This may be one reason that the role of phosphate in the initiation and progression of VC 

has been more extensively studied, however there is recent evidence that an association 

exists between serum calcium, VC and CVD in the CKD population8,22,61. Humoral 

components of the regulation of calcium overlap with those involved in the control of 

phosphate (i.e. vitamin D, klotho and PTH)53. The active form of vitamin D decreases 

renal excretion of calcium, and increases gut calcium absorption and bone resorption to 

increase levels of serum calcium53,62. Klotho, the co-receptor for FGF receptor activation 

stimulates renal reabsorption of calcium by transient receptor potential vanilloid receptor 

type 5 (TRPV5)63. PTH also elevates calcium by decreasing renal excretion, initiating 

bone resorption, and increasing calcitriol levels by stimulating its production and 

inhibiting its metabolism38. Calcitonin is also involved in calcium regulation by 

stimulating bone formation to decrease serum calcium64.  

In early CKD, calcitriol levels decrease, as a result of increased phosphate, 

increased FGF-23 (inhibitor of vitamin D-activating 1α-hydroxylase) and kidney damage, 

which lowers calcium levels22. Vitamin D deficiency is associated with CVD and is much 

more common in CKD than in the general population65,66. The development of 

hyperphosphatemia and hypocalcemia trigger PTH release, which can lead to secondary 

hyperparathyroidism22. Secondary hyperparathyroidism is often managed by prescription 

of calcitriol, which also increases serum calcium and phosphate; a strong stimulus for VC 

in CKD.  
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1.5 Phosphate Binders 

Maintenance of serum phosphate levels in CKD is an important target to control 

secondary hyperparathyroidism and vascular calcification. Restricting dietary phosphate 

is often insufficient, especially at later stages of CKD, and there is a risk of malnutrition 

as phosphate content is usually associated with protein content in food67. Additionally, 

the removal of phosphate by dialysis in end-stage renal disease is also inadequate68. The 

most promising method of lowering serum phosphate is the use of oral phosphate binders 

that bind phosphate in the gut to prevent its absorption. Over 90% of patients with renal 

failure use phosphate binders69.  

There are a variety of available phosphate binders. Appropriate agents have a high 

affinity for phosphate across a large pH range and do not cause serious toxic effects. 

These compounds should not have adverse effects on the gastrointestinal tract, should 

have very limited absorption, and if absorbed should not be toxic. The first phosphate 

binder was an aluminum hydroxide gel that was used until the mid 1980s69,70. Aluminum 

cations in the gut bind phosphate and form an insoluble aluminum-phosphate salt. 

Despite its very high binding efficacy, it is no longer used due to the toxic effects of  

absorbed aluminum, including severe osteomalacia and dementia71,72. Calcium-based 

phosphate binders (calcium carbonate and calcium acetate) have since been prescribed as 

a substitute73. These binders are associated with the development of hypercalcemia and 

an increased risk of VC74. Lanthanum carbonate is a more recent metal cation phosphate 

binder. Lanthanum has potential as a safe phosphate binder, although accumulation of 
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lanthanum in circulation and in bone has been reported75. The effects of this 

accumulation are not known, indicating more long-term study is required. 

The second type of commonly prescribed phosphate binders are anion-exchange 

polymerized resins, for example sevelamer hydrochloride and sevelamer carbonate76. In 

the gastrointestinal tract, the anions (chloride or carbonate) are released from the polymer 

and replaced with captured phosphate forming a large complex that cannot be absorbed. 

There is a trend in the literature showing that sevelamer provides benefit over calcium-

based binders on the progression of VC, however more large-scale studies are required69.  

Estimates show that at least 51% of dialysis patients in Canada are prescribed 

sevelamer77. New phosphate binders are in development, including new resins 

(colestilan) and magnesium-containing agents, and inhibitors of the gut NaPi 2b 

phosphate transporter69.  

 

 

1.5.1 Fermagate 

Fermagate (iron-magnesium hydroxycarbonate) is a calcium-free, magnesium-

containing, phosphate binder78. Iron and magnesium are held in an insoluble layered 

hydrotalcite structure with carbonate anions that lie between the layers and are freely 

exchanged with phosphate. Fermagate shows high phosphate binding efficacy 

comparable with sevelamer hydrochloride, aluminum hydroxide and lanthanum 

carbonate in vitro78. A phase II study tested the safety and efficacy of fermagate at two 

different doses, each given three times daily. Compared to placebo, fermagate 

significantly lowered serum phosphate in a dose-dependent manner. This change in 
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serum phosphate was evident within one week of treatment. The lower dose of fermagate 

did not provoke statistically more adverse events than were reported in the placebo group. 

The higher dose, which is greater than that required for lowering circulating phosphate, 

produced some tolerability issues, most of which were gastrointestinal. Neither dose of 

fermagate impacted iron status, however a dose-dependent increase in serum magnesium 

was observed. In vitro evidence suggests about 20% of magnesium in fermagate is 

released and absorbable78. There is evidence, both in vitro and in vivo, that magnesium 

can prevent and limit the progression of VC60,79–82. The ability of fermagate to reduce 

serum phosphate and provide magnesium, with only minor side effects, highlights its 

potential as a phosphate binder.   

 

1.6 Magnesium in CKD 

Magnesium is involved in regulation of vascular tone, heart rhythm, and skeletal 

and mineral metabolism. Decreased magnesium levels are associated with cardiovascular 

and all-cause mortality83. There is also evidence of an inverse association between 

magnesium and VC84. The homeostatic regulation of magnesium is predominantly 

dependent on intestinal absorption and renal excretion85. It does not involve an extensive 

hormonal system similar to the regulation of calcium and phosphate. As CKD progresses 

and renal excretion falls below 30 mL/min per 1.74 m2
, magnesium excretion decreases 

and is unable to match intestinal absorption. At stages 3 and 4 of CKD, patients are 

usually in a positive magnesium balance and hypermagnesemia develops86. Even though 

hypermagnesemia is common, supplementation with magnesium has been shown to 
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improve carotid intima media thickness in patients on hemodialysis87. High serum 

magnesium does not necessarily predict soft tissue magnesium content, which is 

hypothesized to be essential for a protective effect on the vasculature79,86,88. Magnesium 

has also been shown to contribute to the control of PTH and vitamin D. Magnesium 

interacts directly with the parathyroid gland, in a similar fashion to calcium, to decrease 

secretion of PTH89. Magnesium has since been independently inversely associated with 

PTH levels in hemodialysis patients, suggesting that elevated magnesium levels can 

decrease circulating PTH and secondary hyperparathyroidism in CKD90. Magnesium is 

also involved in the synthesis and metabolism of vitamin D, and it has been shown that 

high magnesium levels are associated with a lower risk of vitamin D deficiency91.  

 

 

1.6.1 Role of magnesium in vascular calcification 

Low serum magnesium was first linked to VC in CKD in the 1980s92–94. Since 

then, in vitro and in vivo studies have further established the protective effect of 

magnesium, yet the mechanisms of action involved are not fully understood. There is 

evidence that magnesium plays passive and active cellular roles in inhibiting VC80,95. In 

vitro studies have shown that crystallization of hydroxyapatite can be inhibited by 

magnesium95. In particular, magnesium can delay the process of seeding new crystals 

from an amorphous calcium phosphate state96. Aside from its potential to physically 

prevent the accrual of hydroxyapatite in vascular tissue, elevated magnesium has been 

shown to attenuate phosphate-induced transdifferentiation of VSMC and VC in cell 

culture, tissue culture and CKD animal models79,81. This is thought to be dependent on 
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the entry of magnesium through magnesium transient receptor potential melastatin 7 

(TRPM7) channels79. In cell culture, high phosphate media decreases TRPM7 activity, 

but this effect can be reversed by magnesium. Blocking the TRPM7 channel with an 

inhibitor negates any beneficial effect from magnesium. Apart from reversing phosphate-

induced transdifferentiation, these protective effects include up-regulation of the 

anticalcification proteins osteopontin, BMP-7 and matrix Gla protein79. Similar results 

have been shown in rat aortic tissue culture, as well as demonstrating that magnesium 

down-regulates expression of PiT-1, which is required for phosphate uptake, 

transdifferentiation and VC19,80. Previous studies in our experimental rat model of CKD 

demonstrate that magnesium can limit VC in vivo, particularly when given in 

combination with calcitriol60,82.  

 

1.7 Adenine CKD model in the rat 

To study CKD, two experimental rat models have been widely used97. The first is 

the 5/6th nephrectomy, in which kidney mass is surgically reduced. This model has some 

limitations, including the requirement for a high-risk surgery, an unpredictable severity of 

CKD that cannot be controlled, and a requirement for excessive dietary phosphate over a 

longer timeframe to induce hyperphosphatemia and VC98. The second model that induces 

CKD with dietary adenine more closely resembles CKD and its cardiovascular 

complications in the clinical setting. The rodent studies described in this thesis use the 

adenine-induced CKD model.  
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In 1982, it was discovered that high dietary adenine is metabolized to 2,8-

dihydroxyadenine, which crystallizes and precipitates along the microvilli and apical 

region of the proximal tubular epithelia97,99. This produces nephrotoxicity and gradual 

renal decline, similar to CKD in humans. This has become a reliable method of inducing 

a degree of CKD dependent on quantity of adenine in the diet and duration of 

consumption. Price et al. were one of the first groups to publish an adenine model of 

CKD in rats, using a diet that contained 0.75% adenine, 2.5% protein and 0.92% 

phosphate100. VC developed within 4 weeks of diet start. Modifications have been made 

to this model; in these studies rats are fed 0.25% adenine, 6% protein and 0.5% phosphate 

to induce CKD over 4-5 weeks. This produces stable moderate-severe CKD with limited 

weight loss and hyperphosphatemia. At this point rats are taken off adenine and put on a 

higher phosphate diet to develop hyperphosphatemia and VC. An intervention or 

treatment can then be done without the dietary adenine being a confounding factor.   

Serum creatinine is measured throughout studies as an estimate of glomerular 

filtration rate to determine the extent of renal damage101. Creatinine is a metabolite that is 

produced in the body at a constant rate and is freely filtered and not reabsorbed, therefore 

if an increase in serum levels is detected, it is indicative of decreasing GFR and CKD. 

 

1.8 Rationale and statement of hypothesis and objectives 

Cardiovascular diseases are the leading cause of morbidity and mortality in the 

CKD population4. There is a high prevalence of vascular calcification in these patients, 
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which is an independent risk factor for CVD in CKD13,14. The following study focuses on 

the prevention of VC in an experimental model of CKD. Although the mechanism is not 

fully established, phosphate is a key regulator of VC. In early CKD, phosphate control 

systems are up-regulated to prevent the development of hyperphosphatemia. As CKD 

advances, these systems are insufficient to prevent a positive phosphate balance, 

ultimately leading to hyperphosphatemia and VC. Dietary control of phosphate and 

dialysis are often insufficient to maintain phosphate levels, and phosphate binders are 

prescribed. Fermagate is a calcium-free phosphate binder containing releasable and 

absorbable magnesium, a known inhibitor of VC in vitro and in vivo. The main focus of 

this study is to characterize the effect of fermagate on an adenine-induced rat model of 

CKD. Specifically, the effects of fermagate on serum minerals (PO4, Ca and Mg) and the 

associate regulatory hormones (PTH, FGF-23 and vitamin D), vascular magnesium, and 

VC.  

 

The hypotheses tested in the present experiment were that fermagate treatment will: 

1. attenuate the progression of hyperphosphatemia 

2. increase serum magnesium and tissue magnesium 

3. attenuate the CKD-induced rise in PTH and FGF-23 levels 

4. limit the initiation and progression of VC 

 

 

 



 

19 

 

The studies in which the hypotheses were tested include: 

 

Chapter 2: Effect of a Magnesium-Releasing Phosphate Binder on Vascular 

Calcification and Disease Progression in an Experimental Model of CKD  

The objectives were: 

1. To determine whether oral administration of fermagate would prevent the 

increases in serum phosphate induced by high dietary phosphate 

2. To determine whether fermagate increases serum magnesium similar to increased 

dietary magnesium  

3. To determine whether fermagate can attenuate vascular calcification in chronic 

kidney disease  

4. To determine whether the effect of fermagate on vascular calcification is 

dependent on vascular magnesium status 

5. To determine whether the response to fermagate is reflected in the levels of PTH, 

FGF-23 and vitamin D 
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Chapter 2 

Effect of a Magnesium-Releasing Phosphate Binder on Vascular Calcification 

and Disease Progression in an Experimental Model of CKD 

 

2.1 Introduction 

 Vascular calcification (VC), the active deposition of phosphate and calcium as 

hydroxyapatite in the medial arterial wall, is highly prevalent in chronic kidney disease 

(CKD)102. Vascular calcification results in arterial stiffening, altered hemodynamics, left 

ventricular hypertrophy (LVH), and an overall increased risk in morbidity and 

mortality103,104. In CKD, the highest risk of mortality results from cardiovascular disease 

(CVD)4. Altered mineral metabolism, especially of phosphate, is a hallmark of CKD, 

contributing significantly to the initiation and progression of VC and, thereby, to the 

cardiovascular sequelae105. The presence of hyperphosphatemia indicates maladaptive 

disposition of this mineral and has been linked to transdifferentiation of vascular smooth 

muscle cells to an osteoblast-like phenotype106. Phosphate-regulating hormones such as 

parathyroid hormone (PTH), fibroblast growth factor 23 (FGF-23) and vitamin D are 

highly dysregulated in CKD; with PTH and vitamin D potentially contributing to VC and 

FGF-23 being linked to the induction of LVH58,59,107.  As a result of this phosphate-

mediated dysregulation, the maintenance of serum levels is a key therapeutic target.  

Phosphate binders have been prescribed since the 1970s to control hyperphosphatemia108. 

However, early aluminum and calcium-based binders are associated with serious adverse 
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effects. More recently, Schutter et al., showed that daily gavage of a phosphate binder, 

combining calcium acetate and magnesium carbonate, could reduce side effects, attenuate 

serum phosphate as well as prevented vascular calcification in an adenine model of 

CKD109.   

 Fermagate (iron magnesium hydroxycarbonate) is a calcium-free, magnesium-

releasing phosphate binder for which the safety and efficacy in lowering serum phosphate 

in humans has already been demonstrated78. Treatment with fermagate has not been 

shown to significantly change iron status in CKD, likely due to the lack of iron 

absorption, whereas the magnesium in fermagate has been shown to be absorbable and to 

increase circulating levels78.  Previous studies have shown that low serum magnesium is 

linked to the development of VC in dialysis patients93,94.  In vitro and in vivo 

experimental studies have demonstrated the protective effect of magnesium, but the full 

mechanism of action has not been established.  Magnesium can passively impede the 

growth of hydroxyapatite crystals95. In addition, in cell culture, elevating the magnesium 

concentration attenuated the phosphate-induced transdifferentiation of the vascular 

smooth muscle and the development of VC79,81.  Previous studies in experimental CKD 

demonstrated that increasing dietary magnesium limited the magnitude of VC, 

particularly when given in combination with calcitriol60. In addition, there is evidence 

that indicates that magnesium supplementation contributes to the control of PTH and 

vitamin D status90,91. Magnesium itself can also act as a phosphate binder, in a similar 

manner to calcium, limiting the amount of phosphate absorbed110.  
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 Many pre-clinical assessment of phosphate binders use binder that is pre-mixed 

with the rat chow, which is then fed ad libitum111–115. In many animal studies, the rat 

chow contains adenine during the treatment protocol, an approach which could impact 

the response to treatment113–115. Two objectives of this study were to assess the effects of 

a phosphate binder treatment against two levels of dietary phosphate using a refined 

experimental protocol that (i) does not confound the influence of concomitant dietary 

adenine and (ii) incorporates oral delivery of the binder to better match the clinical 

situation. The main outcome was to determine whether fermagate could decrease the VC 

although the effect on serum minerals (phosphate, magnesium and calcium) and mineral 

regulating hormones (PTH, FGF-23 and vitamin D) was also investigated. The 

hypothesis was that the fermagate treatment would increase the bioavailable magnesium, 

blunt the elevation of serum phosphate, and thereby attenuate vascular calcification. 

 

 

2.2 Materials and Methods 

2.2.1 Animal Preparations 

 All animal procedures conformed to the guiding principles of the Canadian 

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

Committee.  

 Male Sprague-Dawley rats (Hilltop Lab Animals Inc. Scottsdale, PA) were 

received at 11-13 weeks of age (n=33) but all rats started the study at the same age (i.e. 
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the initiation of treatment was staggered). Rats were individually housed and maintained 

on a 12-hour light/dark cycle. Prior to the study they were provided with standard rat 

chow (0.7% phosphate, Lab Diet 5001, St. Louis, MO) and water ad libitum.  At 16 

weeks of age, CKD was generated using an adenine model, as previously described116, 

but with refinements as described below.  The standard rat chow was exchanged with a 

specially formulated adenine diet (Harlan Teklad, Madison, WI).  This diet contains 

0.25% adenine with low (0.5%) phosphate. Other aspects of the diet (1% calcium, 0.05% 

magnesium, 0.2 mg/kg vitamin K, 1 IU/g cholecalciferol, and 6% protein) were kept the 

same throughout the study.  Rats were fed the adenine diet for 4-6 weeks until severe, 

stable renal dysfunction was observed (serum creatinine greater than 350 µM). Once the 

severity of renal dysfunction was achieved, the diet was switched to one lacking adenine 

but having the same low level of phosphate (0.5%) until the treatment period started.  At 

this point, rats were stratified according to serum creatinine and phosphate levels and 

then allocated by rank into one of four groups, ensuring that each group had an equivalent 

average level and rank of kidney dysfunction and hyperphosphatemia at the onset of the 

treatments.   

 The first group of rats placed on the adenine diet started the treatment period at 24 

weeks of age. They were fed a combination of 0.5% and 1% phosphate food: 5 g of 1% 

phosphate diet at 08h00 and 16h00, and 10 g of 0.5% phosphate diet overnight. A subset 

of these rats (n=8) was given a dose of fermagate (200 mg) by oral gavage immediately 

prior to each daytime phosphate meal (1%, 2 x 5 g) and the rest (n=10) were given 

vehicle.  The dose of fermagate was determined relative to what was given in human 
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studies and as a sufficient dose to produce a measurable effect based on phosphate 

content of the diets in this study. In the second study, the group of rats (n=15) started the 

treatment period at 26 weeks of age and were fed 5 g of 0.75% phosphate diet at 08h00 

and 16h00, and 10 g of the same diet overnight. A subset of these rats (n=9) was given a 

dose of fermagate (200 mg), immediately prior to the daytime phosphate meals (0.75%, 2 

x 5 g) and the rest (n=6) were given vehicle. Two dietary regimens were used to compare 

different deliveries of the same amount of phosphate. 

 Body weights, water and food intake were monitored on a daily basis. After 25 

days of treatment, rats were sacrificed under a high level of general anesthetic (5% 

isoflurane). At sacrifice, blood was drawn (8-10 mL) using a 22-g hypodermic needle 

inserted into the left ventricle of the heart while the animal was under anesthesia. Tissues 

were rapidly collected, snap frozen in liquid nitrogen and stored at -80°C for further 

analysis. The tissues were thoracic aorta, abdominal aorta, left and right carotid, celiac 

artery, superior mesenteric artery, right and left renal artery, left and right iliac artery and 

2 segments of the left pudendal artery. Bone mineral content was not measured in this 

experiment because previous results using the same adenine model show no significant 

difference between mineral content in healthy and CKD rats. 

 

2.2.2 Vessel Phosphate, Calcium and Magnesium Content 

 Vessel sections (4 to 12 mg) were weighed and then dissolved in an excess of 1N 

hydrochloric acid (50 µL per mg of tissue) for 7 days at room temperature. The 

supernatant was used to determine vessel phosphate, calcium and magnesium content.  
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Phosphate levels were quantified using the malachite green method as previously 

described by Heresztyn and Nicholson (Sigma-Aldrich, Oakville, ON)117. In brief, 

ammonium molybdate and malachite green are added to the sample and a green complex 

forms between malachite green, molybdate, and free phosphate.  The absorbance of this 

complex was measured for standards and tissue homogenates at 650 nm (SynergyHT 

Microplate Reader; BioTek Instruments, Winooski, VT). When comparing the incidence 

of vascular calcification, 50 nmol of phosphate per milligram of tissue (and the 

equivalent 83 nmol of calcium per mg of tissue) was used as a cut-off for VC; this is the 

value at which calcification is visible using a Von Kossa stain. The tissue calcium content 

was determined colourimetrically using the o-Cresolphthalein Complexone method 

(Sigma-Aldrich Canada Co., Oakville, ON, Canada).  When in a complex with calcium, 

this reagent generates a purple colour.  The absorbance of this complex was measured at 

540 nm for both standards and the tissue homogenates. Magnesium levels of the tissue 

supernatants were measured using a modified procedure, as described elsewhere118, with 

the metallochromic indicator calmagite (1-(1-hydroxy-4-methyl-2-phenylazo)-2-napthol-

4-sulfonic acid).  The calmagite forms a coloured complex with magnesium with an 

absorbance that was measured at 520 nm in standards and samples.  Egtazic acid (EGTA) 

reduces calcium interference in this assay. 

For comparison of the mineral content of fermagate and untreated arteries, arteries 

were divided in to 5 groupings. Arteries were grouped: aorta (aortic arch, thoracic and 

abdominal aorta); carotids (left and right carotid arteries); CMR (celiac artery, superior 
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mesenteric artery, left and right renal arteries); distal (left and right iliac arteries, and left 

and right femoral arteries); and pudendals (two segments of the left pudendal artery). 

 

2.2.3 Blood Biochemistry 

 Blood from the saphenous vein was obtained from all animals weekly during the 

adenine CKD induction period and serum creatinine and phosphate levels were measured.  

During the treatment period, rats were sampled on days 0, 4, 11, 18, and 25.  Rats were 

sampled at time 0 hours when they were given their first dose of fermagate, and 2 and 8 

hours later. At all of these time points, serum levels of calcium, magnesium and 

phosphate were measured. Plasma PTH, FGF-23 and VWF (von Willebrand factor) were 

measured once daily. Vitamin D metabolite levels were measured at sacrifice. 

The serum phosphate and calcium assays were the same as described for tissue 

samples.  Magnesium levels were quantified colourimetrically using a modified 

Magnesium Reagent Kit (Pointe Scientific Inc., Canton, MI).  In this assay, a red 

complex is formed when magnesium ions react with xylidyl blue in an alkaline solution; 

it is measured spectrophotometrically at an absorbance of 530 nm.  Creatinine levels were 

measured using the QuantiChrom Creatinine Assay Kit (DICT-500; BioAssay Systems, 

Hayward, CA).  Plasma levels of intact PTH and C-terminal FGF-23 were measured 

using enzyme-linked immunosorbent assays (ELISAs) (Immunotopics Inc., USA). Levels 

of VWF were measured via ELISA using antibodies A0082 and P0226 as per 

manufacturer’s instructions (DAKO, Carpinteria, CA, USA) using an in-house rat plasma 

pool as standard. Serum 25-OH-D3 and 24,25-(OH)2-D3, and 3-epi 24-OH-D3 and 25-
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OH-D3 lactone were measured using liquid chromatography tandem mass spectrometry 

(LC-MS/MS) as described previously by Kaufmann et al.119,120. For measurement of 

1,25-(OH)2D3, 150 µL of serum was equilibrated with 200 pg/mL d6-1,25-(OH)2D3 

internal standard. The sample was incubated with 100 µL of anti-1,25-(OH)2D3 antibody 

slurry (Immundiagnostik) for 2h at room temperature with orbital shaking at 1200 RPM. 

The slurry was isolated by vacuum filtration and rinsed with 4x400 µL of water, and 

vitamin D metabolites were eluted with 2x200 µL of ethanol. The eluate was dried and 

derivatized, and vitamin D metabolites were eluted with 2x200 µL of ethanol. The eluate 

was dried and derivatized with a fluorescence labeling agent (DMEQ-TAD) as previously 

described119. The sample was re-dissolved in 50 µL 50/50 (% by vol.) methanol/water 

and 35 µL was injected into the LC-MS/MS system as previously described121. Multiple 

reaction monitoring transitions used for analysis of 1,25-(OH)2D3 were m/z 762->468 + 

762->484. Quantification was based on a 6-point calibrator generated in-house containing 

5-300 pg/mL 1,25-(OH)2D3. 

 

2.2.4 Hemodynamic Measurements 

At sacrifice, under anesthesia, pulse wave velocity (PWV) was assessed using the 

foot-to-foot method as previously described122. Two catheters were inserted at the 

superior (carotid) and inferior (femoral) ends of the aorta and were used to measure blood 

pressure simultaneously using a 1.6 Fr solid state rodent pressure catheter (Transonic, 

Ithaca, NY, USA). Blood pressure was recorded as a pulsatile waveform at a frequency 

of 10000 Hz. 
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The distance from the tip of the superior catheter to the inferior catheter was 

measured. PWV was measured as the speed it takes for waveforms to travel from the 

carotid cannula down to the femoral cannula. It was calculated using the following 

formula: PWV = propagation distance ÷ propagation time (m/s). A large-scale analysis of 

several minutes of blood pressure data (average of 2460 beats) with the trough-to-trough 

method was used to determine pulse wave velocity. Ectopic beats (<2% of total beats) 

were removed from the analysis. PWV data was normalized to carotid mean arterial 

pressure. Systolic blood pressure (SBP), diastolic blood pressure (DBP) and pulse 

pressure (PP) were determined from the carotid and femoral catheters using LabChart 

version 7 software (ADInstruments, Colorado Springs, CO, USA).  

 

2.2.5 Fecal phosphate 

Daily feces were collected from all 0.75% phosphate diet rats once a week during 

the treatment period. Fecal phosphate was measured using the same assay as described 

for serum and tissues.  

 

2.2.6 Statistical Analysis 

All statistical analysis and graphical representation were performed using 

GraphPad Prism 7.0b (GraphPad Software, La Jolla, CA). Figure error bars are presented 

as the mean ± S.E.M., with the exception of the serum creatinine and phosphate values 
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during the adenine run-in that are shown as mean ± S.D. (Fig. 2.1). Data in tables are 

shown as mean ± S.D.  P < 0.05 is considered significantly different.  

Serum phosphate, calcium, magnesium, PTH, FGF-23 and vitamin D metabolite 

values at various timepoints were compared between fermagate-treated and untreated rats 

using an unpaired two tailed t-test. Comparisons within groups to a baseline value (week 

0 of study or day 0 of treatment period) were done with a one-way ANOVA with a 

Dunnett correction for multiple comparisons. Statistics of PTH and FGF-23 were done 

using log transformed data. For this comparison of minerals during the treatment period, 

the average concentration over a day for each rat was used. Two tailed t-tests were used 

to compare before (day 0) and after treatment (day 4 through 25) within groups. 

Comparisons throughout each day (0, 2 and 8 hours) in serum phosphate, calcium and 

magnesium used one-way ANOVA with Dunnett correction for day 0, and two-way 

ANOVA with Dunnett corrections for days 4, 11, 18 and 25, respectively. A log-log line 

of best fit was plotted for Mg:PO4 vs phosphate and an F-test was used to determine if 

both data sets (untreated and treated) could be plotted by one curve. Arteries were 

grouped and the proportions of those arteries that were calcified (>50 nmol of phosphate 

per mg of tissue) were compared between fermagate-treated and untreated rats using a Z-

test of proportions. Hemodynamic measurements were compared between fermagate and 

untreated groups by unpaired two tailed t-test. Sub-analyses of PTH, FGF-23, PWV and 

LVH in rats with and without VC was done using unpaired two tailed t-test. The relative 

change in VWF from day 0 to days 4-25 was compared by unpaired two tailed t-test. The 
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concentration of phosphate in feces was compared between untreated and treated rats 

over the entire treatment period using an unpaired two tailed t-test. 

 

 

 

2.3 Results 

2.3.1 The Progression of Adenine-Induced CKD 

CKD was induced via dietary adenine consumption over 4-6 weeks, with an 

average of 35 days of adenine diet. Serum creatinine and phosphate (Fig. 2.1) were 

measured weekly to monitor the progression of kidney disease. At the end of the CKD 

induction period, rats were ranked and grouped such that serum creatinine and phosphate 

were not significantly different between groups. Serum creatinine and phosphate are 

shown in sorted groups in Fig. 2.1. In the first study, at 7 weeks rats were split into 

untreated (n=10) or fermagate-treated (n=8) groups and fed the 0.5/1% phosphate diet. 

Rats in the second study were split into untreated (n=6) or fermagate-treated (n=9) groups 

at 9 weeks and fed the 0.75% phosphate diet. Serum creatinine was significantly elevated 

in all groups by week 4 of the study and was over 350 µM at the end of CKD induction.  

There were no significant differences in serum creatinine between CKD untreated and 

fermagate-treated groups on either diet at any time point. At the end of the CKD 

induction period, serum phosphate values were not different between untreated and 

fermagate rats on both diets. Serum calcium significantly increased during the induction  
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Figure 2.1: Time course of serum creatinine and phosphate during the pretreatment 
adenine induction of CKD period. Serum creatinine of 0.5/1% diet groups (A, untreated n=10, 
fermagate n=8) and 0.75% diet groups (B, untreated n=6, fermagate n=9) and serum phosphate of 
0.5/1% diet groups (C) and 0.75% diet groups (D). During this phase of the studies all rats were 
given an adenine-containing diet (0.25% adenine and low phosphate, 0.5%). Groups shown were 
determined at the end of the CKD induction period. Data are presented as mean ± S.D. Values at 
each time point compared to baseline using a one-way ANOVA, untreated CKD ‡ P < 0.05, ‡‡ P 
< 0.01, ‡‡‡‡ P < 0.0001, fermagate † P < 0.05, ††† P < 0.001, †††† P < 0.0001. Values at each 
timepoint compared between untreated and fermagate-treated rats using an unpaired two tailed t-
test, * P < 0.05. 
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period (from 2.2 to 2.9 mM) but were not different between any groups. The first 

PTH and FGF-23 were measured at the end of the CKD induction period as day 0 of 

treatment and were not used in ranking or grouping rats. PTH values were not 

significantly different at this time point. FGF-23 were only significantly different 

between the treated and untreated groups on the 0.5/1% phosphate diet; resulting from 

two rats with the highest FGF-23 values being placed in the treated group.  

The treatment period was 25 days long. 13 rats were sacrificed between day 18 

and day 25 of the treatment period.  

 

2.3.2 Mineral Analysis of Serum 

At all time points on days 4 – 25 fermagate-treated rats had significantly lower serum 

phosphates than untreated rats (Fig. 2.2A and B). Untreated rats had significantly 

increased hyperphosphatemia with the change to either high phosphate dietary schedule. 

On the 0.5/1% diet, fermagate treatment reduced serum phosphate significantly below 

low (0.5%) phosphate baseline levels for the duration of the study period. Serum 

phosphate levels were higher on the 0.75% diet than the 0.5/1% diet in untreated and 

treated rats. Fermagate prevented an increase in serum phosphate overall in the rats fed 

the 0.75% diet but there was no lowering compared to baseline. The serum phosphates of 

untreated rats increased by over 140% at all time points compared to day 0, while the 

untreated 0.5/1% experienced a more modest increase (116%). The treated rats on both 

diets experienced a significant decrease in serum phosphate of ~20% 2 hours after 

receiving the morning meal and fermagate dose, which remained significant in the 0.75% 
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Figure 2.2: Effects of Fermagate treatment on serum phosphate (A, B), magnesium (C, D), 
and calcium (E, F). Rats were fed a 0.5/1% phosphate diet and given either vehicle (n=10) or 
fermagate (n=8) (A, C, E) or fed a 0.75% phosphate diet and given either vehicle (n=6) or 
fermagate (n=9) (B, D, F). Data are presented as the mean ± S.E.M. Values at each timepoint 
compared between untreated and fermagate-treated rats using an unpaired two tailed t-test, * P < 
0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Average values of each rat for a given day 
were compared to the averages of day 0 using a one-way ANOVA, untreated CKD ‡ P < 0.05, ‡‡ 
P < 0.01, ‡‡‡ P < 0.001, ‡‡‡‡ P < 0.0001, Fermagate † P < 0.05, †† P < 0.01, ††† P < 0.001, 
†††† P < 0.0001. Statistically significant differences by unpaired two tailed t-test between before 
(Day 0) and after diet change and treatment (Day 4-25) were observed in: phosphate 0.5/1% 
treated (P < 0.0001) and untreated (P < 0.05) and 0.75% untreated (P < 0.0001); magnesium 
0.5/1% treated (P < 0.01) and untreated (P < 0.0001) and 0.75% treated (P < 0.001) and untreated 
(P < 0.001); calcium 0.5/1% treated (P < 0.05) and 0.75% treated (P < 0.0001) and untreated (P < 
0.0001).  
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fermagate-treated rats at 8 hours.  No significant differences throughout the day in 

untreated groups were observed.  

Fermagate significantly elevated serum magnesium overall (>150%) compared to 

baseline and untreated CKD rats in both groups (Fig. 2.2C and D). After being dosed 

with fermagate, serum magnesium was increased significantly at 8 hours compared to 

hour 0 in both treatment groups. Conversely, there was a significant lowering of serum 

magnesium overall (<85%) in both CKD untreated groups with the switch to a higher 

phosphate diet. 

Serum calcium (Fig. 2.2E and F) was not altered by fermagate treatment. The 

change of diet to a higher phosphate content induced a lowering of serum calcium in all 

groups. The rats on 0.75% phosphate diet experienced a very significant drop on each day 

and overall compared to day 0.  There was a similar decrease in the 0.5/1% phosphate 

diet groups on days 4, 11 and 18 but it was not significant in all cases.  

 

 

2.3.3 Hormonal Analysis 

To begin the treatment period PTH was not different between the untreated and treated 

rats (Fig. 2.3). A direct comparison between untreated and fermagate-treated rats shows 

significantly lower PTH in the fermagate group on days 4, 11 and 18. Fermagate 

prevented the significant rise in PTH that was observed in both untreated groups. This 

effect was more pronounced on the 0.5/1% diet where a significant drop of the mean by 

more than 40% was observed in the fermagate treatment group overall, whereas the 



 

35 

 

 

Figure 2.3: Effects of Fermagate during treatment period on PTH in 0.5/1% phosphate diet 
groups (A, untreated n=10, fermagate n=8) and 0.75% phosphate diet groups (B, untreated 
n=6, fermagate n=9). Each data point represents the PTH of an individual rat on a given day and 
the bars represent mean PTH. Values at each time point compared between untreated and 
fermagate-treated rats using an unpaired two tailed t-test, ** P < 0.01, *** P < 0.001. PTH for 
each day were compared to baseline values using a one-way ANOVA, untreated CKD ‡ P < 0.05, 
‡‡ P < 0.01. Statistically significant differences by unpaired two tailed t-test between before (Day 
0) and after diet change and treatment (Day 4-25) were observed in 0.5/1% treated (P < 0.05), and 
0.75% untreated (P < 0.01) 
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untreated rats increased nearly two-fold. The 0.75% treated rats’ PTH levels increased by 

50%, but this was significantly less than the four-fold increase in untreated rats.  

Increases in FGF-23 levels were blunted by fermagate treatment (Fig 2.4). FGF-23 was 

higher in the treatment group on the 0.5/1% diet compared to untreated to begin the 

treatment period. By day four, FGF-23 of the untreated rats had increased above that of 

the fermagate groups, in which levels did not rise significantly throughout the study. 

Overall, untreated rats increased over 800% on average, while treated rats increased less  

than two-fold. On the 0.75% phosphate diet, the mean FGF-23 was higher in the treated 

rats than untreated on days 11 onwards. However, a significant increase overall compared 

to day 0 was only observed in the untreated rats. On average, treated and untreated 0.75% 

rats’ FGF-23 levels increased by 4x and 2.5x, respectively. The larger relative increase in 

treated rats is a result of two treated rats that had FGF-23 that rose by 10x and 18x over 

the treatment period.   

Levels of different components of the vitamin D metabolome at sacrifice were not 

impacted by fermagate treatment or the delivery of dietary phosphate (Table 2.1). Active 

vitamin D, 1,25-(OH)2 vitamin D3, was not detected in any rats.  

 

 

2.3.4 Effect of Fermagate Treatment on Vascular Calcification 

 To test whether fermagate treatment was able to prevent or limit vascular 

calcification, phosphate and calcium content were measured in 15 arteries.  The amount  
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Figure 2.4: Effects of Fermagate during treatment period on FGF-23 in 0.5/1% phosphate 
diet groups (A, untreated n=10, fermagate n=8) and 0.75% phosphate diet groups (B, 
untreated n=6, fermagate n=9) . Bars represent mean FGF-23 and each data point represents the 
FGF-23 of an individual rat on a given day. Values at each timepoint compared between 
untreated and fermagate-treated rats using an unpaired two tailed t-test, * P < 0.05. FGF-23 for 
each day were compared to baseline values using a one-way ANOVA, untreated CKD ‡‡ P < 
0.01. Statistically significant differences by unpaired two tailed t-test between before (Day 0) and 
after diet change and treatment (Day 4-25) were observed in 0.5/1% untreated (P < 0.001), and 
0.75% untreated (P < 0.05). 



 

38 

 

Table 2.1: Blood concentrations of vitamin D metabolome at sacrifice in untreated 

and treated rats on 0.5/1% and 0.75% phosphate diets and both diets combined  

 

 

 

 

 

ND, values below the minimum detectable concentration of 15 pg/mL. Data are mean ± S.D. 

 

 

 

 

25-OH-D3 24,25-(OH)2D3 25D3:24,25D3 25-OH-D3-lactone
(ng/mL) (ng/mL) (ng/mL)

Control (n=10) 17.7 ± 3.2 2.32 ± 0.69 8.17 ± 2.32 0.602 ± 0.198
Fermagate (n=8) 15.7 ± 5.2 2.09 ± 1.09 8.39 ± 2.65 0.659 ± 0.212

Control (n=6) 20.6 ± 3.1 1.90 ± 0.56 11.30 ± 1.89 1.03 ± 0.32
Fermagate (n=9) 18.5 ± 2.4 2.03 ± 0.61 9.88 ± 3.24 0.792 ± 0.225

Control (n=16) 18.8 ± 3.4 2.16 ± 0.66 9.34 ± 2.62 0.763 ± 0.322
Fermagate (n=17) 17.2 ± 4.1 2.06 ± 0.84 9.18 ± 3.0 0.690 ± 0.261

0.5/1%

0.75%

Combined

25D3:lactone 3-epi-25-OH-D3 % 3-epi-25-OH-D3 1,25-(OH)2D3

(ng/mL) of 3epiD3+25D3

0.5/1% Control (n=10) 31.3 ± 8.2 1.54 ± 2.23 7.23 ± 8.90 ND
Fermagate (n=8) 25.8 ± 11.2 1.58 ± 1.47 9.86 ± 9.78 ND

0.75% Control (n=6) 21.3 ± 6.3 1.45 ± 1.53 6.30 ± 5.60 ND
Fermagate (n=9) 25.1 ± 9.3 1.70 ± 1.68 7.78 ± 6.38 ND

Combined Control (n=16) 27.6 ± 8.9 1.50 ± 1.94 6.88 ± 7.63 ND
Fermagate (n=17) 34.1 ± 37.1 1.64 ± 1.54 8.76 ± 7.96 ND
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of phosphate and calcium for each vessel in each rat is shown in Fig. 2.5. All but 4 

untreated rats had severe VC. Only one fermagate-treated rat on the 0.5/1% diet had 

moderate VC and 3 of 9 rats on the 0.75% diet were calcified. The percentage of calcified 

tissues (>50 nmol of phosphate per mg of tissue) in five groupings of arteries were used 

to compare the extent of calcification in untreated and fermagate-treated rats (Fig. 2.5E 

and F). The prevalence of VC was significantly lower in treated rats than untreated, and 

ranged from 6-39% with fermagate and 50-92% without.   

 

2.3.5 Sub-Analysis of PTH and FGF-23 With and Without VC 

A sub-analysis shows that overall average PTH was significantly (P < 0.01) 

higher in those rats that were calcified (3614 ± 2245 pg/mL) compared with those that 

were not (1318 ± 1329 pg/mL). This dichotomy was significant when comparing within 

the fermagate-treatment (VC, n=4; non-VC, n=13), but was not significant within the 

untreated group (VC, n=12; non-VC, n=4); i.e. PTH levels were significantly (P < 0.01) 

lower in non-calcified fermagate-treated rats than untreated rats without VC (757 ± 577 

pg/mL vs. 2531 ± 1724 pg/mL, respectively).  

A similar sub-analysis of FGF-23 revealed significantly (P < 0.05) higher levels 

in rats with VC (52790 ± 54246 pg/mL) versus those without (18925 ± 12666 pg/mL). As 

for PTH, this pattern was maintained for FGF-23 in fermagate-treated rats (P < 0.05) but 

not in untreated rats; i.e. FGF-23 levels were increased in calcified, fermagate-treated rats 

compared to the non-calcified rats (104218 ± 85964 pg/mL vs. 32218 ± 11896 pg/mL).  
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 Figure 2.5: Vascular phosphate and calcium content and percentage of calcified arteries in 
CKD untreated (n=10) or fermagate-treated rats (n=8) on 0.5/1% phosphate diet (A, C and 
E) and untreated (n=6) and fermagate-treated rats (n=9) on 0.75% phosphate diet (B, D and 
F). In A-D, each data point represents the phosphate or calcium content of a single artery 
(thoracic aorta, abdominal aorta, aortic arch, left and right carotids, celiac artery, superior 
mesenteric artery, left and right renals, left and right iliacs, left and right femorals, or 2 segments 
of the left pudendal artery); vertical groupings of data points are all arteries from individual rats. 
The dotted lines represent the 50 nmol phosphate per mg of tissue (A and B) and the equivalent 
83 nmol calcium per mg of tissue (C and D) cut off for calcified tissue that is Von Kossa-
stainable. In E and F, arteries were grouped; aorta (thoracic aorta, abdominal aorta and aortic 
arch); carotids (left and right carotids); CMR (celiac artery, superior mesenteric artery, left and 
right renals); distal (left and right iliacs, and left and right femorals); and pudendals (two 
segments of the left pudendal artery). The bars represent the percentage of tissues that were 
calcified (tissue phosphate > 50 nmol per mg of tissue). Significant differences of a Z test of 
proportions of calcified vasculature between untreated CKD and fermagate-treated rats * P < 
0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 



 

41 

 

Only four rats on treatment had VC and, of these, two had the highest average FGF-23 of 

all rats. 

2.3.6 Impact of Fermagate on Vascular Magnesium 

Arterial magnesium content was not significantly impacted by the elevated serum 

magnesium levels resulting from the fermagate treatment (Fig. 2.6 and Fig. 2.7). 

Comparing the ratio of tissue magnesium to phosphate between treated and untreated 

groups, as a marker of bioavailable magnesium at the tissue level, (Fig 2.6) revealed that 

in both groups there was an overall decline in magnesium relative to phosphate as 

vascular calcification progressed.  An F-test showed that both groups could be modelled 

by a single line of best fit (linear regression), suggesting the pattern of accrual of 

magnesium was not altered. Similarly, the pattern of accrual of magnesium and or 

calcium as VC occurs was not affected by fermagate treatment (Fig. 2.7). That is, in all 

rats, as calcification progressed, phosphate and calcium accrued stoichiometrically, but 

magnesium increased to a lesser extent (Fig 2.7) than did the calcium, such that the 

Mg:PO4 ratio decreases (Fig 2.6) whereas Ca:PO4 is maintained. Prior to calcification the 

ratio of Mg to PO4 was close to 1 whereas when tissue mineralization occurs the relative 

amount of magnesium decreases, with the ratio falling below 0.2. Although the data 

suggest that with severe VC (tissue phosphate > 300 nmol/mg of tissue), several vessels 

from fermagate-treated rats have higher Mg:PO4 (0.3-0.35) than similarly calcified 

untreated rats (0.1-0.2), these data points are from only two rats. There is a significantly 

lower Mg:PO4 overall in fermagate-treated rats compared to untreated, however this is a 

result of a lower prevalence of VC, not more tissue magnesium.  
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Figure 2.6: Ratio of vascular tissue magnesium to phosphate (Mg:PO4) against phosphate in 
untreated (n=16) and fermagate-treated rats (n=17). The average Mg:PO4 and phosphate of all 
15 vessels studied plotted for each rat. Untreated and treated rats from both dietary regimens were 
pooled. A log-log line of best fit was plotted for untreated (y = -0.695x + 1.023, r2 = 0.951) and 
treated groups (y = -0.520x + 0.672, r2 = 0.616). An F-test concludes that all the data could be 
represented by a single curve. In the inset graph, each data point represents an individual artery 
from all rats and log-log line of best fit were also plotted for values above 20 nmol of phosphate 
per mg of tissue (double the historical average of healthy vascular phosphate content) for 
untreated (y = -0.601x + 0.732, r2 = 0.628) and treated groups (y = -0.491x + 0.586, r2 = 0.444).  
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Figure 2.7: Stoichiometry of magnesium (A) and calcium (B), and phosphate is not altered 
by fermagate treatment. Untreated (n=16) and treated (n=17) rats from both diets were pooled. 
In A, the dotted line represents the stoichiometry of magnesium and phosphate of uncalcified rats 
(average phosphate < 50 nmol/mg of tissue). In B, the lines of best fit are based on only rats with 
VC. 
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2.3.7 Hemodynamic Measurements, LVH and Endothelial Function 

Despite the difference in calcification, there was no significant difference in PWV 

between fermagate-treated and untreated rats (Table 2.2). The range in the severity and 

prevalence of the calcification in both studies accounts for some of this effect.  Sub-

analysis of all calcified (0.025 ± 0.020 m/sec/mmHg) versus non-calcified (0.012 ± 0.003 

m/sec/mmHg) rats revealed a highly significant difference (P = 0.0066); i.e. overall 

calcified rats had two-fold elevated PWV. The dichotomy within both groups (both VC 

and non-VC rats) was such that fermagate, compared to untreated rats, did not 

significantly impact PWV in rats with calcification or without calcification. PWV could 

not be measured in 3 rats because of anesthesia-related complications.  Two of these were 

two of the four treated rats that had VC.   

The carotid and femoral diastolic pressures were significantly lower in untreated 

rats overall (P < 0.05), as well as specifically in the 0.5/1% group (P < 0.05), but systolic 

pressures were not significantly different (Table 2.2). Although the left ventricle to body 

weight ratio (Table 2.2) was not significantly elevated overall in untreated over treated 

groups, a sub-analysis revealed that LVH in calcified (2.49 ± 0.35 g/kg) versus non-

calcified (2.09 ± 0.14 g/kg) rats was markedly different (P < 0.0001).  The VC to non-VC 

dichotomy in each group masked differences of treatment on LVH. LVH was determined 

by the ratio of left ventricle to body weight, instead of relative to tibial length, as it is 

known that heart weight changes with body composition123. Thus, left ventricular weight 

is better normalized by body weight, than tibial length, if body weight changes. VWF is a 

marker of endothelial function. On the 0.75% phosphate diet, the relative change in VWF  
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Table 2.2: Hemodynamic measurements, left ventricle mass and VWF in untreated 

and treated rats on 0.5/1% and 0.75% phosphate diets and both diets combined 

 

 

 

 

 

 

PP, pulse pressure; PWV, pulse wave velocity, normalized to MAP, mean arterial pressure; LV:BW, left ventricle 
mass:body weight; VWF, von Willebrand Factor. Data are mean ± S.D. * P < 0.05, ** P < 0.01 

 

 

 

 

 

 

 

Carotid PP Carotid Systolic Carotid Diastolic Femoral PP Femoral Systolic Femoral Diastolic
(mmHg) (mmHg) (mmHg) (mmHg) (mmHg) (mmHg)

Control (n=10) 48.5 ± 33.5 124 ± 38 72.5 ± 26.6 65.0 ± 40.9 132 ± 44 65.8 ± 22.0
Fermagate (n=8) 34.8 ± 7.5 128 ± 8  93.2 ± 4.3 * 46.4 ± 8.9 133 ± 10  87.0 ± 2.8 *

Control (n=6) 36.0 ± 7.7 101 ± 23 64.9 ± 20.9 50.8 ± 9.1 112 ± 27 61.6 ± 21.1
Fermagate (n=9) 44.0 ± 28.7 124 ± 23 79.6 ± 13.7 59.1 ± 21.7 135 ± 16 75.6 ± 11.9

Control (n=16) 43.8 ± 27.1 115 ± 34 69.7 ± 24.2 59.6 ± 32.9 124 ± 39 64.3 ± 21.0
Fermagate (n=17) 39.4 ± 20.8 126 ± 17  86.4 ± 12.1 * 52.8 ± 17.3 134 ± 13 81.3 ± 10.2 **

0.5/1%

0.75%

Combined

PWV Normalized PWV LV:BW % Change in VWF
(m/s) (m/s per mmHg) (g/kg)

Control (n=10) 16.0 ± 15.5 0.0258 ± 0.0221 2.30 ± 0.39 91.1 ± 21.8
Fermagate (n=8) 7.15 ± 0.77 0.0135 ± 0.0034 2.09 ± 0.23 96.5 ± 32.3

Control (n=6) 7.35 ± 2.48 0.0138 ± 0.0062 2.34 ± 0.29 140 ± 73
Fermagate (n=9) 6.48 ± 0.87 0.0111 ± 0.0025 2.29 ± 0.31  111 ± 27 *

Control (n=16) 12.5 ± 12.6 0.0210 ± 0.0182 2.32 ± 0.34 116 ± 60
Fermagate (n=17) 6.84 ± 0.86 0.0124 ± 0.0031 2.20 ± 0.29 105 ± 30

Combined

0.5/1%

0.75%
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levels over the treatment period was significantly lower with fermagate treatment, but 

was not significant in the 0.5/1% group or overall. VWF levels were not significantly 

different between VC and non-VC rats. 

 

2.3.8 Fecal Phosphate 

Although the fecal phosphate content was 8% higher in fermagate-treated compared to 

untreated rats (1169 ± 169 nmol of PO4 per mg of feces vs. 1079 ± 153 nmol of PO4 per 

mg of feces), this difference did not achieve statistical significance (P = 0.054). 

 

 

2.4 Discussion 

This study revealed that oral treatment with fermagate, a non-calcium-containing, 

magnesium-releasing phosphate binder, decreased the development of vascular 

calcification (VC) in an adenine-induced rat model of chronic kidney disease (CKD). The 

fermagate treatment successfully attenuated the dietary-phosphate induced 

hyperphosphatemia and the secondary hyperparathyroidism. The progression of disease 

in CKD was associated with a severe decline in the tissue levels of magnesium relative to 

phosphate (< 20% versus uncalcified), and yet the fermagate-induced rise in circulating 

magnesium did not correct this relative deficiency in tissue magnesium. That is, in all 

rats, as VC progressed, phosphate and calcium accrued stoichiometrically, but 

magnesium increased to a lesser extent than did calcium, such that whereas the Mg:PO4 
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ratio fell the Ca:PO4 ratio was maintained. Moreover, the findings reveal that fermagate 

can alter CKD-induced vascular disease progression, while also improving the 

management of secondary hyperparathyroidism and blunting the levels of fibroblast 

growth factor 23 (FGF-23). 

 Fermagate is a non-calcium-containing and magnesium-releasing phosphate 

binder that clearly has the capacity to alter mineral disposition in experimental CKD. A 

previous phase II study demonstrated fermagate’s safety as well as its ability to lower 

serum phosphate, however, it did not demonstrate its effects on VC78. These results 

expand on previous work in showing that fermagate is a dual acting drug; binding 

phosphate in the gut thereby lowering serum phosphate and providing a significant 

magnesium supplement78. Similar to the human condition of CKD124, compensatory 

increases in PTH and FGF-23, as part of the homeostatic control of minerals, become less 

able to maintain mineral levels during the progression of experimental CKD, resulting in 

prevalent hyperphosphatemia. Increases in phosphate can induce transdifferentiation of 

vascular smooth muscle cells (VSMCs) to an osteoblast-like phenotype and thereby can 

be a key initiator of VC79,106. In a clinical setting, phosphate binders are often prescribed 

to lower serum phosphate to manage this potential risk69. In the current study, rats were 

initially fed a low phosphate diet (0.5%), which generated mild hyperphosphatemia. 

Increasing the dietary phosphate with either one of the two diet regimens increased the 

circulating phosphate in untreated CKD rats by up to two-fold, with the 

hyperphosphatemia being exacerbated the most in the rats given the 0.75% diet 

throughout the entire day.  The fermagate treatment attenuated the hyperphosphatemia in 
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both groups, on both diet regimens, across all time points. Significantly lowering 

circulating phosphate towards normal levels with fermagate, especially in the 0.5/1% diet 

group, indicated that delivering the phosphate binder proximal to the high dietary 

phosphate load was a more effective approach. In vitro studies have shown that fermagate 

has high affinity for phosphate, and demonstrated its high phosphate-binding efficacy 

compared to other phosphate binders (sevelamer hydrochloride, aluminum hydroxide, 

lanthanum carbonate, and magnesium hydroxide)125,126.    

Dysregulation of mineral handling in CKD is prevalent, resulting in secondary 

hyperparathyroidism and elevated FGF-23, both of which have been assessed for their 

role in the development of VC56,59,127. In the present model of experimental CKD, both 

PTH and FGF-23 were further elevated when the rats were switched to the higher dietary 

phosphate.  The magnitude of the additional high phosphate-induced rise ranged from 

two to eight-times for both PTH and FGF-23 during this period. The fermagate treatment 

was more effective at controlling the rise in PTH over the course of treatment, with PTH 

levels declining or rising minimally. The impact on FGF-23 levels was more limited, 

with a rise in FGF-23, although partially blunted over the course of treatment. Previous 

studies of the phosphate binders sevelamer, calcium carbonate, and a magnesium and 

calcium combination binder did not result in a significant decrease in FGF-23 levels 

either109,128. Rats on the 0.5/1% diet had a significant decrease in PTH levels after only 4 

days of treatment, an effect which persisted throughout the study. This effect is likely due 

to both the reduced phosphate absorption as well as magnesium supplementation. A 

magnesium-containing phosphate binder showed similar changes in PTH, and further 
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decreases in PTH with a larger dose, but the same effect was not observed with 

sevelamer109. Moe et al. (2011) showed smaller decreases in PTH from sevelamer and 

calcium carbonate treatment than observed in the current study128. A different study of 

sevelamer and calcium carbonate showed a 60% decrease in PTH with each binder, 

although rats had milder CKD (creatinine < 200 µM).    

There is in vitro evidence that magnesium can directly act on the parathyroid 

gland in a similar fashion to calcium to signal the lowering of secreted PTH89. Based on 

this evidence it may be that the substantial elevation in magnesium levels found in this 

study are part of the mechanism of PTH lowering. In support of this concept, magnesium 

has also been independently associated with PTH levels in hemodialysis patients, 

suggesting that elevated magnesium levels could decrease circulating PTH89,90.  

Elevated FGF-23 is independently associated with cardiovascular disease and it 

has been suggested that it can induce left ventricular hypertrophy58. However, given that 

regression of left ventricular to body weight ratio was not significant and the levels of 

FGF-23 remained at supra-physiological levels, the present study did not allow for 

further assessment of a potential mechanistic link. There is also evidence that vascular 

tissue expresses FGF-23 receptors and its transmembrane cofactor klotho129 although 

there is currently no evidence that FGF-23 acts act on arteries to induce VC127.  

The various substrates and metabolites within the vitamin D metabolome were not 

significantly altered by the fermagate treatment and therefore the differences in the 

disease progression observed with and without treatment cannot be explained by vitamin 

D. Active vitamin D, calcitriol (1,25-(OH)2 D3), levels were not detectable in any rats, a 
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finding that was expected based on previous studies in CKD in humans and rats130,131. 

Decreased 1,25-(OH)2 D3 is likely due to alterations in the abundance of renal and extra-

renal enzymes involved in the synthesis (CYP27B1) and catabolism (CYP24)131.   

Apart from its effects on phosphate and phosphate regulation, as indicated above, 

fermagate treatment significantly increased serum magnesium up to two times, whereas 

in the untreated CKD group on the high phosphate diet the levels of serum magnesium 

were significantly decreased (>15%). This result is consistent with other studies assessing 

the impact of CKD that have observed decreases in intestinal absorption of magnesium in 

rats and humans with increases in dietary phosphate132,133. The mechanism behind this 

change in magnesium handling requires further study, although regardless of the 

mechanism, it would be a maladaptive response that further reduces the amount of 

magnesium available to protect the vasculature.  

Decreases in serum calcium have also been documented with increased dietary 

phosphate134, a trend that was observed in this study.  In the setting of CKD and VC, it is 

hypothesized that the lowering in serum calcium may be explained, at least in part, by 

increased uptake into the vasculature. Preliminary findings demonstrate that uptake of 

radiolabeled calcium by vascular tissue is increased in the presence of a high circulating 

phosphate load135. Although calcium does not appear to be a primary player with respect 

to mediating phenotypic changes, increased levels will promote apoptosis and vesicle 

release; processes that could potentially contribute to the development of VC22.   

Studies have provided evidence for the role of magnesium in preventing VC in 

vitro and in vivo36,60,79–81. The current study follows this trend in demonstrating that 
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magnesium reduced VC in this modified adenine rat model of CKD60,82. The initial 

hypothesis was that the tissue concentrations of magnesium were an important 

contributor to the protection against VC79. Thus, despite the ongoing accrual of 

magnesium, there is a fall in the Mg:PO4 ratio during the process of vascular calcification 

that reveals a relative lack of magnesium versus the accumulated phosphate and calcium.  

However, although the fermagate treatments both increased serum magnesium and 

significantly attenuated the development of VC, the vascular Mg to PO4 ratio was not 

altered during the accumulation of phosphate and calcium. Despite the lack of impact on 

the vascular Mg to PO4 ratio, the percentage of calcified vessels was significantly lower 

in all groups of arteries as a result of the fermagate treatment (6-39%) compared to 

untreated rats (50-92%). Specifically, only four treated rats (of 17) were significantly 

calcified, three of which were on the 0.75% diet and were therefore less protected from 

the increased dietary phosphate load. The phenotype of the treated rats that showed VC 

was distinctive. These rats had three of the four highest PTH and FGF-23 values in their 

group prior to the start of treatment, indicating a greater severity to their CKD condition 

and a likely early increase in the susceptibility to VC prior to treatment. The decrease in 

VC overall suggests that fermagate attenuated the disease progression both by reducing 

hyperphosphatemia and controlling PTH and FGF-23, as well as providing additional 

magnesium to attenuate the transition towards severe VC even if differences in whole 

tissue magnesium content cannot be measured. The fermagate-induced reduction in VC 

was larger or comparable to the effect produced by other phosphate binders (sevelamer, 
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lanthanum carbonate, calcium carbonate and, a combination of calcium acetate and 

magnesium carbonate) studied using a rat model of CKD109,136–138.    

VC increases arterial stiffening, which results in elevated pulse wave velocity 

(PWV), LVH and endothelial dysfunction104,139. PWV and LVH were not significantly 

different between untreated and fermagate groups. In a sub-analysis of rats with and 

without VC, rats with calcification had two-fold higher PWV on average. However, not 

all calcified rats had elevated PWV, which may be in part due to aortic valve calcification 

and decreased ejection fraction, as indicated by significantly decreased diastolic blood 

pressure in untreated compared to fermagate rats. Similarly, LVH was not significantly 

different between untreated and treated groups, however there was significantly higher 

left ventricle to body weight ratio in rats with VC. Comparisons of LVH within VC or 

non-VC groups did not show significant differences between treated and untreated rats. 

Elevated PTH and FGF-23 levels were also significantly associated with the presence of 

VC. This association between VC and PTH levels was also present when considering 

only treated rats. Non-calcified treated rats had PTH levels less than one third of those in 

non-calcified untreated rats. In contrast, calcified treated rats had PTH levels that were 

similar to those of calcified untreated rats. This result suggests that fermagate treatment is 

most effective at lowering PTH levels in rats that have not yet developed significant VC. 

Fermagate did not have the same effect on FGF-23 levels in non-calcified rats. Although 

overall there was on a blunting of FGF-23, values were not significantly different 

between uncalcified rats with and without treatment.  
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VWF is a marker of endothelial damage and dysfunction140. The relative change 

in VWF from baseline to the treatment period was significantly lower in treated rats on 

0.75% phosphate compared to controls. This relationship was not maintained in the 

0.5/1% group or overall. A smaller increase was expected in treated rats as there was less 

incidence of VC and there is evidence that magnesium is able to maintain endothelial 

integrity and prevent platelet aggregation141,142. VWF increases did not correlate with 

VC, suggesting that calcification did not result in significantly more endothelial 

dysfunction compared to non-calcified rats. Although, VC and arterial stiffening are 

associated with endothelial dysfunction, this effect may have been masked by general 

inflammation and endothelial dysfunction that occurs in CKD139,143.  

The hypothesis is that the prevalence of VC in fermagate-treated rats was the 

result of the therapy’s effect on phosphate and magnesium. In accordance with a previous 

clinical study, fermagate reduced serum phosphate and thereby reduced a potent stimulus 

for VC22,78. As expected, consistent with the timing of the phosphate exposure the levels 

of circulating phosphate were lower in rats on the 0.5/1% diet given fermagate compared 

to those given the 0.75% diet at all meals.  Continuous exposure to the high (0.75%) 

phosphate diet resulted in significantly higher circulating phosphate levels compared to 

the 0.5/1% diet. Furthermore, treated rats on 0.5/1% diet were given fermagate with all 

high phosphate (1%) meals, whereas the 0.75% groups was given a high phosphate 

(0.75%) meal overnight without fermagate. As a result of fermagate binding phosphate in 

the gut, compared to 0.75% treated rats, those on 0.5/1% were likely never exposed to the 

full high phosphate meal.  
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Recent evidence demonstrates that pulses in serum phosphate, not 

hyperphosphatemia by itself, trigger acute phosphate and calcium accumulation in the 

vasculature135. It is not known what amount of dietary phosphate is sufficient to produce 

a pulse in serum phosphate and what impact the magnitude of the pulse has. A 0.5% 

phosphate diet is considered low phosphate and insufficient to produce a pulse based on 

previous studies that showed this diet failed to generate VC. If a 0.75% phosphate meal 

creates a sufficient pulse, that is similar in effect to a 1% meal, this may explain the VC 

differences observed between the diets, as those rats on 0.75% diets received more high 

phosphate meals, and thus phosphate pulses, than those on 0.5/1%, and had a higher 

prevalence of VC. Recent unpublished research found that radiolabeled phosphate given 

as part of a high phosphate meal two or six hours before sacrifice, deposited significantly 

more in the vasculature in CKD rats compared to healthy controls. Thus, short-term 

handling of a high phosphate load is also impaired in CKD, negatively affecting VC. This 

change in mineral handling requires further study. A limitation of this study was that the 

0.75% groups had similarly severe CKD induced but over a longer time period than the 

0.5/1% groups. In this model, the developing concept is that pathogenicity is a product of 

both severity and duration of the disease and this could explain the differences observed 

between dietary schedules.  

Regardless of the fermagate-induced increase in serum magnesium, the Mg:PO4 

ratio decreased as phosphate and calcium accumulated largely as hydroxyapatite. Few 

studies have investigated the use and efficacy of magnesium-containing phosphate 

binders69. In 2013, De Schutter et al studied the effects of a magnesium-containing binder 
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on VC in a rat model109. The binder tested, a combination of calcium acetate and 

magnesium carbonate, which was given once daily by oral gavage, successfully reduced 

serum phosphate and vascular calcification, and was reported to increase the artery 

magnesium to calcium ratio (comparable to Mg:PO4). In the current study, fermagate 

treatment also significantly elevated Mg:PO4 overall but this is a result of a lower 

incidence of VC, not more magnesium in the vasculature at a given phosphate accrual. 

Apart from its phosphate-binding ability, we suggest that magnesium plays a beneficial 

role in reducing VC that cannot be elucidated by the total tissue Mg:PO4 ratio.  

In vivo and in vitro results from our group (2011) provide evidence that magnesium can 

attenuate VC without accumulating in the vasculature or reducing serum phosphate82. In 

a study using an adenine-induced rat model of CKD, rats with supplemental dietary 

magnesium experienced significantly less vascular calcium accrual (Fig. 2.8). Rats were 

fed a 1% phosphate diet and hyperphosphatemia was similar in all CKD groups; i.e. 

serum phosphate was not reduced as a result of magnesium binding phosphate in the gut. 

Serum magnesium was increased by 160%, similar to the current fermagate study, and a 

reduction in VC was observed. Using an in vitro tissue culture model of phosphate-

induced VC it was demonstrated that a higher concentration of magnesium in the media 

inhibited VC, without accumulation of magnesium in the tissue (Fig. 2.9, Mg++ added on 

day 0). Therefore, magnesium provided benefit without drastically altering the Mg:PO4. 

A 2017 rat aorta tissue culture study from Sonou et al also found that magnesium 

mediated a reversal of high phosphate-induced VC without excessive magnesium 

accumulation in the tissue80.  
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Figure 2.8: Dietary magnesium attenuates vascular calcification82. CKD rats on high (0.2%) 
dietary magnesium (CKD Mg++, n=8) had lower vessel calcium levels than CKD rats on normal 
(0.05%) dietary magnesium. * P < 0.05 vs CKD. Dotted line represents healthy control calcium 
levels. (This result was presented in the PhD thesis of Dr. N.S. Shobeiri, 2013) 
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In the in vitro work (Fig. 2.9), to reduce VC, magnesium had to be added to the 

high phosphate media earlier in the 6 day incubation, suggesting magnesium plays a role 

in preventing initial hydroxyapatite crystallization82. If added later in the incubation, VC 

was not attenuated and there were increases in tissue magnesium, likely as magnesium 

was incorporated in the growing calcium-phosphate crystals. Fermagate treatment 

increased serum magnesium by at least day 4 of receiving treatment and prevented VC in  

almost all rats. This suggests that, similar to the in vitro study, elevated magnesium may 

have attenuated the initial growth of hydroxyapatite crystals. In those rats that did have 

VC, vascular calcification may have initiated before the beginning of the treatment 

period. If so, magnesium may be less efficacious in reversing or hindering VC, in 

accordance with our previous in vitro work.   

We hypothesize that VC is dependent on a dynamic balance between calcium, 

phosphate and magnesium in CKD. The homeostatic control of magnesium is the 

simplest; it is dependent on absorption and excretion, mainly via the kidney, and does not 

appear to involve hormonal control144. For this reason, serum levels of magnesium 

exhibit the largest variation of the three minerals, yet in the current study vascular tissue 

magnesium was not altered. There are likely subtle changes in magnesium use and 

compartmentalization, such that overall tissue Mg:PO4 is maintained, but which allow 

magnesium to act through multiple potential mechanisms to protect against VC80,82. 

There is evidence that magnesium plays a physical role in preventing the seeding 

of calcium-phosphate crystals in solution95,145. This delays the formation of 

hydroxyapatite from an amorphous state and is strongest in the early stages of 
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Figure 2.9: Progression of vascular calcification is altered by delayed magnesium treatment 
in vitro82. Magnesium (2.5 mM) was added at day 0, 2, 3 or 4 of a 6 day incubation period in high 
phosphate (3.8 mM). Tissue calcium in aortic rings was lower if media magnesium was elevated 
early (i.e. day 0, day 2 and day 3) (A). Tissue magnesium was elevated in all calcified tissues and 
not in tissue that did not calcify (day 0 addition of magnesium) (B). (This result was presented in 
the PhD thesis of Dr. N.S. Shobeiri, 2013) 
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crystallisation145. This is in accordance with in vitro and in vivo results that suggest 

magnesium has impeded the initial stages of VC82. It is also widely accepted that VC is 

an active process, of which magnesium is involved13,79. Cell culture methods demonstrate 

that magnesium treatment can prevent VC in vitro by attenuating transdifferentiation of 

VSMCs to an osteoblast-like phenotype36,81. It has been suggested that the TRPM7 

magnesium transporter is involved in this mechanism as blocking TRPM7 negates any 

benefit from magnesium79,80. However, the action and regulation of TRPM7 is not fully 

understood146. TRPM7 has a kinase domain and there is evidence that it is regulated by 

intracellular magnesium. This domain can phosphorylate itself and other proteins, 

including annexin 1, which is involved in the regulation of cell death146–148. In this way, 

high intracellular magnesium may limit further entry of magnesium, as observed with 

fermagate treatment, and control other cellular processes. Whether through a TRPM7-

mediated mechanism or not, magnesium has been shown to down-regulate the expression 

of the phosphate transporter PiT-1 and up-regulate anticalcification proteins (osteopontin, 

BMP7 and MGP)79,80. In vivo experiments show that increased magnesium alone does not 

increase expression of TRPM7, in accordance with in vitro studies, which have shown 

changes in activation but no change in expression60,79–81,109.  

However, a recent study has shown that TRPM7 levels were decreased in rats 

treated with calcitriol60. When fed a high magnesium diet and given calcitriol, TRPM7 

levels declined significantly less. The high magnesium and calcitriol combination also 

developed significantly less VC than calcitriol alone. Further studies are required to 

determine if magnesium works in combination with changes in vitamin D signaling to 
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protect against VC. Calcitriol is often prescribed to treat secondary hyperparathyroidism 

but its use is still contentious. Clinical studies have found calcitriol treatment decreases 

early mortality, yet animal studies have shown that it increases the risk of cardiovascular 

disease and VC66,149–151. A potential combination therapy of magnesium, or fermagate, 

and calcitriol may reduce PTH, without the untoward effects on VC and the 

cardiovascular system. The 2015 study by Zelt et al. demonstrated that magnesium 

modified the adverse effect profile of calcitriol treatment by reducing the incidence of 

VC compared to calcitriol treatment alone, while still providing the PTH-lowering effects 

of calcitriol60.  

Magnesium may also impact the availability of calcium and phosphate. Low 

serum magnesium levels have been associated with increased bone resorption and the 

release of calcium and phosphate into the circulation152,153. This may contribute to the 

development of mineral bone disorder and renal osteodystrophy. Additional absorbed 

magnesium could protect against bone loss and limit the delivery of minerals to the 

vasculature.  

 Overall this study revealed that fermagate, via mechanisms combining phosphate 

binding in the gut and increased levels of serum magnesium, can lower serum phosphate 

and PTH and attenuate vascular calcification. Further studies are required to fully 

elucidate the local mechanism of action of magnesium on the process of VC given the 

lack of impact on local concentrations. Chronic kidney disease is very prevalent and 

phosphate binders are recommended and frequently prescribed52.  Fermagate is a 
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promising binder for the management of hyperphosphatemia and VC in chronic kidney 

disease.  
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Chapter 3 

Summary and Future Directions 

 
 

3.1 Summary 

The studies in this thesis were performed to test four hypotheses of the impact of 

treatment with the phosphate binder fermagate on an adenine-induced rat model of CKD. 

The hypotheses tested in this thesis were that fermagate can attenuate 

hyperphosphatemia, increase serum and tissue magnesium, blunt the CKD-induced rise in 

PTH and FGF-23, and limit VC. The results confirm that fermagate can lower serum 

phosphate levels and blunt hyperphosphatemia by preventing the absorption of phosphate 

by the gut. Furthermore, fermagate treatment improved the management of secondary 

hyperparathyroidism and FGF-23, increased serum magnesium levels, and lowered the 

prevalence of VC. Although magnesium was not increased at the tissue level, the results 

in this thesis indicate that magnesium plays a role in preventing VC and suggest that 

magnesium is currently an under-recognized player in CKD.  Further study is required to 

elucidate the mechanism through which magnesium acts to hinder VC. The findings 

herein provide evidence for the use of fermagate in CKD for the management of 

hyperphosphatemia and the inhibition of VC.  
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3.2 Future Perspectives 

 

3.2.1 Impact of magnesium on expression of TRPM7, PiT-1, and anticalcification 

proteins in CKD in vivo 

In vitro the uptake of phosphate via PiT-1 in VSMCs triggers a well-documented 

process of transdifferentiation to an osteoblast-like phenotype20,106. This leads to the 

upregulation of bone transcription factors (Runx2, MSX-2 and BMP-2) which control the 

expression of many osteogenic proteins31.  More recently, elevated magnesium has been 

shown to prevent and reverse this process in cell culture and tissue culture79–81.  

Magnesium is thought to work through restored TRPM7 activity to increase expression of 

anticalcification proteins (osteopontin, BMP-7 and matrix Gla protein) and decrease 

expression of the phosphate transporter PiT-179,80. Evidence has shown that magnesium 

in vivo can limit VC but the mechanism of action is not known60,82. To date, the effects of 

magnesium in CKD in vivo on gene expression are not well established. Zelt et al. 

determined that TRPM7 expression was decreased by calcitriol treatment, but less so 

with calcitriol and high magnesium60. Future studies are required to determine if in vitro 

results can be recapitulated in an in vivo model of CKD in an effort to better define 

magnesium’s mechanism of action. Using a CKD model similar to that described in 

chapter 2 of this thesis, the effects of different phosphate diets with normal and high 

magnesium could be used to determine how expression of TRMP7, PiT-1 and 

anticalcification proteins are altered by a high phosphate stimulus with and without the 

hypothesized protective effects of magnesium.  
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3.2.2 Effect of combination therapy of fermagate and calcitriol on the pathogenesis 

of CKD and VC 

Vitamin D deficiency is prevalent in CKD and is associated with 

hyperparathyroidism, adynamic bone disease, and increased risk of mortality66,131.  

Clinical studies have found that treatment with vitamin D reduces the risk of mortality in 

CKD151. However, there is evidence from rat studies that vitamin D treatment increases 

VC and cardiovascular disease149,150. Magnesium is able to contribute to vitamin D status 

and can modify the relationship between low vitamin D levels and mortality91. In this 

way magnesium may prevent the potential untoward effects of vitamin D treatments. In a 

2015 study by Zelt et al., confirmed that treatment with calcitriol suppressed PTH but 

increased the prevalence of VC60. However, when high magnesium was given in 

combination with calcitriol, PTH was suppressed and the severity of VC was decreased 

compared to calcitriol-treated and untreated CKD rats, and was associated with an 

increase in vascular magnesium. In addition, serum magnesium was more elevated in rats 

on calcitriol and high magnesium than in rats given only high magnesium. Verberckmoes 

et al. (2007) also determined that magnesium content in uremic rats was increased in rats 

treated with calcitriol compared to rats that were not154. This suggests that magnesium 

and the vitamin D metabolome may regulate one another and reduce VC while providing 

the PTH-suppressing benefits of active vitamin D. The hypothesis to be studied in the 

future is that combination treatment of calcitriol and fermagate would treat vitamin D 

deficiency and hyperparathyroidism, blunt hyperphosphatemia, increase serum 

magnesium, and reduce VC.  
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3.2.3 Gut Absorption of Phosphate in CKD 

Phosphate homeostasis is maintained by a dynamic balance between gut 

absorption, delivery to phosphate stores (mainly bone), and excretion of phosphate37. The 

study of phosphate control has largely focused on the role of the kidney in excreting 

phosphate. In CKD, as GFR declines, phosphate excretion decreases and 

hyperphosphatemia develops. How the gut absorption, and potentially gut excretion, of 

phosphate responds to hyperphosphatemia and CKD has not been well studied. Gut 

absorption occurs via passive paracellular pathways and NaPi 2b-mediated active 

transport43. There is evidence that calcitriol and low phosphate diets upregulate, and 

FGF-23 downregulates the expression of gut NaPi 2b48,155,156. A phosphate load spiked 

with radiolabeled phosphate (33PO4) can be used to monitor the handling of phosphate. 

This technique has been used to localize the short term uptake of phosphate after 

injection of 33PO4 and after a 33PO4-containing meal135. The proposed study would 

involve feeding a radiolabeled phosphate meal to rats of different extents of kidney 

function and measuring the amount of radioactive phosphate in circulation over several 

hours as a marker of gut absorption of phosphate and measuring the expression of NaPi 

2b at sacrifice. The relevance of gut excretion at different stages of CKD could be 

elucidated at sacrifice by injecting 33PO4 intravenously and measuring radioactivity in 

chyme and feces. 
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