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VC vascular calcification

Abstract

Patients with chronic kidney disease (CKD) have accelerated vascular stiffening
contributing significantly to excess cardiovascular morbidity and mortality.

Much of the arterial stiffening is thought to involve vascular calcification (VC),
but the pathogenesis of this phenomenon is complex, resulting from a disruption
of the balance between promoters and inhibitors of calcification in a uremic
milieu, along'with derangements in calcium and phosphate metabolic pathways.
Management of traditional cardiovascular risk factors to reduce VC may be
influential' buthas not been shown to significantly improve mortality. Control of
mineral metabolism may potentially reduce the burden of VC, although using
conventional approaches of restricting dietary phosphate, administering
phosphate binders, and use of active vitehand calcimimetics, remains
controversial because recommended biochemical targets are hard to achieve and
clinical relevancehard to define. Increasing time on dialysis is pertzaqmher
therapy withpotentialeffectiveness in this aredespitecurrent treatments,
cardiovascular morbidity and mortality remain high in this group. Novel
therapies.fer.addressing VC include magnesium and vitamin K
supplementation, which are currently being investigated in large randomized
control trials*Other therautic targets include crystallization inhibitors, ligand
trap for activin receptors and BMPR This review summarizes current treatment
strategies and therapeutic targets for the future management of VC in patients
with CKD.
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I ntroduction

Vascular.ealeification (VC) ikighly prevalenin patients withchronic kidney
disease(CKD) and advancing dne canalsobe seen in other groups including
those with diabetes mellitus and chronic inflammatory conditions.
Observationaktudies report/C present in up to 25% of patiemsth CKD

stage 3andover 50%in patients on dialysis OncepresentVC progresss

rapidly, irrespective of ag®> Two types of VCareidentified in patients with
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CKD “ Intimal calcificationis associated witlatherosclerotic plaquesd its
presencencreasstherisk of plaque erosion and ruptudditionally, nmedial
calcificationin large elastic arteries and arterioles resnlincreased arterial
stiffness and cardiac afterlodd Thesesubtypesare not mutually exclusive
and oftenseceexist In large epidemiological studies VC is associated with
increaseaardiovascular mortalityand morbidity’ as wellasreduced bone
mineral densit{BMD) and increased fracture riSk However, the precise
mechanismstthat linkadiologicalor histologicalfindings of VC ancenhanced

mortality remainspeculative.

The pathophysiologyf VC is likely to bearesult of multipleinterlinked
mechanisms, some of which inclupleenotypicchanges ircells, cell death,
elasticdegradationcalcinosis and passivkepositionof calcium in addition to
changes ifgalcificationinhibitors and possiblpromotors™. The initial trigges
for calcification remain unknown biikely dependupon the typeof
calcification(intimal versus medial) anthe location of thevessel since VC
proceeds-at-different rates in different aréapatients with CKDand
especially engtage kidney disease$KD), a significant contribution to VC is
likely to result fromareductionin calcification irhibitorsin associatiomwith

deranged calcium and phosphate metabolism

Numerousexperimentaktudiesshow howascular smooth muscle cells
(VSMCs)cantransform taanosteoblastike phenotypé?, with the ability to
produce collagenous extracellular mawixto which mineral is deposited**

This dfferentiation ofVSMCsis characterized by expression of genes that are
normally restricted to bone, such as bone morphetgeprotein 2 (BMP2),
osterix runtrelated transcription fact@& (RUNX2) and alkaline phosphatase
(ALP) *°, although whether VC is the cause or effect of this upregulation

remains contentiod® Expression of these ostgasticgenes is ammpanied by
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downregulation o¥/SMC lineage markers, such as transgelin and calpdnin
Patients withCKD alsodevelop a pranflammatory miliey with increased €
reactive protein [CRP] and interleuk@[IL-6], and this may contribute to
endothelial dysfunctioandto the development @nhanced soft tissue

calcification:

A key systemic inhibitor of VC ithe circulating phosphoglycoprotdetuin-A.
This protein inhibits V(by binding to nascentanoparticles ofalcium and
phosphatein the circulation, preventing mina@dretion These particles are
known as calciprotein particles (CPB)dmay provide an important pathway
for mineraltransport analearance. Chronic dysregulation of mineral
metabolism such asn CKD, results in accumulation and transformation of
these particles from amorphaoigtuin-caldum-phosphate@PPJ to larger
morecrystalline particles(CPR2). Whilst cellular yptake ofCPPL causes little
in the way of'cellular responses, uptake of ZR&sulsin phenotypic chang¥
andinflammmabry cytokine release in some ceflsin observational studies
increasé-serumCPP? and specificalflCPP2 are associated withcreased VC

and mortality inpatients withCKD 2.

At a tissudevel, important VC inhibitors include endogenous pyrophosphate
and carboxylated matrix Gla protein (MGP)rophosphate birsdo
minerdization surfaces to preveantystal growthand extracellulalevels are
tightly regulated byissue nonspecific alkaline phosphatase (TNAP). TNAP is
vital for healthy skeletal developmeanda fine balance existn order to
maintainscalcificatiorwithin specific tissue confineMGP is another key
protein expressed by chondrocytes and VSMC. It requires vitamin K as an
essential cofactor for enzymatic carboxylation and function. MGP inhibits
calcificationby binding to and inactivating pimineralization BMPZ??3 as

well as having a direct effect on hydroxyapatite formafioks moreis
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discoveredabout VQ it is likely that therareinterlinked mechanissand
multiple pathways between various calcification inhibitorsicly work together
to prevent thigpathologicalprocessn healthy adultsFigure 1 highlights

identified, inhibitors and inducers of VC.

Patients with"CKD have increased cardiovascular mortality and morbidity due
to thepresence of both traditional (e.g. hypertension and diabetes) and non
traditionalcardiovascularisk factors(e.g. albuminuria and deranged calcium
phosphaté"metabolisrfj?°. Many therapeutic interventiompplicableto the
general population teeducecardiovascular diseaseirden havehadlimited
success when applied to t8&D population Further research is underway to
better understand the underlying pathophysiolddns review will summarize
thecurrent therapeutic strategiesed for prevention and management of VC in
patients with"CKD. We will also discusevel targetand future directionfor

the management of VC.

Current therapeutic strategiesto reduce VC

General cardiovascular risk reduction

Compared to the general population, patients @Kl have aigher

prevalence of many traditioneardiovascularisk factors including
hypertensiopdiabetes and hypertriglyceridenffaReduction otraditional
cardiovascularisk factorsmayplay a management role in thpatient

population but the complex interplay and direction of causality between renal
impairment and cardiovascular disease remaitigmatic?®. Few studies have
looked specificallyat riskfactor modification in patiestwith CKD, andmost

evidence is deriveftom post hoc analyse®r metaanaly®s.
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Neverthelessblood pressure management playsgaificantrole inattempting
to retardthe progression o€KD stage-5 and complications in CKBtage
5D. The internationakKidney Disease Improving Global Outcom&H(GO)
guidelines'reecommend targeting a blood pressureldiOmmHg systolic and
90mmHgdiastolic forpatients without albuminuria ard130mmHg systolic
and< 80mmHg diastolic for patients witlbuminuria®® in CKD. Blood
pressuretargets become more difficult to recomnogreg patients commence

dialysis,althoughtwo metaanalyss %

reportedoenefis of antinypertensive
therapycompared to placeldor cardiovascular protection memalialysis
patients Thereis no evidence thantihypertensivéherapy affecty¥C but may

reduce myocardial fibrosis and left ventricular hypertrophy

Lipid profilesin patients with CKDvary significantly from the general
population, typically with higher levels of triglycerides and loigh-density
lipoprotein @DL). Low HDL may contribute to complex inflammatory and
oxidative strespathways andnay exacerbate uremic endothelial dysfunction
32 Use ofcholesterclowering satin therapyin patients withCKD, as in the
generalpopulationhas beenfound to reduce cardiovasculaortality, with a
recent metanalysisreportingthat statins result in @ducedisk - relative risk
(RR) 0.72(95%confidence intervalQl]; 0.660.79) for major cardiovascular
events™. However, the benefit of statins on dialysis is less ¢lgih lipid
lowering imeonsistentlyimproving cardiovascular outcome®nly one of three
randomized-controlled trialRCTs) showed astatisticallysignificant effetin
dialysispatients SHARP** using statin plus ezetemibe), whilst two others
failed to find an effectAURORA ** andthe 4D * trials). No RCT evidence
suppors the use of fibrates in patientsth CKD. There argeasonable data

linking someother traditionatardiovascularisk factorslike diabetc control
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and smokingto suggest that interventiomay be of value idlialysispatients

and guidelines are as for the general population

I mproving abnermalities of mineral metabolism

Phosphate-lowering therapy:

Observational studies have shown significant imd@épendenassociations
between elevated serum phosphate levels archafie mortalityand
cardiovascular disease in peopligh normal kidney function anith patients
with CKD. This relationship has beeansistentlyreportedacross the spectrum
of CKD from mild renal impairment tpatients with ESKD oulialysis®"*
Despite tlese associationmechanismandthedirection of causality by which
elevatedserum phosphatee associated wittasculardisease andeath remain
unclear Theymayinvolve endothelial dysfunctiorenhanced extrasseous

calcium apatite deposition or energy pathway disruption.

Management of hyperphosphatemia in CKD has involved dietary phosphate
restriction, the use of phosphate binders and dialpsescription of posphate
binders habecomeroutinein dialysis patientsalthoughit is becoming
increasingly“controversiahndthere remairtonflicting views on their roland
serumphosphate targetAn early RCT, the Tredb-Goal study reported
greateraortic.and coronary artery VC progressior2@® prevalent dialysis
patientsreceiving calciurrbasedphosphate bindexmpared wittsevelamer
%9, At studycompletionthe mediarabsolute calcium score in the coronary
arterieg(p=0.08)and aortgp=0.01)increased significantly inalciumtreated
compared t@evelametreated subjectdhe median change in calcium score
was highewith calciumbased bindersompared with sevelamear coronary
artefes(25% vs. 6%, p=0.02) artleaorta (28% vs. 5%, p=0.02).heresults
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werecongruenin the Renagel in New Dialys{®RIND) study ofsevelamer vs
calciumbased binders ih29 incidenhemalialysispatiens over 18 months

with pre-existingcoronary artery calcificatio@CAC) “>** This study reported
lower mortality in the nostalcium armcompared to the calcinmased binder

arm

Sevelamemay alsohaveeffectsbeyond phosphatanding such asncreasing
fetuin-A levels(p<0.001)andimprovingflow mediated dilation (FMD)
(p<0.001)*"1n the CalciumAcetateRenageEvaluation2 (CARE2) study™

of 203 prevalent hemodialygistients there was no difference @AC after

one year of follow ufpetweerthe two study arms involvingtorvastatin plus
eithersevelamer or calcium acetafmean increase 35% in the calcium acetate

group vs 39% in the sevelamer group; 95% CI, 0.B36)).

A number ofsystematic review have been performed and one stofy7 trials
(12,562 participantg)omparegphosphate binding agents in adults with CKD
andconcluded that there was insufficient evidence that any drug class lowered
mortality or cardiovascular events compared to plaéébdowevercompared

to calcium, sevelamer did appear to reducealise mortality (odds ratio [OR],
0.39; 95% C1.0.21.74).A similar metaanalysis of 71 RCTs assessing
phosphatebinder use in dialysis patidatted to find astatistically significant
difference in cardiovascular mortality between the calcium anetatmum
based binders (RR 2.54, 95% C| 0%862)*. An earliermetaanalysis of
phosphate.binders in patients with Ci€Bncluded that neoalcium based
binderswere associated with22% reduction irall-cause mortality based on 18
studies of over 700 patientssk ratio 0.78, 95% CI 0.60.98)*.

In the pre-dialysis CKD population however, there is less evidence for the role

of phosphate binds. A recent RCT by Bloclkt al comparedghosphate binders
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(sevelamer, lanthanum and calcH@ased)with placebo in patients with CKD
stages 31 over 9 month&ndreported minimal decline serum phosphate

within the active treatment groups and, in fact, increas€a\@ for the

combined phosphate binder grodpsAlthough the greatest increase in VC was
seen in patients on the calcitbased binders, these results question the efficacy
and safety"of phosphate binders in this population with normal ggnasphate

levels.

Although'studies relating to this issue are conflicting and the case for phosphate
bindersper se has not yet been proven, the most consistent finimding
exogenous-ealciupmas been recommended the current KDIGO Chronic

Kidney Disease Mineral and Bone Disorder (GKIBD) guidelines *®,

Currently.a numbeof studies are being conductedassess the impact of
phosphatéindersin CKD, includingthe IMpact of Phosphate ReductiGm

Vascular Engpoints in Chronic Kidneyisease (IMPROVECKD) trial,
assessingwvascular compliarazed VCin patients withCKD stage 3band 4

with lanthanuntarbonaterersus placebo. This trial will, it is hopduk

informative in addressing whether early phosphate binder use will amfer

vascular protectiom predialysis CKD patients

Calcimmetics:

Calcimimetics act to allosterically modulate the calcium sensing receptR).(Ca
The CaR is a &rotein coupld receptor expressed in a variety of tissues
including.the parathyroid gland and VSMC. In the vasculature, it may exert a
physiologicakrole by controlling arterial function and contrilsute

development of VC. As renal function declines, thereisrdregulation of the
CaR.In animal modelscinacalcet markedly attenuates vascular remodeling and

49-52

calcification™ > andproposed mechanisms includkbrogating endothelial to
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mesenchymal cell transitidf, reduced expression of osteoblastic géfies
activation of the CaR in endothelial a¥8&MCs>!, and upregulation of MGP

expressiorr®>

Calcimimetics are used for the treatment of secondary hyperparathyroidism
(SHPT) in"patients with ESKD, with two available pagations: oral cinacalcet
and a new intravenous formulatiartelcalcitide Cinacalcet has beassociated
with redueedprogression of abdominal aortic calcification over anidhth
period®®. IfFapost hoc analysis, Cunninghaet al >’ combined data on clical
outcomes from four RCTandshowedthat treatmat with cinacalcet resulted in
a significant reduction in the risk of cardiovascular hospitalization (hazard ratio
[HR] 0.61, 95% CI 0.43®.86).The effect of alcimimeticson VC wasseen in
the ADVANCE study(A Randomized Study to Evaluate the Effects of
Cinacalcet'Plus Low Dose Vitamin D on Vascular Calcification in Subjects
with CKDY) °®"In this study 360 hemodialysis patients with SHREre treated
with either‘einacalcet plus low dose vitamindp flexible doses of vitamin D
alone.A'stratified median treatment differeniceaortic valve calcificationvas
seen in the cinacalcet groud4.7%;95% CI-85.8% -6.1%, p=0.01,)along

with a trend tdower CAC scoredsn thecinacalcet plus vitamin D group
(median increase &4%) comparedo the vitamin D grougmedian increase of
31%, p=0:073. A major limitation was thehortl2-monthdurationof this
study,which was unlikely to be sufficient faéhe detectn of substantial

changes,in \V\C

Despite.the pssiblebenefits on VC, ardiovascular benefits of calcimimetics
wereinconclusive in the Effect of Cinacalcet on Cardiovascular disease in
Patients Undergoing Dialysis (EVOLVE) tri&] which to date remains the
largest RCTconductedn adialysis populatiorf3883 participants)Trhis trial

failed to show a difference in primary composite end point (death, myocardial
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infarction, hospitalization for unstable angina, heart failure or peripheral
vascular event) in the cinacalcet compareplacebo group (HR 0.93, 95% CI
0.851.02, p=0.11)Results of this trighowever kould be interpreted with
cautionbecause of numerous limitatiomeludingarelatively low expected
event ratefinthagegroup studiecdnd highstudytreatment cross over
(significant-dropin anddrop-outratg due to conmercially available cinacalcet.
Althoughithe primary analysis of the EVOLVE trahs negativepost hoc
analy®s demonstratededuced incidence of calcificemic arteriolopathy
(CUA) (unadjustedR, 0.31; 95% ClI, 0.1:8.79; p=0.014§°, a trend towards
reduced fracture ratadjustecHR 0.83 (95%Cl, 0.7:D.98) ®* and decreased
risk of death and cardiovascular events, although the latter benefihonly
patients over the age of 65 yeéadjustedHR 0.7, 95% CI 0.60.81)%

Surgical management of SHPT hhswever failed to demonstrate a protective
effect on VC. Arecent prospective observational study of 19 hemodialysis
patients with.severe SHRE&portedthat parathyroidectomiggsultedn
increased-CA{p=0.02)and wereassociated with a shiftom highto low bone
turnover disease on bone biopsy over aridhth period90% of patients
evolved {0 either very low or low bone turnov&The pesence of low bone
turnover 'diseaskas previously been associated vathubstantiayl increased
risk of V@4

Vitamin D;

In observational studies of patients with CRI3®and the general populatin
25-hydroxy vitamin D (25[OH]D) deficiencyhas been associated with VC
arterial stiffness and cardiovascular mortali@gardiovascular benefits of
nutritionalvitamin D supplementation may result fraitered vascular

oxidative stresssmooth muscle function or improvement in left ventricular
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mass indexX®. Treatment of VSMCs with vitamin D receptor analogs has been
associated with inhibition of osteogenic proce§3as well as anti

inflammatory effect$®’*and increasing endotheliell nitric oxide production

2 1n animal modelsphysiological doses of vitamin D supplementation have
shown proteetive effects against Vi_butexcessive 28H)D or active

vitamin Dean result in VC*,

In patientswith, CKD andthose ordialysis the efficacy of botmutritional
vitamin D andactivevitamin Dtreatmenbn vascular health has been
investigategdhowever beneficial effect areuncertain Presently there is
inconsistent evidence and conflicting literature regarding the form amdtios
vitamin D supplementatiot®f three recent RCI">"" examinng therole of
bothnutritionalandactivevitamin D supplementation on markers of vascular

5% repored improvement in

stiffness intnordialysis CKD patientsonly two
surrogate markers of vascular stiffngsslse wave velocitfPWV]) with
nutritional viamin Dsupplementatiobut notactivevitamin D. The KDIGO
CKD-MBD-guiddinesrecommad nutritional vitamin Dfor treatment of
25(0OH)Ddeficiency but not routine use cdlcitriol orvitamin Dreceptor
analogsn predialysis patientsgiven the risk ohypercalcemiand likely
associated prealcific effects unlesgprescribedcautiouslyfor severeand

progressive"SHP,

Bisphosphonates

Bisphosphonates are synthetic analogues of pyrophosphate and inhibit
osteoclastmediated resorption as well as calcipimosphate crystaleposition
in bone.They have been usddr treatment of osteoposs over the past two
decadedutthey may also play a role in inhibiting arterial calcification and

macrophage suppression in atheromatous lesions. Reports dating back to 1970’s
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in human’® and animal® studieshave showrhatthe early developed
bisphosphonat such as etidronatmmhibit ectopic calcification. Since then
animal models havsuggested thahese drugsnay inhibitVC ®# without

significant changes to othknown cardiovascularisk factorslike lipids

However; humanrials of bisphospbinates forthetreatment of VGaresparse

In the general population, the largest study involved 474 elderly osteoporotic
women treatefor three yearsvith ibandronatgit showedno effect onaortic
calcification®. Smaller studies in patients wittype 2 diabetsandosteopenia

did show a'reduction in carotid intinmedia thickness with 12 months of
etidronat& Versus placel{p<0.005)*. In theonly RCT in the pralialysisCKD
population 18 montls of weeklydendronatdailed todemonstrate a difference
in progression of Cimeasured aorti¢C (adjusted difference24.2 Hounsfield
units, 95%C1:77-28.6, p=0.4}°. Three small Japanese trials assessed the use
of low dose bisphosphonates on VC in hemodialysis patiEntisonate
administration, for 12 months redet®® or inhibited®” CAC progression, but

was associatedith anincreasedisk of osteomalaci&’. In current clinical
practice these medications aeserved foosteoporosis in patients with CKD
stages 13“® andpotentiallycontraindicated fomore advance@KD due to

passiblerisk of exacerbahg adynamic bone disease, osteomalacia and SHPT

I mproving dialysis adequacy and renal transplantation

There is evidence to suggest more frequent and extended hours hemodialysis
improvesvascular physiolody compared with conventional thrice weekly
hemodialysis=This malye a result obetter blood pressure control (with a
reduction in antihypertensive medication requirem&rhd/or better
management of SHPanda reduction in serumphosphatéevels whichin most

casesncludesredu@d prescription ophosphate bindsanda more liberatiet
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%1 Extended hours and/or more frequent dialysis also augments uremic toxin

clearance, whictin animal modelsredu@sendothelial injury and deaffi

In two prespective observational studies, conversion fronventional
hemodialysis€CHD) to nocturnal hemodialysidNHD) (6-9 hours per night for
3.54 sessionsper week) for a-frfbnth period resulted in a n@gnificant 9%
decreasesin CAC scorép=0.1)" and improvement or stabilization in VC and
ectopic calcificationn 22 out of 26 patients on home dialyasseen itmand

and foot Xrays There was also@duction in serum phosphate and parathyroid
hormone (PTHY*. In a case study supporting the benefioproving dialysis
adequacy, conversion from CHD to NHD led to symptom and improvesment
increased blood flown the lower limb vessels of a patient with refractory

claudication™.

The role of renal transplantation in improving VC remains controversial. There
areconflicting,data on VC progression as evaluated by coronary amaging

post transplantation, with studies showing reversal of calcificdtioro change

in CAC ¥, and also progression of dised$depending on the population

studiad. Challengef assessing pos$tansplant VC progression include the
heterogeneity of transplant recipiefitscluding age and dialysis vintage at time
of transplantwhich cancontribute significantly to VC development and
progressionas well as exclusn of patients with significant iliac artery
calcification from transplantatiofosttransplant related diabetes and

complicatioas<of immunosuppressive theraglgo can have an impact on VC.

Future potential management for VC in clinical evaluation

Magnesium
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Magnesium plays an important role in vasctiealth®, with normal
magnesium homeostasis in VSM@intained via TRPM7 cation channels.
Magnesium prevents pestnscriptional changes in VSMC differentiation and
apoptosis®*%and upregulates VC inhibitofMGP and osteopontji®?

whilst counteracting expression of osteogenic transcription factors {BMP
RUNX2,Msh homeobox 2, and SRox 9), bone proteins and genes
associated with matrix minerzation (osteocalcirand TNAP)'®. In animal
models of VC, dietary supplementatisith magnesiumesultsin marked
reduction.in VC and mortalitymproved mineral metabolisnmcluding

lowering 0f PTH, as well as improvement in renal functin

In the general population, higher dietary magnesium intake is associated with
reduced aficatse mortality, stroke, heart failure and diabetes metfituSerum
magnesium concentran <0.8mmol/L has been associated with a 36%
increased'tisk of death from coronary artery disé&98’and two meta
analyses-report serum magnesium is inversely associated with cardiovascular
risk in both healthy controls and hemodialysis coh@ft§° Similar findings

were seélin a study of 8(patients on peritoneal dialyst&’, with higher serum
magnesium associated with less abdominal aortic calcificé&:0.06,
unstandardized coefficient[B]7.81, p=0.03). Magnesium has also been

reported to delay CPP maturation and transition from primary to secondary CPP

in hemodialysis patient3’ by slowing calcification propensity.

Currentlyrobust data on magnesium supplementaticgh@€CKD population is

lacking. Tzanakiset al **?

reporedthe largesRCT to date studyinghe effect of
magnesiunon VC. It compaedthe effect othe phosph#e bindercalcium
acetatevith and without magnesium carbonate arterial calcification

(evaluated by plain Xay) in 72 hemodialysipatientsanddemonstrated
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improved VCin the magnesiurarm (p=0.04). On multivariate logistic

regression analysis, serum magnesium was an independent predictor of slower
progression oérterial calcificationThere is a RCT underway(without the
confounding use of calciunassessinthe effectof 30 mmolmagnesinvdayvs
placeboonV@,in patients with CKDstages3-4 over a 12month period™®

Table 1 summarizes interventional and observation clinical trials assessing

magnesium supplementation in VC.

Vitamin K

Vitamin K'is an essential cofactor in the enzymatic carboxylation of glutamate
and exists in two biologically aceforms, vitamin K1 (phylloquinme, found

in green leafy vegetables) and vitamin K2 (menaquinfoumd indairy
product3sVitamin K isnecessaryor carboxylation and thus activatia

clotting factors as well as several proteins imedlin bone matrix formation
(osteocalcif@C]), inhibition of soft tissue mineralization (MGP) and
prevention-of:VVSMC apoptosis (growth arrest specific@ein[GASE). In

animal studies, vitamin K2 supplementatreduces/C, via enhancement of
MGP carboxylatiort’*and MGP mRNA expressiom’in tissues

Deficiengyofactivevitamin Kin the general population has been associated
with increased aortic stiffness as measured by P#\as well as/C **’ and
increased.altausemortality *®in hemodialysis patient&reater rates of
vitamin K.deficiencyor activationare consistently identifiechidialysis
populatiers'with dietary questionnaires identifyimgduceddaily intake of
phylloguinonesand or menaquingria some cohort studies deficiencypiesent
in up to 30% of patients®*?° One possible cause for thigy betheuse of
phosphate bindertn vitro studiessuggest thaand many commonly used

phosphate binders (including lanthanum and calcium carbonategqgaaster
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vitamin Kin the gut preventings absorption Only sucoferric-oxyhydroxide

and sevelamer carbonate bt apper to bind muchvitamin K *2%

Vitamin K supplementation has been trialeghatients withCKD including
those orhemadialysis. CKD patients given 90mcg/day of vitamin K2
supplementatiorcombined with 10mcg of nutritional vitamin, Bbr 270 days
hadsignificantly lower carotid intimal thickness comparedhose with
vitamin Drsupplementation alone (p=0.06%) In patients orhemodialysis,
short duration of vitamin K2 supplementationg4veeks) at a dose of
360mcg/day redwesmarkers of vitamin K deficiencjuncarboxylatedGP *2°
uncarboxylatedC andproteininduced by vitamin K absencBIVKA-I1)

leveld, whilst also being safe and well toleratét Currently there is a large
multicenter RCT recruiting incident hemodialysis pati€htkibiting the
progression-of arterial calcification with vitamin K in HemoDialysis patients
[IPACK-HD]) comparinglOmg vitamin Kltreatment thrice weeklyersus
placebo with«the primary endpoinaschange in CAC over one year of therapy
125 Anether-clinical trialis also underway evaluating the effect of vitamin K1

compared to placebo on CUg&linicalTrials.gov identifier NCT0227869ZF.

Mineralocorticoid receptor antagonists (MRA)

Following the discovery of mineralocorticoid excess in Klotho deficient mice
with accelerated V{Jesearch interesias increasenh the role of
hyperaldesteronism triggering osteoinductive changéseimasculatureln

both human and animal studies, hyperaldosteronism is associated with vascular
stiffness, damage and accelerated atheroscléfdsté VSMCs have

130 3s well as aldosterone

intracellularmineralocorticoid receptors (MR
synthasean enzyme involved ithe synthesis of mineralocorticoigahich is

upregulated in a high phosphate environm&nstimulation of the MRby
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circulating aldosterone from the adrenal glands or locally produced aldosterone
132 triggersosteoblast signaling pathwal’s***by upregulating the type 3
sodium dependemhosphate transporter PlTdndupregulaihg expression of
osteoblastic transcription factors in VSkla@nd expression of TNAP, leading to
reductionsofiecal pyrophosphate. Aldosteratsohas other cellular effects
including-tpregulating BMP2** and TNF. **°, perhaps further contributing to

VC.

In vitro, mineralocorticoid receptor antagonists (MAameliorate phosphate
inducedosteogenic transformatidi in human aortic VSMCSA recent
systematic review*®incorporaing nine trialsof 829 patientsvith ESKD found
MRAs were associated with66% RR reduction incardiovasculamortality
compared,with contrel(RR 0.34; 95% CI 0.15.75).However, there waan
associated-®old increase in the risk dfyperkalemiaDue to the small size and
heterogeneityf the studies collectethe data wrenot robust enough to
determine the, true benefit of MRAn patients with ERD; two larger RCE

are underwaygurrentlyto further delineate the benefit of MRAn patients on
dialysis. SpinD(ClinicalTrials.gov identifieNCT02285920%' is a 125patient
pilot trial assessing the comparative safety and tolerability of three different
doses oBpironolactoneversus placebo and ALCHEMISAL dosterone
Antagonist Chronic HEModialysis Interventional Survival Trial
(ClinicalTrials,gov identifieNCT0184863%*®is an825-patient European trial
assessingardiovasculamortality in dialysis patients witgpironolactone

therapy.

Sodium Thiosulphate

Sodium thiosilphate primarily used for the treatment of cyanide poisonivas

becomeanadijunctive treatment for CUA. i$ saidto participate in a cation
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exchangeeaction withcalciumin insoluble tissugepositsleading tomore
soluble calcium thiosulphatélowever this mechanism ignlikely sinceit does
notexplan why sodium thiosulphatdoes noappearto chelate circulating
calcium any benefitmaysimply be due to its induction @& metaboliacidosis
Sodium thiosulphatevas initially trialed for recurrent nephrocalcinosis in the
1980’s withwsome reports sficces$®*** In CUA, sodium thiosulphatis
thought to have antioxidant properties with generation of glutathione and
prevention ofeactive oxygen speci¢isereby reversing endothelial dysfunction
190 However'bng term usef sodium thiosulphatis hampered by the

development of metabolic acidosfSas a najor side effet

Two trialsto date havevaluatedsodium thiosulphata the treatment of VC.
Matthewset al **? assesda the effect of sodiumhiosulphateon CAC (Agaston
score > 50)n22 hemodialysis patients over a finenth period At trial
conclusionthere washo mean annualized rate of change in VC in the cohort
although individual analysis showed calcification progression in 14 out of 22
subjects==Fhenainreported adverse effect was nausea and vomiting although
these symptomsieremanaged by reduction in dose of medication. In the
second studyB7 stablepatients orhemodialysis with CAC scores Bf300
receivediintravenous sodium thiosulphate, 12.5mg twice weekly post dialysis
for four menths *. Despitea statistically significant reduction in VC
progressiontreatment was associated wekecline in hip BMD and a high

side effect profildikely as a result of worsening metabolic acido&islinical

trial currently-recruiting will evaluatthe effects of IV 8dium Thiosulphate
comparedto placebo in patients with C{@inicalTrials.gov identifier
NCT03150246%*

A summary ofcompletednterventional clinical trials looking at novel agent

for VC is presented in Table 2
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Novel targetsfor other potential futuretherapiesof VC
Crystallization,inhibitors

Crystallization inhibitors are mew class of drug that may prove to be breedf

in the treatment of VCTheywork by obstructing or preventing crystal
development, much like pyropsphateor bisphosphonates, liynding to the
crystal nucleus or thepatitecrystal face to disturb its development without any
cellular signaling capacity. Currently under development is SN472, an
intravenous formulation of myoinositol hexaphosphatsmall, highly water
soluble moleculeln animal modelsthis drug has been effective in reducing VC
145198 Theryse of SNF472 on progression of V@émodialysigatients is
currently being evaluated in a phase 2 clinical ff@inicalTrials.gov identifier
NCT02966028Y".

Ligand trap for the activin type |1 A receptor (ActRIla) and bone
mor phogenetic protein 7 (BMP 7)

Activin and BMP7proteinare part of the TGB superfamily Both of these
proteins can hind to ActRlla receptors on the cell surface leading to regulation
of gene transcriptiofi. Activin-A is normally expressed in bone, however if it
binds to AetRIla receptors inSMCsit can inhibitBMP7 signaling which
results.in-transdifferentiation the VSMC into anosteoblastic phenotype.
Activin-A upregulation can occur IBKD andis thought to contribute to

increased bone remodeling.
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Invivo trials of ligand trap forActRlIla in an animal model of atherosclerosis
reported downregulain of ActRlla signaling witharesultant decrease in
atherosclerotic calcification as well as decreased expression of osteoblastic
proteins and increased levels of smooth muscle cell specific proteiGher
beneficialreffects of this drug includecreased levels of klothegduced renal
fibrosis “*®randrimprovement in bone changes associated with EXBnimal
andin vitro human studies of BMP7 therapy halsobeen promising in
attenuating VC>""*2 Figure 2 summarizethe mechanism of action of new
therapeutic$or VC.

Conclusion

VC is a complexpathologicalprocess that occsias part of ageing batn be
acceleratedn many pathological conditions includil@KD, inflammatory
disordersand.diabetedn patients withCKD some of the mechanisms to
account-ferthis phenomenon includisrupton to calcium and phosphate
metabolc pathwaystogether withanimbalance of promoters and inhibitors of
calcificationwhich cantip the balance towards a pealcific milieu.Once VC

is established it is unlikely to be reversed and management should be based on
slowingits“progressionBy the time VC is evident radiologicallgpportunites
to intervene In its pathogenesmay have been missed. Therefdhere needs to
bea focus ondentification of early markers ahicro-cdcification as well as
research.on.the cohort patientswith ESKD without radiological evidence of
calcification These patients may have intrinsic protection @ngknetic

resistanceo this pathologythat we could harness therapeutically

Current treatment is challenging lpdgrhapshould beaimedataddressing

multiple physiological targetsaddressingraditional vascular risk factoraay
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play a role but it is likely we need to further understandaaitiess mineral

stress pathwaysarge dinical trials are currently underway looking at the
potentialbenefits of vitamin K and magnesium supplementation and these hold
promise for futurananagementovel treatmentargets on the horizon include
crystallizationinhibitors, ligand trap for ActRlla and BMP7 protein. Ongoing
and futurerelinieal trials assessing VC reducimthe CKD population are
desperately needed to improve cardiovascular and mortality outcomesan the

high-risk patients
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Figure Legends

Figure 1ldentified inhibitors and inducers of vascular calcification.

Figure 2 Meehanism of action of new therapeutics for vascular calcification.
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Tables

Table 1 Cliniecal studiesassessinghe association between or effect of

magnesium onascular calcificatiomr atherosclerotic vascular dise&se

patients with chronic kidney disease

Study Study Populatio Treatmen Durati Results
type n t on Primar
y
outcom
e
Mortaza=RCT HD 440mg 6 cIMT Decrease in
vi et al (n=54) Mg oxide months cIMT in Mg
153 thrice group (from
weekly 0.84t0.13mm
versus to
placebo 0.76t0.13mm,
p=0.001)
Tzanakis*RCT HD Mg 12 SVCS Improvement
etal (n=72) carbonate months in small
(107) + Ca proportion of
acetate Mg group
versus Ca (n=4), no
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Turgot

et al 154

Spiegel

et al 155

Molnar

et al 110

This article is protected by copyright. All rights reserved

RCT

RCT

HD
(n=47)

HD (n=7)

acetate

alone

Mg citrate 2 cIMT
(610mg)

alternate

months

daily vs

Ca acetate

Mg 18 CAC
carbonate months

+Ca

carbonate

as

phosphate

binder

Cross PD (n=80) N/A
seetio

nal

N/A

Lateral
lumbar

X-rays

improvement
in Ca group
(n=0).
Remainder of
population
either stable or
worsening VC
(n=ns)
Improvement
in cIMT in Mg
group (left
cIMT
p=0.001, right
ciIMT
p=0.002)

No median
percent
change in
CAC at
completion
(p=0.07)

Higher serum
Mg
(>0.8mmol/L)
associated
with lower
AAC score



(R*= 0.006,
unstandardize
d coefficient
[B]=-7.81,
p=0.003)
Ishimura=Cross® Non N/A N/A Hand  Serum mg
etal™® qsectio diabetic X-ray  significantly
nal HD lower in
(n=390) patients with
VC than those
without
(p<0.05)
Matias Prospe Hemofiltr N/A 48 Plain Significantly
etal >’ getive ation months X-ray  lower serum
(n=206) mg in patients
with
SVCS>/=3
(p=0.008)
Zaheret Cross Children N/A N/A cMIT Higher cIMT
al sectio on HD in aorta and
nal (n=25) carotids in HD
group than
controls
(p=0.034 and
p=0.001

respectively)

AbbreviationsRCT, randomised controlled trial; HD, hemodialysis; PD,

peritoneal dialysis; cIMT, carotid intimal medial thickness; Ca, calcium; Mg,
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magnesium; CKD, chronic kidney disease; CAC, coronary artery calcification,

SVCS,simple vascular calcification scQr&E, adverse events

Table 2 Clinical studies assessimgvel interventions for vascular calcification

in patients' with chronic kidney disease

Study Study Populatio Treatmen Durati Results
type n t on Primar
y
outcom
e
Vukusic RCT HD 50 mg 2 years cIMT Reduced
h et al (n=53) spironolac progresson of
159 tone thrice cIMT in
weekly spironolactone
post grouparm (R
dialyss vs CCA<0.03, L
placebo CCA <0.0001)
Adirekki . Prospe HD Sodium 4 CAC Reduced
at et al .ctive (n=87) thiosulfate months progression of
143 twice CAC in
weekly treatment
post group
dialysis (p=0.03). High
rate of AE
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Matthew Prospe HD Sodium 5 CAC No
setal '*? ctive (n=22) thiosulfate months progression in
post mean
dialysis annualized
rate of change
of VC in
entire cohort.
Kurnato #4RCT CKD 90mcg 9 CAC, LesscIMT
wska et (n=42) K1+10mc months cIMT increase in
al (117) g VitD vs combined
10mcg Vit group
D (p=0.005).
Similar
increase in
CAC in both

groups (p=0.7)

AbbreviationsRCT, randomised controlled trial; HD, hemodialysis; PD,

peritoneal dialysis; cIMT, carotid intimal medial thickneSsg; calcium; Mg,

magnesium; CKD¢hronic kidney disease; CAC, coronary artery calcification

SVCS,smple vascular calcification scqrAE, adverse events
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Figure 2: New therapeutic targets for VC



