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Abstract

Chronic kidney disease (D) patients are at high risk of vascular calcificatiue to
abnormal minerainetabolism, and potentially theéreatment with vitamin D receptor
activators (VDRAS; calcitriol, alfacalcidol and paricalcitol). The effect of VDRASs on
calcification is not fuly understood. This thesis compares physiological doses of
VDRAs on vascular smooth muscle cell (VSMC) calcification in vesseis @taldren

and adults with CKD.

The inferior epigastric artery was harvested during renal transplantation and vessel
rings cutured in diferent calcium (Ca) and phosphor@B¥ media with physiological
doses of VDRAs. The Ca load and alkaline phosphatase (ALP) activity were quantified

and histological analysis performed.

I n chil drenbés vessel r by B.@feld andcA4R activity byi o | i
2.2 fold compared to vehicle in high @adP medum, but two distinct groups of
responders and nemsponders to calcitriol were noted. Alfacalcidol increased Ca load

by 3.4 fold but had no effect on ALP activity and pddital had no effect on Ca load

or ALP activity in any vessel ringsPatient variation was observethis was
independent of dialysis status and renal diagnosis. None of the VDRASs tested affected
Caload or ALP activity in adult vessel rings.

VSMCs were gplanted andheir dose dependent responses to calcitriol (1, 10 and
100nM) documented. 100nM calcitriol elicited the greatest upregulation in vitamin D
dependent gene expression, including the vitamin D receptor (VDR) whose expression
was greater in VSMCexplanted from dialysis patients than a@mal controls.
Expression of two VDR isoforms (VDR and VDRB) wereshown by Western blot
analysis. VDRA expression as a percentage of total VDR B@86.5% in control
VSMCscompared to 6612% in dialysis VSMCs. VSMCs in which 100nM calcitriol
activated thevitamin D response elemenVIPRE) luciferase expressed AlL7%
VDR-A compared to 6:82.5% in VSMCs with no VDRHuciferaseactivation. Patient
variation in VDR isoform eyression may conbute to theindividualpat i ent 0 s
responses to VDRAs in both vessel rings and VSMCs.
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Chapter 1 Introduction

1.1 Chronic Kidney Diseaseis associated with increasedardiovascular risk.

Chronic Kidney Disease (CKD) & progressive disordecharacterised by a gradual
decline in functional nephrons and a reductioGlomerularFiltration Rate (GFR)

CKD is defined by a GFRelow 60ml/min(Levey et al., 2006 The incidence and
prevalence of kidney failure is an increasing worldwide health profimoyan et

al., 2003. As the GFR deteriorates below 60ml/min, there is a graded increase in the
risk of cardiovascular morbidityGo et al., 2004 CKD culminates in End Stage
Kidney Disease (ESKD)y this stagepatients require renal replacement therapy in

the form of dialysis.

Cardiovascular disease is the most common cause of ideaD patients receiving
dialysis, the rate of cardiovascular mortality ghalysis patientsin their 20sis
comparable to octogenariafsoley et al., 1998 In ESKD there are disturbances in
mineral metabolism that lead to hypercalcaemia and hyperphosphatemia, predisposing
patients to vascular calcificatig®hroff et al., 2012 The high risk of cardiovascular

mortality in CKD patients is largely due to vascular calcification.

1.2 Mineral metabolism
1.2.1 The role of the kidney,FGF23 andPTH in Ca and P homeostasis.

Thekidney is a major ragator of serum phosphorous (f)is important for both P
excretion and regulating the resorption of P and Calcium ttCaycommodatéone
turnover. The kidney relies on autocrine signalling from fibroblast growth factor 23
(FGF23) to maintain P homeostagiairo-o, 2010h (Shimada et al., 2003bWhen
serum P levels are high, FGF23 is synthesised by osteocytes and ost¢otasts
circulating levels of FGF23. FG3 binds to the fibroblast growth factogceptor

(FGFR)on the basolateral membrane of the kidney tubules.
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As shown inFigure 1-1 binding of FGF23 to th&GFRhas 2 downstream effects to

reduce serum P tawds homeostatic leve{Mazzaferro et al., 2030

1. FGF23 bDblocks the synthesis of 10U hyd
vitamin D) and upregulates the synthesis of 24 hydroxylase (an enzyme that
deactivates vitamin D). Theombined effect is reduced levels of active vitamin
D (Shimada et al., 200%ar his prevents further increase of serum P as vitamin

D promotes bone turnover and resorption of Ca and P.

2. FGF23 blocks the synthesis,afind increaseendocytosis of the Na/P
cotransporter on the apical membrane of the kidney tuf@lenada et al.,
20043. Theredued number of P transporters decreasee&bsorption from

the filtrate therefore increasing P excretion.

In order for FGF23 to bind to its receptor, thereoeptor klotho is required; in the
presence of klotho thEGFRis conferrel specific to FGF23Urakawa et al., 2006
(Kurosu et al., 2006 Klotho was originally identified in mice as a gene that was
mutated in a premature aging phenotype, this included arteriosclerosis, growth
retardation and skin atrophKuro-o et al., 199Y. Many studies have shown that
defects in the FGF2Blotho axis cause premae aging syndrome due to inasedP,

Ca andvitamin D (Kuro-o, 2010¢. A low P dietin FGF23 deficient mice, rescued
many of the prematuraging phenotypes despite furthesising Ca and vitamin D
levels This suggestthat P is primarily responsible for the premature aging phenotype
(Kuro-o, 2010¢.
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Figure 1-1: Dual mechanism FGF23 to reduce serum P.

Vitamin D increases the transcription fbroblast growth factor 23HGF23 in
osteocyteshy binding to the vitamin D receptor (VDR) which interacts with the
retinoid x receptor (RXR). Phosphorous (P) also increases transcription of FGF23, the
mechanism of this has not yet been determikéatho confers thdibroblast growth
factor recepto(FGFR spedfic to FGF23and the FGF23 secreted by osteocytes
interacts wih the klotheFGFR complex on the basal membrane of kidney tubules.
FGF23 blocks the synthesis of and increases endocytosis of the&lae®ransporter

on the apical membrane of the kidney tubule. Tdesrease P reabsorption and
increass P excretion via the urinéb complete the negative feedback loop and
maintain P homeostasiBGF23 also maintains vitamin D homeostasisndteags
Cyp24 and decreasé3yp27bl transcriptiorio promote inactivation and suppress
synthesis of 1,25 dihydrgxitamin D. Thereby reducing serwitamin D levels and

the vitamin Dinduced resorption of Ca andi®m bone(Kuro-o, 2010&
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Hyperphosphatemia also -wegulatesparathyroid hormoneP(TH) secretion. PTH
promotes P and Ca resorption from bone raising serum levels further, however PTH
also increases P excretion therefore its overall effect is to decrease dgtaeppen.

B. M, 201Q. Excessive PTH secretion is prevented by FGF23 which acts as a negative
feedback mechanism andts to th&GFRs in the parathyroid gland to downregulate
PTH secretion. As in the kidney tubules, thE&#FRs require klotho to confer them
specific to FGF23Kurosu et al., 2006

The parathyroidglandis well known to contain Calcium Sensing Receptors (CaSR)
andPTH is the primary regulator of serum Ca and is secreted when serum Ca levels
are low(Souberbielle et al., 2010PTHhas 3 mechanisms of action to increase serum

Ca as shown ifigurel-2.
1. PTH increase€a reabsorption from the kidney tubule

2. PTH upregulatestranscripion of Cyp274 in the kidney to increas@U
hydroxylase activation of vitamin D. This leads to increased serum levels of
1,25 dihydroxyvitamin D whichincreases Ca absorption from the small

intestine.

3. PTH and 1,25 dihydroxyvitamin D both increase bone turnover by
upregulating the expression of RANKL in osteoblasts, RANKL drives the
maturation of preosteoclasts to mature osteoclagisteoclasts resorb the bone

matrix and increase resorptiaf both Ca and ihto the serum

Once normal serum Ca levels are restored the stimuli to upregulate PTH secretion is

removed therefore acting as a negative feedback mechanism.

Recent data has shown that the kidney itself also expressep@atinantlyn the

thick ascending limb of the loop of Henle and has a role in the regulation of Ca
homeostasis independent of PTH. This was showhynoparathyroidectomized, PTH
supplemented rats where renal tubuGa reabsorption was increased by chronic
inhibition of CaSR independently of the PTkbupy et al., 201p
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Hypocalcemia

1: Calcium reabsorption in kidneys
M - ®'® Phosphaturia \
¢
- | Generate active Vitamin D (1,25(OH),D)

Parathyroid Hormone

secretion Normalise

/ Extracellular
Calcium

2: Intestinal
absorption Calcium/
X 3: Calcium and phosphate released from bone

Figure 1-2: Role of PTH in Ca homeostasis

Hypocalcaemia is detected by Ca sensing receptors (CaSRs) in the parathyroid gland
and stimulates parathyroid hormone (PTH) secretion. PTH restores normal serum Ca
by; increasing Ca reabsorption from the kidneys, upregulates Cyp27bl transcription
for the ativation of vitamin D which increases Ca absorption in the intestine and
increases Ca and P resorption from bone.
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1.2.2 The impact of CKD on FGF23, PTH and Ca and P homeostasis.

In CKD, P excretn by the kidney is impaired therefamsed serum P issaociated

with CKD. In the early stages of CKD, impaired kidney function is compensated for
by increased FGF23 production normalising serum P. As GFR declines further serum
P is increased despite high serum FGERBn et al., 201 CKD is associated with
klotho deficiency, in the absence of klotho th€FR is not conferred specific to
FGF23 and FGF23 is unable to act on the kidney tubule to reduce serum P towards
normal level{Hu et al., 201 This P retention leads persistenhyperphosphatemia

and stimulates a further increaseHGF23 levelfiowever homeostatic mechanisms

can no longer restore tiibalance

Chronic hyperphosphatemia results in parathyroidpeeliferation, parathyroid gland
hyperplasia and secondary hyperparathyroidimizumi et al., 2013 Excessive
PTH secretion contributes to excessive bone turnover, reducing bone density and
leading to CKDBone Mineral Disorder (CKEBMD) (Moe et al., 2009 as well as
chronic hypercalcemia and chronic hyperphosphatemia which is a direct stimulus for

vascular calcificatiorfHruska etal., 2008.
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1.3 Vascular Calcification

1.3.1 What is vascular calcification?

Vascular calcification is the deposition of hydroxyapatite crystals in the extracellular
matrix of the vessel wall. Hydroxyapatite is formed from the crystallisation ajr3a

and inagganic P (Pi)ons it hasa mineral composition similar to that found in bone
(Schlieper et al., 2030At physiological pH of 7.4 Pi exists predominantly af By

and HPQ? in a 1:4 ratio and is neutralised by?C@ansto produce hydroxyapatite
Cao(PQy)6(OH): (Villa-Bellosta and Egido, 2015

Once considered a passive degenerative process thats docageing, vascular
calcification has now been recognised as a highly regulated, cell mediated process
similar to bone ossificatio(Shroff et al., 2018 A nuclear magnetic resonance study
showed that the matelar structure of Ca and P hioinerals in ectopic calied
human plague closely resembles that of bone, including a glycosaminoglycan scaffold,
suggesting that similar mechanisms regulate physiological and pathological
calcification (Duer et al., 2008 Both processes require a microenvironment that
enables extracellular crystal growth; this is formed by the release okmasicles

into the extracellular matrjxwhere mineral nucleation and calcification can then
occur. To initiate ectopic vascular calcificaticseveral molecular processes must
occur simultaneous)ythis includes apoptosis osteochondrogeai differentiaton,

down regulation of mineralisation inhibitors and the release of pro calcific matrix
vesiclegShanahan et al., 2011

1.3.2 Characteristics of ateriosclerosis are distinct from aherosclerosis

There are twodistinct types of vascular calcification, atherosclerosis and
arteriosclerosis. In atherosclerosis, calcification occurs in lipid rich plagues at
damaged patches of the tunica intirA@herosclerosiss associated with traditional
cardiovascular risk factors includinage, obesity, dyslipidaemia and smok{B@roff

et al., 2013 Arteriosclerosis (also known &8o nc k e b e r g)éssassxiatéde r 0 s i
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with CKD and diabetes, it isharacterised by calcification ofdlvascular smooth
muscle cellsWSMCs) in the tunica medigSheet like calcification forms in the tunica
media layer resulting in a concentric thickening of the vessel wall and increased
vascular stiffness, that leads to systolic hypertension and lefiotdat hypertrophy
(Blacher et al., 1999 Although distinct diseases, atherosclerosis and arteriosclerosis
can coexist in various combinations particularly in older diabeticsadunéts with

CKD. These patients have been exposetaditional cartbvascular risk factorfor
atherosclerosis and disease specific risk factors of arterioscl@vhidistyre, 2008.
Coronary autopsy samples from renal patients had comparable tunica intima
calcification tononrenal patientgatherosclerosis)ut a higher proportion of tunica
media calcification(arteriosclerosisjGross et al., 20Q7 In young dialysis patients

and those without comorbidity, calcification is exclusively in the tunica n{&dhieoff

et al., 2008h From here onwards vascular calcificatwiti refer to arteriosclerosis.

Figure 1-3: Arteriosclerosis and atherosclerosis.

Von kossa stained vessel rings showing calcified areas. A) Medial calcification
observed in arteriosclerosis. B) Intimal calcification of intimal plaque observed in
atherosclerosisA i Adventitia.M T Tunica mediaMC i Medial calcification.IP i
Intimal plaque.IC T Intimal calcification Histology accessed8/03/2016from
http://library.med.utah.edu/WebPath/CVHTML/CV007.html and
http://library.med.utah.edu/WebPath/CVHTML/CV168.html
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1.4 The highly regulated process of vascular calcificatiorand its risk factors
in CKD.

Ectopic vascular calcification is a highly regeldtprocess that occurs in the matrix
surroundingVSMCs. Dysregulated mineral metabolism in CKD plays a key role in
driving calcification, however, high levels of Ca and P alone do not result in the
passive deposition of hydroxyapatite crystals in the vasculé®lmeff et al., 201p

Key processes involved in VSMC calcification includpoptosis, ostéchondrocytic
differentiation, releaseof matrix vesiclesand reduced expression of calcification
inhibitors A combination of risk factors found in the uremiclieu are required to
enable thipathological calcification to develd@hroff et al., 201p

1.4.1 Apoptosis of VSMCs

Apoptosis of VSMCs is associated with goldys a key role in mmoting vascular
calcification.High intracellular Ca has been showendrive apoptotic cell deatland

the culture ofeitherVSMCs or vessel rings in higitaand P(as observed in CKD)
reduced VSMC density by 30%roudfoot et al., 2000 Apoptotic bodies in the
extracellular matrix provide a nidus for the accumataof hydroxyapatite crystals
and the initiation of calcification, it is in part accountable for the increased ectopic
calcification observed in CKD as reviewed (8hroff and Shaahan, 200y, VSMCs

in culture undergo apoptosis, in these cells apoptusss been shown tprecede
calcification. Inhibition of apoptosis reduced calcification by 40% demonstrating its
importance in driving calcificatio(Proudfoot et al., 2000

1.4.2 Matrix v esicle release

The release of mineralisation competent matrix vesicles into the extracellular matrix
provides a nucleation site for hydroxyapatite crystals to form, it is important in both
physiological and ectopic calcificatigapustin et al., 20)1Healthy VSMCs release
small matrix vesicles into the extracellular matrhowever they do not support
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mineralisation as they contain limited hydroxyapatite and are loaded with
mineralisation inhibitorsmatrix gla potein (MGP), osteoponti and &tuin A that

prevent the spontaneous precipitation of Ca and P in the §Kapustin et al., 20)1

High Ca and P conditions increased the rate of both vesicle release and apoptosis in
human VSMCgReynolds et al., 2004Initially, this may be a defence mechanism to
extrude excess hydroxyapatite, however long teareased matrix vesicle releasn

be detrimental to deification. VSMCs persistently exposed to the high Ca and P levels
observed in CKD released matrix vesicles that contained preformed calcium phosphate
Ca(HPQy)2, were depleted of MGP andnabled hydroxyapatite crystal growth
(Reynolds et al., 20041t was later shown byKapustinet al., 201} that raised
extracellular Ca was required for release of calcifiable matrix vesicles, these vesicles
shared properties with chondrocyte matrix vesicles. Thisidies expression of Ca
binding annexins and exposed phosphatidylserine on the surface of matrix vesicles
providing a site for hydroxyapatite nucleation therefore supporting the early stages of

ectopic calcification.

1.4.3 Perturbation in the level of physiological calcification inhibitors

Expression of calcification inhibitors MGP, pyrophosphate, fetuin A and osteopontin

prevent ectopic calcification in healthy soft tissue.

MGP isendogenously expressedbothVSMCsand chondrocyted. ocal expression

of MGP inthe vessel wall is required for inhibition of vascular calcification, this was

shown in an experiment on MGP knockout mice where expression of MGP in VSMCs
prevented daification but high circulating levels of MGP did nfi{rueger et al.,

2009. MGP is expressed in its inactive form as dephosphorylated uncarboxylated

MGP (dpucMGP)and requirestwopbds t r ans | at i o ncarboxyhatwm i f i ¢ a
and serine phosphorylatiao form fully active pcMGP as reviewed byEpstein,

2016. Phosphorylation of 3 serum residues seem to be important for MGP secretion
(Fusaro et al., 201UcMGP has 5 glutamic acid residues which requitanvin K

for thar o-carboxylationto form 5o-carboxylutamate (GLA)esidues and produce
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carboxylatedGP (cMGP).Defects in the vessel wall increase the local expression of
ucMGP in VSMCshoweverin a state of vitamin K deficienayhich often occurs in
CKD, ucMGP cannot be activated amaccumulates at sites where vascular
calcification is able to proced@ranenburg et al., 20D8rhe prevalence and severity

of vitamin K deficiency is higher in CKD than the general population for 2 reasons.
The first, detary restrictios in CKD that limit P intake also reduce vitamin K
consumptionThe second,u r i 4eagboxylation vitamin K is oxidised and has to be
recycled by reduction for subsequent carboxylase activity, @Eientsare often
prescribed warfarin (a vitamin k antagst) which blocks the reductase pathway and
preventsvitamin K recycling (Wuyts and Dhondt, 20)6In addition uremia was
shown to r e d u-casboxylaset aativityim a tat modelleading to
accumulation of ucMGP and calcification that was reversed by vitamin K treatment
(Kaesler etl., 2014.

Pyrophosphate is a potent endogenous inhibitor of calcification, the main source of
pyrophosphate in VSMCs is from the hydrolysisadienosine triphospha(&TP) to
generate AMP and pyrophosph#télla-Bellosta and Egido, 2®). Pyrophosphate

can be released into extracellular fluid and inhibit mafisation as shown iRigure

1-4, however it can also be dephosphamtband inactivated bgikaline phosphatase
(ALP). The inhibitory effect of pyrophosphate on calcificatio&is been shown both
in-vitro and in-vivo, physiological levels of HuM pyrophosphate completely
inhibited calcification in rat aortic VSMC¢Villa-Bellosta and Sorribas, 2011
Pyrophosphate treatment also inhibited vascular calcification in Hutchinson Guilford
Progeria Syndrome (HGPS) mice. This phenotype was associated with increased ALP
activity and reduced ATP synthesis therefore increased degradation and defective
production of pyrophosphate resulting in calcificatpmone mice(Villa-Bellosta et

al., 2013.

Plasma levels of calcification inhibitor pyrophosphate were found to be lower in
haemodialysis patients (2.26 + 0.19 uM) compared to healthy patients (3.26 + 0.17
uM) . I n the haemodial ysis patientds pyroc
immediately pst dialysis(Lomashvili et al., 2006 In addition, the upregulation of

ALP observed in CKD (discussed belpwould upregulate the dghosphorylation

and inactivation of pyrophosphate.
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Fetuin A is a circulating calcification inhibitor that is taken up by VSMCs and
concentrated in matrix vesicles,reducesapoptosisand promotes phagocytosis of
matrix vesicles by VSMCsherefore reducing their ability to nucleate P and Ca
(Reynolds et al., 20Q5Fetuin A levels are correlated with GFR and there was a graded
decline in fetuin A from CKD stage3(Zhan et al., 2013

Osteopontin is normally expressed in mineralised tissue such as bone and teeth
(Nemcsik et al., 2012 Post translational phosphorylatiarequired for osteopontin

to have an inibitory effect on calcificationthis was shown in human VSMCs where
only the phosphorylated osteopontin was able to dose dependently inhibit calcification
(Jono et al., 20000steopontin waalsoshown to accumulate in calcified vessels and
reduce the extent of calcificatioam-vivo, as double knock oM GP/osteopontin mice
hadmore extensive calcification thaMGP only knockout mice(Speer et al., 2002
demonstrating the calcification inhibitory properties of osteoponfis with
pyrophsphate, the upregulated ALP activity observed in CKD leads to
dephosphorylation and inactivation of osteopagntaducing its effect on inhibiting

calcification.

1.4.4 Osteo/ chondrocytic differentiation

VSMCs osteocytes, chondrocytes and adipocytiesall derived from mesenchymal
stem cells The terminal differentiation of these stem cells lines is dependent on the

paracrine and autocrine factors in the microenvironr(@reffo et al., 200p

VSMCs have great phengig plasticity and are able to dedifferentiate into
mesenchymalike stem cellghis is important during cell stress and for vascular repair
theymayeither reach senescence or undergo an osteo/chondrocyte phenotypic change
(Opitz et al., 200y, This is evidencedyochanges in thexpression oVSMC and osteo

/ chondrocytecell markers.

A cell linage study in mice lacking the calcificatimhibitorMGP, found that 97% of

calcifiable cells in the tunica media were derived from VSMCs which had early up
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regulation of Runx2 (an osteoblast transcription factor) and down regulation of
myocardin (Speer et al., 2009 Notably he ostedchondrocytic differentiation

preceed calcification

I n human arteries with Monckebergbs scl
differentiation, up redation of ALP has been observed in the vessel wall along with

other osteogenic markers including bone gla protein (BGP), bone sialogii@&)

and collagen I(Shanahan et al., 1999 here expression is regulated by osteogenic
transcription factos, such aRunx2 and Sox9 which are also-tggulated in calcified

vessels and in VSMCs that spontaneously ca(@ifxgon et al., 2003

In-vitro co expression of ALP and collagen | was sufficient to iedontneralisation

in high P medium(Murshed et al., 2005 This suggests that increased ALP activity
alone would enable extracellulaatrix mineralisation in the vasculature as the tunica
media has a collagen rich matrix. ALP is a hydrolase enzyme normally expressed in
bone but not normally expressed in VSM@s shown inFigure 1-4. ALP
dephosphorylatethe calcificationinhibitor pyrophosphate which renddtsinactive

and releases free inorganic phosphate ({Alla-Bellosta and Egido, 20}5Also, in
anin-vitro study onhuman VSMCs ALP treatment dephosphorylatezcalcification
inhibitor osteopontin and promoted calcificatiGlono et al., 2000

Excessive P levels observed in CKD is thought induce cellular stress and drive the
oseto / chondrocytic differentiation of corttide VSMCs to a synthetic osteoblast like
phenotype Hi gh serum P results in the downr e
SM22U and myocardin along with upregul at|
Runx2, osterix, ALP, osteopontin, type 1 collagend osteocalciShanahan et al.,

2011). Culture of human VSMCs in uremic conditions found in CKD changed the
VSMC phenotype by decreasing expression of VSMC contractile marker genes by 50

80% (Monroy et al., 201p In addition, osteoblast marker ALP is thought to be
upregulated in CKD, a circulating factor present in uremic serum increased ALP
activity by two fold which in turn increased pyrophosphate hydrolysis enabling
calcification(Lomashvili et al., 2008
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Figure 1-4: Schematic diagram showing effect of ALP activity on pyrophosphate
in VSMCs and osteoblasts.

In healthy VSMCs, pyrophosphate generated from the hydrolysis of ATP inhibits
mineralization, there is no ALP activity. In osteoblasts, pyrophosphate is
dephosphorylated and inactivated by ALP enabling mineralization. In uremia,
pathological upregulationfALP contributes to calcification. Image adapted from
(Persy and McKee, 20]11
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1.5 Vitamin D

1.5.1 Vitamin D and the systemic regulation of Ca

In the late 1800s and early 190€@iskets was a disease of epidemic proportitins

healing properties of both cod liver oil and exposure of the skin to UVlé&dtb the

discovery of wtamin D between 1919 and 1924 as reviewed(DgLuca, 1988

Vitamin D wasproduced as a pharmacologic treatm@nthe 1940@ndused in the

treatment of bone mineral disorders such as rickets.

Therole of vitamin D in bone mineralisation is through the elevatiggiagma Ca and

P via 3 key mechanisms.

1.

Increase Ca absorption from the small intestine Vitamin D increases
transcription othe Ca channel TRPV6 analbindin in the small intestine to

increase the efficiency of Ca absorption from 10 to 4B%&ick 2007)

Increaseresorption of Ca and P from boneVitamin D up regulates RANKL
expression in osteoblasts and drives the maturation ebgtesclasts to
ostenclastswvhich resorb Ca and P from bone and release it into the circulation
(Turner, Hanrath et al. 2013)

Reduce PTH secretion. Vitamin D increases expression of tkéamin D
receptor YDR) and the CaSRin the parathyroid glands to increase its
sensitivty to both Ca anditamin D. The effect ok/itamin Don the parathyroid

gland is to downregulate PTH expression in order to prevent excessive Ca and

P resorption and extensive bone turndBsown, Dusso et al. 2002)
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1.5.2 Vitamin D metabolism

Vitamin D is aterm used to describe several related compounds including calciferol,
calcidiol and calcitriol. Calciferol is preitamin D and can refer teitherpre-vitamin

D> (ergocalciferol) opre-vitamin Dz (colecalciferol), these are the 2 major forms of
vitamin Din their biologically inactive formsTo be activated calciferol undergoes 2
hydroxylation sages to produce calcidiol (250HD) and then calcitriol (1,256DH)

The majority (>90%) of the bodybés requi |
(Holick, 2007. Exposure d UV-B radiation converts the skin pigmenidéhydro

cholesterol toprevitamin Ds. Low levels of previtamin D, and @ can also be

obtained from some foods such as oily fish. Bptevitamin D, and 3 have to

undergo two hydroxylation stages in order to activatentae shown irFigure 1-5.

The first stage is catalysed by 25 hydroxylase and cawextvitamin D2 and ¥ to
25-hydroxylated vitamin D (250HD). The'®stage is catabed by 1J hydroxylase

and converts 250HD to the activeDh.orm 11
The majority of 1 and 25 hydroxylaseare expresskin the kidney andiver
respectively, however both hsakylase enzymes are exprestazhlly in VSMCs and

other tissues enabling an autocrine/paracrine regulation of the cells vitamin D

metabolism.

The series of hydroxylation stages required for the metabolism of vitBrane
regulated by a group of cytochrome P450 enzymes (CYPs). CYPs capable of 25
hydroxylation include the low affinity CYP27A1 and the high affinity CYP2R1 as well

as potentially the less well defined CYP2J3 and CYP8¥shes et al., 201). The
biological importance of CYP2R1 was confirmed by analysis ohatzept with a
homozygous Leu99Pro mutation in CYP2R1 which eliminated 25 hydroxylase
enzyme activity and correlated with a form of hereditary rickéteng et al., 2004

25 hydroxylation occurs in a subsgalependent manner therefore 250HD is the main
form of vitamin D found in circulation and clinically vitamin D status is determined

by measuring 250HD in the serum.

The activation o250HDto 1,25(OH)D is highly regulated, this is important as it has

a key role in maintaining homeostatic levels of Ca and P in the serum as dismussed
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page31 So far only onegene has been identified encoditighydroxylase, that is
CYP27B1 discovered bfst-Arnaud et al., 199Avho mapped it to the same locus as
mutations that resulted in vitamin D dependency ricketdydroxylase is expressed
when serum Ca levels are laamd1,25(OH}D exerts its biological effects via the
VDR to increase serum Cén order to maintain homeostasis,thydroxylation is
highly regulated by multiple negative feedback mechanisiclading raised serum
levels of;Ca FGF23 and 1,25(OH itself, as wellaspositive feedback from PTH
these are aBhown inFigurel1-5. Once in its active form, the hdife of 1,25(OH}D

is 1020 hours(Levine et al., 198b however it can be inactivated by ti2d
hydroxylaseenzyme

The CYP24A1gene transcribes 24 hydroxylase which drives tha@lroxylationof
1,25(OH}D to calcitroic acidwhich is water soluble and easily excreted, CYP24A1
also hydroxylates the precursor 250HD to the inactive metabolite 24,25[00DH)
(Reddy and Tserng, 1989 heclinicalimportance of CYP24Aih the 24 hydroxylase
degradation ofl,25(OHYD was showrby (Schlingmann et al., 20)ho identified
recessive mutations in CYP24A1 in 6 children with idiopathic infantile hypercalcemia

due to increased vitamin D sensitivity.
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Figure 1-5: Vitamin D metabolism

Activation of previtamin D requires 28hydroxylation to 25 hydroxyvitamin D (25

OH-D3) and 1U hydroxylation to f30(t28 acti v
(OH)D3). 1, 25(0OH).D3 binds to the VDR to exert its biological effects, then it is
catabolized by 24 hydroxylase to eventuédiyn cacitroic acid which is water soluble.

Activity of CYP27B1 and CYP24A1 are closely regulated by }(Q@Bl).Ds, serum

Ca ions (sC%) and parathyroid hormone (PTH). There is an additional negative
feedback mechanism on CYP27B1 through the {(43).D3 fibroblast growth factor

23 (FGF23), klotho axis. sPQ4serum phosphat&igure from(Schlingmann et al.,

2011D).
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1.5.3 Vitamin D Receptor(VDR): Mechanism of action and differentvDR

isoforms

1,25(OHYD mediates its effects via thédDR which is expressed in almost tiisues
throughout the body. The VDR is part of the Nucldarmone Receptomuperfamily

and shares a similar structure with thenalaing it to regulate the transcription of
multiple genegHaussler et al., 1998The VDR contains a zinc finger DNA binding
domain at the N termingHaussler et al., 1995Theligand binding domaiis located

at the C terminablong with2 conserved retinoid x receptor (RXR) binding domains

At the extremeand of theC terminal there is also an activation function (AF2) which

is a ligand dependent activation domain that is essential for transcriptional activation.

Ligand binding to the VDR leads to a conformational change in the C terminal that
facilitates strong dimerization with the RXRs shown inFigurel-6, the ligand bound
VDR-RXR heterodimertranslocates from the cytoplasm to the nucleus. Here it
regulates transcription by interacting with a specific sequence in the promoter region
of target genes, known as the vitamin D response element (VHRIEssler et al.,
1998. Binding of the VDR to the VDRE triggers the recruitment of multiple protein
cofactors and transcriptional machinery leading to either transactivation or repression
of geneqCrofts et al., 1998

The human VDR gene is complex, &4 t er nat i ve YORtranacript ant s
have beenidentifietdy 56 rapi d ampl i f i c dHisigieesriseof ¢ DN
to 3 different isoforra of the VDR proteinshown inFigure 1-7, transcripts 46

originate from exon land are translated from the initiation codon in exon 2 and
encode th 42 amino acid VDRA protein (Crofts et al., 1998 this correspond

the originally identified cDNA sequence for human VI§Baker et al., 1988
Transcripts 610 originate from exon 1d where there is a second initiation codon,
therefore have the potential to encode N terminal variant proteins. Transcript 6 was
identified as transcribing VD1 with a 50 amino acid extension and transcript 9
encodd VDR-B2 with a 23 amino acid extensi@@rofts et al., 1998VDR transcripts

1, 2 and 6 shown iRigurel-7 are confirmed on the NCBI reference sequence database

as transcript 1, 2 and 3 respectiv@yuitt et al., 2014
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VDR-B2 could not be detected in any tissue tested, however presence of the 54KDa
VDR-B1 isoform was confirmed in human kidney tissue, 786 kidney cell line and three
human intestine cell lines where it was expressed at comparable levels té 3R

well asin MG63 osteosarcoma cells where VIBR was detected at a third the level

of VDR-A (Sunn et al., 2001 The additional 50 amino acids at the N terminal of
VDR-B1 extends the A/B domain from 23 to 73 amino acids, this A/B region of
nuclear receptors often comaa ligand independent activation function domain
therefore the VDRB1 isoform may have different functiahproperties to the VDR

A. From here on VDRB will refer to the 477 amino acid VBR1 isoform.

Many genes contain a VDRE in their promogerd approinately 3% of the human
genome is regulated either directly or indirectly by vitami(Buillon etal., 2008.
Vitamin D has a wide range of physiological functions, this includes both its role in
the regulation of systemic Ca describedli®.1 and norcalcaemiceffects to be
discussed .
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Co-regulatory Molecules
VAL Histone Acetylation
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Transcription

polymerase

Figure 1-6: Schematic diagram of vitamin D activation of the VDR

The active form of vitamin D, 1,25(Ob) binds to VDR and facilitates its
dimerization with the RXR. This complex interacts with the VDRE in the promoter
region of mitiple genes and triggers the recruitmentofegulatory proteins which
regulate histone acetylation and consequently transcription. VD®tamin D
Receptor. RXR Retinoid X Receptor. VDRI Vitamin D Response Element.
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Figure 1-7: Human VDR gene

Adapted from(Crofts et al., 1998 A) Exons in the human VDR gene. B) Structafe

the human VDR transcripts, transcript® briginate from exon 1a, transcriptsl@

from 1d and transcripts 114 originate from exon 1f. Boxed numbers (1, 6 and 10)
indicate transcripts with highest expression. All transcripts have a translatiatianiti
codon in exon 2 and 1d transcripts have an additional upstream initiation codon.
Starred transcripts encode different proteins, shown in C. C) Transcript 1
(NM_000376) encodes the original 42miao acid protein, the 23 mino acid of its

A/B domain @e shown in bold, transcript 6 and 9 encode proteins with arti@oa

acid and 23 aninoacid N terminal extension respectivelranscriptsn green boare
confirmed in the NCBI reference sequence dataffasatt et al., 2014
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1.5.4 Vitamin D plethora!

In recent years there has been a great scientific interest in the therapeutic benefits of
vitamin D, outside its regulation of Ca homeostasis and bone risa¢ian. Therare

many studies suggesting that vitamin D is associatedawiinray of beneficial health
outcomes oncardiovascular health, cancer, immune system, muscle funchiconic
painand other disorderB®espite the numerowassociabn studies, an umbreli@view

that considered the relationship between vitamin D and 137 different health outcomes
could not identifya clear roldor vitamin D. In fact, the only consistently significant
outcome was the relation between maternal vitaDirstatus and birth weight
(Theodoratou edl., 2014.

A negative relationship between low vitamin D levels and high plasma renin activity
that leads to hypertension and cardiac hypertrophy has been observed clinically for
over 2 decade@Burgess et al., 1990A role for 1,25(OH)D as a negative regulator

of the renini angiotensiri aldosterone system wasapported in both VDR null mice
which had increased renin expression, and in wild type mice injected with 1,2B(OH)
which had suppressed renin expression. Furthermore, in cell culture 1,2B(®&H
shown to suppress renin transcriptifn et al., 2002. 1,25(OH}D is thought to
suppress renin in order taintain cardiovascularelalth and reduce blood pressure
improving left ventricular function ral decreasing the risk of left ventricular
hypertrophy However, patients with CKD given 2ug/day oral paricalcitol for 48
weeks showed no difference in left ventricular mass index relative to the placebo group
(Thadhani et al., 20)2

Many observational oepidemiologicalstudies have found a strong association
between vitamin D and cancer prevention or survival for 15 different cancer types
including colorectal, skin and breast cancers as review¢@iant, 201%. In a study

of 99 wlorectal cancer patients which founkdat CYP24A1 \hich inactivated
1,25(0OH)D) expression was higher in cancer than adjacent regions and patients with
high CYP24A1 mRNA expression had reduced overall sur(i@ah et al., 2016
Despite these associations the mechanism has not been confirmed, 1;R5(©H)
thought to inhibit tumour progression through the inhibition of cell proliferation,

increased cell differentiation and induction of apoptosis.
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Vitamin D deficiency is associated with increased risk of autoimmune diseases such
as arthritis, multiple sclerosis and diabetes mellitus tygeeklen et al., 20)1The

VDR is expressed in resting monocytes and dendritic cells as well as iatedtiv

and B lymphocyte@rovvedini et al., 1983many immune cells also express enzymes
involved in vitamin D metabolism. Following a pathogen challenge macrophages
increased expressiori YDR and CYP27AL1 (vitamin D activating enzyme), 100s of
1,25(OH}YD target genes have been identified in immune c€he overall effect of
these target genes is soppress inflammation as reviewed (@hun et al., 2014
therefore it is thought that vitamin D serves as an immune regulating agent to prevent
autoimmune disorder§or example, there is a high incidemméevitamin D deficiency

in patients with the autoimmune disordesystemic lupus erythematosus (SLE)
(Mandal etal., 2014. SLE affects endothelial repairegulatedoy myeloid angiogenic

cells (MACs) It has been shown in SLE MACS-uitro thatcalcitriol reducedheir

IL-6 secretionas well as increasin§LE MACs angiogenic activityand normalising

MAC phenotypgReynolds et al., 2036

Severaklinical studes have shown an association between vitamin D deficiency and
chronic pain for example in white middle aged British females (but not males) there
was an association between 25(0OH)D and reduced incidence of widespread chronic
pain(Atherton et al., 2009 However, a review of 10 random double blind trials found
that there was no consistent effect of vitamin D supplements in the relief of chronic

pain compared to placel§Straube et al., 20)5

Many countries have a widespread deficiency in vitamin ©vifamin D supplements

are readily available over the counter and health care professionals are inundated with
the benefits bvitamin D, it is not surprising that instances of overzealous vitamin D
treatment leading to intoxication are increasingly comnbmspite these risks, toxic

doses of vitamin D have ngétbeen established.

1.5.5 CKD patients are deficient in Vitamin D

Vitamin D status is determined by measuriegusn 250HD levels less than 50nM
are considered as vitamin D deficiency by expert cons¢Nsuman et al., 20Q7and
up to 75nM 250HD is insufficient for optimal Ca absorpt{bteaney et al., 2003
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Patierts with CKD are often deficient in 250HD measured in the serum, there are
multiple reasons for this:

1 CKD patients are less active therefore they have less exposure to sunlight.

1 The skins ability to synthesigge-vitamin D in response to UV light may be
impairedin CKD. Despite CKD patients having normal epidermal content of
7-dehydrocholesterol, on exposure to{B\Vrradiation their photgoroduction

of cholecalciferolwas less than in normal subje¢lscob et al., 1984

1 Reduced apatite andediary restrictiongo limit Na and K intakenay reduce
ingestion of natural sources pfe-vitamin D. A dietary assessmeint which
91 haemodialysigHD) patiens and 85 control€ompleted a -day food
journal,found thattotal energy and nutrient intake was significantly lower in
HD patients This includedore-vitamin D intake which was on averajdug

per dayin HD patients and.6ug per dayn controls(Fusaro et al., 2036

1 Protenuria in CKD leads to loss ofitamin D binding protein hence increased
loss of all vitamin Dcompoundsparticularly 250HD which has the highest
binding affinity (Sato et al., 1982

1 Patients on peritoneal dialysigere found to have reduced levels/démin D
binding proteindue to their loss, along with bound vitamin D compouinds
the peritoneal digsis fluid (Koenig et al., 199R Vitamin D binding proteins

are important for increasing the héfe of vitamin D compounds.

In addition to 250HD deficiency, CKD patients lose the ability to convert 250HD to

the active 1,25(OHP. There are numerous possible explanations for this.

1 As explained above CKD patients are likely to have chronic
hyperphosphatemia and high levels of F&d; this increases CYP24A1
expression and promotes 24 hydroxylation of 1,25¢DH}Jo inactive
metabolite{Koizumi et al., 2013a
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f Renalproductiono t he 1U hydroxyl ase enzyme i s
renal masgPitts et al., 1988

f Theati vity of e maybetsyppressin thiel aaidic and uremic
milieu found in CKD furthermore the increased secretion of FZ3F
suppresses CYP27B1 expressi qBoulloneduci n
et al., 2014

1 In health,250HD and D binding protein from the glomerular ufitaate are
taken up by endocytosis by the renal
in the proximal tubule. In CKD, expression mnal megalin is reduced
therefore | imiting the de(Nykeezetw., of 25
1999.

A combination of these factors lead to 250HD and further 1,25{@Hgficiency in

CKD patients, this has a detrimental effect omeral metabolism and bone
development particularly in children who could develop rick&tsdiscussed above
1,25(0OH}D plays a key role in mineral homeostasis including the negative regulation
of PTH.

Vitamin D receptor activators (VDRAS) aodten pescribed for controbf secondary
hyperparathyroidismin CKD patients who are deficient. Excessive us&/BDRAs
could have toxic effectdue to its direct action asthertissues, a greater undet@nding

of the risks involved isequired.
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Figure 1-8: Effect of vitamin D deficiency on mineral homeostasisn CKD

Schematic diagram representing A) A state of vitamin D sufficiency, 7,8
dehydrochol ester ol i s Deforthesystemieedulatonofact i v ¢
Ca and P homeostasis including the negative regulafi®TH secretion. B) A state

of vitamin D deficiency in CKD. The increased circulating level of FGE
upregulates 24 hydroxylase for inactivation of vitamin D compouhd$ hy dr oxy | a
production in the kidney is reduced due to decreased renal mass and it is further down
regulated by FGR3, hence restricting the activation of 2504i0’he reduced

circulating level ofl U, 2 53 tthpble to regulate PTH, leading to increaR&H

secretbn and secondary hyperparathyroidism. Excessive, unregulatedel@lslin

the serumacceleratehe resorption of boneleading to areduced bone density and
increased systemic Ca andlévels increasing theisk of vascular calcification.
Pharmacologicahtervention withVDRAs prevents secondary hyperparathyroidism
howeverthe direct effect of VDRAs on VSMCs and vascutalcification is not

known
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1.5.6 Vitamin D receptor activators

CKD is a state of vitamin D deficiency, thixazebates the disruptednineral
metabolism that occurs early in the progression of CKD, giving rise to
hyperphosphatemia, secondary hyperparathyroidism and bone mineral disorder. In
these patients VDR# are often prescribed, particularly in children to prevent
secondary hyperpatayroidism(Brown et al., 200R There are numerous analogues

of VDRA, this stug will concentrate on 3 of thethat are most commonly used

Alfacalcidol( 1 U hydr o x(3OHD:Y) ami n D

Alfacalcidol is a synthetic prohormone that requires activation by 25 hydroxgase
produce the active form df,25(OH}Ds. 25 hydroxylasdas mainly expressed in the
liver but is also expressed locally in some cell tygd&acalcidol is often prescribed
to children with CKD who haveitamin D deficiencyin order to treat secondary

hyperparathyroidism

Calcitriol (1,25(OH}D3)

Calcitriol is the natural vitamin D hormone in its active fq@tatqolsky et al., 1996

It is a nonselective VDRA with a similar affinity for the VDR in the parathyroid
glands as the VDRs in the bone and intestinal luf@amnistakos et al., 2003therefore

as well as suppressing PTH calcitriol can increase Ca and P resorption and absorption
leading to hypercalcemia and hyperphosehaa.

Paricalcitol(19nor,1,25(0OHD>)

Paricalcitol is a synthetic analogueafamin D; that lacks acarbonr19 methylene
groupfound in all natural vitamin D metabolitéSlatopolsky et al., 1995Paricalcitol

is a selective VDRA that was developed to reduce the risk of hypercalcemia and
hyperphosphatemia, ias a higher affinity for VDRSs in the parathyroid gland than in
the bone and intestinal mucosa. In a study on 20 haemodialysis patients, calcitriol and
paricalcitol were equally efficient at reducing PTH but paricalcitol had a less calcemic
effect(VecericHaler et al., 2016
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Figure 1-9: Chemical structure of VDRAS

Chemical structure of the 3 different VDRAs studidjl.1,25(OH}D3 (Calcitriol) is

the natural active form of vitamin .CB) 19-nor-1,25(OH}D, (Paricalcitol) is a
synthetic analogue, it has the carbon 28 and double bond at carbon 22 characteristic of
vitamin D, however it lacks carbon 19 and the exocyclic double bond therefones diffe
from all natural forms of vitamin DC) 10HD;s (Alfacalcidol) is an inactive synthetic
analogue of vitamin D that requires activation by the 25 hydroxylase enAgaeted

from (Slatopolsky et al., 1995
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1.6 Direct effects of1,25(OHD on VSMCs

1,25(OH}Di s able to have direct effects on V.
25 hydroxylase enzymes as well as the VDR, therefore are able to act as an autocrine
system(Somjen, Weisman et al. 200%)DRAs may either reduce or promote ectopic
calcification and here is controversial literature surrounding the benefits and

detriments of VDRAS on vascular calcification.

A review of the benefits of ora DRA supplements in doublelind, placebe and
randomizeecontrolled trials found tha DRAs could have cardio ptective effects
however this was not consist€iiu et al., 201R In excesd,25(OH}»D may increase

the risk of hypercalcemia and vascular calcification. It is important to maintain levels
of 1,25(OH}D within the normal physiological range. Despite daitgl alfacalcidol
supplements given to children on dialysis 36% had low levels and hHEtPtigh
1,25(OH}YD outside the normal range of-460pMol/litre (Shroff et al., 2008a In

this study both high and low levels were associated with increased carotid intima
media thickness and coronary arterycfaation. Ths suggests that éne is a narrow
physiological range where vitamin D is beneficial to vascular calcification in CKD
patients, currently vitamin D is routinely prescribed to children with CKD therefore it
is important to understand the pradanonrcalcaemic mechanisms of different
VDRAS.

There is evidence that VDRAs have a bimodal effect on calcification with both high
and low levels being associated with an increased Insé.cross sectional study of
126 haemodialysigatients, those witR50HD deficiency had a higher incidenaie
vascular calcification than those with normal 250HD leydlang et al., 20105 This
bimodal effect of vitamin D on vascular calcification suggestshb#it the extreme

low andhigh doses o¥itamin D are causative of calcification.

46



There are a number of ways that vitamin D may impact on vascular calcification, either
as a protective agent or by promoting vascular calcification. Some of these are

discussedbelow.

1.6.1 Vitamin D: Protective mechanisms against calcification
1.6.1.1 Regulate @lcification inhibitors

Calcitriol has been shown tagp-regulat the inhibitory proteins, osteopont{hau et

al., 2012 and MGR In rat VSMCs transiengl transfected withuciferase constructs
regulated by an MGP promotgrhysiological conadrations ofcalcitriol were shown
to upregulate transcriptiofirarzanekrar et al., 200 These calcification inhibitors

are important in theuppres®n of ectopiccalcification.
1.6.1.2 Upregulate CaSRexpression

Increased expression of the CaSR in VSMCs can increase their sensitivity to Ca
exposure. At aarrow concentration range, calcitriol was shown to increase expression

of CaSR and protect against calcification in human VSKMxy et al., 201p
1.6.1.3 Anti T inflammatory effect

The VDR is expressed in immune cékassi, Adamopoulost al. 2013pand vitamin
D is known to suppress inflammatory cytokines includingTdWF | L6 @md | L 1
Liu et al. 2013) Inflammation is a key component in atherosclerotic plaque

calcification and also has a role in arteriosclerosis associated with CK
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1.6.2 Vitamin D: Causative mechanisms of calcification

1.6.2.1 Stimulate proliferation

Vitamin D stimulates VSMC proliferation through upregulation of vascular
endothelial growth factors (VEGKLardus, Parisi et al. 2006hd increased VSMC

migration(RebsamenSun et al. 2002)hich both promote calcification.

1.6.2.2 Osteo/chondrocytic differentiation

VDRASs also promote osteoblast differentiation of VSMCs including theegplation
of Runx2 and osteocalcin which favours ectopic calcification in soft t{&ueff and
Shanahan 2007)

It is essential to understand the molecular mechaniymshich vitamin D effects
vascular calcification in CKD. In recent years there has been numerous studies in this
controversial area, they utilise different modetgjuce calcification by different
mechanism an@dministerdifferent dosesof VDRAs. This has led to very varied

outcomes in terms of the effect if VDRAS on vascular calcification.

1.7 Models to study the effects of vitamin D on VSMC calcification in CKD

1.7.1 In-vivo: Animal Models

In-vivo studies enable the systemic effects of Vitamin D on mineral metabolism to be
studied alongside the direct effects of vitamin D on VSMCs. The chronic nature of
CKD cannot be modelled in animals, however the reduced kidney dancén be
mimicked in mice and rats by 5/6 nephrectoto produce am-vivo CKD model.To
produce this CKD model, aningalindergo right total nephrectomy and 1 week later
2/3 left nephrectomy by ligatiofPerezRuiz et al., 2006 TheseCKD animals have a
good survival rate enabling mid to long termdies of several nmihs. There is no
animal model to replicate dialysis however to some extent the mid to long term

physiological effects of VDRASs can be explored in this model.
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Numerous groups have studied vascular calcificatiging thisin-vivo CKD model,

in theseCKD animak a high P dietould inducevascular calcificationFor example

in CKD DBA/2J mice fed a high, 1.5% P diet, calcifieehjions were observed in the
aortaods meChioadincraasee 85 falchcdmparedntonice feda normal,
0.5% P die(Lau et al., 201p In this model, botltalcitriol (30ng/kg) angaricalcitol
(100ng/kg or 300ng/kgyeduced vascular calcificatipmnowevereven the highest
doseswerenot able to lower PTH due to the excessively high P diet overstimulating
PTH secretiorfLau et al., 201 Thisdid enable thetudyto reveal protective effects

of VDRASs on calcification that are independent of PJiibpressionparicalcitol but

not calcitriol increased expression of osteopontin in VSN@d botlhof theVDRAs
increased sem klotho (which was reduced by the CKibdel), leading to increased

P excretion to correct hyperphosphaterhence reduce thelevated level of FGR23

(Lau et al., 201p The excessively raised P levels in this study do not reflect P levels
observed in CKD and a more modest increase in P consumption would improve the

physiological relevance.

In contrastastudy on 5/6 nephrectomy Sprague Dawley rats found that a highy, 1.2

P diet did not induce calcificatiobut it did elevate PTH level@Mizobuchi et al.,
2007). As there was no calcification in the control group any protective effects of the
VDRASs in this model could not be observdd.the CKD Sprague Dawley rats
40ng/kg calcitriol suppressed PTH but caused extensive calcification whereas
paricalcitol was able to suppress PTH without affecting Caitotte aortic arcleven

thou administered at doses of 160ng/kg and 240ng/kg. Calcitriobsereserum Ca
and P levels to a greater extent than parical@#dtitriol but not paricalcitol also had

a direct effect on VSMCs and increased their expression of osteoblast transcription
factor Runx2 and upregulated its target gene osteoddMcaobuchi et al., 200)/ In a
similar studyalsoon CKD Sprague Dawley ratm this instancéed a sandardP diet
showed that a clinically relevant dose dlcitriol (30ng/kg) increased vascular
calcification asshown by increased Gkeposits in the tunica mediagain, calcitriol

had a direct effect on VSMCs amttreased Runx2xpression, it alscedued MGP
expressiorandincreasingendothelial cell proliferatiofKoleganova et al., 2009t is

not possible to determine from either of thesevivo studies if the increased

calcification observe in response to calcitriolvas dueto the elevated levels of
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systemic Ca and P or direct effects of calcitriol on VSM@sh as the upregulation of
osteoblast genes

The CKD model in Wistar rats fed a high2% P diet showed that calcitri@0ng/kg)
increased aortic calcificatip as did paricalcitol (240ng/kg) to a lesser ext&uth
VDRAs partially reduced PTH levelsjespite the high doses of calcitriol and
paricalcitol neither were able to suppress PTH to normal leieet® so would require
evenhigher and less physiologically relevant dodexpez et al., 2008

In the studies discussed above the differential effects of calcitriol and paricalcitol on
vascular calcification range between protective, null and tsasassummarizedn
Tablel-1. This could be a consequence of differences in study desilgiding; extent

of high P diet, dose of VDRAs and species ugedhigh P dietwasusedin many
studiesto induce calcification hgever it is also importarib maintainP levelswithin
thosephysiologically relevant to CKD30ng/kg calcitriol and 100ng/kg paricalcitol
reflect the current clinical dosélsau et al., 201p however many studies used much
higher doses of VDRAs which could reduce the clinical relevance of their results.
These studiesll used the 5/6 nephrectomy CKD model however it was applied to
different species (DBA/2J mice, Sprague Dawley rats and Wistar rats), this could
contribute to the differential effects observed of calcitriol and paricalcitol on vascular
calcification, ithighlights the importance of using human tissue as a clinically relevant

model to observe the effects of VDRAS on calcification.

1.7.2 Ex-Vivo: Organ culture of aorta

Culture of the thoracic aorta from mice in elevated inorganic P has been shown to
inducevascular calcification of theanicamedia(Akiyoshi et al., 201p This enables

the phenotypic changes that occur during calcification to be studied in an inducible
model where the vessel architecture is still intAging and diabetic mice are known

to be at high risk of calcificatiomprtas fronthese groups cultured in high iP had more
calcificationthan controls therefore this model reflects the calcification susceptibility
observedn-vivo (Akiyoshi et al., 201p
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It would be of interest to study the effects of VDRAS on calcification in CKD vessels
using thisexvivo model, as it would enable the direct effects VDRAs on VSMCs
within their whole vessel architecture to be studied independently of changes in
systemic Ca and P levels. Howeves,discussed above an ideadimal model that
reflects the chronic naturef CKD and theimpact of dialysis treatment has not yet
been developed.
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Table 1-1: In-vivo studies on the effects of VDRAs on VSMC calcification.
Comparison of isvivo 5/6 nephrectomy CKD models including animal type and diet
used to induce calcification or not. For each model the effect on calcification of the
control condition (nil or vehicle) is shown. The effect on calcification of the VDRASs
is in relation to the control condition. Red shading indicates increased calcification.
Green shading indicates no or reduced calcification. IncreasedD - Decreased.
BGP1 Bone gla protein. Ca Calcium.FGF231 Fibroblast growth factor 23. MGP

i Matric gla protein. B Phosphate. PTIH Parathyroid hormone.

In-Vivo Method

5/6 nephrectomy VDRA Effect on Calcification
: : Calcification,C P,C PTH,
DBA/2) Mice il & FGR23, D Klotho
High P diet (1.5% P) S o
Controls (0.5% P) | 30ng/kg Calcitriol D Cacification

Normalise P, FGF23 &lotho.
PTH remains high

Sprague Dawley Rats Vehicle No Calcification,¢ PTH

High P diet (1.2%) 40ng/kg Calcitriol Calgificatiorj,é serum CaandA
(Mizobuchi et al., DPTH, ¢ Runx2,c BGP

2007 160ng/kg Paricalcitol No Calmﬁcgtlljo_rnlilc serum Ca

Vehicle No Calcification,¢ PTH

(Lauetal, 201 | 100ng/kg Paricalcitol

Sprague Dawley Rats

Normal diet 100ng/kg Calcitriol CaIC|f|cat|on,vc serum Ca and H
(0.9% Ca and 0.8% P _ D_PTEI
(Cardus et al., 2007 300ng/kg Paricalcitol No caIC|f|cqt|on,c serum Ca,
DPTH
Wistar Rats Vehicle No Calcification,¢ P
High P (1.2%), low C&  gong/kg Calcitriol & & Calcification,& P

(0.6%) diet
(Lopez et al., 2008 | 240ng/kg Paricalcitol & Calcification, No change P

Sprague Dawley Rats

Normal diet Nil No calcification
(Koleganova et al., » & Calcification,& Runx2
2009 30ng/kgCalcitriol 5MGP
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1.7.3 In -Vitro: VSMC explants

VSMCs can be explantedoin human vessels therefdnave the benefit of being
species specificFurthermore, the Ca and P levels in the culture media can be
controlled so that the direct effects of vitamin D on VSMCs can be studied
independently of changes in systemic Ca and P levels. Vascular calcification can be
studied invitro in explanted VSMCdy increasing the Ca and/or P content of the

culture medium to induce VSMCs to calc{yroudfoot et al., 2000

Calcification was induced in human VSMCs Imcreasing mineral content of the
medium more than 3.5 folilom 0.9mM P to 3.3mM P. Thidose of P did indeed
increase Ca deposition in the VSMCs, it also increased expression of osteoblgst genes
Runx2, Msx2 and bone morphogenetic proteirBRI1P-2), a ransforming growth

factor involved in the regulation of bone developn(&fartinezMoreno et al., 2012

In this study, 10nM calcitriol further increased expression of osteoblast B,

Runx2, Msx2 and BGRvhereas 30nM paricalcitoéduced expression of BMPin
VSMCs In thehigh P mediumcalcitriol elevated Ca depositiomhereas paricalcitol
reduced Ca depositiormhis suggest that both VDRAs havelirect but opposing
effecs on VSMC calcificationMartinezMoreno et al., 2012 A major limitation of

this study is that there was no vehicle control for either of the VDRASs which are both
only oluble in ethanol, ethanol is likely to be toxic to cells and could be influencing
the observed responsds.addition, raising the P content of the medium to 3.3mM
could be considered excessive, it is a toxic dose and does not reflect mineral levels

obseved physiologically.

The causative effect of calcitriol on calcification is not consistent acrogs\atro
studies on human VSMC# VSMCs induced to calcify wit2.5mM P and TNFU
(known to accelerate osteogenic processes), those treated with Welidetensive
calcification and increased mRR\expression of Runx2 and BGRelative to vehicle,
1nM and 10nM calcitriol had no effect on Ca deposition wherEa@nM calcitriol
significantly reduced; Ca deposition, expression of osteogenic 8@Rexpresion
and secretion oMMP-2 which promotes elastin degradati@oshima et al., 2012
This protective effect of calcitriol was only observed at the sppyeiological dose

of 100nM, most studies use 10nM calcitriol to represent physiological doses.
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Furthermore, the same study showed that inaibsence of TNFJ , even 100n
calcitriol had no effect on Ca deposition in VSM@®shima et al., 2002 TNFU i s
upreguated by chronic inflammationas observed in atherosclerosis thereftines

study is of physiological relevance tatherosclerosis howevehas distinct

characteristics from arteriosclerosis observed in CKD.

In a different experimental set upuch lower dees ofcalcitriol wereshown to have

a protective effecon calcification in VSMCs.tlwas shownthat 1nM calcitriol
upregulateaxpression of total and cell surface CaSR via the VDR im hormal and

high Ca media VSMC calcification induced by high Ca&riM) medium was
prevented by 1nMalcitriol treatmen{Mary et al., 201}h This response was observed

at a narrow concentration range and neither 0.1 or 10nM calcitriol had a significant
effect on calcificationThe protective effect of calcitriol observed in this study through
the upregulation of CaSR expression may only be effective in models induced to
calcify in high Ca media. Although raised serum Ca is observed in CKD patients it is
preceded by and accompanied with raised serum P. In addition, 5mM Ca is almost 3
fold that olserved in normal medium andould be a toxic dse not observed

clinically, therefore the physiological significance of this model is questionable

As summarised ifable1-2 a range of protective and calcidition promoting effects
of VDRAs were obsered in different studies oiSMCs. Despitethateachstudy was
species specific andsed VSMCs from humanstheseVSMCs were not disease
specific to CKD.They varied in their mode of inducing vascular calcificatiarth

some using high mineral conditions that are not clinically relevant
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Table 1-2: In-vitro studies onthe effects of VDRASs on VSMC calcification.

Comparison ofin-vitro studies in human VSMCs, tissue culture medium was

supplemented to induce calcification as indicated for each dtadlyeach study the

effect on calcification of the control condition (oil vehicle) is shown. The effect on
calcification of the VDRASs is in relation to the control condition. Red shading
indicates increased calcification. Green shading indicates no or reduced calcification.

¢ - IncreasedD - Decreased. BGP Bone gla protein. BMR i Bone morphogenic
protein2. Cai Calcium. CaSR Calcium sensing receptd?.i Phosphate.

In-Vitro Method
human VSMCs

VDRA

Effect on Calcification

Control 0.9mM P or
High P 3.3mM P
(MartinezMoreno et
al., 2012

Nil

Calcification,¢ BMP-2, ¢ Runx2,
¢ Msx2

10nM calcitriol

¢ Calcification,6 BMP-2,
¢ Rumx2,6 Msx2

30nM paricalcitol

D Calcification,D BMP-2,
No change Msx2 or Runx2

Control 0.9mM P or Vehicle Calcification, Runx2,& BGP
High P 2.5mM P - .
& TNE-U 1nM, 10nM, D Calcification (dose dependently)
(Aoshima et al., 2012 100nM calcitriol D BGP (100nM only)
Control 0.9mM P or Nil Calcification, ¢ BMP-2

High P 3.3mM P
& TNF -U

10nM calcitriol

¢ Calcification,& Runx2,D BMP-2

(Guerrero et al., 20)2

30nM paricalcitol

D Calcification,D BMP-2

Vehicle

Calcification

Control 1.8mM Ca or
High Ca 5mM Ca
(Mary et al., 201p

1.01nM, 0.1nM,
10nM calcitriol

No change in calcification

1nM calcitriol

D Calcification,&6 CaSR
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1.7.4 Ex-Vivo: Intact human arterial vessekings

Ex-vivo studies of arterial rings from medium sized human muscular arteries enable the
whole tissue architecture of the vessel wall to be studied including the lamellae, tunica
intima, tunica media and adventitia. Vessel rings maintain their contractile phefmtype
several weeks in culture enabling extended experiments to take place. This model was
established to study calcification in vessels of children with Ci€hroff et al., 2008p

and enabled vessels from wfialysis and dialysis patients to be compared under
experimental conditions. Vessels from children are particularly important to study
vascular calcification as they have been exposedrional traditional cardiovascular risk
factors such as dyslipidemia, hypertension, smoking and aging itself therefore the risk of
atherosclerosis is low and effects of the uremic milieu and the impact of dialysis on the
development of arteriosclerosis damstudied in isolation. This vessel ring model showed
that culture of vessel rings in high @& medium (2.7mM Ca and 2mM P) led to Ca
deposition in the tunieenedia of dialysis vessel rings and to a lesser extentidiglgsis

vessel rings but not inoatrol vesselgShroff et al., 201 In this model, many of the
processes that occim-vivo in calcification were observed in the calcified dialysis vessel
rings, this included apoptosis of VSMCsincreased number of matrix vesicles in the
extracellular matrix and increasexipeession obsteoblast markdRunx2 ALP activity
wasalsoincreased by high P media but not by high P and Ca ni@Hbraff et al., 201D

Thisexvivomodel of human vessel rings from patients with 3 not previously been

used to test the effects of VDRAS® vascular calcificatigrthis modelformedthe basis

of this thesisTheeffects of VDRAS on vascular calcificationerplantechuman VSMCs

from both healthy control af@dKD patientsvas also studied. In both modedalcification

was inducedby a modest increase in teedidds Ca and P content

respectivelyfo mimic raised mineral content observed in CKD.
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1.8 Hypothesis and Project Strategy

Cardiovascular disease, in particular vascular calcification is the leading cause of death in
people with CKD. Children with CKD are routinely prescribed VDRAS to compensate f
their vitamin D deficiency, prevent secondary hyperparathyroidism and to reduce the risk
of bone disease. The direct effect of these VDRAs on VSMC calcification is not fully

understood and current literature is confounding.

The hypothesis examined inithPhD thesis wasVDRASs play a key role in driving
vascular calcification in vessels from CKD patients and the differential expression pattern

of the VDR can determine the extent of mineralisation imasitro andex vivomodel.

Chapter 3:

T Aim 1: To estblish whethedifferent VDRAS, calcitriol, alfacalcidol and
paricalcitolaccelerate the progression of vascular calcification in arterial rings
isolated from children with CKD.

The effects of three different VDRAS on vascular calcification inddaéysisand dialysis
children were tested by treating intact paediatric arterial rings in pro calcaemic conditions
with calcitriol, alfacaledol or paricalcitol. The Cacontent was quantified using a
colourimetric cresolphthalein assay and the level of caldificavas also visualised by

histology.

Chapter 4.

1 Aim 1: To determine whetheW¥DRAs alfacalcidol and calcitriolact via
different mechanisms to promot@scular calcificationn vessel rings from
children with CKD
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1 Aim 2: To elucidate thelifferent expressn profiles in vessel rings that have
an increased Ca load in response to calcitriol (responders) and vessel rings

whose Ca load does not respond to calcitriol {responders).

In order b examine the mechanistic effects of VDRAs on arterial rimg$ensive
histological analysis was performed to visualise any structural differences and changes in
protein expression. In additipactivity of the osteoblast enzyme ALP in the arterial rings

was determined by @olorimetricassay.

Chapter 5:

T Aim 1: To establish whetherhie effect of calcitriol on calcification in
VSMCs is dose dependent.

1 Aim 2: To determine whethergpicalcitolis less calcaemic than calcitriol
in VSMCs

1 Aim 3: To elucidate whetherialysis VSMCs are more susceptible to
VDRA inducedcalcification than control VSMCs.

For these studies VSMCs were explanted from the arteries of paediatric patients, both
healthy controls and CKD dialysis patients. VSMCs avéreated in pro calcaemic
mediumwith either physiological dose calcitriol and aicitol or a range of calcitriol

doses from a sub physiological to a supraphysiological dose. Ca content of treated VSMCs
was quantified by colourimetric cresolphthalein assay. ALP activity was also determined

by a colourimetric assay and changes in RN Arotein expression were analysed.

Chapter 6:

T Aim 1: To determine whetheVYDR expressionn vesselsvaries between
individuals giving rise to thdifferentresponses to calcitriol treatment in both

arterial vessel rings and explanted VSMCs.
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Arterial vessel rings were grouped depentlen calcification in response to calcitriol and
their VDR expression was visualised by immunohistochemistry and quantified. In control
and dialysis VSMCs treated with VDRAs, the total VDR mRNA expression was
determined by BCR and protein expression of VDR isoforms analysed by western blot.
To investigate differences in VDR transactivation capacities, VSMCs were transfected
with a luciferase construct under a VDRE promoter.

Chapter 7:

1 Aim 1: To elucidate whethevDRAs accelerate the progression of vascular
calcification in arterial rings isolated from adults with CKD.

Arterial vessel rings from adults with CKD, either pre dialysis or on dialysis were treated
in pro calcaemic conditions with VDRASs calcitriol and pardgal. Their Ca content was
quantified by a colourimetric cresolphthalein assay and level of calcification visualised by
histology.
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Chapter 2 Methods

2.1 Collection and processing of patient vessels
2.1.1 Ethics and patient selection

This study was approved by the NHS HleaResearch Authority, National Research
Ethics Service (HRA NRES) committee LondoBloomsbury. Informed written consent

was obtained from all patients or their parents/guardians and children if appropriate. For
the childrends Vv eesesaget 1te 17wyehss ana fof the@dult vessel t s
study the patient age range was 19 to 71 years. All patients were free from confounding
pro-atherosclerotic risk factors. To ensure this, patients who had underlying inflammatory
disorders, vasculitis, diakest, or dyslipidaemia were excluded from the study. Patient
details were recorded at the time of vessel collection including; age, gender, primary renal
diagnosis, type of and time on dialysis (if applicable) and any vitamin D supplements
prescribed. All vesels were allocated a unique vessel ID to fully anonymise all samples,
this is shown infable2-1 along with the patient information. There were 3 categorise of

vessels:

A Controls: Noarenal patients undergoing routine abdominal surgery, who were

free from inflammatory disease.

A Predialysis: CKD patients, normally CKD stage V (GFR < 15ml/min) who were

undergoing renal transplant or catheter insertion prior to dialysis.

A Dialysis: CKD patients at ESKD who were receiving renal replacement therapy in
the form of peritoneal dialysis (PD) or haemodialysis (HD) prior to renal

transplant.
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Table 2-1:

Pat

ent

i nfor mati

on
Vessel ID format: Year. Age and gender. Unique number. Vessel type.

for

chil

drenods

IE T Inferior epigastric artery. MEE Mesenteric artery. CAKUT Congenital anomalies
of the kidneys and urinary tract. ATiNAcute Tubular Necrosis. HD Haemodialysis.
PD1 Peritoneal dialysis.

Vessel ID (Yﬁ%?s) Gender Primary renal Diagnosis L{g@ ;fsg(‘ntqi;?ﬁhzr; g?yflzlrﬂsg{s
07.6M.44.1E 6 Male CAKUT Predialysis Yes
07.16F.46.IE 16 Female Unknown Predialysis Not known
07.10M.52.1E 10 Male Neonatal ischemia and ATN Predialysis Not known
07.9M.54.1E 9 Male Glomerulopathy Predialysis Yes
13.14M.105.1E 14 Male Cystic kidney disease Predialysis Yes
13.5M.110.1E Male CAKUT Predialysis Yes
13.8F.111.1E 8 Female CAKUT Predialysis Yes
13.12F.113.IE 12 Female Glomerulopathy Predialysis Yes
14.15M.115.1E 15 Male CAKUT Predialysis Yes
14.11M.118.IE 11 Male CAKUT Predialysis Yes
14.8F.122.1E 8 Female Bilat Wilms Tumour Predialysis Yes
07.15F.45.1E 15 Female CAKUT 88 HD Yes
07.2M.48.1E 2 Male CAKUT 0.25PD Yes
17.15F.49.1E 15 Female Cystic kidney disease 30 PD Yes
07.2M.50.1E 2 Male CAKUT 21 HD Yes
07.1M.51.1E Male Glomerulopathy 0.02PD Yes
07.15F.53.1E 15 Female Glomerulopathy 0.6 PD Yes
13.9M.104.1E Male CAKUT 12 HD Yes
14.8M.114.1E Male CAKUT 14 HD Yes
14.17M.116.IE 17 Male CAKUT 5HD Yes
14.13M.119.IE 13 Male CAKUT 8 HD Yes
05.1.5M.04.1E 15 Male Glomerulopathy 17 HD Yes
12.13M.16.1E 13 Male CAKUT 32 HD No
13.15F.24.1E 15 Female CAKUT 23 PD Yes
06.9M.34.1E Male CAKUT 10 PD Not known

06.8F.36.1E Female Cystic kidney disease 13 HD Not known
13.16M.101.IE 16 Male Cystic kidney disease 12 HD Yes
13.15F.112.1E 15 Female Glomerulopathy 25 HD Yes
14.8F.123.ME Female N/A - Laparotomy Control No
15.2F.127.ME Female N/A i Closure of Stroma Control No
15.5M.128.IE Male N/A - lleostomy Control No
13.0.5F.109.ME 0.5 Female | N/AT Anorectal reconstruction Control No
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2.1.2 Vessel types

All vessels used in these studies were medium sized muscular arteries, this included

inferior epigastric, mesenteric and omental arteries.

The inferior epigastric artery is a medium sized muscular artery that arises from the
external iliac artery. It runs in the subcutaneous fat perpendicular to the surgical incision
for a renal transplant. During a renal transplant the inferior epigastoiatisely dissected

out and discarded to enable the surgeon deeper access into the abdomen. In this study the
inferior epigastric arteries were collected during renal transplant frordigiyesis and

dialysis patients. They were utilised fexvivo studes of vessel rings and to explant
VSMCs forin-vitro studies

The omentum and the mesentery are folds of Halidominal tissue that are highly
vascular. The omentum is a membrane layer that lines the abdominal cavity and organs
within. The mesentery is adble layer of peritoneum that connects the small intestine to
the wall of the abdominal cavity. A small piece of either omentum or mesentery is often
removed from patients having abdominal surgery in order to access the viscera. For
example, omentectomy routinely performed when a catheter is inserted for peritoneal
dialysis. Medium sized muscular arteries in the omentum or mesentery were dissected out
of CKD and norrenal control patients f@axvivostudies of vessel rings and VSMCs were

explanted foin-vitro studies.

2.1.3 Dissecting and cutting vessel rings.

Vessels were collected and transported in M199 tissue culture medium (Sigma) and stored

at 4eC for a maximum of 24 hours before di
surrounding fat and aewtitia were gently stripped from the arteries. Vessels were
dissected into 1msthick rings to enable perfusion in culture; between 12 and 20 rings

were obtained from each vessel.
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2.2 Ex-vivomethods
2.2.1 Treatment of vessel rings

Depending on the length of vessehilable, up to three rings were cultured per condition
for analysis of Ca content, ALP activity and for histology. Three baseline rings were also
taken prior to culture. The vessel rings were cultured in FBS free M199 with PSG for 14
days. FBS promotesSMC growth therefore was not used in the culture of vessel rings.
Rings were treated in either normal-Eanedium as a control and high-anedium to
promote mineralisation. Normal amedium consisted of M199 alone which has 1mM
phosphate (P) and 1.8mbé&lcium (Ca). In high G& medium the mineral content was
increased to a final concentration of 2mM P and 2.7mM Ca with the addition ePR&aH

and CaCl. Vitamin D treatment with either paricalcitol (Abbvie), calcitriol (Sigma
D1530) or alfacalcidol (Selleckchem S1468) was added to a final concentration 10nM. In
each case ethanol was used as the vehicle and its concentration was adjusted to 3.4mM in

eachcondition (Figure 1). Medium was refreshed every three days.

Culture 14 days " 5 "
Vehicle Ix10 M Ix10 M Ix10 M

Baseline: Day 0 3.4mM ethanol| Calcitriol | Paricalcitol | Alfacalcidol

(o)
o o .11:111M p‘a o
1.8mM C @ oo
2mM P o
2.7mM Ca G o o
N\

Figure 2-1. Schematic of treatment conditions &¢vivo culture of vessel rings. For each
condition a ring was analysed for Ca content, AcRvity and histology.
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2.2.2 Vessel ring Ca load analysis

Vessel rings were washed in HBSS (Ca free Hanks Balanced Saline Solution) and stored
at-80°C until analysis. To extract Ca, vessel rings were placed in a Dounce Glass Tissue
Homogeni zer wHCL and Rothdgenised@very 30 minutes for 2 hours. The
tissue and solution were transferred to an Eppendorf and centrifuged at 13000g for 2
minutes. The supernatant was removed and the Ca content of the supernatant was
d et er mi-aresalphthalein assayhe pellet was washed in HBSS and homogenised
every 30 minutes for an hour in 0.1M NaOH / 0.1% SDS. Again the tissue and solution
were transferred to an Eppendorf and centrifuged at 130009 for 2 minutes, the supernatant
was retained for BioRad proteinsay.

2.2.2.1 B-Cresolphthalein assay

A colorimetric assay to determine -Ca <con
cresolphthalein in an alkaline solution to form a violet complex that has maximum
absorbance at 577nm. A standard curve was obtained by 1:2 skrialtdi ons o f 5
Img/mlCaCii n 55¢ | 0.1M HCI in a 96 well pl at e
and a tot al of 55¢l added to the plate foc
standard and $®OamRlo&®s,| 2Aananlo n d Bcrebophthélenr an d
solution were added and the absorbance was read immediately at 560nm by using a
TECAS Genios Pro Multifunction Microplate Reader. Ca content was normalised to

protein.

2.2.2.2 BioRad Protein Assay

Protein concentrations were measured to normalise Gaeamnt r at i ons. 5¢gl s
0.1M NaOH / 0.1% SDS was pipetted into av@éll plate and the standard was prepared

from 1:2 serial dilutions of 1mg/ml bovine serum albumin (BSA). BioRad DC protein
assay kit was wused acc o ctidnandgabsbrbance Wwas reada n u f e
at 710nm.
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2.2.3 Vessel ring Alkaline Phosphatase activity

Vessel rings were washed in HBSS and store8GHC for a maximum of 7 days before
analysis. To extract ALP, vessel rings were homogenised in a Dounce Glass Tissue
Homogent e r in 120¢l 10% SDS every 10 minute
homogenisers were kept on ice to avoid enzyme degradation. The supernatant was
retained for both a colorimetric ALP assay to determine enzyme activity and a protein

assay for normalis@n as above.

2.2.3.1 Alkaline Phosphatase Assay

To deter mine ALP ac t-Nivophenol pioSpbatelNpm ih ALPmg / ml
buffer was added to 50¢l of sample ((25¢l s
wel | pl ate and i nc fob38 mieutes. BNpp is3aid ALE substratet h e  d «
and activity of ALP is determined by the decay of colourledépp to yellow para

nitrophenol (pNp). A standard was prepared immediately prior to reading the absorbance.

1:2 serial d-Np itHO voenrse oria d5e0 €d n dp-NipGa@dedto 1 mg / n
each well. The absorbance was read at 405nm using a TECAS Genios Pro Multifunction
Microplate Reader and-ldp formation in samples calculated from the standard. ALP

activity calculated as enzyme units (U, definedapr oduct f or med ( € mol
time (min)) and standardised to protein content (mg), as determined by BioRad protein

assay.

2.2.4 Sample preparation for histology

2.2.4.1 Embedding and sectioning of vessel rings

Vessel rings were fixed in 4% paraformaldehyde (PFA) for 24 hours, then dehydrated in
increasing concentrations of ethanol and then xylene in the Shandon Hypercenter XP

processor and subsequently embedded in paraffin wax blocks using a Sakurd Elssue
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TEC ti ssue embedding console. Sections of
RM2125RTF).

2.2.4.2 Dewax and rehydration

Prior to stainingslides were dewaxed in xylene (2x 5 minutes) and rehydrated in graded
concentrations of ethanol (1 minute 100% ethahminute 100% ethanol, 1 minute 70%
ethanol, 1 minute 50% ethanol) and washedJ@ k8 minutes).

2.2.4.3 Dehydrate and mount

After staining slides were dehydrated in graded concentrations of ethanol (1 minute 50%
ethanol, 1 minute 70% ethanol, 1 minute 100%aeol, 1 minute 100% ethanol) and
cleared in xylene (2x 5 minutes). Then a coverslip was mounted with DPX mounting
medium. Slides were visualised on a Zeiss Axioplan scope and images taken with a Zeiss

colour camera using Axiovision software.

2.2.5 Haematoxylin and eosin (H&E) staining

Slides were dewaxed and rehydrated then stained in Harris haematoxylin (Sigma) for 5
minutes and rinsed inJdd. Slides were differentiated in 0.3% acid alcohol (HCL in 70%
ethanol) then rinsed inJ@ again. Finally, slides westained in stained in eosin (Sigma)

for 3 minutes and then dehydrated as above.

2.2.6 Von Kossa staining

Slides were dewaxed and rehydrated then incubated in 2% silver nitrateOrudHer a
100-watt light for 2 hours. During this process Ca deposits are egplayg silver, which
can be observed as metallic silver and is black in colour. To remove any unreacted silver,

slides were washed 3x 2 minutes ifCH 2x5 minutes in 3% sodium thiosulphate in@H
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and a further 2x5 minutes in8. Slides were counterstathen haematoxylin and eosin
as described above.

2.2.7 Immunohistochemistry

Slides were dewaxed and rehydrated then incubated in citrate buffer (Antigen unmasking
solution, Vector laboratories) at sbbiling temperatures for 15 minutes before being
allowed to ool to room temperature. This step unmasks antigen binding sites in the tissue,
as formalin fixing can induce molecular crosslinks in proteins changing the 3D structure
of epitopes. Slides were washed (3x 5 minutes in phosphate buffer saline PBS) then
incubated for 10 minutes in 3% hydrogen peroxide in methanol to block endogenous
peroxidase activity. Slides were washed again and theispexific antigen binding was
blocked by incubating slides for 30 minutes in blocking serum diluted in PBS aalger

2-2. Blocking serum was made from a species that neither the primary nor secondary
antibodies were raised in. Primary antibody was diluted in block@mgm as required
(shown inTable 2-2) and sections were incubated in the primary antibody overnight at
4eC in a humidifyi ng werdwashed(3xs miduteein FBE xt da)
and incubated for 1 hour in biotinylated secondary antibody linked to horseradish
peroxidase (1:200 in 1% blocking serum), then washed again (3x5 minutes-in) PRS

amplify the secondary antibody signal, slides waceibated with the avidin/biotinylated
enzyme complex (ABC reagent) for 30 minutes at room temperature, and then washed
(3x5 minutes PBS). Depending on sensitivity of primary antibody, slides were incubated
between 30 seconds and 4 minutes with DAB (3di@minobenzadine), a horseradish
peroxidase substrate that produces a dark brown product. Slides were counterstained with
haematoxylin, dehydrated and mounted as above. Blocking serum, DAB, secondary

antibodies and ABC reagent were obtained from Vectaa@&ikit, Vector Laboratories.
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Table 2-2: Immunohistochemistry antibodies.

Primary Antibody Dilution | Blocking solution | Secondary DAB
Antibody time

mAb VDR (D-6) 1:500 1% Horse serum| Mouse 1:200, 3 min
(Santa Cruz s@3133)

Smoot h Mus | 1:10000| 1% Horse serum| Mouse 1:200, 1 min
(Sigma A2547)

CYP24A1 1:100 1% Horse serum| Mouse 1:200, 50 sec
(Abcam ab54594)

Alkaline Phosphatase| 1:500 | 1% Horse serum| Rabbit 1:200| 2-3 min
(Abcam ab108337)

Runx2 M70 1:200 | 10% Horse serun Rabbit 1:100 3 min
(Santa Cruz SC10758) in 3% BSA

2.2.8 Cell counts in vessel rings

The total numbers of VSMCs per unit area of the tunica media of vessel rings were
calculated using H&E stained sections. For each vessel ring, 3 diffeaemes were
chosen at random and imaged at 40x magnification. An outline of the tunica media region
was selected manually and its area was calculated using Image J software. This software
was also used to keep a tally of the number of nuclei countean@se number of nuclei

per area of tunica media was calculated using Microsoft Excel.

The number of VSMCs in the tunica media that were expressing VDR were also counted
by applying this method to sections that were positive for VDR expression after immuno

staining.
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2.3 In-Vitro Methods

2.3.1 Explanting VSMCs from vessels

To explant VSMCs, a vessel ring was cut into tiny pieces and culturedvel plate in

M199 with 20% foetal bovine serum (FBS) as well as 100 U/ml penicillin, 100 U/ml
streptomycin and 0.26hg/ml glutamine (PSG). Plates were incubated in a 4% &@

37°C incubator (Thermo Haraeus HERAcell 150), to ensure tissue adhered to the plate
they were not disturbed for the first 7 days, then the medium was refreshed-é\aay<3
Patient informatiorior explanted control and dialysis VSMCs are showhahle2-3 and

Table2-4 respectively.
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Table 2-3: Patient information for healthy control VSMC explants.
VSMC ID format: Year. Age and gender. Unique number. Vessel typ@M i Omental artery. ME Mesenteric artery.

VSMC ID Age (Years) | Gender | Operation vessel obtained from Vessel Type Vitamin D supplements
13.0.1F.106.0M 0.1 Female Laparoscopy Omental Artery None
13.10F.108.0M 10 Female Laparoscopy Omental Artery None

06.1M.39.ME 1 Male lleostomy Mesenteric artery| None
13.1F.28.0M 0.5 Female Anorectal reconstruction Omental Artery None
13.3M.31.0M 3 Male Splenectomy Omental Artery None
13.5F.32.0M 5 Female Lap ACE Omental Artery None
13.5M.33.0M 5 Male LAP ACE Omental Artery None
Table 2-4: Patient information for dialysis VSMCs.
Vessel ID format: Year. Age and gender. Unique number. Vessel type
IE T Inferior epigastric artery. OM Omental artery. HD Haemodialysis. PD Peritoneal dialysis.
VSMCID | (vearsy | Cender | oo e | dyeis (monthe) | VESSEITYPE | (oo ments
05.1.5M.04.0M 15 Male Glomerulopathy 17 HD Omental Artery Alfacalcidol
12.13M.16.1E 13 Male Dysplasia 32 HD Inferior Epigastric Alfacalcidol
13.15F.24.1E 15 Female Dysplasia 23 PD Inferior Epigastric Alfacalcidol
06.9M.34.IE 9 Male Dysplasia 10 PD Inferior Epigastric Alfacalcidol
06.8F.36.1E 8 Female Cystic Kidneys 13 HD Inferior Epigastric Alfacalcidol
13.16M.101.IE 16 Male Cystic Kidneys 12 HD Inferior Epigastric Alfacalcidol
13.15F.112.1E 15 Female Glomerulopathy 25 HD Inferior Epigastric Alfacalcidol
14.13M.119.IE 13 Male Unknown 8 PD Inferior Epigastric Alfacalcidol
14.14M.124.IE 14 Male Dysplasia 10 HD Inferior Epigastric Alfacalcidol
4.17M.125.1E 17 Male Dysplasia 18 PD Inferior Epigastric Alfacalcidol
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2.3.2 Passaging andreezing VSMCs

VSMCs were grown in M199 supplemented with 20% FBS and PSG. At 80% confluence
VSMCs were passaged by splitting 1:2. Cells were washed with HBSS then incubated
with 0.25% TrypsirEDTA (Sigma) for 5 minutes at 37°C to dislodge the cells. Jiryp

was neutralised with M199 with 20% FBS and PSG and cell split 1:2.

For freezing, VSMCs were trypsinized as above and cells were centrifuged at 700g for 5
minutes at 4°C. The pellet wassaspended in freezing medium (FBS with 10% dimethyl
sulfoxide (OMSQ)), transferred to a cryo vial and frozen gradually in a Mr. Frosty
Freezing Container (Thermo Scientific) containing isopropanol-80&C freezer. After

24 hours frozen cells were transferred to liquid nitrogen.

2.3.3 Calcification of VSMCs

VSMCs wereseeded in 4vell or 48well plates with M199 supplemented with 20% FBS
and PSG. At 80% confluence treatment began, cells were cultured in M199 with PSG and
reduced serum (5% FBS). It is necessary to reduce serum content as FBS contains

calcification inhibtors.

Calcemic conditions were created by increasing the mineral content of M199 from 1mM
P and 1.8mM Ca (normal € medium) to a final concentration of 2mM P and 2.7mM

Ca (high CaP medium) by the addition of NaPFlQs and CaCl. Cells were treated with
VDRAS, either 10nM paricalcitol (Abbot) or calcitriol (Sigma) at 1nM, 10nM or 100nM.

In each case ethanol was used as the vehicle to a final concentration of 3.4mM and 3.4mM
ethanol was included as a vehicle control. Experiments were performed in pairs with
VSMCs explanted from one control and one dialysis patient treated simultaneously.
Media was changed every 3 days and cells were cultured until the onset of calcification

was observed by light microscopy (between 4 and 6 days).
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Ca deposition in treated VSMC wa s q u a-ardsolphthaéeith asbay. Inaddition,
also ALP activity was determined, RNA was isolated for gPCR analysis and protein was

harvested for western blot analysis.

2.3.4 VSMC Ca load analysis

Cells were washed in HBSS and incubated at room textyve with 0.1M HCL for 2

hours to dissolve the Ca deposits. The supernatant was analysed for Ca content using the
g-cresolphthalein assay described above. Ca content was analysed in triplicate wells of a
48-well plate and normalised to protein contentrgdlicate neighbouring wells. Protein

was harvested in 0.1M NaOH in 1% SDS and analysed with the BioRad protein assay

described above.

2.3.5 VSMC Alkaline Phosphatase Activity

VSMCs in a 6well plate were washed %n HBSS
Triton X-100 in PBS. Samples were kept on ice throughout as ALP is a heat labile enzyme.
Samples were freezbawed twice from8 0 e C t o room temperatur e
13000g for 5 minutes at 4eC. The syankr nat a
BioRad protein assay as described above.

2.3.6 RNA isolation and Reverse Transcription

Cells were lysed in RNA STA®B0 (Amsbio) and the RNA in the aqueous phase was
separated out using chloroform, and then precipitated with isopropanol. The RNA pellet
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was washed in 75% ethanol andstespended in Diethylpyrocarbonate (DEPC) treated
H20.

Reverse transcription of RNA was carried out with Random primers (Promega), Oligo dT
primers (Promega), dNTP mix (Eurogentec), RNAsin RNase inhibitor (Promega),-5x Mu
MLV buffer (Eurogentec), MAMLYV reverse transcriptase (Eurogentec) and DERO.H

The RNA and primers were incubated at 65¢
denature the RNA. The reverse transcripti
minutesforpr i mer s t o anneal and then 37eC for E

to produce cDNA. A final incubation at 95°C for 5 minutes terminated the reaction and

i nactivated reverse transcriptase. The re
Biosyse ms 2720 Ther mal Cycler. The resulting
H20.

2.3.7 Primer validation: Polymerase Chain Reaction

Primers were validated to confirm that they were specific in only amplifying the expected
product. PCR wase accdariroine dv od wutmei,n wa ehl 2rx PCF
of each forward and reverse (primer sequences shiolable2-5)and0 . 1 ¢ g 49DNA.
cycles o3F0 94eecConfdosr, 60eC for 30 seconds an

out in an Eppendorf vapo protect PCR machine

PCR product was resolved on a 2% agarose gel (agarose in TAE) next to a Quick load
purple 100 bp DNA ladder (New England Biolabs) at 120V @nBnutes then visualised
under ultraviolet light to estimate length of PCR products.

73



2.3.8 Quantitative real time PCR

QPCR was <carried out i n 20¢l reaction voll
(Eurogentec) with 0. 125 e¢epNmeolable2marmd f.rOnae
cDNA. The cDNA was heated to 94°C to activate the polymerase. Then cDNA underwent

45 cycles of 94eC for60&6GCGettond60 (sdencamnds af¢
to single strand and polymerase synthesises a complimentary sequence). This was carried
out in a Corbette Rotor Gene 3000. A-melt c
99e¢eC.

Ct (Cycle threshold) values were detémed and gene expression was quantified using a
standard curve. To obtain standards, PCR product was purified using the QIAquick PCR
purification kit (Qiagen) and diluted to 0.05pM, 0.005pM, 0.0005pM and 0.00005pM.

Gene expression was normalised to 18NARXpression.
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Table 2-5: Primer sequences

Gene Pri mer sequence Annealing | Amplicon
temperature | length
sina | FSSSASTMISTOCCOCTONTMA | qre | 1oty
e | EASHISTISMOIOMONCST | svc | o
v | RASTICOCASACTOANTEE | ssc | o
e 4%535)@'16156) Qiagen QT00015428 60°C 119bp
(25%\;;207)&1%6) Qiagen QT00088536 60°C 105bp
1 gl;;gr%i?l]ése Qiagen QT01678012 57°C 184bp
CYP2R1 F GAAAGCAGAGCCAGGTGTACG 58°C 150bp
(25 hydroxylase)] R: TCATGAATAAAGGAAGGCATGG
MGP Qiagen QT01004423 60°C 99bp
Runx2 Qiagen QT00020517 60°C 102bp
swz | ETICMGSCMACATHICRCACONS | are | oo
swa | EIeAcMTSSCICTOCSCTCTTA | arc | san
e | FASMSCCASSCASISMVCIMA | qe | 1o
Total VDR F:GCCCACCATAAGACCTACGA 60°C 203bp

R:AGATTGGAGAAGCTGGACGA
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2.3.9 Western Blotting

Untreated cells in T25 flasks (baseline conditions) were harvested in 200pl of
immunoprecipitation (IP) protein lysis buffer. The protein concentration was determined
by BioRad protein assay. Protein lysates were mixed with 2x sample. Rrib¢ein from

cells cultured and treated invell plates were harvested directly into 100pul of 2x sample

buffer per well, in order to avoid diluting samples.

All samples were sonicated twice for 5 seconds and heated to 95°C for 5 minutes to
denature theertiary structure, enabling samples to be separatedebiraphoresis in a

size dependd manner.

20pg of baseline protein or 20l of protein harvested from treated cell lines were loaded
onto a 10% polyacrylamide gel alongside a Precision Plus prstieidard (Bidrad) and
subject to sodium dodecyl sulph@tpolyacrylamide gel electrophoresis (SPBGE) at

120V for approx. 90 minutes in a B®ad MiniProtean Tetra System.

Semtidry transfer was used to transfer proteins onto a methanol charged PVDF
ImmobilonP transfer membrane, proteins were transferred at 25V fonie0tes in a
Bio-Rad TransBlot SemiDry Transfer Cell. Membranes were blocked in 5% milk
(Marvel) in TBST buf fer for 60 minutes, then prob
antibody in 5% milk in TBST (dilutions shown irTable2-6). Membranes were washed

3x 10 minutes in TBY, then probed with the corresponding horse radish peroxidase
linked secondary antibody for 60 minutes and washed again 3x 1€midum enhanced
chemiluminescence (ECL) kit (ECL Prime Western Blotting Detection Reag&t
Healthcare) and Fujifilni Fuji Medical XRay Film were used to visualise proteins.
Membranes were ¥ r 0 b e dactih asra gdd loading control. The opticahdity of

each band was quantified using Image J and normalised to the corresponding optical
densi-fagin.of b
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Table 2-6: Antibodies for western blot analysis.

Primary Antibody Dilution Secondary Antibody Dilution

mAb VDR (D-6), Santa Cruz sq 1:500 Anti-Mouse IgG, 1:5000
13133 GE Healthcare NA931V

b-actin, Sigma A2228 1:10 000 | Anti-Mouse IgG, 1:5000
GE Healthcare NA931V

2.3.10 Luciferase assayi VDRE

The Cignal Reporter Assay Kit VDRE (Qiagen G@®9L) was used to determine
VDRE activation.

VSMCs were seeded at a density of 20 000 cells per well iveeR4late in M199 with

20% FBS. At 90% confluence cells were serum starved for 24 hours in M199
supplemented with 0.5% BSA and PSG only. Transfection reagents were prepared using
Lipofectamine LTX and Plus Reagent (Invitrogen). Lipofectamine LTX was diluted 1:9

in OptiIMEM (Gibco) and Plus reagent was diluted 1:18 in OptiMEM with 400ng construct
per wdl. These transfection mixtures were combined (1:1) and incubated at room
temperature for 5 minutes. The transfection mixture was added 1:10 to serum free M199
and cells were transfected for 6 hours with either VDRE reporter construct, positive

control ornegative control. The constructs specifications are slioviable2-7.

After 6 hours, the transfection media was removed and replaced with serum free media
containing treatment conditions. Triplicate wells of VSMCs were treated for 24 hours with
either 100nM Clitriol or 3.4mM ethanol as a vehicle control. Cells were washed in PBS
and the Dual Glo Luciferase Assay system (Promega) was used to determine luciferase

activity in each well, this was normalised to renilla activity as a control for transfection
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efficiency. Luminescence was read using a Berthold Technologies, Mithras LB 940

multimode microplate reader.

A duplicate plate was seeded (80 000 cells/well inveel plate), these cells were not
transfected, however they were simultaneously treated with 1@@hdtriol or 3.4mM

ethanol and harvested for either RNA or protein as described above.

Table 2-7: Components of Cignal Reporter Assay Kit.

Component Specification

Inducible Vitamin D Responsive Firefly luciferase constru

VDRE Reporter
Constitutively expressing Renilla luciferase construct

Constitutively expressing GFP

Positive Control | Constitutively expressing Firefly luciferase construct

Constitutively expressinBenilla luciferase construct

Non inducible Firefly luciferase construct

Negative Control

Constitutively expressing Renilla luciferase construct

2.3.11 Immunocytochemistry

VSMCs were seeded on coverslips in angll plate at a density of 15 000 cells/well.

Cells were fixed in 4% PFA and washed 3 x PBS. Cells were permeabilised in 0.5% NP40

for 3 minutes and washed again 3x in PBS. To blockspatific antigen binding, cells

were submerged in 3% BSA in PBS for 1 hour, then incubated at 4°C overnight in a

humdifying chamber with primary antibody 1:500 mAb VDR -@ (Santa Cruz sc

13133) in 3% BSA in PBSells were washed 3x in PBS, then incubated with secondary
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antibody (Donkey amntMouse Alexa Fluor 488, Invitrogen) diluted 1:500 in 3% BSA in

PBS for 1 hourat room temperature in the dark. Cells were washed again in PBS and
incubated for 5 seconds with DAPI (Sigma) 1:7000 in 3% BSA in PBS, then immediately
washed again 3x in PBS. Coverslips were mounted onto slides using Mowiol mounting

medium for imaging vth an Olympus IX81 fluorescence microscope.

2.4 Statistics

241 Gaussian D&6Agostino and Pearson Omni bus

Statistical analysis was performed in Graph Pad Prism 5. The Gaussian D'Agostino and
Pearson omnibus normality test was performed as a guigleatgse the distribution of

data. When P>0.05 samples were considered to have passed the normality test and it could
be assumed that the sample was from a normally distributed population. P<0.05 indicated
that the probability of that sample being chosemfra normally distributed population

was less than 5%, therefore the sample distribution was considered to deviate significantly
from the Gaussian ideal, the sample failed the normality test and the population was
assumed not to be normally distributedisThormality test can generate false negatives

and false positives, therefore it was used as a guide only and common sense was also

applied.

2.4.2 Parametric and Non-Parametric T-Tests

Statistical tests were performed in Graph Pad Prism 5 to determine if tvpbesawere
significantly different fr otestwasaappliedovhemer . T
both sets of data were considered to be normally distributed. Apa@metric, Marn

Whitney U test was applied when either or both of the samples vgergtihto be from a
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population that did not follow Gaussian distribution, this test is based on rank and does

not assume the populationbdés distribution.

All tests were unpaired as each treatment condition was tested on individual vessel rings
or populationsof cells. Tests were always twailed to determine the significance of a

change that could be either an increase or decrease.

For both the unpaired twiailed ttest and the twailed ManaWhitney U test a P<0.05
was considered statistically significarfthis indicated that there was less than a 5%
probability that the 2 samples were chosen at random from the same population, therefore

the 2 populations were statistically different from each other.

2.4.3 Correlation coefficient

The correlation coefficienwas calculated using Graph Pad Prism 5 to analyse the relation
between two measured variables. Pearson correlation coefficient (R) assumes an
approximate Gaussian distribution and was used as appropriate. When either or both of
the variables did not follovGaussian distribution the Spearman correlation coefficient
(RS) was calculated, this is based on rank and does not assume Gaussian distribution. The
correlation coefficient (R or RS) has a range-Df(perfect negative correlation) to 1

(perfect positivecorrelation) with O representing no correlation.

Two-tailed P values were calculated for both R and RS. The P value shows the probability
that the correlation coefficient (R or RS) could have been calculated from random samples
with no correlation. R (oRS) would be considered statistically significant if P<0.05, i.e.

there was less than a 5% probability that R (or RS) was calculated from a random sample.
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2.5 Buffers and solutions

4% PFA (Paraformaldehyde)
1 4% PFA
1 PBS
T pH7.5

ALP buffer
1 0.1M Glycine
17 1mM MgCI2
1 1mM ZnCI2
1 pH10.4

Ammonia buffer
1 0.24% NH4CI
1 5% NH40H
f pH105

Immunoprecipitation (IP) protein lysis buffer
1 0.1M TrisHCI pH 8.1
1 1% Triton X100
! 0.15M NaCl
1 10ul protease inhibitor (Sigma)

Mowiol mounting medium for immunocytochemistry
T 10% Mowiol
1 25% glycerol
T O0.1M Tris
1T pH8.5

B-Cresolphthalein solution
1 1mg/ml ocresolphthalein
1 0.0672% NH4CI
1 1.4% NH40H
T pH10.5

PBST
1 2100ml RO per PBS tablets
1 0.1% (v/v) Tween 20

SDSPAGE 2x sample buffer
1 62.5mM Tris pH6.8
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10% Glycerol

2% SDS

0.075% bromopherndlue

5% ( wmewgptodthanol (added fresh prior to use)

SDSPAGE resolving gel

10% acrylamide

375mM Tris pH 8.8

0.1% SDS

0.13% APS (stock 10% ammonium persulfate (Sigma).@)H

0.13% TEMED N,N,NNyINJ etramethylethylenediamine, Sigma)
SDSPAGE stacking gel

5% acrylamide

125mM Tris pH 6.8

0.1% SDS

0.1% APS (10% ammonium persulfate (Sigma) ¥®H

0.2% TEMED {(,N,NNjINJ etramethylethylenediamine, Sigma)

SDSPAGE running buffer
T 25 mM Tris
1 250 mM glycine
1 0.1% SDS
1T pH8.3

TBS-T
T 150mM NacCl
T 10mM Tris
T pH8
1 0.2% (v/v) Tween 20

TAE (Tris -acetic acidEDTA)
T 40mM Tris
1 20mM acetic acid
T 1mMEDTA

Western blot transfer buffer
20% (v/v) methanol
25mM Tris

0.2M glycine

1% SDS

pH 8.3
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Chapter 3 The effects of VDRAs on vacular calcification in vessel

rings isolated from children with CKD.

3.1 Introduction

Vessel rings from children with CKD enable the effects of VDRAS on arteriosclerosis to

be studied without the confounding factors of atherosclerosis associated with aging and
traditional cardiovascular risk factors. Data in this chaptemrewollected from paediatric

patients with CKD who were undergoing renal transplant at Great Ormond Street
Hospital. It is representative of the general paediatric CKD population including patients

with different underlying renal diagnoses, varying ages, different genders, and patients on
dialysis (including haemodialysis or peritoneal dialysis and with varying dialysis vintage)

or in predialysis CKD stage 5. To compensate for this patient vaniatiomerous rings

were obtained from each patientdés vessel a
will be compared against the baseline vessel characteristics, such that each vessel can be
its own internal cont r oideal model td studeureginec v e s s
changes on the vessel wall as children are free eéxisting cardiovascular risk factors

like diabetes, dyslipidaemia or heart disease and patients asnukers.

It has previously been demonstrated that these rings can remain viable for 2 weeks in
serum free tissue culture medium (M199) supplemented with Ca #88rBff et al.,
2010, this method was used throughout this thesis.

3.1.1 Aim

1. To establish whether differedDRAS, calcitriol, alfacalcidol and paricalcitol,
accelerate the progression of vascular calcification in arterial rings isolated from
children with CKD.
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This will be addressedsing the following key questions;

1. What effect do physiological doses of the VDRAs, calcitriol, alfacalcidol and

paricalcitol, have on vascular calcification in vessels from children with CKD?

2. Are there any differences in susceptibility to VDRAluced vasular calcification

between vessel rings from pdelysis and dialysis patients?

3. Do any patient related factors affect
VDRA-induced vasculacalcification, including gender, age and primary renal

diagnosis?

3.2 Methods

For this study, the inferior epigastric artery was collected from patients listed the methods.
Vessel rings were cultured in either normatanedium (normal M199 tissue culture
medium which corgtins 1mM P and 1.8mM Ca M199) or high-Banedium (M199 with

added P and Ca to a final concentration of 2mM P and 2.7mM Ca) for 14 days, with the
medium changed every 3 days. Vessels were exposed to physiological doses (10nM) of
the different VDRASs, alfadeidol, calcitriol or paricalcitol. Ethanol was used as the
vehicle for each VDRA at a final concentration of 3.4mM; therefore 3.4mM ethanol was
used as the vehicle control for vessels cultured without VDRAs. After 14 days of culture,
vessel rings were éier homogenised and their Ca content quantified by a colorinietric
cresolphthalein assay, or they were fixed in formalin, paraffin embedded for sectioning
and the Ca content visualised by von Kossa staining as described in the methods chapter.

All data shown as meanSE.
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Table 3-1: Vessel rings and the treatment conditions applied.
Vessel ID format: Year. Age and geardUnique number. Vessel type.

Vessel ID Calcitriol | Alfacalcidol | Paricalcitol
07.6M.44.1E Vv
07.16F.46.1E
07.10M.52.1B
07.9M.54. I
13.14M.105.1E
13.5M.110.IE
13.8F.111.1E
13.12F.113.1IE
14.15M.115.1E
14.11M.118.1E
14.8F.122.1E
07.15F.45.1E
07.2M.48.1E
07.15F.49.1E
07.2M.50.1E
07.1M.51.RA
07.15F.53.1E
13.9M.104.I1E
14.8M.114.1E
14.17M.116.1E
14.13M.119.1E

14.8F.123.ME

15.2F.127.ME

15.5M.128.IE
13.0.5F.109.ME

<

< <<

Pre-dialysis

I <IK<|<K<I<

<

< K| K<L

Dialysis

<I <[ <K<K

I KK <K K<IKIK< KKK ILK KKK LKL LKL

Controls

<

\%

*Vessels collected and cultured by Rukshana Shroff in 2007. All analysis and
histology for these vessels performed by myself, Joanne Laycock.
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3.3 Caloadindi | d CleDnvéssels

331 At Dbas el i nGKD eebseld sdhowedmd hgydroxyapatite deposition.

For this study it was important to consider the condition of each vessel prior to culture,
therefore for each vessel, two rings were obtained on the day the vessel was harvested.
One ring was analysed for its Ca contenfilgresolphthalein assay and thber ring

was formalin fixed for histology, von Kossa stainings performed to show the

presence of hydroxyapatite deposition.

The U-cresolphthalein assay showed a wide range of baseline Ca load both in pre
dialysis and dialysis vessels, this ranged frbénto 243 ng/(ng/ul) and 9 to 318
ng/(ng/ul) respectively. Individual values for vessel Ca load obtained froni-the

cresolphthalein assay are showmable3-2 andTable3-3.

Despite some vessel rings having a higtresolphthalein score at baseline (shown in
Table 3-2 and Table 3-3), none of the baseline vessel rings were positive for von
Kossa, examples shown kigure 3-3. This suggests that quantification of the vessel
Ca loal by U-cresolphthalein assay is a more sensitive measure of vascular

calcification than histology for visualising hydroxyapatite deposition.

3.3.2 Culture of vessel rings in high CaP medium increased their Ca load.

The effect of VDRASs on vascular calcificatiavas considered in both normal-€a
and high C&P media which is representative of the high circulating levels of Ca and P

found in the serum of some CKD patients

When vessel rings were cultured in normatfeedium, there was no change in Ca
load relatve to baseline. Culture of vessel rings in highfCeedium significantly
increased the Ca load from 13423.3 in normal C& medium to 495473.0 in high
CaP medium (p<0.0001), as showrFigure3-1. In some vessel rings from both pre
dialysis and dialysis patients cultured in highZaedium, calcified regions of the
tunica media could be identified by von Kossa, examples of thisavensin Figure
3-3.
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Figure 3-1: High Ca-P medium induced calcificationin CKD children's vessel
rings.

Vessel rings harvested from children with CKD were isolated at baseline or cultured
for 14 days in either normal €Rmedium (ImM P and 1.8mM Ca M199) or high Ca

P medium (2mM P and 2.7mM Ca) to induce calcification. Beghe in the presence

of the vehicle 3.4mM ethanol. Ca load in the vessel wall analysédtBsolphthalein
assayD'Agostino and Pearson omnibus normality test was performed as a guide to
analyse the distribution and statistical significance was detedmimgaired tweailed

t-test.
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3.4 The effect of VDRASs on Ca load in vessel rings from children with CKD.

3.4.1 Calcitriol and alfacalcidol, but not paricalcitol, promoted vascular

calcification in vessel rings isolated from children with CKD.

The previoussection showed that culture of CKD vessel rings in norm&P @al not
affect Ca load, however culture in high-€anedium increased their Ca load. The next
section will show that the three different VDRASs studied affect Ca load to different

extents.

The dfects of calcitriol, paricalcitol and alfacalcidol on vascular calcification in
vessels from children with CKD were assessed using#ws/o model. Each VDRA

was used at a final concentration of 10nM, this dose represents normal physiological
levels ofvitamin D in healthy individuals. Vessel rings were cultured for 14 days with

one of the VDRASs in either normal €amedium or with high GR medium.

Either with or without any of the VDRASs, increasing the mineral content in the
medium significantly inaased the Ca load in the vessel wall as represenkegure
3-2.

In normal CaP medium 10nM calcitriol did not affect Ca load, however in higiPCa
medium 10nM calcitriol further increased mean Ca load in the vessel Figilir¢
3-2A). Despite the increase in mean Ca load observed between higim@dium and
high CaP medium with calcitriol, there was a subset of vessel rings that did not
respond to calcitriol and showed no change in Ca load relative to higth dbDdy.

Responders ahnonresponders to calcitriol were investigated furtheChapter 4

10nM Alfacalcidol significantly increased Ca load in the vessel rings cultured in high
CaP medium, however alfacalcidol had no effect on Ca load in norm& @adium;
Figure 3-2B. The effect of paricalcitol, (a synthetic analogue of catdittihat is
thought to be less calcaemic), on calcification in élke&ivo vessel rings was also
tested. Paricalcitol had no effect on Ca load in either normal or high Qadia
(Figure3-2C).
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Figure 3-2: Ca load in vessel rings from CKD children cultured with VDRAS.

Vessel rings isolated from children with CKD were cultured in either normd& Ca
medium (ImM P and 1.8mM Ca) or high-@anedium (2mM P and 2.7mM Ca), as
well as either the vehicle of 3.4mM ethanol Af 10nM calcitriol, B) 10nM
alfacalcidol orC) 10nM parcalcitol. The different yaxis on all 3 graphs accommodate

the different calcification potentials of the 3 VDRABAgostino and Pearson omnibus
normality test was performed as a guide to analyse the distribution and statistical
significance was determiddoy A&C) two-tailed Mann Whitney test and B) unpaired
two-tailed ttest.
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3.4.2 Ca deposition was specific to the tunica media.

The data shown above was determined-oyesolphthalein assay which quantifies Ca
load in the vessel wall. Ca deposition in each vessel ring was also visualised by von
Kossa stain. This demonstrated that Ca deposition was localised to the tunica media,
as shown irFigure3-3 E and F. At baseline, all vessel rings were negative for von
Kossa staining, examples of von Kossa positive and negative rings are stoguren

3-3.

The von Kossa staining was sequantitatively scored as 0, +, ++, +++ or ++++
(whilst blinded to theil-cresolphthalein score) dependent on the estimated percentage
of tunica media positive for von Kossa, and therefore Ca deposition. Each score was

assigned a colour and this gives rise to the kéygore3-4.

The Ca load determined kiycresolphthalein assay, and its corresponding colour for
von Kossa positive areas are represented graphicalfjgure 3-4. After culture in

normal CaP medium all vessel rings were negative for von Kossa. There was a wide
range of von Kossa positive densities in vessel rings cultured in highn@zdium as
denonstrated irFigure 3-3. Figure 3-4A shows that, for vessel rings cultured in high
CaP with or without calcitriol, the rings with a higher Ca load tended to have a higher
von Kossa density and be grouped as ++, +++ or ++++. However, some vessel rings
with a high Ca load determined by theresolphthalein assay were negative for von
Kossa, this suggests that histological analysis of Ca load is not as sensitive as the

quantitativeli-cresolphthalein assay.

A summary of all von Kossa scores and Ca load in higP @eedium for pralialysis

ard dialysis vessels are shownTiable3-2 andTable3-3 respectively.
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Figure 3-3: Von Kossa

Vessel rings harvested from children with CKD were isolated at baseline (A&D) or
cultured for 14 days in high @& medium (2mM P and 2.7mM Ca) to induce
calcification, in the presencé 8.4mM ethanol (B&E) or calcitriol (C&F). Vessel

rings were fixed in PFA and paraffin sections von Kossa stained for hydroxyapatite
deposition (brown) and counterstained by methyl green. A,B,C) Vessel 13.8F.111.1E
(8 year old female, prdialysis). D,E,FNVessel 14.17M.116.IE (17 year old male, 5
months haemodialysis). Images taken at 20 x magnification
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Figure 3-4: Ca load and von Kossa density in vel rings.

Vessel rings isolated from children with CKD were cultured for 14 days with either
3.4mM ethanol or 10nM calcitriol, in either normal-€amedium (ImM P and 1.8mM

Ca) or high C&P medium (2mM P and 2.7mM Ca). Vessel rings were harvested and thei
Ca load analysed hi-cresolphthalein assay and the density of Ca deposition visualised
by von Kossa stain. Ca loads were colour coded dependent on the density of the vessels
von Kossa positive area (black), a representative key is shown dbégmstino and
Pearson omnibus normality test was performed as a guide to analyse the distribution of
Ca load scores and statistical significance was determined btaied Mann Whitney

test.
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