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Abstrakt

Tepenny systém je systémem trubic, ktery vede krev. Jeho starnuti vede ke dvéma
patologiim: aterosklerdze a arteriosklerdze - tuhnuti tepenné stény. Tyto patologie spolu
muzou koexistovat a interferovat, li§i se vSak svoji patogenezi, lokalitou, rozsahem
a konsekvencemi. Progresivni ztrata elasticity stény velkych arterii vede k jejich tuhnuti
a je prirozenou soucasti starnuti tepenného systému. Tuhnuti centralnich tepen je kromé
jiného zodpovédné za tfadu vekové podminénych projevil, jako je vzestup centralniho
systolického tlaku, ¢i vznik izolované systolické hypertenze ve stafi. Klinicky se tepenna
tuhost centralnich tepen muze méfit jako rychlost Sifeni aortdlni pulzové viny. Tu jsme
v soucasnosti schopni kvantifikovat kromé jiného pomoci aplana¢ni tonometrie. Existuji
bohat¢ dikazy, Ze rychlost aortdlni pulzové viny predstavuje nezavisly prediktor
kardiovaskularni morbidity a mortality. NejdilezitejSim mechanismem
v progresi tepenného tuhnuti je mechanické opotiebovani elastinovych vldken, které vede
k jejich frakturdm, fragmentaci a zten€ovani. Krom¢é mechanické komponenty muze byt
rychlost tuhnuti akcelerovdna fadou dalSich mechanismt, jako je naptiklad depozice
riznych substanci v cévni stén¢ (vapnik, produkty pokrocilé glykace, atd.), metabolicky
obrat klicovych extracelularnich komponent (kolagenu a elastinu) ¢i individualni genetické

pozadi.

Tato disertani prace se zabyva hledanim potencidlni asociace zvySené tepenné
tuhosti vramci prafezové studie. Ddle byly hleddny prediktory zvySené progrese
tepenného tuhnuti na zakladé¢ osmilet¢tho pozorovani. Zkoumdni bylo zaméfeno
na metabolické faktory s diirazem na parametry glukdézového metabolismu. VedlejSim
pfedmétem zkoumani byl vliv hladiny vitaminu K a vybranych genetickych polymorfismil

na progresi tuhosti cévni stény.

Kli¢ova slova: tepenné tuhnuti, rychlost aortalni pulzni viny, produkty pokrocilé glykace,

solubilni receptor pro produkty pokrocilé glykace, vitamin K, genetické polymorfismy



Abstract

Arterial system is a system of vessels distributing blood. Ageing of arterial system
leads to two distinct pathologies: atherosclerosis and arteriosclerosis - stiffening of arterial
wall. These pathologies can coexist and interfere; however, they differ in their
pathogenesis, location, scope and consequences. Progressive loss of elastic properties of
large arteries is natural part of vascular ageing. It is directly responsible for several age
dependent consequences, such as increase of central systolic pressure or prevalence of
isolated systolic hypertension in the elderly. Clinically, central arteries stiffness manifests
as aortic pulse wave velocity, which can be quantified, among other methods, using
applanation tonometry. There is abundant evidence that aortic pulse wave velocity
represents an independent predictor of cardiovascular mortality and morbidity. The most
important mechanism in arterial stiffening is repeated mechanical damage which leads to
fractures, fragmentation and thinning of elastin. Stiffening of large arteries can be
accelerated by several other mechanisms, e.g. deposition of several substances (calcium,
advanced glycation end-products, etc.), metabolic turnover of key elements of vascular

extracellular matrix (collagen and elastin) or individual genetic susceptibility.

In this dissertation thesis, the main aim was to evaluate potential associations with
increased aortic pulse wave velocity in a cross-sectional design. Moreover, potential
predictors of accelerated arterial stiffening were assessed in a prospective study that lasted
eight years. The main focus was on metabolic factors with emphasis on glucose
metabolism. Secondary aim was to evaluate the effect of vitamin K and selected single

nucleotide polymorphisms.

Key words: arterial stiffening, aortic pulse wave velocity, advanced glycation
end-products, soluble receptor for advanced glycation end-products, vitamin K, genetic

polymorphisms
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Seznam pouzitych zkratek

ACEi Inhibitor angiotensin konvertujiciho enzymu

AGEs Advanced glycation end products - produkty pokrocilé glykace
aPWVv Rychlost aortalni pulzni viny

AU Arbitrarni jednotka

BB Betablokator

BKK Blokator kalciového kanalu

BMI Body mass index - index télesné hmotnosti

CI Konfiden¢ni interval

CML Karboxymethyl lyzin (pfedstavitel cirkulujicich AGEs)
CVD Kardiovaskularni onemocnéni

DM Diabetes mellitus

dp-ucMGP nefosforylovany a nekarboxilovany Matrix Gla-protein
eGFR Glomerularni filtrace

EVA Early Vascular Ageing - ¢asné tepenné starnuti

FMD Flow mediated dilation- ischemii indukovana dilatace
GWAS Genome-wide association study

HbAlc Glykovany hemoglobin

HWE Hardyho-Weinbergovo equilibrium

ICHDK Ischemicka choroba dolnich koncetin

ICHS Ischemicka choroba srde¢ni

IMT Sitka komplexu intimy a médie

KV Kardiovaskularni

MAP Stredni arteridlni tlak

MGP Matrix Gla protein

OR Odds ratio - pomér Sanci

PC-MRI Phase-contrast MRI

PP Pulzni tlak

PWA Analyza pulzové viny

PWV Rychlost Sifeni pulzni viny

RAGE Receptor pro AGEs

SE Standard error

SEM Standard error of means

SNP Single nucleotide polymorfismy - jedno nukleotidové polymorfismy
sRAGE Solubilni receptor pro AGEs

SUPERNOVA Supernormal vascular age - zpomalené starnuti tepen
TF Tepova frekvence

TK Krevni tlak



1 Uvod

Cévni systém je systémem trubic, ktery vede krev. Tim zprostiedkovava latkovou
vyménu ve tkanich, vyménu krevnich plynt, vylu¢ovani zplodin metabolismu a plni fadu
dal§ich vyznamnych funkci. Tvoii ho tepny, které vedou krev ze srdce, kapilary,
predstavujici koneéné sité cév, a Zily vedouci krev z kapilar do srdce (Cihak et al. 2001).

V ramci této disertacni prace bylo zkoumani zaméfeno na otazku starnuti tepen, které
je charakterizovano vékoveé podminénou progresivni ztratou elasticity a tuhnutim primarné
centrdlnich tepen. Nasledujici ¢ast bude proto zaméfend na tepenny systém. Problematika
zbylych, ale neméné dulezitych casti kardiovaskularniho systému - srdce, kapilar a zil -

bude v textu popisovana okrajove pfi nutnosti pro pochopeni zékladni problematiky.

1.1 Anatomie a rozdéleni tepenného systému

Tepenny systém je systémem cévnich trubic vedoucich krev ze srdce do tkani.
Zacina hned za aortalni chlopni jako ascendentni aorta, postupné se vétvi na stale tenci
tepny a kon¢i tenkosténnymi tepénkami, neboli arteriolami, za nimiz za¢ina systém kapilar.
Tepny jsou adaptované na pulzové narazy krve vypuzované ze srdce a vysoky krevni tlak,
maji tedy pevné a pruzné stény. Kazda tepna je tvofena tfemi vrstvami: tunica intima,
tunica média a tunica externa.

Tunica intima je sloZena z jedné vrstvy plochych endotelovych bunék. Tyto buniky
jsou podlozeny siti elastickych a kolagennich vlaken, které se souhrnné oznacuji jako
membrana elastica interna. Pod intimou se nachdzi tunica média, ktera je obecné nejsilné;si
¢asti tepenné stény. Je sloZena ze spirdlovité nebo cirkularné uloZenych koncentrickych
vrstev bunck hladké svaloviny a siti kolagennich a elastickych vléken, pfipadné elastickych
blanek. V tepnach vétsiho kalibru nalézdme tenci laminu elasticu externu, kterd je svym
slozenim podobna lamina elastica interna a oddéluje médii od posledni vrstvy - tunica
externa, zvané téZ adventitia. Ta je tvofena kolagennimi a elastickymi vldkny, které
prechéazeji do vaziva v okoli cévy a tim ji k nému fixuji. Prochézeji ji vasa vasorum,
lymfatické cévy a nervy, které mliZou pronikat az do zevni vrstvy médie. Schéma obecné

stavby tepny lze vidét na obrazku 1.



Obr. 57. SCHEMA OBECNE STAVBY CEVNI STENY u arterie stfedni velikosti, svalového typu: znazornény vrstvy cévni stény: vpravo ukizany
proporce jednotlivych vrstev stény u tepny (silngji sténa) a u piiblizné stejné silné Zily (tenéi sténa)

A tunica intima B tunica media
1 endothel 4 bunky hladké svaloviny v tunica media
2 lamina basalis endothelu a subendothelovi vrstvicka vaziva C tunica externa
3 membrana elastica interna 5 membrana elastica externa
6 vazivo adventicie, v ném vasa vasorum

Obrazek 1 — Schéma obecné stavby cévni stény; Prevzato z Cihak 2001

Svalova médie arteriol mé jednu aZ pét vrstev hladkych svalovych bunék, smérem
k srdci pocet téchto vrstev nartistd a miize dosahovat az 40 vrstev hladkych svalovych
elementl. Jejich mnozstvi se vSak nasledné snizuje s velikosti prisvitu cévy, kdy za¢ne
prevazovat obsah vaziva. Na zdklad¢ velikosti tepny tedy pievazuje v tunica média
vazivova nebo svalova slozka a podle toho lze tepny rozdé¢lit na tepny elastického
a svalového, neboli muskularniho typu. Je nutno doplnit, Ze tepenny systém je znacné
prizptisoben fyziologickym narokiim a podminkam, proto maji napiiklad nizkotlaké plicni
arterie tenci sténu nez tepny systémové, které jsou vystaveny mnohem vySSimu tlaku.
Krevni cévy vytvareji spojity systém a mezi jednotlivymi typy existuje fada plynulych
prechodt, pro rozliSeni mezi velkymi tepnami, stfednimi tepnami a arteriolami proto
neexistuji zadnad absolutni kritéria. (Junqueira et al. 1997). Dle vySe uvedeného lze tedy
tepenné fecisté funkéné rozdelit na centralni tepny elastického typu (aorta a jeji vétve),
periferni tepny muskularniho typu, tepny drobného kalibru a rezistencni fecisté tvorené

arteriolami.



1.2 Funkce tepenného systému a jejich poruchy

Zakladni funkci tepen je vést krev ze srdce do perifernich organii, tzv. conduit
function. Tuto funkci plni vSechny tepny a je zavisla na jejich prisvitu. Porucha funkce
vedeni nastava pfi zaZeni prisvitu nebo ucpdni tepny. Nejcastéjsi pfi¢inou poruchy vedeni
je aterosklerdza, kterd je nemoci primarné intimy, a jejim nésledkem je ischémie nebo
infarkt tkané zasobované piislusnou tepnou. Z uvedeného vyplyva, Ze porucha funkce
vedeni se projevi perifern¢ od postizené cévy. Dobré vedeni odrazi stiedni tlak krve, ktery
za normalnich okolnosti neklesa a v pribéhu celého tepenného systému az po zacatek

rezistenc¢niho fecisté se udrzuje na stabilni hodnot¢.

Druhou funkei tepen je naraznikova, neboli buffering function. Jednd se o tlumeni
tlakovych oscilaci vznikajicich pfi kontrakci levé srdeéni komory a pfeménu
preruSsované¢ho krevniho proudu v plynuly. Tuto funkci plni primarn€ centralni tepny
elastického typu. Pfi systole dochdzi k prudkému naristu tlaku v tepenném fecisti,
elastické tepny se jeho vlivem roztdhnou a tim zadrZi asi 60% krve. Béhem diastoly se pii
poklesu krevniho tlaku zase postupné stahuji a zadrzenou krev vypuzuji. Dobrou
naraznikovou funkci odrdzi nizky centralni pulzni tlak krve, ktery je rozdilem systolického
a diastolického tlaku, a ktery se smérem k periferii amplifikuje. Porucha této funkce
nastava pii zvySené rigidité (a tudiz snizené elasticité) cévni stény, ktera vznikd na
podkladé¢ zmén v tepenné médii. Diusledkem poruchy ndraznikové funkce dochazi
k navySeni systolického krevniho tlaku v centralnim fecisti a tim se navySuje afterload levé
srdecni komory. Sou€asné dochézi ke zvySeni pulzniho tlaku. Tyto zvySené oscilace se
prenaseji hloubé&ji do periferniho fecisté az do mikrocirkulace a poskozuji primarné organy
s vysokym pritokem krve - mozek a ledviny. Porucha néaraznikové funkce se tedy
projevuje jak proximalné, tak distaln€ od postizené cévy.

Tteti funkci tepen je regulace krevniho pratoku cilovou tkani. Tuto funkci plni tepny
svalového typu a arterioly. Jednd se o cilenou regulaci a pfesmérovani krevniho pritoku
pomoci vazokonstrikce ¢€i vazodilatace a podili se na ni jak endotel produkci
vazodilatacnich a vazokonstrikénich plsobkt, tak svalové builky médie zménou svého
tonu, pfi¢emz jejich stimulace miize pfichdzet jak parakrinné z intimy, tak z autonomnich
nervovych vladken pfichazejicich z adventitie. Timto zpiisobem je za normalnich okolnosti
regulovano stabilni krevni zésobeni vysokopritokovymi organy, jako jsou mozek

aledviny, déale vsSak i napfiklad krevni zasobeni svalové tkané€, které je umérné jeji
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metabolické aktivit¢ a vyrazné odlisSné pii praci a odpocinku. Regulacni funkce je
komplexni jev a jeho hlubsi rozbor je vysoce nad ramec této disertacni prace.

Tepenny systém je jako celek velice slozity a jeho jednotlivé funkce spolu vzéjemné
souvisi, ovliviluji se a interaguji, pficemz porucha jedné mutize vést k ovlivnéni druhé.
Naptiklad pii poruse naraznikové funkce zpiisobené tuhnutim centralnich tepen dochazi
k ptfenaSeni pulzatility do perifernich tepen, které na to reaguji remodelaci a zvySenim své
rezistence, coz nasledn¢ vede k zvySeni centralniho tlaku, které déale akceleruje tuhnuti
centralnich tepen (Laurent and Agabiti-Rosei 2015). Je tieba pamatovat, Ze pozorované
jevy vychazeji z komplexni interakce riznych mechanismi. Vysvétleni téchto jevi se tudiz

nedd uzaviit pouzitim pouze jednoho z nich.

1.3 Tlakové viny a tepenna tuhost

Kontrakei levé komory srde¢ni vznikaji oscilace tlaku, proudu a priméru tepen Sitici
se po celém tepenném fecisti. Nejdostupnéjsi a nejméné narocné na provedeni je mefeni
fluktuaci tlaku. Zakladni manifestaci téchto tlakovych fluktuaci je pulz hmatny na velkych
dostupnych arteriich (Asmar et al. 1999). Pulzova vlna vznikajici pfi systole se Sifi
tepennym feciStém smérem k periferii, kde se na mistech s rozdilnou impedanci (odporem)
odrazi a postupuje zpatky k srdci. Mista téchto odrazli jsou vSude, kde se tepenné feciste
vétvi nebo zuZuje, pricemZ se za hlavni mista odrazu poklada vétveni drobnych tepen na
arterioly. Priméarni a odrazené vlny spolu interferuji, pficemz se udava, Ze na obrazu
definitivni tlakové vlny se podili az zhruba vlna 20. tadu (Filipovsky 2019). Odraz
tlakovych vin je komplexni a zavisi na fadé faktoru, jako jsou amplituda primarni tlakové
viny, rigidita velkych tepen, vzdalenost mist odrazu, primér tepen ¢i strukturdlni stav

periferniho ob&hu.

Rychlost Siteni pulzové viny (PWV) byla na zdklad¢ studia modelli vyjadiena
Moens-Kortewegovou rovnici (Asmar et al. 1999):

E.H

PWV? =
2r.p

E vyjadiuje tuhost tepny, H je celkova tloustka cévy, r je jeji vnitini polomér a
p hustota krve. Z dané rovnice vyplyva, ze rychlost Sifeni pulzové viny je pfimo imérna
rigidité neboli tuhosti tepenné stény. Cim je tuhost v&tsi, tim rychleji se pulzové viny §ifi

ajejich rychlost dosahuje az 5-20 ms™. Strukturalni tuhostje dana jak vlastnostmi
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materialu, ze kterého je cévni sténa slozena, tak jeji geometrii - primérem a Sitkou.
Materidlni tuhost je vyjadfena vztahem mezi ptsobici vnéjsi silou a deformaci, kterou tato
sila zplisobi. V ptipadé¢ tepen je vnéjsi sila charakterizovana krevnim tlakem a deformace
jejich roztazenim pii daném tlaku. Stény arterii jsou, jak bylo popsano vyse, komplexni a
kazda jejich slozka se podili na vysledné tuhosti dané tepny. Pfi nizkém tlaku se do
materidlni tuhosti zapojuji primarné elastickd vladkna, se zvySujicim se tlakem je sila
pfenasena i na pevnéjsi a tuzsi kolagenova vlakna. Tepenna tuhost, a analogicky PWV,
tedy neni linearni a musi byt interpretovana jako funkce krevniho tlaku. (Boutouyrie et al.

2021)

1.4 Méreni vlastnosti tepenného systému

Tepenny systém je velice komplexni a existuje velky pocet metod méficich jeho
vlastnosti. Tyto metody se vziajemné odliSuji svoji invazivitou, reprodukovatelnosti,
dasovou naro¢nosti a tim, jestli popisuji jeho strukturu nebo funkci. Zadna metoda tedy

samostatné nevystihuje celkovy funkéni stav nebo strukturu tepenného systému.

1.4.1 Meéreni krevniho tlaku

Tlak krve (TK) se d4 méfit pfimymi a nepfimymi metodami. Pfimé metody jsou
invazivni a je pii nich do tepny zavedena kanyla s barosenzorem. Metody vyuzivajici rizné
neinvazivni techniky, jako naptiklad auskultacni, oscilacni ¢i Pendzovu, se souborné
oznacuji jako neptimé metody.

V soucasnosti nejvice rozSifenou a nejjednodussi metodou méfici vlastnosti
tepenného systému je méteni periferniho krevniho tlaku, kde se na pazni tepné registruje
systolicky a diastolicky TK. Z funk¢niho hlediska mé nejvétsi smysl vyhodnocovat stfedni
arteridlni tlak (MAP) a pulzni tlak (PP). MAP je primérny tlak v tepenném fecisti
a z hemodynamického hlediska je soucinem srde¢niho vydeje a celkové periferni
rezistence. Na periferni rezistenci se nejvice podili arterioly a tudiz se nejvice podileji i na
vysi MAP, ktery je za fyziologickych okolnosti udrzovan na konstantni urovni ve velkych 1
mensich tepnach. Pulzni tlak je rozdilem systolického a diastolického TK a vyjadiuje
pruznikovou funkci centrdlnich tepen. Z hemodynamického hlediska je urcen

kontraktilitou srdce, tepovym objemem, elastickymi vlastnostmi tepen a odrazem pulznich
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vin. S postupem tlakové viny se PP na rozdil od MAP méni. Jeho amplituda se smérem do

periferie zvysuje, cemuz se fikd amplifikace krevniho tlaku. (Herbert et al. 2014)

1.4.2 Analyza pulzové viny

Na rozdil od diastolického TK a MAP, které se udrzuji v priabehu tepenného fecisté
relativné konstantni, je z divodu amplifikace krevniho tlaku systolicky tlak na brachialni
artérii a v centralnim fecisti odliSny. Z hlediska predikce kardiovaskularnich ptihod je
stanoveni TK v centralnich tepnach vyznamnéjsi nez stanoveni tlaku periferniho, i kdyz
vysledky studii nejsou zcela konzistentni (Mitchell et al. 2010). Jak ukdzaly vysledky
studie CAFE, 1 farmakologické ovlivnéni centrdlniho a periferniho systolického TK
se muze lisit (Williams et al. 2006). Centralni systolicky tlak lze méfit invazivnimi

katetrizaénimi metodami nebo estimaci pouzitim analyzy pulzové viny.

Analyza pulzové viny, pulse wave analysis (PWA), je metoda, pfi které se registruje
ptesny tvar tlakovych vin. Méfeni muze probihat invazivné piimo v dané tepné nebo
neinvazivné. Neinvazivni méfeni je kalibrovano na periferné¢ zméfeny krevni tlak, coz
umoziuje vypocet centralnich tlakl. Registrace pulzovych vin pak miZe probihat na
krkavici, nebo na radialni ¢i brachidlni tepné. Tvar viny méfené na karotidé je téméf
identicky svlnou v aorté. Pfi registraci vilny na periferit se pouzivd validovana

matematicka transformace k ziskani tvaru viny v aorté (Chen et al. 1997).

Dal§im parametrem méfenym pomoci PWA je index odrazu, tzv. augmentation
index. Da se vypocitat jako pomér augmentacniho tlaku a pulzniho tlaku a vyjadiuje miru,
jakou se odrazend vlna podili na vzestupu krevniho tlaku. Meta-analyza 11
longitudinalnich studii prokézala vyznamnou prediktivni hodnotu augmenta¢niho indexu
na kardiovaskularni ptihody, a to bez ohledu na naméteny periferni PP (Vlachopoulos et
al. 2010). Vysledek mé&feni PWA na radialni tepné pomoci pristroje Sphygmocor” je

zobrazeny na obrazku 2.

analyza intenzity vin (WIA). U obou metod se pouzivd kombinace simultanné¢ métenych
pulznich a pritokovych vin vyuzitim aplanacni tonometrie a dopplerovské sonografie.

Vysledkem méfeni je samostatna kvantifikace priméarni a odrazené pulzni viny a index

odrazu (Parragh et al. 2015). V soucasnosti se jedné o experimentalni a vyzkumné metody.
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Patient Data Address:
Fatient Code:

Study Data 071X 2020  12:56:45

Obrazek 2 — Vysledek analyzy pulzové viny ziskany piistrojem Sphygmocor®

Vlevo je zobrazena pulzni vina registrovana na radidlni tepné. Vpravo je vilna v aorte ziskana

matematickou transformaci. Uprostfed jsou hodnoty jak brachialniho, tak centralniho TK.
Vysledny index odrazu (AlIx) je dole v prostfednim sloupci. Vlastni méfeni.

1.4.3 Rychlost Sifeni pulzové viny

Jak bylo popséno v stati 1.3, rychlost Sifeni pulzni viny je pfimo umérna tuhosti
tepenné stény. Jeji hodnota tedy vyjadifuje miru rigidity ptisluSného useku tepenného
feCisté. Vzhledem k tomu, Ze distaln¢ od srdce se rigidita tepen zvySuje, zvySuje se i PWV
v daném useku. Existuje velké mnozstvi riznych metod urcenych k méfeni PWV, které se
odlisuji svoji invazivitou, ndro¢nosti na provedeni, pouZzitou metodikou nebo zkoumanym
usekem tepenného systému. Nejjednodussi metodou k uréeni PWV je jeji vypocet pomoci
pomeéru urazené vzdalenosti a ¢asu. (Laurent et al. 2006)

Sfygmometrickd metoda méfeni je neinvazivni, dobie reprodukovatelnd, technicky
pomérné nendrocnd a tudiz vhodné pro pouziti v popula¢nich studiich a klinické praxi. Je
pii ni zméfena vzdalenost dvou mist na povrchu téla a zjiStén ¢asovy posun tepovych vin
mezi témito dvéma misty. Z patofyziologického hlediska ma nejvétsi vyznam méfeni PWV
v aorté, tzv. aortic pulse wave velocity (aPWV), ktera charakterizuje naraznikovou funkci
centralnich tepen a je jednim z nejvyznamnéjSich nezavislych prediktort KV morbidity a

mortality. Jelikoz registrace vin nejcastéji probiha mezi krkavici a femoralni tepnou,
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v literatuie se taky pouziva vyraz carotid-femoral pulse wave velocity (cf-PWV). Pro velké
mnozstvi dostupnych pfistrojii k méfeni aPWV a riznych metodik méteni vzdalenosti ¢i
urceni zacatku pulzni viny byl zptisob méieni standardizovan. K urceni zacatku pulzni viny
je pouzita metoda protinajicich se teCen, tzv. ,intersecting tangents algorithm®.
Ke stanoveni vzdalenosti se pouziva piimo méfena vzdalenost mezi tepem na arterii carotis

a arterii femoralis ndsobena koeficientem 0,8. (Collaboration 2010; Van Bortel et al. 2012)

Za absolutni hranici normalu se povazuje hodnota PWV 10 m/s. Jelikoz je vSak
tepenna tuhost vysoce zavisla na véku a aktualnim krevnim tlaku, byly v roce 2010 na
zékladé¢ multicentrick¢é evropské studie publikovany referenéni hodnoty aPWV
v jednotlivych skupinach podle vékovych dekad a kategorii TK (Collaboration 2010).

Pro ulely této disertaéni prace byl ke stanoveni aPWV pouZit pfistroj Sphygmocor®.
Ten k registraci pulznich vin pouzivd metodu aplanacni tonometrie. K ureni ¢asového
posunu mezi misty méfeni je pouzita souCasné registrovana EKG ktivka. Ukéazku vysledku

méfeni lze vidét na obrazku 3.

Patient Data Address:
Fatient Code:

Study Data 17 V2020 14:13:29 Distance: 420 mm
SpiDp Mp): 110580 §-) Algorithm: Intersecting tangent

. 90,9 22 T 53

]
N e w o

)
(]

167,9 25 7 51

77,0 33 %
43% //—//

5,5+ 0,2

Obriazek 3 — Vysledek méfeni aPWV ziskany piistrojem Sphygmocor®

Meéieni probiha za soucasné registrace EKG. V horni ¢asti je registrace pulzovych vin na arterii
carotis, v dolni ¢asti na a. femoralis. Vysledna rychlost aortalni pulzové viny je dole uprostied.

Vlastni méfeni.
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1.4.4 Dalsi metody méreni vlastnosti tepenného systému

Kromé vySe popsanych metod existuje celd fada dalSich postupi méficich vlastnosti
tepenného systému. Sfygmotetrickd metoda umoziiuje méteni regionalni PWV a tim dava
informaci o souhrnné tuhosti tepen mezi dvéma body méfenti.

Regionalni méfeni PWV umoziuji 1 dal§i metody, které jsou vSak drazsi, invazivni,
naro¢né€jsi na provedeni nebo kombinaci zminéného. Invazivni méfeni regionalni PWV se
provadi pomoci zavedeného katetru, naptiklad béhem kardialni katetrizace, a mize slouzit
napiiklad k validaci jinych metod méfeni PWV (Weber et al. 2015). Pro riziko spojené
s invazivitou, cenu a technickou naro¢nost ziistdva experimentalni metodou vyhrazenou
pro vysoce specializované pracovisté. DalSim experimentidlnim, ale neinvazivnim
pfistupem kurceni regiondlni PWV je pouziti ultrazvukového zafizeni s vysokym
rozliSenim méficim pritok v tepné. Méfeni nejCastéji probihda mezi odstupem levé
podklickové tepny a bifurkaci bfisni aorty a v porovnani s aPWV métenou mezi krkavici a
femoralni tepnou vice vystihuje tuhost aorty, jelikoZ v méfeném regionu nejsou zahrnuty
mén¢ elastické distalni tepny. Vyhoda tohoto pfistupu vSak dosud v porovnani s karotido-
femordlnim méfenim prokazand nebyla a tudiz neni pro svoji komplikovanost tak
roz$itend. Dal$i metodou k ur€eni regionalni tuhosti je pouziti magnetické rezonance.
Takzvand phase-contrast MRI (PC-MRI) umoziiuje zachyceni pritoku krve v cévnim
fecisti. Pomoci PC-MRI lze tedy napiiklad zachytit Casovy rozdil mezi pocatkem proudéni
krve v ascendentni a descendentni aort¢ a sjeho pomoci vypocitat PWV. Primarné
v Japonsku k uréeni regionalni tuhosti pouzivaji tzv. Cardio-ankle vascular index (CAVI),
ktery vyuZziva simultanni oscilometrické méteni TK na vSech koncetinach za souc¢asného
fonografického sniméni srdce. Tato metoda se pro svoji komplexnost, nedostatek

referen¢nich dat a zahrnuti muskularnich tepen pfiliS nerozsitila. (Townsend et al. 2015)

Lokéalnim parametrem tuhosti jsou poddajnost a roztaznost. Lze je méfit pouzitim
zobrazovacich metod umoziujici zobrazeni tepny v transverzalni roving€. Nejcastéji se
pouziva ultrazvukové vySetieni, tzv. echo-trakcing, k méfeni na povrchové dostupnych
tepnach. Experimentalné lze k méteni hluboce ulozenych tepen vyuzit zobrazeni pomoci
MRI. Tyto metody jsou Casove€, technicky a financn€ ndro¢né, proto jsou pouZzivané
primarn¢ pii studiu patofyziologie, vlivu farmak na tepenné vlastnosti ¢i pfi
mechanistickych analyzach. Béhem vySetfeni je méfen pramér tepny pii systole a diastole

za soucasné kalibrace na pulzni tlak. Vysledkem poméru absolutni i relativni zmény
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priméru pii meéfenych zménach tlaku je poddajnost a roztaznost tepny. Pfi ndsledném
pouziti tloustky métené tepny ve vypoctu lze odhadnut i Youngtv elasticky modulus dané
tepny, ktery vypovida o elastickych vlastnostech métené cévy. (Laurent et al. 2006)

Ke zjisténi strukturalnich zmén elastickych tepen je nejpouzivanéjsi metodou méteni
tloustky komplexu intimy a médie na krkavici, tzv. intima-media thickness (IMT).
Vyuziva duplexni sonografii a krom¢ meétfeni samotné tlouStky tepny umoznuje nalez
aterosklerotickych plath ¢i popis jejich charakteru. Hypertrofie stény a rozSifeni intimo-
medialni vrstvy pfedchazeji rozvoji aterosklerdzy. Protoze vysledek je zavisly na misté
meéfeni, obvykle se pouzivd primér méfeni v misté bifurkace a né€kolika méfeni na
spole¢né karotidé tak, aby nebyl do vysledku zahrnut ateroskleroticky plat (Filipovsky
2019). Klinicky vyznam méfeni IMT s vyjimkou sledovani aterosklerotickych zmén vSak
zustava sporny. Prospektivni studie ELSA zkoumajici efekt lacidipinu na progresi
aterosklerotickych plath ukazala, Ze vstupni hodnota IMT byla vyznamnym prediktorem
KV rizika (Zanchetti et al. 2002). Meta-analyza 41 publikaci zahrnujici 18307 jedinct vSak
neprokazala efekt farmakologické regrese nebo zpomaleni progrese IMT na

kardiovaskularni mortalitu (Costanzo et al. 2010).

Endotelidlni dysfunkce znaci nerovnovéahu mezi vazodilaténimi a vazokonstrikénimi
pusobky produkovanymi endotelem. Typickym fyziologickym podnétem k vazodilataci
zéavislé na endotelu je probehla ischemie. K testovani endotelidlni funkce se vyuziva tzv.
flow-mediated dilation (FMD). Brachidlni tepna je nejdiive zaSkrcena manZetou
tonometru, nasledné je po jejim povoleni ultrasonograficky sledovana mira dilatace tepny.
Takto zjiSténa porucha koreluje 1 s endotelidlni dysfunkci korondrniho tecisté. Novéjsi
metoda sleduje zmény prstového TK po ukonceni ischemie vyvolané pazni manzetou

tonometru, kde normalni reakci je zvySeni tlakové amplitudy. (Filipovsky 2019)

Stav rezisten¢niho fecisté je studovan pomoci invazivni biopsie glutedlniho tuku. Po
histologickém zpracovani je ve tkanich sledovan pomér médie a lumen. Jedna se
o parametr, ktery charakterizuje stupen zbytnéni hladké svaloviny arteriol. JelikoZ se jedna
o invazivni metodu, je vhodnd predevSim pro vyzkumné tucely. V soucasné dobé je
studovan pfinos neinvazivnich metod jako jsou kvantifikace kapilar o¢niho pozadi, ¢i laser

doppler flowmetrie, ke kterym zatim chybi data o jejich pfinosnosti. (Filipovsky 2019)
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1.5 Patofyziologie starnuti tepenného systému

Tepenny systém je v pritbehu zivota vystaven mnohym mechanickym a humoralnim
stimultim, které vedou k jeho piestavbé - remodelaci. Mechanické podnéty vychazeji
z interakce mezi proudici krvi a cévni sténou a jsou dvojiho druhu. Tenzni stres je
zpusoben tlakovou vilnou a pilisobi kolmo na cévni sténu. Jak lze odvodit z Laplaceova
zékona, tenzni stres nartista s nartstajicim krevnim tlakem a polomérem cévy a klesa
s tlouStkou jeji stény. Na tenzni stres reaguje primarné tepenna médie, a to hypertrofii ¢i
zménou své struktury, coz se projevi zvySenim jeji tuhosti. Druhym mechanickym
podnétem je stfizni stres, ktery pusobi podél cévni stény. Je dan frikci mezi proudici krvi
a vnitini sténou cévy, primarn¢ tedy pusobi predevsim na endotel. Narista s narGstajici
rychlosti proudéni krve a jeji viskozitou, klesé s nartstajicim polomérem cévy. Endotel na
stfizni stres reaguje produkci vazodilata¢nich latek (Filipovsky 2019). Humoralnich
podnéti piasobicich na tepny a ovliviwgjicich jejich starnuti je nespocetné mnozstvi
amuzou mit pozitivni, neutralni i negativni vliv. Jejich efekt tedy nelze rdmcové

zjednodusit.

Starnuti tepen vede ke dvéma rozdilnym patologiim- aterosklerdze a arterioskleroze.

Tyto patologie se li§i svou patogenezi, lokalitou, rozsahem a konsekvencemi.

Na vzniku aterosklerézy se mimo jiné podili stfizni stres a humoralni podnéty. Je
tedy procesem vznikajicim a rozvijejicim se primarné v intimé. Je vysoce komplexni
a charakterizuje ji vznik lokalizovanych ateromovych plati ve velkych a stfedné
velkych tepnach svalového typu. Diisledkem aterosklerdzy je porucha funkce vedeni, jak
byla popséna vyse.

Arterioskler6za vznikd primarné jako odpovéd’ na tenzni stres a tudiz je procesem
postihujicim cévni médii. Dochazi k difuzni remodelaci tepenné stény, nasledkem kter¢ je
zmeéna jejiho strukturdlniho sloZeni a soucasné jeji hypertrofie. Diisledkem remodelace je
sniZeni poddajnosti a tudiz zvySeni tuhosti cévni stény. Arterioly reaguji na zvysSeny tenzni
stres hypertrofii médie na tkor lumen cévy. Stfedné velké tepny maji diky své bohaté
muskulatufe schopnost reagovat na tenzni stres zvySenim tonu svalovych buné€k (Laurent
and Boutouyrie 2015). Centralni tepny maji médii tvofenou z velké ¢asti vazivem, mezi
kterym jsou monovrstvy svalovych bunék. Vazivo téchto tepen je tvofeno ptrevazné
elastinem a kolagenem - s pfevahou elastinu. Elastogeneze, syntéza elastinu, probiha za

fyziologickych podminek béhem fetdlniho a neonatdlniho obdobi. Tato vlakna jsou
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zesitovana pficnymi mistky, takzvanymi cross-linky, a diky tomu maji Zivotnost Citajici
nékolik dekad (Arribas et al. 2006). Tuzsi kolagenni vldkna naopak za normalnich
okolnosti cross-linky nemaji a podléhaji kontinudlni recyklaci- degradaci a syntéze.
Opakovanym pisobenim tenzniho stresu ¢i humoralnich podnétii dochdzi na jedné strané
k frakturam, fragmentacim, ztenCovani a degradaci elastickych vladken, na druhé stran¢ ke
zvysSené depozici nebo zesitovani kolagennich vldken. V centralnich tepnach tedy
arteriosklerdza vede jak ke zméné slozeni jejich stény- remodelaci, tak k jejich ztluSténi-
hypertrofii (Boutouyrie et al. 2021). Oba tyto procesy vedou k zvySovani tuhosti

centralnich tepen, nasledkem ¢ehoz dochazi k poruse naraznikové funkce.

1.6. Dusledky starnuti tepenného systému

Dusledkem aterosklerdzy je ischemie tkdné zasobované postizenou tepnou, piicemz
jeji projevy mohou byt akutni i chronické. Nej€astéji jsou postizeny velké a stfedné velké
tepny- korondrni artérie, aorta, tepny dolnich koncetin, krkavice a tepny Willisova okruhu.
Klinicky se tedy ateroskler6za muze projevit napiiklad jako akutni ¢i chronicka ischemicka
choroba srde¢ni, ischemicka cévni mozkova piihoda ¢i ischemickd choroba dolnich

kongetin.

Dusledky arteriosklerdzy, tedy tepenného tuhnuti, jsou komplexni. Jak bylo popsano
vySe, arterioskleréza vede k remodelaci a hypertrofii. S v€kem v disledku hypertrofie
nariistd Siftka komplexu intimy a médie. Béhem starnuti v disledku remodelace dochazi
a ve v€ku 80 let je plocha aorty ti1 az Ctyfikrat vétsi nez ve dvaceti letech (Mitchell and
Adams 1977). NarGstani délky aorty s v€kem se tyka priméarné jeji ascendentni ¢asti, proto

pfili§ neovliviiyje vysledek méteni aPWV konvencnimi metodami (Sugawara et al. 2008).

Jak bylo popsano ve stati o odrazu vIn, rychlost odraZzené viny je zavisla na tepenné
tuhosti, kterd s vékem v disledku arteriosklerdzy naristd. Podle literatury spadd odrazena
pulzové vlna u mladych jedinct do diastoly nebo pozdni systoly, ¢imz milize napomahat
k udrzovéni vyssiho diastolického tlaku a tim 1 leps$i koronarni perfuzi. S vékem se zvysSuje
rychlost Sifeni jak primarni tak odrazené viny, ta se postupné presouvd do ¢asné systoly
a u starSich jedincti se sumuje s primarni tlakovou vlnou, ¢imz navySuje systolicky TK.

Typicky tvar tlakovych vin u mladych a starych jedincti je na obrazku 4.
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Obrazek 4 — Typicky tvar tlakové viny u mladého (a) a starSiho jedince (b).
(a) kiivky 22 let¢ho muze; (b) kiivky 78 leté Zzeny
Graf vlevo zobrazuje tvar vlny snimané na radidlni tepné€, napravo v centralnim fecisti.
Vrchol primarni viny je na ose x oznacen ¢islem 1, vrchol odrazené viny ¢islem 2.

U mladého jedince odrazena vina nenavysuje pulzni tlak. U star§iho jedince navysuje
odrazend vlna pulzni tlak v centralnim i perifernim fecisti, pficemz v centralnim fecisti ho

navySuje mnohem vice.

Vysledky pozorovani na II. Interni klinice FN Plzen, pievzato z Filipovsky 2019.
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Dal$im pozorovanym fenoménem asociovanym se starnutim tepenného tecCisté je
ztrata amplifikace krevniho tlaku. U mlads$ich jedinc mtze €init rozdil mezi centralnim a
perifernim PP az 30 mmHg. S vékem se tato amplifikace snizuje a u osob nad 60 let mtize
byt systolicky TK v centrdlnim a perifernim feciSti shodny. Zptisobuje to jak ztrata
elasticity centralnich tepen, tak interakce mezi priméarni a odraZenou tlakovou vlnou.
Typicky tvar tlakovych vin v pribéhu tepenného feciste 1ze vidét na obrazku 5 (Nichols

and O'Rourke 1998).

a. iliaca

" ascendentni renalni
tepna

aorta

Obrazek 5 — Tlakové viny v pribéhu tepenného fecisté u rizné starych jedinct.

U nejmladSiho jedince se amplituda tlakové viny zvySuje distaln€ od srdce az o 60%.
U nejstarSiho jedince neni tlakova amplifikace témét zadna.

Upraveno podle Nichols and O'Rourke 1998, pievzato z Filipovsky 2019
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Klinicky vysoce vyznamny je vliv progresivniho tuhnuti centralnich tepen na srdce.
Vychézi ze dvou mechanismi - hemodynamického a mechanického propojeni srdce
a tepen. Disledkem hemodynamického spojeni je primarné zvyseni tlakového dotizeni
levé komory srde¢ni - afterloadu. S progresivnim tuhnutim tepen dochazi ke zvySeni jejich
impedance, coz znamend, Ze na vytvoreni stejného proudu krve musi srdce vygenerovat
vyssi tlak. Soucasné dochdzi k ¢asnému navratu odrazené viny, ktera jesté¢ vice navySuje
systolicky TK. Zvysené tlakové dotizeni levé komory vede k jeji remodelaci a hypertrofii.
Tato remodelace je asociovdna s poruchou diastolické relaxace (Kaess et al. 2016)
a zvysuje plnici tlaky v diastole. Tyto zvySené plnici tlaky vedou ke zvySeni tlaku v levé
sini, coz vede k jeji dilataci a zvySenému riziku rozvoje fibrilace sini (Mitchell et al. 2007).
Soucasné se zvySuje i tlak v plicnim fecisti, ¢imZ se zvySuje i afterload pravé komory,
dasledkem ¢ehoz je jeji hypertrofie a dysfunkce. Nov¢jsi koncept mechanického propojeni
srdce a aorty vyjadiuje vliv elastické aorty na diastolické plnéni srde¢nich komor. Béhem
systoly dochdzi kromé jiného i ke zkracovani srdce v jeho dlouhé ose smérem k apexu, to
vede k natdhnuti ascendentni aorty a zvySeni jejiho napéti. Nasledné po ukonceni
kontrakce srde¢nich svalovych vldken dochazi k rychlému zkraceni ascendentni aorty do
puvodni délky, coz v Casné diastole vede i k natahovani srdce v jeho dlouhé ose. Tento
mechanismus vyrazné¢ napomaha diastolickému plnéni komor (Bell et al. 2017). Jak
ukazaly vysledky studie z Reykjaviku, postupna ztrata elasticity centralnich tepen s vékem
vede k redukci systolického zkracovani srdce v jeho dlouhé ose (Bell et al. 2015), coz
ptispiva k rozvoji diastolické dysfunkce.

V neposledni fadé vede ztrata pruZznikové funkce centralnich tepen k pfenasSeni
tlakovych oscilaci hloubé&ji do periferie. Flow MR vySetfeni ukazalo, Ze pulzatilita
v malych mozkovych arteriich se s vékem zvySuje (Vikner et al. 2020). Byla popsana
asociace mezi touto zvySenou pulzatilitou a strukturdlnimi zménami v bilé hmoté
typickymi u vaskularni demence (Jolly et al. 2013). Krom¢ pfimého poSkozeni mozku
zpiisobené poSkozenim jeho mikrovaskulatury se ukazuje, Ze zvySend pulzatilita napomaha
1 zvySené akumulaci amyloidu ve tkénich a tudiz se pravdépodobné spolupodili i na rozvoji
neurodenerativnich onemocnéni, jako je Alzheimerova choroba (Hughes et al. 2013). Bylo
popséno, Ze zvysend pulzatilita vede k reaktivnim zméndm jak v mikro, tak makro
cirkulaci ledvin s méfitelnym efektem na jejich funkci (Climie et al. 2018; Geraci et al.
2016; Loutzenhiser et al. 2002). Projevem starnuti tepen tedy muaze byt i pfimé poSkozeni

vysokopriitokovych organt zplisobené zvysenou pulzatilitou v malych cévach.
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1.7 Faktory ovliviiujici progresi cévni tuhosti

Vyse popsany proces arteriosklerozy je vyznamné asociovan s vékem. U nékterych
jedinc vSak mutze byt akcelerovan vicero mechanismy. Zmény tepenné tuhosti jsou
kumulativni a celozivotni, proto kdyz je rizikovy faktor dlouhotrvajici a vysoce

prevalentni, jeho asociace s tepennou tuhosti bude pravdépodobné taky silna.

1.7.1 Vliv arterialni hypertenze

Vyse krevniho tlaku je hned po v€ku druhym nejsilnéjSim korelatem tepenné tuhosti.
Vztah mezi tuhnutim tepen a arteridlni hypertenzi je komplexni a dosud je pfedmétem
diskuzi. Z mechanistického pohledu dochdzi pifi srde¢ni CcCinnosti k opakovanému
natahovani a stahovani elastickych vldken o 5 az 10%, coz vede k jejich opotfebovani
a frakturdm. Pti primérné tepové frekvenci (TF) kolem 60/min se jednd denné pfiblizné
o 85 tisic cykld. Toto nataZeni je vysoce zavislé na MAP, ktery pfedstavuje primérny tlak
v tepenném feciSti pusobici roztazeni tepny. Jak bylo popsano vySe, se zvySujicim se
tlakem je sila prendSena kromé elastickych vladken 1 na tuzs$i kolagenova vldkna, coz
vysvétluje zavislosti tuhosti tepenné stény na MAP. Dale je vsak dulezity i PP, jelikoz ¢im
je vySsi, tim veétsi je 1 rozsah natahovani vlaken, ktery vede kjejich rychlejSimu
opotfebovavani. Cela tato interakce je navic komplikovdna problematikou odrazu vlin,
navySeni centradlniho PP, coz dale akceleruje opotifebovavani elastinovych vladken a tudiz
1 tepenné tuhnuti. Mezi arterioskler6zou a arteridlni hypertenzi tedy existuje oboustranny
zpétnovazebny vztah, kde zvySeni tuhosti vede k zvySeni PP, a zvySeni PP vede k dalsi

progresi tuhosti. (Humphrey et al. 2016)

Dlouhodobé byl vSeobecné piijiman koncept, Ze arterioskleréza je organovou
komplikaci hypertenze pocinajici poruchou v perifernim rezistencnim tecisti, kterd vede
k zvySeni periferni rezistence a tudiz i MAP, ¢imz se zvySen¢ degraduji elastickd vldkna
v centralnim feciSti. Tuhnuti centralnich tepen bylo vniméno jako disledek dlouhotrvajici
hypertenze. Recentni studie zkoumajici Casovy vztah mezi hypertenzi a tepennym
tuhnutim vSak ukézaly, Ze vysoka tepennd tuhost pii vstupnim vySetfeni predikovala
progresi arterialni hypertenze a byla hlavnim rizikovym faktorem jejiho rozvoje (Kaess et
al. 2012; Najjar et al. 2008). Tyto vysledky potvrzuji, Ze mezi arteriosklerdézou a arteridlni

hypertenzi existuje oboustranny vztah.
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1.7.2 Faktory Zivotniho stylu

Vzhledem k vyse popsanému bezprostfednimu propojeni arteridlni hypertenze a
arteriosklerdzy, faktory zivotniho stylu se zndmym efektem na TK maji efekt i na cévni
tuhost. Fyzicka aktivita snizuje tepennou tuhost v zavislosti na intenzité a trvani cviceni,
bez ohledu na to, jestli se jedna o vytrvalostni ¢i odporovy trénink (Way et al. 2019). Jestli
je tento efekt kratkodoby a zavisly pouze na snizeni krevniho tlaku, nebo je dlouhodoby
amediovany jinym mechanismem, jako je napiiklad modulace sympatiku, je potad
predmétem zkoumani (Faconti et al. 2019).

Nékolik studii jak v détské, tak dospé€lé populaci popsalo konzistentni asociaci mezi
riznymi ukazateli obezity a tepennou tuhosti. Publikace pochdzejici z naSi kliniky
prokéazala, ze s pfibyvajicim pocCtem rizikovych faktorG metabolického syndromu se
tepenna tuhost zvySuje linearné (Vagovicova et al. 2015). U velkého vzorku déti Citajici
témer 16,5 tisic probandil byl popsan alarmujici narist PP ptes pokles MAP s vyraznou
vazbou na BMI jako parametru obezity (Zachariah et al. 2014). Prospektivni studie
zkoumajici 3700 jedinci po Sestnacti letech ukédzala, Ze abdominalni obezita je
vyznamnym prediktorem akcelerovaného tepenného tuhnuti (Johansen et al. 2012).
Longitudinalni studie z Avonu sledujici déti a jejich rodice méfila n€kolik parametrl
obezity ve vztahu k tepenné tuhosti. Prokdzala nejen to, Ze obezita je i u déti vyznamné
asociovana s aPWV, ale i to, Zze déti, které hubly, mély podobnou aPWV jako jejich
vrstevnici s normalni métenou adipozitou, coz nasvédCuje tomu, Ze vliv obezity na
tepennou tuhost u déti mize byt reverzibilni (Dangardt et al. 2019). Meta-analyza dvaceti
intervencnich studii popsala efekt zmény Zivotniho stylu a hubnuti na sniZzeni aPWV
1udospélych (Petersen et al. 2015). Obezita je stav vyzadujici vy$$i pritok krve, to
podnécuje aortdlni remodelaci na vétsi primér. Jak bylo popsano vyse, elastin se tvofi
primarné v ¢asnych stadiich Zivota a béhem této remodelace se novy jiz nesyntetizuje. To
vede ke zméné relativniho poméru kolagenu a elastinu v prospéch kolagenu, cozZ se projevi
nartistem aPWV. Dale byl popsan negativni efekt hormonti produkovanych tukovou tkani
na tepennou poddajnost (Singhal et al. 2002).

Vysledky studii sledujicich vliv dyslipidémie na tepennou tuhost jsou rozporuplné.
Byla popsdna snizend tepenna poddajnost u déti s familidrni hypercholesterolémii
(Lehmann et al. 1992). Prace sledujici asymptomatické normotenzni déti

s hypercholesterolémii nalezla vyznamné zvySenou tepennou tuhost u téchto déti (i kdyz
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IMT byla normalni), coz nasvéd¢uje tomu, zZe zvySena tepennd rigidita predchdzi rozvoji
aterosklerotickych plati (Riggio et al. 2010). Analyza 41 publikaci Citajici téméf 23 tisic
jedinci vSak neprokazala asociaci mezi aPWV a jakymkoliv parametrem lipidového

metabolismu (Cecelja and Chowienczyk 2009).

Vliv soli na tepennou tuhost ukazaly vysledky studie, kterd srovnavala zdravou
méstskou a ruralni populaci v Cing. Kromé jiného byla méfena aPWV a exkrece sodiku
do mo¢i. U venkovské populace byla aPWV vyznamné niz$i, pricemz hlavnim rozdilem,
kterému je pfipisovan tento nalez je strava s niz§im obsahem soli ve venkovskych
oblastech (Avolio et al. 1985). Recentni analyza jedenacti intervencnich studii ukézala,

ze redukce piijmu soli vede ke sniZeni tepenné tuhosti (D'Elia et al. 2018).

Je tfeba mit na paméti, Ze 1 kdyZ intervenéni studie ukazaly efekt faktordi Zivotniho
stylu na parametry cévni tuhosti, tento efekt je pravdépodobné minimalné z&asti zavisly

na soucasné redukci krevniho tlaku.

1.7.3 Vliv kalcifikace

Mezi kalcifikaci aorty a jeji tuhosti existuje pozitivni asociace, 1 kdyZz neni
v soucasnosti jisté, jestli je kalcifikace disledkem anebo pfi¢inou zvysené tuhosti (Tsao et
al. 2014). S postupujicim vékem naristd aPWV jako parametr tepenné tuhosti, a to 1 pted
dosazenim stfedniho veéku, kdy lze bé&Zn€ pozorovat prvni znamky kalcifikace, coz
nasvédcuje tomu, Ze kalcifikace je pozdnim dasledkem poskozeni aorty. Dale vSak bylo
v prospektivni studii prokazéano, Ze kalcifikace akceleruje tepenné tuhnuti (Guo et al.
2017). Vztah mezi tuhosti centrdlnich tepen a jejich kalcifikaci bude tedy velice
pravdépodobné oboustranny, vedouci k bludnému kruhu poskozeni tepny s naslednou

kalcifikaci, kterd vede k tuhnuti vedoucimu k dal§imu poskozeni.

Kalcifikace tepenné médie byla dlouho povazovana za pasivni degenerativni proces
a klinickou znamkou pokroc€ilého poskozeni organil pii aterosklerdze, onemocnéni ledvin
¢1 diabetu mellitu. V soucasné dob¢ se vSak na kalcifikaci pohlizi jako na aktivni a vysoce
regulovany proces podobny embryondlni tvorbé kosti, ktery by mohl byt reverzibilni.

Matrix Gla-protein (MGP) je produkovan bunkami hladké svaloviny médie a je
silnym pfirozenym inhibitorem vaskuldrni kalcifikace (Shanahan et al. 1998). V syntéze
zralé formy tohoto proteinu se vyznamné uplatiiuje vitamin K, ktery slouzi jako kofaktor

enzymu, ktery méni glutamat na y-carboxyglutamat (Gla), ktery je schopny vazat vapnik.
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Bez této transformace neni MGP schopny interagovat s intravaskuldrnim vapnikem. Daéle
MGP podléhé fosforylaci, kterd posiluje jeho extracelularni sekreci. V krvi lze zachytit
ruzn¢ zralé formy MGP. Soucasnd data ukazuji, Zze nefosforylovana a nekarboxylovana
forma MGP (dp-uc MGP) je nepiimo umérnd hladiné vitaminu K, ale naopak piimo
umérna kalcifikaci koronarnich tepen (Dalmeijer et al. 2013). Recentni publikace z naseho
pracovisté¢ dale popsala asociaci mezi touto formou MGP a zvySenou tepennou tuhosti
v obecné populaci (Mayer et al. 2016a). V neposledni fad¢ se na celé problematice podili
1 hladina vitaminu D. Byla popsana asociace mezi nizkou hladinou vitaminu D a vyssi
aPWV (Mayer et al. 2012) a dokonce i synergisticky efekt hladin vitaminu D
a K na aPWV (Mayer et al. 2017).

1.7.4 Vliv parametra gluk6zového metabolismu

Diabetes mellitus (DM) je vyznamnym rizikovym faktorem kardiovaskuldrni
mortality. Jak ukazuje nartstajici mnozstvi dikazi, i vyssi hladina glykémie nedosahujici
jesté hranice pro diagnézu DM, mtize byt negativnim prognostickym faktorem pro fatalni
kardiovaskularni ptihody (Ferrannini et al. 2020). S naristem tepenné tuhosti je asociovan
jak manifestni DM, tak uZ prediabetické stavy (Prenner and Chirinos 2015).
Patofyziologické piisobeni hyperglykémie na cévni sténu je komplexni a zpisobuje ho
nékolik pfepojenych mechanisml: zvySeny intracelularni metabolismus glukozy,
dysfunkce intraceluldrni signalizace, zména osmotické rovnovahy a produkce toxickych
metabolitl - produkti pokrocilé glykace, tzv. advanced glycation end-products (AGEs)
(Barrett et al. 2017). AGEs jsou heterogenni skupina vysoce oxidovanych molekul
vznikajici neenzymatickou glykaci mezi redukujicimi cukry a proteiny, lipidy ¢i
nukleovymi kyselinami. Vznikaji uz za podminek normoglykémie, ale jejich vznik je
vyrazné akcelerovan se zavaznosti a délkou trvani hyperglykémie. Bylo identifikovdno
nekolik desitek AGEs a déli se podle schopnosti tvofit spojky mezi proteiny a podle toho,
jestli fluoreskuji pod UV zafenim (Ahmed 2005). Jejich vyznamnd role byla nalezena
v patogenezi mnoha chronickych nemoci, jako naptiklad diabetu (Goldin et al. 2006),
chronického onemocnéni ledvin, aterosklerozy (Kalousova et al. 2005), ¢i
u neurodegenerativnich onemocnéni (Salahuddin et al. 2014). Nejvice prozkoumanym
anejcastéji pouzivanym piedstavitelem AGEs je karboxymethyl lyzin (CML).
Patofyziologicky ucinek AGEs je jednak pifimy, kdy navazani cukru vede k modifikaci
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fyzikalnich, chemickych ¢i strukturalnich vlastnosti proteinti nebo lipid. Timto zptisobem
dochdzi v médii cévy k tvorbé pfi€nych mistkii mezi kolagennimi vlédkny, ty se stavaji
rezistentnéj$i k enzymatické proteolyze, coz vede k zvySeni tepenné tuhosti. Plsobeni
AGEs je vsak zprostiedkovano i pomoci receptorii. Prvnim objevenym a nejvice
prozkoumanym receptorem je tzv. receptor pro AGEs- RAGE. RAGE je transmembranovy
protein, ktery je kromé AGEs aktivovan i jinymi peptidovymi ligandy, napt. amfoterinem,
leukocytovymi integriny ¢i amyloidovymi fibrilami. RAGE je exprimovan na povrchu
fady bunék - v plicich, mozku, byl nalezen na povrchu leukocytl, endotelidlnich bunék ¢i
bun¢k hladké svaloviny cév. Jeho aktivace vede k aktivaci NADPH oxidazy, ¢im se
extracelularné generuje vysoké mnozstvi kyslikovych radikald. Dale se spousti slozita
intracelularni signaliza¢ni kaskada, na jejiz konci je iniciace zanétu, zvySeni oxidacniho
stresu a endotelidlni permeability ¢i inhibice syntézy oxidu dusného. VSechny tyto

mechanismy vedou k akceleraci aterosklerozy i k zvySovani cévni rigidity.

Kromé& celularné¢ vazaného RAGE existuje 1 v krvi cirkulyjici forma tohoto
receptoru, kterd vznikd dvéma mechanismy. Endogenni sekreci RAGE do krve vznika tzv.
esRAGE. Odstépenim celularniho receptoru z buitky pomoci metaloproteindz vznika tzv.
odstépeny, neboli cleaved RAGE (cRAGE). Obé tyto formy se spolecné nazyvaji
rozpustné RAGE, neboli soluble RAGE (sRAGE). Tyto sRAGE koluji v krvi, kde
vychytavaji a neutralizuji cirkulujici AGEs, ¢imZ brani jejich patofyziologickému ucinku,
vcetné tvorby pii¢nych mistkd mezi kolagennimi vldkny. (Koyama et al. 2007)

Neékolik studii identifikovalo asociaci mezi vSemi slozkami AGE-RAGE osy
a parametry tepenné tuhosti. Na jedné strané€ byla popsana vy$$i aPWV u jedinctli s vyssi
hladinou AGEs (McNulty et al. 2007; Semba et al. 2009), na stran¢ druhé byla popsana
inverzni asociace mezi koncentraci SRAGE a aPWV (Dimitriadis et al. 2013; Mayer et al.
2016b). V zvitecich modelech na geneticky modifikovanych diabetickych mysich 1é€enych
rekombinantnim sRAGE doslo k regresi aterosklerotického procesu zavislé na davce
sRAGE. Tento efekt byl nezavisly na glykemickém a lipidovém stavu, coz svéd¢i pro

vyznamnou protektivni roli SRAGE (Park et al. 1998).

1.7.5 Genetické faktory

Genetické faktory ovliviiyjici tepenné vlastnosti jsou pfedmétem intenzivniho studia.

Rozsahla celogenomova asociacni studie (genome-wide association study - GWAS),

27



provedena jako soucéast Framinghamské studie na kohorté potomkd, ukazala, ze parametry
centralni hemodynamiky, vcetné aPWV, vykazuji znamky multifaktoridlni dédicnosti
(Mitchell et al. 2005). V jedné ze studii provedené na nasem pracovisti jsme prokazali,
ze potomci hypertonika, ktefi nemaji jeSté¢ vyvinutou hypertenzi, maji vysSi aortalni
rigiditu neZ normotenzni potomci normotenznich rodi¢ii z kontrolni skupiny (Kucerova-
Seidlerova et al. 2006). Kandidatni geny, které jsou pfedmétem zkoumdani a mohly by mit
vliv na progresi tepenné tuhosti, jsou primarné¢ geny zapojené do angiogeneze, dale geny
kédujici strukturu a remodelaci extracelularni matrix a v neposledni fadé¢ pulsobky
zprostiedkujici interakci mezi touto matrix a bunéénou komponentou tepenné stény. Byly
proto provedené studie riiznych geni kodujicich slozky systému renin-angiotenzin-
aldosteron (Benetos et al. 1996), polymorfismy genu pro syntdzu oxidu dusnatého (Mayer
et al. 2010) ¢i genu pro adducin - cytoskeletdlniho proteinu podilejiciho se na regulaci

sodikové rovnovahy (Seidlerova et al. 2009).

1.7.6 Farmakoterapie

Ve vztahu k tepenné tuhosti existuje nékolik lékovych skupin s prokdzanym ci
potencidlnim efektem na jeji modulaci. Jako prvni moZnost se vzhledem k jiZ popsanému
uzkému propojeni cévni rigidity a aktudlnimu TK nabizi antihypertenziva. Pfi sledovani
¢tyfleté mortality u 150 nemocnych v chronickém dialyzacnim programu bylo prokazéano,
ze aortalni rigidita mtize byt lécebné ovlivnéna nezéavisle na TK, a ze aPWV byla v této
skupin€ pacientli vyznamnym, na TK nezavislym, prediktorem mortality (Guerin et al.
2001). Vjiné studii byl srovnavan efekt rlznych skupin antihypertenziv na periferni
a centralni TK. Skupiné¢ 32 hypertonikii byl v ndhodném intervalu postupné podavan
betablokator (BB), ACE inhibitor (ACE1), blokator kalciového kanalu (BKK), diuretikum
a placebo. Vysledky ukazaly, ze ACEi snizuje centradlni TK vice nez periferni, BKK
a diuretikum sniZuje centrdlni a periferni TK obdobné a BB snizuje centralni TK vyrazné
méné nez periferni (Morgan et al. 2004). Podobny efekt byl nasledné prokazéan i ve vztahu
k parametrim tepenné tuhosti, kde byla nejsiln€j$i asociace s aPWV pozorovéna pii ACEi1
a blokatorech receptoru pro angiotenzin II (Ong et al. 2011). Tyto vysledky nabizi
vysvétleni pro vyrazny rozdil v celkové a kardiovaskularni mortalité nalezeny ve studii
ASCOT. Vni byli hypertonici s vysokym rizikem randomizovani na lécbu bud’ BB
aevent. diuretikem, a nebo BKK a event. ACEi, pficemz 1écba BKK s ACEi vedla
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k vyraznéjsi redukci kardiovaskularni mortality, a to piesto, ze métfeny periferni TK byl

snizen obdobné pii obou lé¢ebnych rezimech (Dahlof et al. 2005).

Ke zpomaleni progrese kalcifikace a tudiz i tepenného tuhnuti se vzhledem k vyse
popsanému mechanismu jevi slibn¢ substituce vitaminu K a vitaminu D. Naopak bylo
prokazano, ze uzivani warfarinu, jehoz efekt spoc¢iva v inhibici vitaminu K pfi tvorb¢ -
carboxyglutamatu, zrychluje progresi arteriosklerézy a zvysSuje mortalitu u nemocnych
s chronickym renédlnim selhavanim (Mac-Way et al. 2014). Dalsi slibnou skupinou 1€k,
které by mohly zvratit kalcifikaci tepen, jsou bisfosfonaty. Bylo prokazano, ze blokuji
formaci apatitovych krystalli, inhibuji metaloproteindzy a expresi zanétlivych parametrt.
Bylo ukdzano, ze zpomaluji progresi vaskularni kalcifikace u nemocnych v terminalnim
stadiu rendlniho selhani, jejich vliv na aPWV vsak dosud nebyl dostatecné prozkouman

(Caffarelli et al. 2017).

Vzhledem k vyrazné asociaci mezi tepennou tuhosti a DM byl intenzivné zkouman
i efekt antidiabetik a 1€kt zasahujici do AGE-RAGE osy. Byl prokdzan pozitivni efekt
empagliflozinu na tepennou tuhost (Chilton et al. 2015); jestli je tento efekt podminény
pouze redukci TK zlstava pfedmétem diskuzi. Recentni meta-analyza 26 publikaci
sledujicich vliv novych perordlnich antidiabetik na aPWV poukézala na pozitivni efekt
agonisti GLP-1 receptoru, inhibitortt SGLT-2 a inhibitort dipeptidil peptidazy-4 (Batzias
et al. 2018), heterogenita vysledkli zkoumanych studii vSak byla zna¢na. Stran inhibice
patologického efektu AGE-RAGE osy byly zkoumany léky aminoguanidin a alagebrium.
Aminoguanidin brani vzniku AGEs, avsak jeho vyzkum byl zastaven v tfeti fazi klinického
testovani pro zvysené riziko nezaddoucich ucinkl a neprokazani jeho ucinnosti (Engelen et
al. 2013). Alagebrium $tépi pficné mustky, cross-linky, mezi glukdézou a aminoskupinami
bilkovin. Preklinické studie na zvifatech ukazaly plsobivy efekt v redukci tepenné tuhosti
a zlepSeni hemodynamickych parametri (Wolffenbuttel et al. 1998). Nasledné klinické
testy na lidské populaci vSak ptinesly rozporuplné vysledky. Na jedné stran¢ byl popsan
pfiznivy efekt na augmentacni index a FMD (Zieman et al. 2007), na druhé strané nebyl
nalezen zadny pozitivni efekt na toleranci zatéze €i zlepSeni srde¢ni funkce u nemocnych
s chronickym srde¢nim selhanim (Little et al. 2005). V dalsi prospektivni studii nebyl
u seniortl po roce intervence prokazan jeho efekt na FMD ¢i aPWV (Oudegeest-Sander et

al. 2013).
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2 Hypotézy a cile prace

Zakladnim cilem nasi analyzy bylo hledat jak potencialni asociace zvySené tuhosti

cévni stény v ramci prufezové studie, tak prediktory zvySené¢ho vékem podminéného

tuhnuti cévni stény na zdkladé osmiletého pozorovani. Zkoumali jsme metabolické

a genetické faktory, které mizou potencidln€ urychlit ¢i zpomalit tento dynamicky proces.

Z metabolickych faktorti jsme se zaméfili zejména na faktory gluk6zového metabolismu

a byly stanoveny nasledujici otazky:

Ktery parametr glukézového metabolismu vykazuje nejsilngj$i asociaci s alPWV
v prufezové studii na vzorku obecné populace? Tato otdzka je feSena v pFiloze €. 1
»3¢rové biomarkery a autofluorescencni metodou méfeny kozni AGEs. Ktery
parametr nejlépe ilustruje vztah mezi produkty pokrocilé glykace a tepennou
tuhosti na vzorku obecné populace?*

Existuje asociace mezi koncentraci solubilniho receptoru pro produkty pokrocilé
glykace a veékov€é podminénym vzestupem tuhosti centrdlnich tepen
v longitudinalni studii? Tato otazka je feSena v priloze €. 2 ,Nezavisla asociace
mezi SRAGE a vékoveé podminénym vzestupem tuhosti centralnich tepen*

Ktery zparametri AGE-RAGE osy je v prospektivni studii nejsilngjSim
prediktorem akcelerovaného vékem podminéného tuhnuti centralnich tepen? Tato
otazka je feSena v p¥iloze & 3 ,,Uloha produkti pokrogilé glykace ve starnuti cév.

Ktery z parametra je nejvhodnéj$im biomarkerem?"

VedlejSim pfedmétem zkouméni byl vliv hladiny vitaminu K a vybranych genetickych

polymorfismil na progresi tuhosti cévni st€ény béhem osmiletého sledovani. Byly polozeny

nasledujici otazky:

Existuje asociace mezi hladinou vitaminu K a vzestupem rychlosti aortalni pulzni
viny? Tato otazka je zkoumana v prFiloze €. 4 ,,Vitamin K ovliviiuje individualni
rychlost vzestupu aPWV*

existuje asociace mezi vybranymi SNP a vzestupem rychlosti aortalni pulzni viny?

Tato otazka je zkoumand v samostatné ¢asti v oddilu vysledky.

30



3 Material a metodika

3.1 Design studie a studovana populace

Vsechny publikované prace vychazely z dat ziskanych z prifezovych studii Czech
post-MONICA. Jedna se o pokracovani projektu WHO MONICA (MONItoring trends and
determinants in CArdiovascular disease), jehoz cilem bylo urcit klicové rizikové parametry
kardiovaskularnich chorob (Tunstall-Pedoe et al. 1999). V Ceské republice studie probiha
opakované od roku 1985, nase klinika se do projektu zapojila jiz v roce 1997. 1% obyvatel
ve veéku 25-75 let okresu Plzen-mésto bylo opakované ndhodné vybrano z Centralniho
registru pojisténcl a pozvano k vysetieni kardiovaskularnich rizikovych faktort.

Pro ucely této disertacni prace byla pouzita primarné data nasbirand béhem vySetteni
v letech 2008 a 2017. Déle na nasi klinice probé&hlo v letech 2016-2018 kontrolni vySetfeni

probandi zapojenych do priifezové studie v roce 2008. Celkové tedy probehla 3 Setfeni.

Studie v roku 2008 se z¢astnilo celkem 1103 probandi, kontrolni vysetfeni stejného
vzorku populace probihalo v letech 2016-18. Do kontrolniho vySetfeni se 115 probandl
prestehovalo a 87 zemfelo. K tomuto vySetfeni bylo tedy pozvano 901 probandi,
k vySetfeni jich dorazilo celkem 632 (57,3% ze vstupniho vzorku, 70,1% ze vSech
pozvanych). Dal$i samostatnd prifezova studie na nezavislém vzorku populace probéhla
na podzim v roce 2017 a zcastnilo se ji celkem 399 jedincii. VSechna vySetfeni byla
provedena dle standardizovaného protokolu studie MONICA (Citkova et al. 2011),
pficemZ navic probéhlo na nasem pracovisti vySetfeni tuhosti centralnich tepen pomoci
méteni rychlosti aortalni pulzové viny a od roku 2016 taky vySetfeni autofluorescence kiize

ke stanoveni depozice produktl pokrocilé glykace.

Prvni publikace byla prifezova studie a vznikla slou¢enim dat nasbiranych béhem
kontrolniho vySetfeni prvni kohorty studie post-MONICA v letech 2016-18 a vysetfenim
odlisného vzorku populace v rdmci studie Czech post-MONICA 2017, jelikoz vySetfovaci
protokoly byly béhem obou vySetieni v podstaté identické. Vznikl tim vzorek o velikosti
1031 vySetfenych, pro chybéjici ¢i nepfesné méfeni aPWV bylo ze studie vyfazeno 164
probandl a findlni analyzovany vzorek cital 867 jedinci. Pro ucely druhé, tfeti a Ctvrté
publikace byla pouzita data zkohortové prospektivni studie nasbirané v letech 2008
(vstupni vysetieni) a 2016-18 (kontrolni vySetieni), pfiCemz konecny vzorek cital 632

probandii. Pro chybéjici ¢i inkompletni data probéhly finélni analyzy na 530 jedincich.
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3.2 VySetreni a laboratorni metody

Vsechny vySetfovaci procedury probihaly dle standardizovaného protokolu studie
Czech post-MONICA. Dotaznikovym Setienim byla zjiStovdna demograficka
a anamnestickd data se zaméfenim na kardiovaskularni systém (anamnéza
kardiovaskularniho onemocnéni, faktory zivotniho stylu jako koufeni, dietni zvyklosti,
pohybova aktivita, Skdla HADS pro uzkost a depresi atd.), dale byla zjisStovana aktualni
farmakoterapie. Antropometrické tidaje byly ziskany zmétenim vysky a télesné hmotnosti
pomoci vahy SECA 767 (SECA Gmbhé&co, Hamburg, Némecko), dale byl zméfeny obvod
pasu a bokl. Krevni tlak byl méfen auskultacni metodou s pouzitim manzety pfimefené
velikosti po sezeni trvajicim minimalné 5 minut. Celkové probéhla 3 méfeni krevniho
tlaku, kone¢na hodnota byla stanovena jako primér druhého a tietiho méfeni. Stiedni
arterialni tlak byl vypocitan jako 1/3 systolického tlaku + 2/3 diastolického tlaku. Koufeni
bylo definovdno jako pozitivni anamnesticky udaj nebo vice nez 10 ppm CO ve
vydechovaném vzduchu méfeném pfistrojem Micro” Smokerlyzer (Bedfont Scientific Ltd,
Maidestione, Velk4a Britdnie). Méfenim autofluorescence kiize pomoci piistroje AGE
Reader mu (Diagnoptics Technologies V.V., Groningen, Holandsko) byla pomoci
zprumérovani tfi méfeni neinvazivné stanovena depozice specifickych produkti pokrocilé
glykace v kiZi (pentosidin, N°-carboxymethyl lysin a N°-carboxyethyl lysin). P¥istroj AGE
Reader mu Ize vidét na obrazku 6.

Krevni vzorky byly nabirdny po minimalné 12 hodinach la¢néni. Celkovy a HDL
cholesterol, triglyceridy, sérova hladina kreatininu a glykémie byly stanoveny pouZitim
analyzatoru Cobas Mira/ROCHE (ROCHE Diagnostics, Basel, Svycarsko). K vypoétu
LDL cholesterolu byla pouzita Friedewaldova rovnice (LDL=celkovy cholesterol-HDL-
(TG/2,22)). Glomerularni filtrace byla odhadnuta ze sérové hladiny kreatininu pouzitim
vzorce CKD-EPI, ktery zohledituje vék a pohlavi. Glykovany hemoglobin byl stanoven
pomoci kapalinové chromatografie. Koncentrace sRAGE a CML byla stanovena
Oddélenim imunochemické diagnostiky FN Plzen pomoci metody ELISA pouZitim
komer¢nich kitd - Human RAGE Quantikine ELISA Kit (R&D Systems Inc., Minneapolis,
MN, USA) a Human Carboxymethyl lysine, CML ELISA Kit (Cusabio Technology LLC,
Houston, Tx, USA). Dp-ucMGP byl stanoven pouzitim komerc¢niho kitu InaKtif MGP
1SYS Kit (IDS, Boldon, UK), zalozeném na dual antibody ELISA kitu vyvinutém VitaK
(Maastricht University, Maastricht, Holandsko).
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DNA ke genotypizaci byla izolovéana z leukocytl periferni krve (buffy coat) pomoci
NucleoSpin Blood Mini kit (Macherey-Nagel GmbH, Diiren, Némecko) pouzitim
protokolu stanoveného vyrobcem a kvantifikovdna spektrofotometricky pouzitim pfistroje
NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA). Vybrané SNP byly
detekovany pomoci TagMan® SNP Genotyping Assay (Thermo Fisher Scientific)
na pristroji Corbett Rotor-Gene 6000 instrument (Corbett Life Science, Concord, NSW,
Australia).

Konvenéni kardiovaskularni rizikové faktory byly kategorizovany podle Spole¢nych
evropskych doporuceni pro prevenci kardiovaskularnich chorob (Piepoli et al. 2016). BMI
(index tclesné hmostnosti) byl vypocitan pod€lenim télesné vahy (kg) druhou mocninou
vysky (m), nadvéha byla stanovena jako BMI> 25 kg/m” a obezita BMI> 30 kg/m’.
Arteridlni hypertenze byla stanovena jako TK >140/>90 nebo uzivani antihypertenzni
medikace. Jako manifestni DM byla brana hodnota la¢né glykémie >7,0 mmol/L nebo
uzivani antidiabetické terapie, za patologickou byla povazovana hladina glykovaného
hemoglobinu >42 mmol/mol. Hypercholesterolémie byla definovana jako LDL>2.5
mmol/L, hypertriglyceridémie jako TG> 1,7 mmol/L a rendlni insuficience jako eGFR< 60

ml/min.

Obrazek 6 — Pristro} AGE Reader mu méfici autofluorescenci kiize pouzity
k neinvazivnimu stanoveni kozni depozice AGEs
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3.3 Méreni tuhosti centralnich tepen

JelikoZ vstupni vySetieni probihalo v roce 2008, méfeni tuhosti centralnich tepen se
fidilo podle starSiho dokumentu o konsenzu odbornikii na arteridlni tuhost z roku 2006
(Laurent et al. 2006). Méfeni probihalo po 15 minutovém odpocinku vleze na luzku
neinvazivni metodou aplanacni tonometrie pouzitim pfistroje Sphygmocor MM3 (AtCor
Medical Ltd., Sydney, NSW, Australia). Zaznam pulznich vin probéhl na pravostranné
arteria carotis communis a arteria femoralis. Pfed samotnym meéfenim pulznich vin
probéhla kalibrace pfistroje pomoci krevniho tlaku na kontralateralni horni koncetiné. Na
povrchu téla byly zméteny vzdalenosti mezi mistem pulzace krkavice a fossa jugularis,
nasledné mezi f. jugularis a mistem pulzace stehenni tepny. Celkova urazend distance
pulzni viny byla vypocitana rozdilem téchto namétenych vzdalenosti. Samotny zdznam
pulznich vln probihal za soufasné registrace EKG, diky tomu se miize kvantifikovat
Casovy rozdil mezi zacatkem pulzni viny na karotidé a a. femoralis. Rychlost aortalni
pulzni viny se v zavéru vypocitd jako pomér vzdalenosti a ¢asu. U kazdého jedince
prob&hla minimalné dvé méteni. Pokud byl vysledek mezi méfenimi vétsi nez 0,5 m/s,
probéhla dalsi registrace aPWV. Pro potieby analyzy prospektivni studie byla jesté

vypocitana intraindividudlni zména aPWV za rok pomoci vzorce:

aPWYV pii druhém vysetteni (""/s) — aPWV pti vstupnim vySetieni ("/g)

APWYV /rok =

¢as mezi vySettenimi (rok)

Obrazek 7 — Pfistroj Sphygmocor MM3 pouzity pii neinvazivnim méfeni aPWV.
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3.4 Statisticka analyza

Pro management databazi byl pouzit software MS Access a MS Excel verze 14.0
(Microsoft Corp., Redmond, WA, USA), pro statistickou analyzu software SAS verze 9.4
(SAS Institute Inc., Cary, NC, USA). Data jsou prezentovana jako median (interkvartilové
rozpéti) nebo pocet (procentudlni zastoupeni) nebo primér + smeérodatnd odchylka pfi
gaussovsky rozloZzenych proménnych.

Univariatni analyzou jsme zjistili, ze rozlozeni aPWV a vétSiny dalSich parametrti
nemélo gaussovské rozlozeni. Pfi porovnavéani baseline a follow-up hodnot byl proto
pouzit Wilcoxoniv parovy test, u kategorickych proménnych McNemartv test,
pti korela¢nich analyzach Spearmaniiv korela¢ni koeficient. Dale probéhla série linearnich
a logistickych regresnich modelt s pouzitim APWV/rok jako zavislé proménné v druhé,
treti a Ctvrté praci. Jelikoz prvni prace je prurezova studie, jako zavisld proménnd byla
pouzita hodnota aPWV. VSechny modely byly pIné adjustovany na znamé
kardiovaskularni rizikové faktory a to jako kontinudlni proménné v linedrnich

a kategorické proménné v logistickych analyzach.

3.5 Etické aspekty

Pied zatazenim do studie podepsali vSichni vySetfeni jedinci opakované informovany
souhlas - jak pfi vstupnim vySetieni, tak i pfed kontrolnim vySetfenim. VySetfeni probéhla
podle zésad dobré klinické praxe a pacienti je podstoupili dobrovolné. Studie byla
projednana a schvalena lokalni etickou komisi. VSechna data jsou skladovéana v souladu

se zakonem na ochranu osobnich dat a Evropské smérnice GDPR .
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4 Vysledky

Vysledky jednotlivych analyz podle polozenych védeckych otdzek jsou uvedené
v nasledujici cCasti prace. Do hloubky jsou vysledky rozebirdny a diskutovany
v prilozenych publikacich. Stat’ 4.1 vychazi z prifezovych dat. VSechny ostatni vysledky

vychézi z longitudindlniho Setfeni.

4.1 Asociace mezi parametry glukézového metabolismu a cévni tuhosti -

vysledky prirezové studie

Slou¢enim dat nasbiranych béhem kontrolniho vySetfeni prvni kohorty post-
MONICA v letech 2016-18 a samostatné prufezové studie post-Monica v roce 2017 vznikl
vzorek o velikosti 1031 jedinct reprezentujici obecnou populaci okresu Plzen- mésto. Po
vyfazeni 164 probandii pro chybéjici data byla na vysledném vzorku 867 probandt hleddna
asociace mez cévni tuhosti a riznymi parametry glukézového metabolismu, jmenovité
lacnou glykémii, HbAlc, CML, AGEs v kuzZi, sSRAGE a jejich poméru. PouZitim
linedrnich a logistickych regresnich modeli s aPWV jako zavislou proménnou, byla
hledana asociace pti hladin€¢ vyznamnosti p<0,05, a to jak pro celou studovanou populaci,
tak po vyfazeni diabetickych jedincti. Analyzovany vzorek tvotilo 477 Zen (55% vzorku),
75 diabetika (8,7%), pramérny vék byl 56,7 let, primérna aPWYV byla 8,76 (£2,19) m/s.
Primérné hodnoty vybranych parametrii glukézového metabolismu byly: la¢na glykémie
5,40 (£0,93) mmol/L, HbAlc- 37,3 (£6,55) mmol/mol, CML 216,4 (+204,7) pg/mL, AGEs
v kazi 2,26 (£0,57) AU, sRAGE 1084,0 (+464,1) pg/mL, pomér CML a sRAGE (x1000)
247,2 (£321.5) a pomér AGEs v ktizi se sSRAGE (x 1000) 2,52 (£1,69).

Pii analyze celého vzorku byla zjiSténa nejsilnéjsi asociace mezi aPWV a lacnou
glykémii, AGEs v ktizi a HbAlc (p<0,0001 pro vSechny jmenované parametry) a pomerem
podkoZnich AGEs se sSRAGE (p=0,001), a to i po komplexni adjustaci na farmakoterapii
a dalsi rizikové faktory (vék, koufeni, arteridlni hypertenzi, BMI, atd.). Signifikantni
asociace byla dale nalezena i s koncentraci SRAGE (p=0,041). Zadna asociace nebyla
nalezena s CML ¢i s pomérem CML/sRAGE. Velice podobné vysledky byly nalezeny 1 po
vyfazeni diabetickych jedinct z testovani, s vyjimkou HbA Ic, ktery ztratil svou prediktivni

hodnotu - tabulka 4.1. BliZe jsou tyto vysledky rozebrany v priloze 1.
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Tabulka 4.1 - MnohocCetna lineadrni regrese mezi rychlosti aortdlni pulzni viny
a vybranymi parametry gluk6zového metabolismu

Cely vzorek (n=867) Nediabeticti jedinci (n=792)
BB coeff. (std. error) p [ coeff. (std. error) p

Individualni modely:
Lacnéa glykémie 0,4195 (0,0718) <0,0001 0,4882 (0,1013) <0,0001
HbAlc 0,0487 (0,0116) <0,0001 -0,0027 (0,0163) 0,8683
sRAGE -0,0003 (0,0001) 0,041 -0,0004 (0,0001) 0,006
CML -0,0001 (0,0003) 0,901 -0,0002 (0,0003) 0,536
AGEs v kuzi 0,5151 (0,1341) <0,0001 0,3195 (0,1355) 0,017
Pomér CML a sRAGE 0,0001 (0,0002) 0,619 0,0001 (0,0001) 0,788
Pomér AGEs v kizi a sSRAGE 00,1256 (0,0372) 0,001 0,1092 (0,0366) 0,003

Vysledek multivariatni linearni regrese s pouzitim aPWV jako zavislé kontinualni proménné. Kazdy ze 7
parametri byl testovan v samostatném modelu, vSechny modely byly adjustovany na: vek, pohlavi,
anamnézu CVD, koufeni, BMI, MAP, LDL cholesterol, eGFR dle CKD-EPI vypoctu, lécbu
antihypertenzivy, statiny ¢i antidiabetiky (nepouzito pfi analyze nediabetickych jedinct)

4.2. Souhrn zikladnich vysledka prospektivni studie

Vsechny dalsi vysledky vychazeji zanalyz longitudinalnich dat ziskanych
vySetifenim kohorty obecné populace sledované mezi lety 2008 az 2018. Vstupniho
vySetieni v roku 2008 se zucastnilo celkem 1103 probandi, kontrolni vySetfeni stejného
vzorku populace probihalo v letech 2016-18. Do kontrolniho vySetfeni se 115 probandil
prestéhovalo a 87 zemfelo, pozvano tedy bylo 901 probandi, k vySetieni jich dorazilo
celkem 632 (57,3% ze vstupniho vzorku, 70,1% ze vSech pozvanych). Primérna doba mezi
vstupnim a kontrolnim vySetfenim byla 8,3 let, primérny nartst aPWV byl o 1,45 m/s, coz
odpovida 0,18 m/s za rok. Primémy v&k probandl pii vstupnim vySeteni byl 54,7 let,
muzi tvotili 47,1% souboru (288 jedincil). Zakladni charakteristika celého sledovaného

souboru je blize popsana v tabulce 4.2.

Korelacni analyzou mezi APWV/rok a konvenénimi 1 nekonven¢nimi
kardiovaskularnimi rizikovymi faktory pii vstupnim vySetfeni byla nalezena nejsilné;si
korelace sveékem (Spearmantiv korelaéni koeficient=0,14, p=0,001) a sRAGE
(Spearman -0,18, p<0,0001). PouZzitim step-wise linearnich regresnich modelli byl
nejsilnéj$im prediktorem progrese cévniho tuhnuti vék (p=0,003), MAP (p=0,016) a
koncentrace sSRAGE (p=0,021). Dalsi zkoumani bylo zaméfeno na problematiku vlivu
sRAGE, AGE-RAGE osy a vitaminu K, a je blize rozebrano v nésledujicich oddilech a

samostatnych ptilohach.
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Tabulka 4.2- Zakladni charakteristika studované populace [median (Q1-Q3 rozpéti) nebo
pocet (procentudlni zastoupeni)]

Vstupni vySetfeni ~ Kontrolni vySetieni Rozdil
Vék [roky] 56,5 (44,9-65,1) 64,4 (52,9-73,9) 8,0 (7,6-9,2)*
Pohlavi [pocet (%) muzt] 288,0 (47,1%) 288 (47,1%) -
Historie CVD [%]" 37 (6,0%) 80 (13,1%) 43 (7,1%)*
Kouteni [pocet (%)] 179 (29,2%) 112 (18,3%) -67 (-10,9%)*

BMI [kg/m’] 26,9 (23,9-29,9)  27,5(24,5-31,0) 0,7 (-0,4-2,0)*

Systolicky TK [mmHg] 126,7 (116,7-137,3) 132,0 (122,0-144,5) 5,8 (-5,0-15,5)*
Diastolicky TK[mmHg] 80,7 (75,3-86,7) 80,0 (74,0-87,0)  -0,7 (-6,7-6,3)
Stiedni art, tlak [mmHg] 96,0 (90,0-103,3)  97,7(91,5-105,7) 2,0 (-5,4-8,7)*

402 (65,8%) 121 (19,9%)*
302 (49,3%) 105 (17,1%)*
5,1 (4,45-5,79) 0,1 (-0,5-8,7)

2,9(2,32-3,51)  -0,02 (-0,63-0,41)

Hypertenze [podet (%)]°
Antihypertenziva [pocet (%)]
Celkovy cholesterol [mmol/L]
LDL cholesterol [mmol/L]

281 (45,9%)
197 (32,2%)
5,19 (4,55-5,77)
3,08 (2,49-3,63)

Lécba statiny [pocet (%)] 82 (13,4%) 160 (26,1%) 78 (12,7%)*
Lacnd glykémie [mmol/L] 5,1 (4,8-5,5) 5,1 (4,8-5,7) 0,1 (-0,3-0,5)
Antidiabetika [pocet (%)] 15 (2,5%) 62 (10,1%) 47 (7,6%)*
Diabeties [pocet (%)]" 29 (4,7%) 75 (12,3%) 46 (7,6%)*
Sérovy kreatinin [umol/L] 77,0 (69,0-86,4) 75,0 (66,0-85,0) -2,4 (-8,6-4,9)*
eGFR [mL/min] 84,8 (74,6-95,9) 83,9 (72,3-94,9) -2,4 (-9,3-5,6)*

sRAGE [pg/mL]
aPWV [m/sec]

1226 (943-1588)
7,50 (6,20-9,00)

992 (762-1338)
8,55 (7,40-10,25)

216 (-463- -27)*
1,23 (0,38-2,50)*

Hodnota p pocitana pomoci Wilcoxon sign-rank parového testu ¢i McNemarova testu u kategorickych
proménnych, *p<0,001

* anamnéza ICHS, ischemické CMP, nemoci perifernich tepen &i aterosklerozy jiné lokalizace véetng historie
revaskularizace; *systolicky TK > 140 nebo diastolicky TK > 90 mmHg a/nebo uZivani antihypertenzni
medikace; “laéna glykémie > 7mmol/L nebo antidiabeticka medikace

4.3 Solubilni receptor pro produkty pokrocilé glykace jako nezavisly

prediktor vzestupu rychlosti aortalni pulzni viny

Tato analyza probihala na kohort¢ popsané vyse. Pro neuplna ¢i chybégjici data
probéhla findlni analyza na 530 jedincich o primérném véku pii vstupném vysSetteni 53,9
let, muzi tvoftili 45,1% analyzovaného vzorku (239 jedinct). Primérny vzestup aPWV za
rok byl 0,18m/s. Byla hleddna asociace mezi koncentraci cirkulujicich sSRAGE v krvi
méfenych metodou ELISA a dynamikou cévniho tuhnuti. Univaridtni analyzou byla
s SRAGE nalezena nejsilnéjsi korelace s obvodem pasu (Spearmantv korelacni koeficient
= -0,36, p<0,0001), BMI (r= -0,333 <0,0001) a lacnou glykémii (r= -0,236, p<0,0001).
Semi-kvantitativni analyzou byla po rozdéleni koncentrace SRAGE do kvintilii nalezena

vyznamna inverzni asociace s intraindividudlnim vzestupem aPWYV za rok — obrazek 8.
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Sérii linedrnich regresnich modelti byla nalezena signifikantni asociace mezi
APWV/rok a koncentraci sSRAGE (p=0,003), a to i po komplexni adjustaci na dalsi rizikové
faktory ¢i farmakoterapii. Tato asociace ziistala vyznamna i po vyrazeni jedincl
s jakoukoliv medikaci, hypertenzi ¢i anamnézou kardiovaskuldrniho onemocnéni. Pouzitim
step-wise logistickych regresnich modelt adjustovanych na dal§i KV rizikové faktory
a farmakoterapii bylo zjiSténo, ze nizkd vstupni koncentrace sRAGE je vyznamnym
prediktorem vzestupu aPWV o vice nez 0,2m/s za rok (OR=1.72, CI (1.06-2.79), p=0,028)
a naopak vysoka hladina byla protektivnim faktorem. Tato asociace byla jest¢ vyznamnéjsi

po vyfazeni diabetikl a jedinct starSich nez 60 let z analyzy (p=0,003).

BliZe jsou vysledky téchto analyz popsany v priloze 2.

p=0,0008

0.31

0.21

Zména aPWV za rok
—e—
—e—

0.1

Kvintily sRage

Obrazek 8 — Intraindividualni vzestup aPWV podle kvintili sSRAGE, p po adjustaci na vék,

pohlavi a MAP, je ukazan pramér + SEM
Kvintily koncentrace sSRAGE: 1. <890, II. 890-1126, I1I. 1127-1400, IV. 1401-1694, V. >1695 pg/ml
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4.4 Parametry AGE-RAGE osy jako prediktory tuhnuti cévni stény

Po potvrzeni vlivu sSRAGE na progresi tepenné tuhosti bylo nasledn¢ zkoumani
rozSiteno na dalsi parametry AGE-RAGE osy. Do této analyzy bylo mozno po
kompletizaci dat zahrnout 536 jedincii o primérném veku 53,8 let, muzi tvotili 44,3% (237
jedinct) vzorku. Primérny vzestup aPWV za rok byl v celé zahrnuté populaci 0,18 m/s.
V ramci této analyzy byla hleddna asociace mezi vékové podminénym tuhnutim cévni
stény a péti vybranymi parametry AGE-RAGE osy, jmenovité koncentraci CML, AGEs
v kuzi, koncentraci SRAGE a jejich pomér. V sérii linearnich regresnich modelti s pouzitim
intraindividualniho vzestup aPWV jako zavislé proménné byla nejsiln€jsi asociace
nalezena s AGEs v kuzi (p=0,019) a pomérem AGEs v ktizi se SRAGE (p=0,018), a to i po
adjustaci na dal$i KV rizikové faktory ¢i farmakoterapii. Dale byla signifikantni asociace
nalezena s koncentraci sSRAGE (p=0,026), naopak z4dnd asociace nebyla nalezena
s koncentraci CML ¢i pomérem CML a sRAGE. V dal§im kroku byly pouzity logistické
regresni modely adjustovany na zndmé KV rizikové faktory a farmakoterapii. NejsilnéjSim
prediktorem akcelerovaného cévniho tuhnuti, stanoveného jako APWV/rok> 0,2m/s, byl
vysoky pomér AGEs v kiizi a SRAGE (p=0,001). Podobné vysledky byly nalezeny i po
vyrazeni diabetickych jedinct zanalyzy - tabulka 4.3. Dale je tato problematika

prozkoumana v priloze 3.

Tabulka 4.3 - PIné adjustovand asociace mezi akcelerovanym cévnim tuhnutim
a vybranymi parametry AGE-sRAGE osy

Cely vzorek (n=536)

Nediabetici (n=479)

OR (95% CI) P OR (95% CI) P
sRAGE <762 pg/mL 1,57 (1,03-2,38) 0,035 1,42 (091-2,22) 0,118
CML >278 pg/mL 1,04 (0,68-1,59) 0,868 0,97 (0,61-1,55) 0,913
AGEs v kizi >2.8 1,26 (0,81-1,98) 0,310 1,39 (0,85-2,27) 0,186
Pomér CML a sSRAGE >309 0,88 (0,58-1,35) 0,564 0,97 (0,81-1,16) 0,908
Pomér AGEs v kizi a SRAGE >3.3 2,09 (1,35-3,22) 0,001 2,00 (1,26-3,19) 0,003

Vysledek multivariatni logistické regrese s pouzitim APWV/rok > 0.2 m/s jako zavislé proménné.
Kazdy z 5 parametrti byl testovan v samostatném modelu, v§echny modely byly adjustovany na: vék > 65 let,
pohlavi, anamnézu CVD, kouieni, BMI >30 kg/m2, hypertenze, LDL cholesterol> 2.5 mmol/L, terapie
statiny, manifestni DM (nepouzito pii analyze nediabetickych jedincti) a eGFR <60 mL/min
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4.5 Vliv hladiny vitaminu K na cévni starnuti.

V této analyze jsme sledovali vztah mezi cévnim tuhnutim a koncentraci dp-upMGP,
ktery odrézi hladinu vitaminu K, a to na identickém vzorku jako v ¢asti 4.2. Korela¢ni
analyzou byla nalezena vyznamna korelace mezi APWV/rok a koncentraci dp-upMGP pii
vstupném vyseteni (R=0,128, p=0,003). Pouzitim linedrnich step-wise regresnich modelii
byly nejvyznamnéjSimi prediktory vzestupu aPWV za rok vék a koncentrace sSRAGE
(p<0,0001), dalsim signifikantnim prediktorem bylo pohlavi (p=0,004) a koncentrace dp-
ucMGP (p=0,016). Pii pouziti logistickych regresnich modeli byla nizka hladina
dp-ucMGP vyznamnym prediktorem akcelerovaného cévniho tuhnuti, definovaného jako

APWV/rok> 0,2m/s, a to i po komplexni adjustaci na dalsi KV rizikové faktory.

Blize je tato problematika rozebrana v priloze 4.

p=0,011

Zména aPWV za rok

0.1+

Kvintily dp-ucMGP

Obrazek 9 — Intraindividualni vzestup aPWV podle kvintilti dp-ucMGP, p po adjustaci na vek,
pohlavi, MAP, sSRAGE a terapii antihypertenzivy ¢i antidiabetiky. Je ukazan primér + SEM.
Kvintily koncentrace dp-ucMGP: <356, 357-468, 469-568, 569-690 a >691 pmol/l
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4.6 DalSi realizované sub-analyzy
4.6.1 Progrese cévni tuhosti podle konvencnich rizikovych faktori

Béhem celého sledovani (prumérné 8 let) byl primérny nartst alPWV v celém vzorku
0,18 m/s/rok. Probéhla i analyza naristu aPWV za rok po rozdéleni celého vzorku do
dekad. V prvni az paté dekade byl primérny nartist aPWV za rok 0,15m/s, v Sesté dekad¢
jsme jiz vsak pozorovali primérny narist o 0,21m/s a v sedmé dokonce 0,28m/s. Pouzitim
step-wise linearni regrese bylo zjisténo, Zze vékova dekéda je signifikantnim prediktorem
vzestupu aPWV (B= 0,0228 (SE 0,0090), p=0,011). Tuhnuti cévni stény je dynamicky

proces a ukazuje se, ze s vékem akceleruje.

Dale jsme porovnavali pouzitim MWU testu, jestli existuje rozdil v APWV/rok mezi
jednotlivymi znamymi kardiovaskuldrnimi rizikovymi faktory. Pfi porovnani pramérného
vzestupu aPWV za rok umuzi a zen (0,20 versus 0,15m/s) byl nalezeny statisticky
vyznamny rozdil (p=0,0079). Nalezeny rozdil mezi hypertoniky a normotoniky pii
vstupném vySetfeni byl statisticky nevyznamny (0,16 versus 0,20m/s, p=0,068). Vyrazny
rozdil mezi diabetiky a nediabetiky byl statisticky nevyznamny (0,28 versus 0,17 m/s,

p=0,127), coz by se dalo vysvétlit velice malym podilem diabetikli v celém studovaném

vzorku.
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Obrazek 10 — Intraindividualni vzestup aPWV podle vékovvch dekad, prumér £+ SEM
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Obrazek 11 — Intra individualni vzestup aPWV podle pohlavi, hypertenze a diabetu,
je ukézan primér + SEM

4.6.2 Vztah mezi sclerostinem a vékové podminénym tuhnutim cévni stény

V dalsi sub-analyze jsme sledovali efekt vstupni hladiny sclerostinu, glykoproteinu
dilezitého pfi inhibici kalcifikace, na progresi cévniho tuhnuti. Pomoci linearnich
regresnich modelll byla nalezena vyznamna asociace mezi koncentraci sclerostinu
a APWV/rok (f= 0.0002, SE 0.0001; p = 0.045), ta vSak vymizela po adjustaci na vék.
Vsichni jedinci byly genotypizovani na polymorfismus genu pro angiotensin II receptor 1
(rs5186). Genotyp AA byl nalezen u 276, AC u 214 a CC u 32 jedinct, frekvence alely A
byla 73,6% a alely C 26,4% s hodnotou p pro Hardyho—Weinbergliv zdkon rovnou 0,26.
Po rozdé€leni celého vzorku do kvintilli podle koncentrace sklerostinu byla pozorovana
statisticky vyznamna asociace mezi vzestupem aPWV a sklerostinem avSak pouze
u nositell alely C — obrazek 12. Vysledky byly publikovany (Mayer et al. 2020).

0.30-
p =095 p pro trend = 0.046

W [ p pro interakci = 0.015

I

Iména aPWVzarok [misec|
(=]
2

AA genotyp AC or CC genotyp

Obrazek 12 — Individualni progrese aPWV podle kvintilti sclerostinu
a polymorfismt angiotensin II receptoru 1; Upraveno podle Mayer et. al. 2020
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4.6.3 Analyza vybranych genetickych polymorfismi a jejich vztah k cévnimu

tuhnuti

V ramci této analyzy byla hledana asociace mezi intraindividudlnim vzestupem
aPWV a vybranymi deviti polymorfismy DNA majici potencidlni vliv na strukturu ¢i
funkci cév. Na zdkladé v minulosti publikovanych praci a pfedpokladaném
patofyziologickém ucinku byly vybrany polymorfismy genti kddujicich: endotelovou NO-
syntazu (SNP 1s3918226, rs2070744, rs1799983), receptor pro vitamin D (SNP
rs2228570), kolagen 1A1 (SNP rs1800012), kolagen 4A1 (SNP rs3742207), natriureticky
peptid A (SNP rs5068), receptor pro angiotensin II typ 1 (SNP rs5186) a adducin 1 (SNP

rs4961).

Do analyzy bylo zahrnuto celkové 540 jedincii s vyjimkou genu pro natriureticky
peptid A, kde byly k dispozici vzorky od 535 subjektt. VSichni jedinci byli stratifikovani
podle ptitomného genotypu. Pro kazdy polymorfismus byl pomoci logistickych regresnich
modell adjustovanych na dalsi rizikové faktory porovnavén vliv nositelstvi mutantni alely
jak v homozygotni, tak heterozygotni formé vici tzv. divokému (wild type) genotypu
na akcelerované tuhnuti cév. Vyrazna asociace byla nalezena pfi nositelstvi mutantni alely
pro gen kodujici receptor pro vitamin D a déale pro homozygotni nositelstvi mutantni alely

pro kolagen 4A1. Celkové vysledky této analyzy jsou uvedeny v tabulce 4.4.

Tabulka 4.4 - Riziko akcelerovaného tuhnuti tepen v zévislosti na pfitomnost mutantni
alely jak v homozygotnim, tak heterozygotnim stavu

Pritomnost mutace v
homozygotnim stavu

Pritomnost mutace

(homozygoti i heterozygoti)

Gen koédujici (SNP): OR (95% CI) p OR (95% CI) P

NO-syntazu (rs3918226) 0,91 (0,17-4,78) 0,934 0,73 (0,46-1,17) 0,192
NO-syntazu (rs2070744) 1,00 (0,59-1,71) 0,786 0,93 (0,57-1,52) 0,769
NO-syntazu (rs1799983) 0,73 (0,40-1,31) 0,288 0,92 (0,64-1,30) 0,621
Receptor vitaminu D (1s2228570) 0,52 (0,31-0,87) 0,027 0,68 (0,47-0,99) 0,049
Kolagen 1A1 (rs1800012) 0,72 (0,27-1,93) 0,330 1,29 (0,88-1,88) 0,187
Kolagen 4A1 (rs3742207) 0,47 (0,25-0,90) 0,029 0,78 (0,54-1,11) 0,164
Natriureticky peptid A (rs5068) 0,68 (0,15-3,01) 0,682 0,84 (0,48-1,45) 0,521
Receptor pro AT 11 (rs5186) 1,01 (0,47-2,15) 0,865 0,91 (0,64-1,30) 0,596
Adducin 1 (rs4961) 0,47 (0,14-1,59) 0,311 0,74 (0,51-1,09) 0,127

Vysledek multivariatni logistické regrese s pouzitim APWV/rok > 0,2 m/s jako zavislé proménné.
Kazdy SNP byl testovan v samostatném modelu, vSechny modely byly adjustovany na: vék > 65 let, pohlavi,
anamnézu CVD, hypertenzi, uzivani antihypertenzni medikace, terapii statiny, manifestni DM, terapii
antidiabetiky
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5 Souhrnna diskuse

Tato prace se zabyvala hleddnim determinant tepenné tuhosti. V prvni publikaci jsme
v ramci prufezové studie na obecné populaci prokazali vyznamnou asociaci mezi tepennou
tuhosti, kvantifikovanou jako aPWV, a parametry glukézového metabolismu, vcéetné
AGE-RAGE osy. Nejsilngjsi asociace byla nalezena s hodnotou la¢né glykémie, koznimi
AGEs méfenymi auto fluorescencni metodou, hladinou sSRAGE a pomérem koznich AGEs

se SRAGE.

Vsechny nasledné analyzy probihaly na datech ziskanych bc&hem osmiletého
sledovani kohorty obecné populace. Zavislym parametrem byla pokazdé primérna zména
aPWV za rok, reflektujici progresi tuhnuti centralnich tepen. V druhé publikaci jsme
prokézali, ze hladina SRAGE vyznamné ovlivnila rychlost zmény aPWV béhem sledovani.
V prvnim a patém kvintilu dle SRAGE byl primérny narist aPWV za rok 0,13 a 0,23m/s,
coz ukazuje téméf dvounasobnou rychlost progrese tepenné tuhosti u jedinci s nizkou
hladinou sSRAGE. Tato asociace mezi hladinou SRAGE a nartstem aPWV byla jesté
vyznamnéj$i u normotenznich jedinct bez manifestniho DM mladSich nez 60 let v dobé
prvniho vySetfeni. Ve tfeti publikaci jsme badani rozsifili o dal$i parametry AGE-RAGE
osy. Signifikantni prediktivni hodnota na narist aPWV byla nalezena u cirkulujicich
sRAGE a koznich AGEs. Klicovym nalezem této publikace vSak bylo, Ze nejlepSim
prediktorem akcelerovaného tuhnuti tepen byl pomér mezi koZnimi AGEs se sRAGE.
Tento parametr v sob€ poji jak rizikovy biomarker - ve tkanich deponované AGEs, tak
protektivni faktor - cirkulujici SRAGE. V posledni publikaci jsme se zaméfili na dalsi
metabolicky faktor nesouvisejici s metabolismem glukézy, konkrétné hladinu dp-up MGP,
ktery odpovidd tkanové hladiné vitaminu K. Prokazali jsme, Ze nizkd hladina tohoto
proteinu byla vyznamnym faktorem zpomalujicim progresi tepenného tuhnuti. Nékolik
studii ukazalo, Ze uZivani warfarinu vyrazné akceleruje vaskularni kalcifikaci (Poterucha
and Goldhaber 2016). NaSe vysledky nasvédcuji tomu, ze by také mohl akcelerovat
tepenné tuhnuti cestou interakce s vitaminem K a naslednou zvysSenou kalcifikaci z divodu
nedostate¢né karboxylace MGP. Toto tvrzeni koreluje s vysledkem studie, ve které bylo
pozorovano signifikantni snizeni aPWV u nemocnych s fibrilaci sini po ptevodu
z warfarinu na rivaroxaban (Ikari et al. 2020). V poslednim kroku jsme provedli analyzu
celé kohorty a potvrdili vyrazny rozdil v tuhnuti tepen mezi hypertoniky a normotoniky.

Dale jsme i na naSem vzorku populace potvrdili, Ze tepenné tuhnuti akceleruje s nartstajici
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veékovou dekadou. Z pohledu genetickych polymorfismil byla vyrazna asociace s nartistem
aPWYV nalezena pouze u polymorfismu genu kédujicitho receptor pro vitamin D. To
nasvédcuje tomu, ze dosud publikované genotypové studie na aPWYV jsou s nejvetsi
pravdépodobnosti zatizeny faleSnymi pozitivitami. Vznika tedy otazka, jestli ma smysl
hledat dédicny podklad pro tepennou tuhost, ktera je multifaktorialni, a jeden urcujici gen

tudiz s velkou pravdépodobnosti nenalezneme.

5.1 Klinicky vyznam méreni tepenné tuhosti

Existuje velké mnoZzstvi metod uréenych k vySetfeni tepenného systému, které
se navzajem vyznamné li§i. Metody, které jsou neinvazivni, snadno proveditelné a dobie
reprodukovatelné, jsou potencidlné pouzitelné v obecné populaci, nebo u velkych skupin
nemocnych. Ma tedy smysl zjistovat, zda maji prognosticky vyznam a zda je lze
eventualné pouzit ke stratifikaci rizika nemocnych. Prvni pfimé méfeni tepenné tuhosti
pomoci rychlosti pulzni viny provedli a publikovali ve dvacatych letech jiz Bramwell
a Hill, pficemz popsali efekt v€ku a nemoci na tento parametr (Bramwell and Hill 1922).
Neméftili vSak rychlost aortdlni, ale karotido-radialni pulzové viny, ktera zohlediuje
primarné¢ tuhost muskularnich arterii paZe. B&hem nasledujiciho stoleti doslo
k vyznamnému pokroku na poli méfeni a vyzkumu tepennych vin. Tepenna tuhost
centrdlnich tepen, métfena jako aPWV, se ukazala byt vyznamnym prediktorem
kardiovaskularnich ptihod nezavislym na klasickych KV rizikovych faktorech. Tato
prediktivni hodnota byla nejdiive prokazana ve vysoce rizikovych skupinéach, jako jsou
nemocni s terminalnim ledvinnym selhanim (Blacher et al. 1999), u diabetikil
(Cruickshank et al. 2002), ¢i u hypertonik (Laurent et al. 2001). Nasledn¢ vSak byla
prokazana 1 na obecné, zdravé populaci (Ben-Shlomo et al. 2014; Mitchell et al. 2010). Po
vyhodnoceni kardiovaskularnich pfithod u 1045 hypertoniki v pribéhu Sestiletého
sledovani bylo zjiSténo, Ze stanoveni rizika podle Framinghamského skore zalozeného
na klasickych rizikovych faktorech je u velké Casti hypertoniki neptesné. Pouziti aPWV
vedlo k podstatnému zptesnéni predikce rizika u nemocnych, ktefi byli plivodné oznaceni

jako nizce rizikovi (Boutouyrie et al. 2002).

Me¢éieni tepenné tuhosti pomoci kvantifikace aPWV je neinvazivni, jednoduché
a levné. Jak bylo popsano v Gvodu, hypertrofie tepenné stény a rozsifeni intimo-medidlni

vrstvy, €ili zmény spojené s tuhnutim tepen, pfedchazi rozvoji aterosklerotickych platt
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(Riggio et al. 2010). Méfeni tepenné tuhosti v klinické praxi by tedy mohlo pomoci
identifikovat asymptomatické jedince, ktefi jsou na zaklad¢ klasickych skorovacich metod
zafazeni do pasma nizkého KV rizika, a ktetfi by mohli profitovat z brzkého zahajeni
antihypertenzni terapie. Méfeni tepenné tuhosti dava hypoteticky prostor k prevenci diive,
nez dojde ke klinickému rozvoji aterosklerozy. K potvrzeni této hypotézy vSak

v soucasnosti chybi data z kvalitnich randomizovanych kontrolovanych studii.

5.2 Soucasnost a budoucnost studovani tepenné tuhosti

Vzhledem ke klinické a patofyziologické vyznamnosti tepenné tuhosti a jejimu
tésnému propojeni s poskozenim cilovych orgdnli bylo intenzivné zkoumano, zda lze
tuhnuti tepen piedchazet, nebo ho dokonce zvratit. Studie provedené na riaznych
populacich lovci a sbéract ukazaly, ze PP ¢i aPWV v téchto kohortdch nenartistaji
s vékem, coz nasvédCuje tomu, ze hladiny tepenné tuhosti méfené u mladych jedinct
mohou za jistych okolnosti pfetrvavat po cely zivot (Gurven et al. 2012; Lemogoum et al.
2012). Jak bylo popsano v uvodu, tepenna tuhost je vysoce multifaktoridlni a podili se na
ni mnozstvi faktorti. V porovnani naptiklad s méfenim periferntho TK je parametrem
mnohem vice stabilnim. S vyjimkou okamzit¢ zmény aPWV meéfitelné po signifikantnim
sniZzeni krevniho tlaku jsou jiné intervence, které by mély zasahovat do materidlni tuhosti
samotnych tepennych stén, velice dlouhodobé. Miize trvat nékolik mésicti az let, nez se
tyto intervence projevi métitelnym poklesem ¢i zastavenim rastu aPWV (Ait-Oufella et al.
2010). Tato skutecnost zvySuje naroky na design studii zkoumajicich tepennou tuhost,
které by tudiz mély byt idealné longitudinalni a randomizované.

Vzhledem k vySe popsané multifaktoridlnosti, kde kazdy faktor ma mirny, ale
vyznamny efekt na tepennou tuhost, soufasny vyzkum je orientovan na koncept
vaskularniho v€ku. Tento koncept je postaveny na zjisténi, ze ncktefi jedinci mayji
pokrocilé abnormality ve vaskularni struktufe ¢i funkci, které je predisponuji k ¢asnym KV
pfihodam, zatimco jini jedinci maji tuto vaskuldrni strukturu ¢i funkci normaélni, ¢i
dokonce ,,supernormdlni“. Data z longitudinalni Framinghamské studie ukézala, ze
pomalé vaskuldrni starnuti asociované s vyznamnym snizenim mnozstvi fatalnich KV
pithod je mozné, ale soucasné je velice vzacné (Niiranen et al. 2017). Casné prace
vyjadiovaly vaskularni vék a s nim spojené riziko pomoci Framinghamského rizikového

skore (D'Agostino et al. 2008), ¢i v Evropé vice uzivanych SCORE tabulek (Cuende et al.
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2010). Paralelné s timto pfistupem byl navrhnut koncept ¢asného tepenného starnuti - early
vascular ageing (EVA), zalozeného na urceni vaskularniho véku pomoci srovnani
zméefeného aPWV s odpovidajici primérmou hodnotou podle véku a TK v referencni
populaci (Nilsson et al. 2008). Nasledn¢ byla do tohoto konceptu zavzata i opacna
moznost, kde mél dany jedinec ,,podprimérnou” aPWV, a tudiz byl jeho tepenny vék
»supernormalni® - supernormal vascular age (SUPERNOVA). V recentni studii byl
zohlednén kombinovany pfistup uréeni vaskularniho véku zohlednujici rizikové faktory
spolu s métenou aPWV. Na vzorku o velikosti 3347 jedinct rozdé&lenych do tii skupin na
EVA, normalni vaskularni vék a SUPERNOVA na zaklad¢ kombinace téchto faktord byla
nalezena vyznamné rozdilné incidence KV piihod mezi danymi skupinami. V modelu, ve
kterém byl vaskularni vék urcen pouze na zdkladé¢ zméfené aPWV, tento rozdil nalezen
nebyl (Bruno et al. 2020). Smérem, kterym by se mél dalsi vyzkum vydat, je identifikace
rizikovych ¢i protektivnich faktort ovliviiujicich vaskuldrni vék. Potencidlni vyuziti
méfeni tepenné tuhosti v klinické praxi do budoucnosti je:

1. Stratifikace a zptesnéni KV rizika, dominantn¢ u mladsich hrani¢nich jedinct.

2. Lepsi definovani hranic pro zahdjeni antihypertenzni medikace. Tento ptistup se
nabizi vzhledem k obousmérnému kauzalnimu vztahu mezi tepennou tuhosti a
arteridlni hypertenzi. Benefit pouziti méteni aPWV pii zahéjeni antihypertenzni
terapie vSak dosud v randomizované studii testovan nebyl.

3. Vybér antihypertenzni medikace. Jak bylo popsano v tvodu, rGzné
antihypertenziva ovlivituji tepennou tuhost rtizn€é. Vzhledem k silné;si asociaci
mezi KV mortalitou a aPWV nez méfenym perifernim TK by pouziti aPWV
misto TK pfi titraci antihypertenzni medikace mohlo byt efektivnéjsi. Tento
koncept je v soucasnosti testovan ve studii SPARTE (Laurent et al. 2020).

Mefteni tepenné tuhosti ¢ekd pred plnym vyuzitim v klinické praxi jesté nékolik
vyzev. Samotné vySetieni trva piiblizn¢ 20 minut. Tato doba se bude muset pro plné
vyuZiti v praxi zkratit, aby mohlo méfeni probéhnout béhem rutinni navstévy ambulance.
O toto se pokousi nové metody méfeni aPWV, naptiklad nepifimé metody zaloZené na
estimaci pouzitim brachidlni manzety. V souCasnosti se vSak potad jedna o nepfesné a ne
plné validované méfeni. DalSim potencidlnim problémem do budoucnosti je absence
referennich hodnot pouzitelnych v riiznorodych populacich - v soucasnosti dostupné
referencni hodnoty jsou zaloZené primarné na evropském obyvatelstvu bilé rasy (Banegas

and Townsend 2020). Z pohledu ovlivnéni progrese tuhosti centralnich tepen také ziistava
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oteviena otdzka cili pro intervenci a hledani ¢i potvrzeni znamych ¢i potencialnich
rizikovych a protektivnich faktorti, idedlné v kontextu longitudindlni studie, coz bylo

primarné i cilem této disertacni prace.

5.3 Osa AGE-RAGE v kontextu tepenné tuhosti

Nase vysledky ukazuji, ze rGzné parametry AGE-RAGE osy maji rizny efekt na
tepennou tuhost a tepenné tuhnuti. Prokazali jsme protektivni vliv SRAGE, nezadouci vliv
AGEs deponovanych v klizi a v neposledni fad¢€ i efekt pouziti kombinace téchto dvou
faktorti. Nenalezli jsme Zadnou asociaci mezi CML a aPWV ¢i jeji zménou za rok. I kdyz
je CML jednim z nejvice pouZzivanych piedstaviteld cirkulujicich AGEs, v kontextu
tepenné tuhosti pravdépodobné neni nejlepSim ukazatelem. Patfi do skupiny AGEs
netvofticich pficné spojky mezi proteiny, protoze ma pouze jedno vazebné misto. Naopak
pentosidin, jeden z AGEs méfenych autoflorescencni metodou, tyto spojky vytvafi.
V minulosti publikovana studie nalezla asociaci mezi aPWV a CML u hypertenznich
jedincti (McNulty et al. 2007). Mizeme pouze spekulovat, zda tato diskrepance odrazi
niz$i senzitivitu CML v kontextu relativné zdravé populace, anebo je hypertenze stavem,
pfi kterém se tvoii obecné vice AGEs, véetné CML. Pii vedlej$i analyze jsme vSak
v naSem vzorku nenalezli ani zddnou asociaci mezi CML a AGEs méfenymi v kizi.
Kazdopadné se slozky osy AGE-RAGE zdaji byt slibnym biomarkerem pfii stratifikaci
rizika ¢i intervenci do budoucna v kontextu nejen tepenného starnuti, 1 kdyz, jak bylo

popsano v ¢asti 1.7.6, dosud testované léky nenaplnily ocekavani.

5.4 Limitace

Nase vybrané kohorty byly zaloZeny na vzorku obecné populace. U¢ast ve studiich je
vysoce zavisld na ochoté ucastnit se. Nase vysledky mohou byt zkresleny faktem,
ze obecné zdravéjsi jedinci jsou ochotnéjsi zucastiiovat se riznych Setieni. Nase vysledky
tudiz nemohou byt pln€ zobecnény, zvlasté u vice vaskularné kompromitovanych jedinct.
Nase vysledky vychazeji z jednoho métfeni parametri osy AGE-RAGE, nékteré z téchto

parametrii se vSak mizou vyrazné ménit v ¢ase v reakci naptiklad na stresovou situaci.
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6 Zavéry

Starnuti tepenného systému vede k ateroskleréze a tuhnuti tepenné stény. Tyto
patologie spolu mohou koexistovat a interferovat, lisi se vSak svoji lokalitou, patogenezi,
rozsahem a konsekvencemi. Tuhnuti centralnich tepen je kromé jiného zodpovédné za fadu
vékové podminénych projevi, jako je vzestup centralniho systolického tlaku, ¢i vznik
izolované systolické hypertenze ve staii, coz pfimo poskozuje srdce, mozek a ledviny.
Klinicky se tepennd tuhost manifestuje jako rychlost Sifeni aortalni pulzové viny. Rychlost
aortalni pulzové viny je jednim z nejlepSich nezavislych prediktorti kardiovaskularni
mortality a morbidity, pfinejmensim u jedinci, ktefi nemaji rozvinutou pokrocilou
ateroskler6zu. Tuhnuti tepen je velice multifaktoridlni, pfi¢emz primarnim mechanismem
v jeho progresi je mechanické opotiebovani elastinovych vlaken. Tato progrese miiZze byt
akcelerovana nebo zpomalena fadou znamych i dosud pravdépodobné neznamych
mechanismui. Studium tepenné tuhosti na raznych populacich ukazalo, ze jeji dynamika
muze byt zpomalena, zastavena, ¢i dokonce zvracena. Vzhledem k vyrazné asociaci aPWV
s KV mortalitou méa vyznam hledat faktory, které se na ni podileji, idealné
v randomizovaném kontrolovaném designu pro urceni potentnich cili intervence do

budoucnosti. Z pohledu nastolené problematiky z naSich vysledkl vyplyva, Ze:

e Parametry osy AGE-RAGE se signifikantné podileji na dynamice tepenného starnuti,
ptfiemz cirkulujici SRAGE maji protektivni roli a deponované AGEs naopak tuhnuti
tepen urychluji.

e Vitamin K ma z pohledu tuhnuti tepen protektivni roli.

e Pfi hleddni dédiéného podkladu pro tepennou tuhost se velice pravdépodobné jeden

urcujici gen nenalezne, jelikoz se jedna o multifaktoridlni a polygenni zalezitost.

Potencialni klinické vyuZiti stanoveni tepenné tuhosti je pfi stratifikaci KV rizika
a identifikaci jedincii, ktefi by mohli profitovat z ¢asného zahajeni antihypertenzni terapie,
a to 1 pfesto, ze se na zaklad¢ klasickych KV rizikovych faktorti pohybuji v pasmu nizkého
rizika. Dale by méfeni aPWV mohlo slouzit jako primarni lécebny cil pii titraci

antihypertenzni medikace.
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Abstract

Stiffening of large arteries, clinically manifesting as increased aortic pulse wave velocity (PWV), is an inevitable outcome of
aging. Among other mechanisms, impaired glucose metabolism plays an important role, leading to the deposition of
advanced glycation end products (AGEs). This process is counterbalanced by the circulating soluble receptor for AGEs
(sRAGE). We investigated the association between arterial stifTness on one side and multiple circulating biomarkers and the
degree of skin deposition of AGEs on the other. In a cross-sectional design, 867 participants based on a general population
sample (Czech post-MONICA studies) were examined. PWV was measured by SphygmoCor device (AtCor Medical Ltd.),
while skin AGEs were measured using a dedicated autofluorescence method (AGE Reader mu’). To quantify the circulating
status of AGEs, carboxymethyl lysine (CML) and sRAGE concentrations were assessed by ELISA, along with conventional
glucose metabolism indicators. When analyzing the whole sample using multiple linear or logistic regression models and
after adjustment for potential covariates, a significant association with PWV was found for fasting glycemia, HbAlc,
sRAGE, skin AGEs, and the skin AGE-to-sRAGE ratio. Among these parameters, stepwise models identified the strongest
association for the skin AGEs and AGE-t0-sRAGE ratio, and this was also true when diabetic subjects were excluded. In
contrast, neither CML nor its ratio relative to sSRAGE showed any association with arterial stiffness. In conclusion, skin
AGEs along with their ratio relative to sSRAGE were closely associated with arterial stiffness and is a better indicator of the
current status of deposited AGEs than other relevant factors.

Keywords AGEs * Carboxymethyl lysine - Glucose metabolism * Pulse wave velocity * SRAGE
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quantified as increased pulse wave velocity (PWV) [5]. It is
evident that increased stiffness of large arteries signals
excessive mortality risk, and PWV itself has been accepted
as a very sensitive indicator of individual “vascular age”
[6, 7].

Advanced glycation end products (AGEs) represent a
heterogencous family of highly oxidized compounds that
arise from nonenzymatic reactions between reducing
sugars and biological proteins or lipids [8—10]. Multiple
different species of AGEs were identified: carboxymethyl
lysine (CML), carboxyethyl lysine, pentosidine, pyrraline,
etc [10]. A pathological role of AGEs has been presumed
in several chronic diseases, such as diabetes, athero-
sclerosis, or chronic renal disease [8, 11-13]. The specific
cell surface receptor for AGEs (RAGE) is expressed on
multiple cell types, including endothelial cells, cardio-
myocytes, smooth muscle cells, and epithelial cells [14],
and binding of AGEs to RAGE activates several patho-
physiological cascades (release of inflammatory cyto-
kines, oxidative stress increase, etc.). Furthermore, the
interaction of AGEs and collagen culminates in the cross-
linking of collagen fibers in the vascular wall, which leads
to its higher resistance to enzymatic proteolysis [15]. This
leads to stiffening of the vessel wall and clinically man-
ifests as increased PWV.

Among the two types of cellular RAGE (full-length
membrane RAGE and N-truncated RAGE), there are two
isoforms of this receptor that are cleaved from the cell
surface by matrix metalloproteinase (cCRAGE, the cleaved
receptor for AGEs) or directly secreted (esRAGE, the
endogenous secretory receptor for AGEs). These two
isoforms (collectively quantified as sRAGE, soluble
receptor for RAGE) are present in the bloodstream, where
they act as decoys and can capture circulating AGEs,
providing some kind of “natural defense” against AGE-
RAGE-mediated pathophysiological processes (including
the above mentioned cross-linking of collagen) [16, 17].
Multiple studies have reported an association between all
these AGE-RAGE axis components and arterial stiffness
[18-22].

Apart from assessing circulating biomarkers, it is now
possible to measure some specific AGEs accumulated in the
skin (namely, pentosidine, N*-CML, and N°-carboxyethyl
lysine) using their autofluorescence capability [23]. More-
over, it has been recently proposed to use the ratio between
ligands (a quantifiable representative of the AGE “super-
family™) and circulating receptors [24]. The rationale behind
this approach is that this ratio better describes the current
pathophysiological situation because one parameter sum-
marizes the balance between harmful and protective factors.

In the present analysis, we aimed to explore associations
between aortic PWV and various AGE-RAGE axis para-
meters, as well as conventional markers of glucose

metabolism. We intended to compare the performance of
these biomarkers in terms of estimation of “vascular age” in
a general population-based setting.

Methods

All procedures performed in this study were performed
under the principles of Good Clinical Practice and ethical
standards formulated in the 1964 Declaration of Helsinki
and its later amendments. The study protocol was
approved by the local Ethics Committee of the University
Hospital in Pilsen. Written informed consent was obtained
from all participants included in the study. Data were
stored and evaluated under the provisions of the Czech
Data Protection Act and GDPR direction of the European
Committee.

Design and study population

The analysis represents a cross-sectional study of a general
population-based sample.

The study population consisted of individuals examined
as a part of the Czech post-MONICA study. A random 1%
sample of Pilsen region residents aged 25-75 were selected
from the General Health Insurance Registry; all details are
reported elsewhere [25, 26]. Among the responders, 632
individuals were originally examined in 2008 and then
subsequently attended a follow-up examination in 2016/17
using a nearly identical examination protocol; the data
obtained at follow-up were used for this analysis. In addi-
tion, another sample of 399 individuals was examined in
2017 based on a new selection process and identical pro-
tocol. A total of 1031 individuals attended the examination
programs, but 164 subjects had to be excluded because of
technically impossible or inaccurate PWV measurements
(because of body constitution, arrhythmia, or disagreement
with this examination) or missing glucose metabolism data.
The total analyzed population thus consisted of
867 subjects.

Clinical examination

Information on each subject’s characteristics, personal and
family history of coronary artery disease, lifestyle (smok-
ing, drinking, exercise habits, etc.), and pharmacotherapy
was obtained. Height and weight were measured using a
SECA 767 (SECA Gmbh & Co., Hamburg, Germany) scale
with a telescopic measuring rod. Body mass index (BMI)
was caleulated as body weight (kg¥height® (m?). Blood
pressure (BP) was measured using the auscultatory techni-
que and an appropriately sized cuff. Three measurements
were performed on the right arm with the patient in the
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sitting position. Average BP was determined by the average
of a second and third measurement, and mean arterial
pressure (MAP) was calculated as one-third systolic pres-
sure plus two-thirds diastolic pressure.

Large artery properties were measured based on the 2006
Expert Consensus Document [27]. Measurements were
obtained after 15 min of rest in the supine position in a quiet
room using a Sphygmocor MM3 device (AtCor Medical
Lid., Sydney, NSW, Australia).

Aortic PWV was measured between the carotid and
femoral arteries. It was calibrated by measuring BP on the
contralateral arm before the recordings. The body surface
distances between the carotid pulsation and jugular fossa
and between the jugular fossa and femoral recording site
were measured. The travel distance along the aorta was
calculated by subtracting these two distances. Registrations
of the pulse waves were ECG-gated, so the time shift
between the appearance of the wave at the first and second
sites could be calculated. Pulse wave velocity (PWV) was
calculated as the ratio of the travel distance (m) and the
transit time (s) and an average of two recordings was used
for analysis. If the difference between the two recordings
was >0.5 m/s, another recording was executed. Skin AGEs
were quantified by the AGE Reader mu device (Diagnoptics
Technologies B.V., Groningen, Netherlands). Noninvasive
ultraviolet light is used to measure the autofluorescence of
specific AGEs in human skin (pentosidine, N®-CML, and
NFf-carboxyethyl lysine) [23]. Three recordings were per-
formed in each subject and the average was used for
analysis.

Laboratory analysis

Venous blood samples were drawn after at least 12h of
fasting and all laboratory examinations were performed in
series from aliquots stored at —80 °C. The total and HDL
cholesterol, triglycerides, serum creatinine and glucose
levels were assessed from serum samples using a Cobas
Mira/ROCHE analyzer (ROCHE Diagnostics, Basel, Swit-
zerland) and commercially available kits of the same pro-
vider. The Friedewald equation was used to calculate LDL
cholesterol, i.e., LDL =total cholesterol — HDL - (TG/
2.22). Estimated glomerular filration rate (eGFR) was
assessed by the CKD-EPI formula (using serum creatinine,
age, and gender) [28]. Glycated hemoglobin (HbAlc) was
assessed using liquid chromatography.

The soluble form of receptor for advanced glycation end
products (sRAGE) concentration was quantified by ELISA
methods using a Human RAGE Quantikine ELISA Kit
(R&D Systems Inc., Minneapolis, MN, USA), while the
status of circulating AGEs was quantified as serum CML
using commercial ELISA kits (Cusabio Technology LLC,
Houston, Tx, USA). esRAGE was not analyzed.

Data analysis

For database management and statistical analyses, SAS
software version 9.4 (SAS Institute Inc., Cary, NC, USA)
was used. Data are presented as the median and inter-
quartile range (because of the nonnormal distribution of
most variables) or by relative frequencies (for categorized
variables). Aortic PWV was used as the main indicator of
central artery stiffness, and its value in the 4th quartile
(29.7m/sec) was considered “high”. All seven explored
parameters were divided into quartiles as follows: <5.0
5.0-5.1, 5.2-5.6 and 25.7 (fasting glycemia, mmol/L);
<34, 34-35, 36-39 and 240 (HbAlc, mmol/mol);
<7693, 769.3-991.8. 991.9-1321.1 and =21321.2
(sRAGE, pg/mL): <94.4, 94.5-169.6, 169.7-273.0 and
2273.1 (CML, pg/mL); <1.8, 1.9-2.1, 2.2-2.5 and 22.6
(skin  AGEs, arbitrary unit); <82.2, 82.2-156.2,
156.3-296.6 and 2296.7 (CML/sRAGE x 1000); <1.56,
1.57-2.12, 2.13-3.05 and 23.06 (skin AGEs/ sRAGE,
x1000). Conventional risk factors were dichotomized into
binary variables with limits based on the 6th European
Guidelines for Cardiovascular Prevention [29]. Overt
diabetes was defined as fasting glucose 27.0 mmol/L and/
or the use of antidiabetic medication. Hypertension was
defined as systolic BP 2140 mmHg and/or diastolic BP 2
90mmHg and/or treatment with antihypertensive medi-
cation. Conventional statistical methods were applied (see
the relevant section of Results). Statistical significance
was considered at the P value of 0.05.

Results
Characteristics of participants

The analyzed population consisted of 867 subjects
representing a general population sample of the Pilsen
region. The sex distribution was roughly equal, with 477
females (55%) and 390 males (45%), and the average age
was 56.7 (£13.8) years. Mean PWV was 8.76 (+2.19) m/
sec with average values for chosen glucose metabolism
parameters as follows: fasting glycemia- 5.40 (+0.93)
mmol/L, HbAlc- 37.3 (%6.55) mmol/mol, serum CML
2164 (+204.7) pg/mL, skin AGEs 2.26 (+0.57), serum
SRAGE 1084.0 (x464.1)pg/mL, CML-to-sRAGE ratio
(x1000) 247.2 (£321.5) and skin AGE-to-sRAGE ratio
(x1000) 2.52 (+£1.69). Detailed characteristics of the par-
ticipants are given in Table 1.

Determinants of aortic stiffness

Bivariate associations between aortic PWV and other clin-
ical parameters can be seen in Table 2 (Spearman’s

SPRINGER NATURE
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Table 1 Baseline characteristics of study sample (n =867) [median

(interquartile range) or n (factor proportion)]

n
Age [years]

Male gender [n(%)]

Current smoking [n(%)]

Body mass index [kg/m?]

Body mass index 230 ke/m*[n{%)]
Systolic blood pressure [mmHg]
Diastolic blood pressure|[mmHg]
Mean arterial pressure

Tx/w antiltypertensives [n(%)]
Arterial hypertension” {n{%)]

LDL cholesterol [mmol/L]

Tx/w statins [n(%)]

Fasting glycemia [mmol/L]

Fasting glycemia 25.6 mmol/L [n(%)]
HbAlc [mmolmol]

HbAle 242 mmolimol [n(%)]

Tx/w antidiabetics [n(%)]

Overt diabetes” [n(%)]

Serum creatinine [pmol/L]

eGFR [ml/min]

eGFR <60 ml/min {n(%)]

Aortic pulse wave velocity [m/sec]
Serum CML [pg/mL|

Skin AGEs [A.U]

Serum sRAGE [pg/mL]

CML to sRAGE [ratio x 1000]

skin AGEs to sRAGE [ratio x 1000]

867
56.7 (46.0-66.3)
390 (45.0%)

176 (20.3%)
27.1 (24.4-30.6)
254 (29.3)

130.7 (119.3-142.5)
81.0 (74.7-88.0)
97.8 (91.0-105.3)
310 (35.8%)

476 (54.9%)
297 (2.40-3.63)

166 (19.1%)
5.20 (4.90-5.70)
272 (31.4)

36.0 (34.0-40.0)

146 (16.8)

64 (7.4%)

75 (87%)
73.0 (65.0-83.0)
89.1 (77.9-99.9)

50 (5.8)

8.35 (7.25-9.70)

169.6 (94.4-273.0)
220 (1.87-2.57)

991.8 (769.3-1321.2)

156.3 (82.18-296.65)
2.13 (1.56-3.05)

Tx/w treatment with, ACE{ angiotensin-converting enzyme inhibitors,
ARBs angiotensin Il receptor blockers, HDL high density lipoprotein,
LDL low density lipoprotein, ¢GFR estimated glomerular filtration (by
CKD-EPI standard). CML carboxymethyl lysine, skin AGEs skin
autofluorescence advanced glycation end products, sRAGE soluble
receptor for advanced glycation end products

“Systolic blood pressure 2140 and/or diastolic blood pressure =90
mmHg and/or antihypertensive treatment

PFasting glycaemia >7 mmol/L and/or treatment with antidiabetics

correlation coefficient was used because of the non-
normality of PWV). Using PWV as a reference variable, a
significant correlation was found with common cardiovas-
cular risk [lactors, namely, age. BMI, MAP, and e¢GFR.
Moreover, a significant comelation was found between
PWYV and all chosen markers of glucose metabolism, i.e.,
fasting glycemia, HbAlc, serum CML, skin AGEs, serum
sRAGE, and both calculated ratios (CML to sRAGE and
skin AGEs to sRAGE). Unsurprisingly, the strongest cor-
relation was found with age and MAP.

The differences in the same parameters between the
upper and lower quartiles of PWV were also calculated

and can be seen in the right part of Table 2. Significant
differences in all the parameters except LDL cholesterol
were found between the upper and lower quartiles
of PWV.

In a semicontinuous manner (Fig. 1), PWV significantly
increased across quartiles by fasting glycemia, skin AGEs,
and the skin AGE-to-sRAGE ratio. A positive significant
trend in PWV was also observed across HbAlc quartiles
(with p<0.0001, not in Figure). An inverse trend (with
only borderline significance) was observed across serum
sRAGE quartiles, while differences in PWV by serum CML
or by CML-to-sRAGE ratio quartiles remained insignificant
(Fig. 1).

A series of multivariate linear regression analyses with
PWYV as a dependent continuous variable was performed
to assess its association with the explored parameters
(glucose metabolism or AGE-RAGE axis parameters),
and the results are shown in Table 3. As a first step, each
of the seven explored parameters was tested in their own
multivariate model (upper part of Table 3). All con-
founders known to be associated with arterial stiffness
(age, sex, smoking, MAP, pharmacotherapy, etc.) were
considered potential covariates (coefficients for these
factors are not depicted in the table for this particular
analysis). A significant association with PWV was found
with fasting glycemia, HbAlc, serum sRAGE, skin AGEs
and the skin AGE-t0-sRAGE ratio. There was no asso-
ciation between PWV and the serum CML or CML-to-
sRAGE ratio. Moreover, after excluding the diabetic
subjects from the analyses, the association with HbAlc
completely disappeared, while the association with the
remaining parameters remained unchanged (Table 3,
upper part). In the next step, all explored parameters (with
the exception of HbAlc) were included in stepwise
regression, but due to collinearity, we performed one
model for directly measured parameters (serum CML,
serum sRAGE, skin AGEs) and the second for their ratios
(CML to sRAGE and skin AGEs to sRAGE). In addition
to the conventional PWV covariates (age, sex, MAP, etc.),
the association remained significant with fasting glyce-
mia, serum SRAGE, skin AGEs and the skin AGE-to-
SRAGE ratio. No association was found between PWV
and the serum CML or CML-to-sRAGE ratio. Again, the
same models were then applied to nondiabetic subjects
only, and the association remained virtually unchanged
for all the selected parameters.

Because of the strong collinearity of fasting glycemia
and HbAlc (correlation coeff. 0.58, p >0.0001), these two
glucose metabolism parameters were not used in the same
model. Fasting glycemia was chosen because of its much
stronger association with PWV. However, we repeated all
stepwise regression models where HbAlc was used as a
covariate instead of fasting glycemia (Supplementary

1-4
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Table 2 Bivariate association of

i pre:volbaily Spearman’s R P value Low PWV* High PWV® P value®

(PWV) and its covariates in Age 0.604 <0.0001 45.8 (11.8) 680 (10.1)  <0.0001

continuous manner (Spearman’s i

correlation); differsices in thege. B0y mass iidex 0.323 <0.0001 257 (4.6) 292 (46)  <0.0001

factors between bottom and top Mean arterial pressure 0.409 <0.0001 91.3 (9.6) 102.6 (11.2) <0.0001

quartile of PWV LDL-cholesterol 0.073 00313 2.89 (0.81) 3.06 (1.01) 0.1343
eGFR —0.351 <0.0001 96.6 (164) 78.1 (18.2) <0.0001
Fasting glycemia 0.299 <0.0001 5.06 (0.67) 5.81 (1.30) <0.0001
HbAlc 0.407 <0.0001 349 4.8) 414 (8.9) <0.0001
Serum sRAGE —0.215 <(.0001 11747 (429.6) 9550 (466.0)  <0.0001
Serum CML 0.124 0.0002 190.4 (181.3) 2469 (193.4) 0.0002
Skin AGEs 0.437 <0.0001 1.97 (0.44) 2.62 (0.59) <0.0001
CML to sRAGE ratio 0.198 <0.0001 193.5 (227.2) 3235 (429.5) <0.0001
Skin AGEs to sRAGE ratio 0.403 <0.0001 1.92 (1.03) 3.40 (2.52) <0.0001
“Bottom quartile, i.e., <7.25 m/s
"Top quartile, i.e., equal or more than 9.7 m/s
‘By Mann—-Whitney U test

Table 1). The p coefficient for HbAlc was lower than that  Discussion

for fasting glycemia in the original model (0.05 for HbAlc
versus 0.4189 for fasting glycemia), and the predictive
power of HbAlc completely disappeared after excluding
the diabetic subjects from analyses. On the other hand, the
patterns of association for the main explored parameters
(1.e., serum sRAGE, serum CML, skin AGEs, and both
ratios) with PWV were more or less repeated (see Supple-
mentary Table 1 for detailed results).

Finally, a series of multiple logistic regression models
were used to identify the predictive power of the explored
parameters for increased arterial stiffness (defined as
PWV 2 9.7 m/s, i.e., 4th quartile of PWV) adjusted for other
major covariates (Table 4). Parameters were dichotomized
using the 4th quartile as the cutoff (with the only exception
being serum sRAGE where the Ist quartile was used). In
individual models, a significant association was found with
high fasting glycemia, high HbAle, low serum sRAGE
status, high skin AGEs, and high skin AGE-to-sRAGE
ratio. No significant association was found with high serum
CML or high CML-10-sRAGE ratio again. When excluding
diabetic subjects, the predictive power of low serum
sRAGE disappeared, while a significant association with
other parameters remained.

Two different models were used again for stepwise
regressions (for directly measured parameters and their
ratios). Very similar associations were found with PWV 2
9.7m/s as in individual models, including the loss of sig-
nificance of low serum sRAGE after excluding nondiabetic
subjects (bottom part of Table 4).

In addition, a similar pattern of associations was
observed even if high HbAlc, not high fasting glycemia,
was used as a covariate in all analyses listed in Table 4 (see
Supplementary Table 2).

In the present study, we confirmed that skin deposition of
AGEs, quantified by the dedicated autofluorescence method,
was significantly positively associated with arterial stiffness
(aortic PWV) in a random sample of the general population,
and a strong association was also observed il the ratio
between skin AGEs and circulating concentration of the
sRAGE ratio was used instead of single parameters. This skin
AGE-10-RAGE ratio in the top quartile was associated with
an approximately twolold higher risk of increased arterial
stiffness (defined as PWV 29.7m/sec), even after full
adjustment for potential covariates, including conventional
glucose metabolism parameters. As already mentioned, the
ratio between the ligand (in our case skin AGEs) and its
circulating receptor (esRAGE or sRAGE) seems to be more
biologically plausible since it represents, in one joint para-
meter, the individual course of deposition of AGEs in solid
tissues on one side and the activity of protective factors on the
other. A recent summary report [24] advocates for this
approach, which is supported not only by the present results
but also by our other results. In our previous prospective
study on 536 longitudinally followed subjects, we observed
that an increased skin AGE-t0-sRAGE ratio (23.3) was
associated with a twofold higher relative risk of accelerated
age-dependent arterial stiffening (defined as az2m/sec
increase in PWV per age decade). The accuracy of the ratio
was higher in this respect than that for the individual factors
(either skin AGEs or sRAGE) [30].

The association between skin AGEs and arterial stiffness
has already been reported in several (usually smaller) cross-
sectional studies, but none of them was set into an explicitly
random general population. A significant positive association
between skin AGEs and aortic PWV was reported in =90
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Fig. 1 Distribution of PWV by quartiles of individual parameters of
glucose metabolism and the AGE-RAGE axis (box and whisker plots:
P value adjusted for age, sex. and MAP); limits of quartiles are as
follows: <4.9, 49-5.2, 53-5.6 and =5.7 for glycemia [mmol/L];
<769.3. 769.3-991.8, 991.9-1321.1 and 21321.2 for serum sRAGE

peritoneal or hemodialysis patients [31], and a similar phe-
nomenon was found in 120 Japanese end-stage renal disease
patients [32]. The close correlation between skin AGEs and
PWV was also proven in smaller groups of patients with type I
diabetes and high cardiovascular risk [33, 34] as well as in 218
hypertensive patients [35]. The largest part of the evidence yet
represents the Maastricht study, which confirmed the inde-
pendent relation between aortic PWV and skin AGEs in 862
participants, belonging to three predefined groups- type 1l
diabetic patients, those with impaired glucose metabolism and
control normoglycemic subjects [36]. We confirmed the asso-
ciation between skin AGEs and arterial stiffness in the random
general population sample. It is also important to stress that the
relation between the skin AGE-t0-sRAGE ratio and increased
arterial stiffness remained in our sample even afier diabetic
patients were excluded. In addition, when we further excluded
those with hypertension, eGFR <60 mL/min, and any chronic

[pg/mL]; 94.4, 94.5-169.6, 169.7-273.0 and 2273.1 for serum CML
[pg/mL]: <1.8, 1.9-2.1, 2.2-2.5 and 22.6 for skin AGEs |arbitrary
unit]:): <82.2, 82.2-156.2, 156.3-296.6 and 2296.7 for CML-to-
sRAGE ratio [CML/SRAGE x 1000]: <1.56. 1.57-2.1 2. 2.13-3.05
and 23.06 for skin AGE-to-sRAGE ratio [skin AGEs/sSRAGE x 1000]

treatment or manifest disease, the association between the skin
AGE-0-sRAGE ratio and PWV remained significant [with
£ =0.121 (SE 0.057), p = 0.035] (not in the Results). There-
fore, it can probably be presumed that the identified association
seems to be universal and sensitive enough to confirm the use
of the skin AGE-0-sRAGE ratio as a relatively simple bio-
marker of “vascular age” in generally healthy subjects (i.e., in
primary prevention).

A further question could be raised: to what extent is the
proposed biomarker (skin AGE-to-sRAGE ratio) more accu-
rate than conventional indicators of glucose metabolism (such
as fasting glycemia or HbAlc) with regard to arterial stiff-
ness? The highest predictive power regarding increased PWV
was found for impaired fasting glucose (>5.6 mmol/L), which
is the simplest parameter indeed and establishes a prediabetic
state [37]. On the other hand, increased skin AGEs (or a high
skin AGE-to-sRAGE ratio) maintained their significant
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Table 3 Multivariate association
between aortic pulse wave

All subjects (n = 867) Nondiabetic subjects (n = 792)

velocity and explored B coeff. (std. error) P value B coeff. (std. eror) P value

parameters of glucose

metabolism or RAGE-AGE axis Individual models*
Fasting glycaemia 04195 (0.0718) <0.0001 04882 (0.1013) <0.0001
HbAlc 0.0487 (0.0116) <0.0001 —0.0027 (0.0163) 0.8683
Serum sRAGE —0.0003 (0.0001) 0.041 —0.0004 (0.0001) 0.006
Serum CML —0.0001 (0.0003) 0.901 —0.0002 (0.0003) 0.536
Skin AGEs 0.5151 (0.1341) <0.0001 0.3195 (0.1355) 0.017
CML to sRAGE ratio 0.0001 (0.0002) 0.619 0.0001 (0.0001) 0.788
Skin AGEs to sRAGE ratio 0.1256 (0.0372) 0.001 0.1092 (0.0366) 0.003

Full step-wise model A”
Age 0.0571 (0.0058) <0.0001 0.0576 (0.0057) <0.0001
Male gender 0.2243 (0.1163) 0.054 0.3074 (0.1159) 0.008
History of vascular disease 0.5206 (0.2225) 0.020 not entered -
Current smoking —0.3983 (0.1435) 0.006 —0.3219 (0.1408) 0.023
Mean arterial pressure 0.0451 (0.0054) <(.0001 0.0426 (0.0052) <0.0001
Fasting glycemia 04189 (0.0634) <0.0001 0.5054 (0.1001) <0.0001
Serum sRAGE —0.0002 (0.0001) 0.089 —0.0003 (0.0001) 0.001
Serum CML not entered - not entered -
Skin AGEs 0.5281 (0.1319) <0.0001 04178 (0.1331) 0.001
Constant —2.8033 (0.6416) <0.0001 —2.1627 {0.7252) 0.003
Full step-wise model B®

Age 0.0634 (0.0049) <0.0001 0.0648 (0.0048) <0.0001
Male gender 0.2437 (0.1160) 0.036 0.3412 (0.1155) 0.001
History of vascular disease 0.5198 (0.2265) 0.022 not entered -
Current smoking —0.3026 (0.1391) 0.030 —0.2362 (0.1356) 0.082
Mean arterial pressure 0.0443 (0.0054) <(.0001 0.0430 (0.0052) <0.0001
LDL cholesterol 0.1262 (0.0627) 0.045 not entered -
Treatment with antihypertensives 0.2819 (0.1360) 0.038 0.2239 (0.1321) 0.0905
Fasting glycemia 0.4448 (0.0625) <0.0001 04922 (0.0997) <0.0001
CML to sRAGE ratio not entered - not entered -
Skin AGEs to sRAGE ratio 0.1162 (0.0360) 0.001 0.1036 (0.0355) 0.004
Constant —2.4487 (0.6074) <0.0001 —2.2438 (0.6770) 0.001

Multiple linear regression with PWV as dependent continuous variable

“Each of seven parameters had its own model, following covariates were also included into regression
models: age, gender, history of vascular disease, current smoking, body mass index, mean arterial pressure,
LDL-cholesterol, eGFR. treatment with any antihypertensives, with statins or with antidiabetics (only in “all

subjects” analyses)

"Only directly measured parameters considered (along with above mentioned covariates with exception

of HbAlc)

“Only ratios (CML to sRAGE and skin AGEs to sRAGE) considered (along with above mentioned
covariates with exception of HbAlc)

association with arterial stiffness even if adjusted for impaired
fasting glucose. Regarding increased PWYV, skin AGEs
probably have more informative value than fasting glycemia.
We can speculate that the expression of AGE deposition in
solid tissues represents a more robust biomarker rather than a
variable parameter, such as fasting glucose. Something similar
can be said about HbAlc, which is also a product of tissue
glycation but at another pathophysiological level

Nevertheless, HbAlc is an established clinical marker of
long-term glucose status in diabetic patients; however, it
probably lacks sufficient sensitivity in less affected subjects.
This is evident [rom the fact that the positive association
between PWV and HbAlc (as continuous variables) dis-
appeared if diabetic subjects were excluded from the analysis.

Surprisingly, we did not find any significant
association between PWV and serum CML in our study

SPRINGER NATURE
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Table 4 Adjusted association of
high arterial stiffness (PWV 2
9.7 m/sec i.e., 4th quartile of
PWYV) and explored parameters
of glucose metabolism or
RAGE-AGE axis

All subjects (it =867)

Nondiabetic subjects (n=792)

Individual models™ Odds ratio (95% conl. intervals) P value Odds ratio (95% conf. intervals) P value
Individual models®
Fasting glycemia 5.7 mmol/LL  2.296 (1.515-3.481) <0.0001 2757 (1.770—4.293) <0.0001
HbA Ic = 40 mmol/mol 2,048 (1.344-3.122) 0.001 1.783 (1.141-2.786) 0011
Serum sRAGE <7693 pg/mL 1517 (1.016-2.265) 0.042 1.457 (0.948-2.240) 0086
Skin AGEs 2.6 AU. 1.924 (1.260-2.936) 0.002 2046 (1.301-3217) 0.002
Serum CML2273.1 pg/mL 1028 (0.677-1561) 0.896 0.947 (0.600-1 493) 0813
CML to sSRAGE = 3.06 1.344 (0.897-2.014) 0.152 1.267 (0.816-1 968) 0291
Skin AGEs to sSRAGE 2297.7 1930 (1.295-2.877) 0.001 1902 (1.239-2919) 0003
Step-wise model A”
Age 265 4.509 (2.995-6.789) <0.0001 5.841 (3.769-.052) <0.0001
Male gender not entered - 1460 (0.973-2.189) 0067
History of vascular disease L7100 (0.913-3.202) 0.094 not entered -
Arterial hypertension 3.329 (2.163-5.124) <0.0001 3.072 (1.947-4 .849) <0.0001
Fasting glycemia 25.7 mmol/L  2.547 (1.728-0.754) <0.0001 2,698 (1.7334201) <0.0001
sRAGE <769.3 pg/mL 1.598 (1.074-2.378) 0.021 1.446 (0.938-2229) 0.095
Skin AGEs 2.6 AU. 1.916 (1.268-2.894) 0.002 1.983 (1.271-3.094) 0.003
Step-wise model B®
Age 265 5.095 (3.448-7.529) <0.0001 6.681 (4.390-10.168) <0.0001
Male gender not entered - 1.480 (0.988-2216) 0057
History of vascular disease 1.754 (0.942-3264) 0.076 1ot entered -
Arterial hypertension 3.345 (2.175-5.145) <0.0001 3.129 (1.985-4933) <0.0001
Fasting glycemia 25.7 mmol/L. 2536 (1.720-3.738) <0.0001 2,684 (1.725-4.176) <0.0001
CML 10 sSRAGE =2296.7 not entered - not entered -
Skin AGEs to sRAGE = 3.06 1.978 (1.335-2.925) 0.001 1.342 (1.197-2.835) 0.005

Multiple logistic regression models with PWV = 9.7 m/sec used as the dependent variable

HbAIc glycated hemoglobin, sRAGE soluble receptor for advanced glycation end products, CML
carboxymethyl lysine, AGEs advanced glycation end products, Tx/w treatment with

“Each of seven parameters had its own model, following covariates were also included into logistic
regression models: Fasting glycemia 25.7 mmol/L, age 265. male gender, history of vascular disease,
smoking status, BMI 2 30, arterial hypertension, LDL cholesterol 22.5, estimated GFR < 60, treatment with a
statin and overt diabetes (only in “all subjects” analyses)

"Only directly measured pammeters with exception of HbAlc considered (along with above-mentioned

covariates)

‘Only ratios (CML to sRAGE and skin AGEs to sRAGE) considered (along with above-mentioned

covariates)

(or CML-to-sRAGE ratio). The reason can be the biological
behavior of the chosen marker, ie., CML. Although this
compound is the most frequently used for quantification of
the general status of circulating AGEs, it is probably less
appropriate in the context of arterial stiffness. CML belongs
to the noncrosslinking group of the AGE family because it
can bind to only one protein residue and hence is unable to
form a bridge between two molecules [38]. In contrast,
pentosidine, one of the AGEs estimated by the auto-
fluorescence method in the skin, is a cross-linking AGE
[38]. An association between serum CML and PWV was
previously reported in hypertensive patients [20], but this
can reflect only the indirect relation between arterial stiff-
ness and increased development of AGEs (reflected by
increased circulating CML status). Thus, the lack of asso-
ciation between serum CML and PWV in our study may
only reflect a lower sensitivity of CML in the setting of a
relatively healthy population. In addition, we found no

correlation between serum CML concentration and
skin AGEs.

The final question remains: is there an advantage to
quantifying the AGE-RAGE axis status in comparison with
conventional risk factors, especially regarding vascular age?

First, it is necessary to stress that there are crucial
pathophysiological differences between atherosclerosis
(development of atheromatous plaques) and arteriosclerosis
(stiffening of arterial media) and that the individual cardio-
vascular risk is given by the interaction of both of these
phenomena. Generally, increased arterial stiffness (arterio-
sclerosis) is strongly related to age, sex, and BP and only
somewhat to impaired glucose metabolism. The role of other
major risk factors (namely, smoking and hypercholester-
olemia) is less convincing or only indirect. On the other
hand, notably due to their potential to form cross-links,
AGEs are directly involved in the pathophysiology of
arterial stiffness. Indeed, the association of skin AGEs and
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their ratio to sSRAGE remained independently associated
with increased arterial stiffness, even if all other major car-
diovascular risk factors were considered. The same situation
was present after the individual level of SCORE [39] (as an
established tool for estimation of cardiovascular risk, attri-
butable to conventional factors) was used instead of an
individual conventional cardiovascular risk factor (not in the
Results). Thus, we believe that the proposed biomarker (skin
AGE-t0-sRAGE ratio) can be potentially useful, namely, in
terms of individual “vascular age” estimation.

Study limitations

Our study cohorts were based on random population sam-
ples that depended on the compliance of the subjects with
the examination. Healthier subjects are known to be gen-
erally more willing to attend surveys. Thus, our results
cannot be fully generalized, notably to more vascular-
affected individuals.

There are multiple circulating AGEs, and in our
current study, we used only CML as a representative cir-
culating AGE. It cannot be excluded that other existing
circulating “members of the AGE family” (for example,
high-mobility group box 1) show better accuracy than CML
(in the context of a pathophysiological role in arterial
stiffness).

Finally, our analysis is based on a single measurement of
AGE-RAGE axis parameters only. However, it is already
known that some of these factors may vary over time, for
example, according to the immediate status of glucose
metabolism or as a response (o acute stress situations (this is
evident for the circulating status of sSRAGE, for example).
Our subjects should be nominally long-term stable, but
some intraindividual variability of parameters measured
cannot be fully excluded.

Conclusions

Skin autofluorescence AGEs, especially if related to the
circulating status of sRAGE, showed very good con-
cordance with arterial stiffness in relatively healthy sub-
jects. Due to its noninvasive nature and quick result
acquisition, it seems to be a promising tool for individual
“vascular age” estimation, which could also refine the
individualization of cardiovascular risk in primary preven-
tion, adding to the usual approach (based on conventional
cardiovascular risk factors).
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Abstract

Circulating levels of soluble receptor for advanced glycation end-products (SRAGE) have been suggested to have a
protective role in neutralizing advanced glycation end-products (AGEs) and their pathological effects on vessel walls. We
aimed to investigate the association between the circulating concentration of SRAGE and the dynamics of arterial wall
stiffening as a manifestation of vascular aging in the general population. In a prospective cohort study, we longitudinally
followed 530 general-population-based subjects (subsample of Czech post-MONICA study). Aortic pulse wave velocity
(PWV) was measured twice (at baseline and after ~8 years of follow-up) using a SphygmoCor device (AtCor Medical Lid),
and the intraindividual change in PWV per year (APWV/year) was calculated. Concentrations of sSRAGE were assessed at
baseline by ELISA (R&D Systems). The average APWV/year significantly decreased across the sSRAGE quintiles (p =
0.048), and a drop by one sSRAGE quintile was associated with an ~21% increase in the relative risk of accelerated age-
dependent stiffening (APWV/year 2 0.2 m/s). Subjects in the bottom quintile of sSRAGE (<889.74 pg/mL) had a fully
adjusted odds ratio of accelerated stiffening of 1.72 (95% CI: 1.06-2.79), p=0.028, while those with high sRAGE
concentrations (21695.2 pg/mL) showed the opposite effect [odds ratio 0.55 (95% CI: 0.33-0.90), p = 0.017]. In conclusion,
the circulating status of sSRAGE independently influenced the individual progression of arterial stiffness over time. This
finding strongly supports the hypothesis that high sSRAGE has a protective role against vascular aging.

Keywords AGEs + sSRAGE - Pulse wave velocity + Vascular aging * Prospective study + General population

Introduction significant manifestation of vascular aging [1]. Progressive
arterial stiffening is responsible for the age-dependent
Progressive remodeling and stiffening of large elastic increase in central systolic or pulse pressure and the
arteries (also known as arteriosclerosis) is the most  higher prevalence of isolated systolic hypertension [2].
Arteriosclerosis can coexist with atherosclerosis (a devel-
opment of atheromatous plaques) but has a different
pathophysiological evolution, location, and scope [3, 4].

B< Otto Mayer Jr. The main pathological process involved in progressive
mayero@fnplzen.cz age-related stiffening of large arteries is mechanical damage
! 2nd Department of Internal Medicine, Medical Faculty of Charles o the .vascular \J\."al]. cased by. rejpcatcd fractures, frag-
University and University Hospital, Pilsen, Czech Republic mentation, and thinning of elastin in vessel walls. Conse-
) quently, the pulse wave is transferred to more rigid collagen

Biomedical Center, Medical Faculty of Charles University, o ) i o
Pilsen. Czech Republic fibers; loss of elasticity of the arterial wall manifests clini-

cally as increased pulse wave velocity (PWV) [5].

The “natural” progression of age-dependent arterial
Centre for Cardiovascular Prevention of the First Faculty of stiffening (increase in P : ) can be individually accclcm_led
Medicine, Charles University and Thomayer Hospital, through several mechanisms [6, 7]. Advanced glycation
Prague, Czech Republic end-products (AGEs) are highly oxidizing compounds that
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arise from nonenzymatic reactions between reducing
sugars and biological proteins or lipids [8, 9]. AGEs have
pathological significance in several chronic diseases,
such as diabetes, chronic renal failure, and atherosclerosis
[8, 10-12]. AGEs potentiate multiple microvascular and
macrovascular complications by interacting with a specific
cellular receptor (or binding motif) for AGEs (the RAGE)
that is expressed on multiple cell types: smooth muscle
cells, endothelial cells, cardiomyocytes, epithelial cells, etc.
[11, 13]. This interaction culminates in the cross-linking of
collagen fibers, which leads to higher resistance of collagen
to enzymatic proteolysis and increases relative collagen
content in the arterial wall; this manifests clinically as
increased arterial stiffness (PWV) [14, 15].

The soluble 1soform of RAGE (sRAGE) 1s cleaved from
the cell surface by matrix metalloproteinases. This isoform
is present in blood, where it captures circulating AGEs and
thus has a protective role against AGE/RAGE-mediated
pathophysiological processes (including the above-
mentioned cross-linking of collagen). It has been shown that
mice treated with sRAGE suppressed diabetes-associated
acceleration of atherosclerosis independently of glycemic or
lipid status [16, 17].

In humans, low plasma levels of sRAGE have been
associated with increased risk of coronary artery disease
(CAD) and progression ol atherosclerosis in subjects with
or without manifest diabetes; low levels have also been
found in patients with calcified aortic valve stenosis
[18, 19]. In our previous study, low circulating SRAGE was
also independently associated with increased stiffness of
central arteries in the general population [20]. In
contrast, high levels of sSRAGE in nondiabetic men were
associated with a lower incidence of CAD [21]. To our
knowledge, no previous paper has investigated the rela-
tionship between sRAGE and age-related stiffening of
large arteries in a prospective design. In the present analy-
sis, we investigated the role of circulating sSRAGE con-
centration on the individual age-dependent change in aortic
PWYV over a period of ~8 years in a general population-
based sample.

Methods

All procedures performed in this study were in accordance
with the principles of Good Clinical Practice and ethical
standards formulated in the 1964 Declaration of Helsinki
and its later amendments. The study protocol was approved
by the local Ethics Committee of the University Hospital in
Pilsen. Written informed consent was obtained from all
participants included in the study. Data were stored and
evaluated under the provisions of the Czech Data Protection
Act and GDPR direction of the European Commilttee.

Design and study population

The analysis represents a prospective cohort study of a
general population-based sample.

The initial study cohort consisted of 1103 individuals
examined as a part of the Czech post-MONICA study in
2008. A random 1% sample of Pilsen region residents aged
25-T75 years was selected from General Health Insurance
Registry; all details are reported elsewhere [20, 22]. From
this cohort, 115 subjects moved, 87 died, so 901 individuals
were invited for clinical follow-up examination.

A total of 632 subjects responded to our invitation
(70.1% of the invited sample) and attended the examination
program, but data from PWV measurements were unavail-
able (imprecise or invalid measurements because of
arthythmia or body constitution) in 102 individuals, and
they had to be excluded from the analysis. The total ana-
lyzed population thus consisted of 530 subjects in whom
two PWV measurements ~8 years apart were available (i.e.,
from the baseline examination in 2008 and from the follow-
up visit in 2016/17).

Clinical examination and laboratory analysis

We obtained information on each subject’s personal char-
acteristics, personal and family history of CAD, lifestyle
(smoking, drinking, exercise habits, etc.), and pharma-
cotherapy. Height and weight were measured using a SECA
767 (SECA GmbH & Co, Hamburg, Germany) scale with a
telescopic measuring rod. Body mass index (BMI) was
calculated as body weight (kg)/hcight2 (m?). Blood pressure
(BP) was measured using the auscultatory technique and an
appropriately sized cuff. Measurements were performed
three times in the sitting position on the right arm, and the
average BP was determined by the average of the second
and third measurements. The mean arterial pressure was
calculated as ome-third of systolic pressure plus two-thirds
of diastolic pressure.

Properties of large arteries were measured based on a
2006 Expert Consensus Document [23]. Arterial measure-
ments were obtained after 15min of rest in the supine
position in a quiet room using a SphygmoCor MM3 device
(AtCor Medical Lid, Sydney, NSW, Australia). Aortic
PWYV was measured between carotid and femoral arteries. It
was calibrated by measuring BP on the contralateral arm
before the recordings. The distance between the carotid
pulsation and jugular fossa and between the jugular fossa
and femoral recording site was measured on the body sur-
face. The travel distance along the aorta was calculated by
subtracting these two distances. Registrations of the pulse
waves were ECG-gated so we could calculate the time shift
between the appearance of the wave at the first and second
sites. PWV was calculated as the ratio of the travel distance
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(m) and the transit time (s), and the average of two
recordings was used for analysis. Two recordings were
usually performed, but another recording was done if the
difference between recordings was >0.5 m/s.

Venous blood samples were drawn afier at least 12 h of
fasting, and all laboratory examinations were realized in
series from aliquots stored at —80 °C. We assessed the total
and HDL cholesterol, triglyceride, serum creatinine, and
glucose levels from serum samples using a Cobas Mira/
ROCHE analyzer (ROCHE Diagnostics, Basel, Switzer-
land) and commercially available kits of the same company.
LDL cholesterol was calculated using the Friedewald
equation, i.e., LDL = total cholesterol — HDL — (TG/2.22).
The concentration of the soluble form of the receptor for
advanced glycation end-products (SRAGE) was quantified
by ELISA using a Human RAGE Quantikine ELISA Kit
(R&D Systems Inc., Minneapolis, MN, USA).

Data analysis

For database management and statistical analyses, SAS sofi-
ware version 94 (SAS Institute Inc., Cary, NC, USA) was
used. Data are presented as median and interquartile range
(because of nonnormality of most variables) or by relative
frequencies (for categorized variables). The intraindividual
difference in aortic PWYV (follow-up minus baseline value)
was divided by the exact time between these two visits, and
the parameter obtained (APW V/year, i.e., individual change in
PWYV per year of follow-up) was used as the primary estimate
of individual age-dependent arterial stiffening.

Risk factors were dichotomized into binary variables with
limits based on the 6th European Guidelines for Cardiovas-
cular prevention [24]. Overt diabetes was defined as fasting
glucose 27.0 mmol/L and/or use of antidiabetic medication.

Hypertension was defined as systolic BP 2 140 mmHg
and/or diastolic BP > 90 mmHg and/or treatment with anti-
hypertensive medication. Accelerated arterial stiffening was
arbitrary set as APWV/year 2 0.2 m/s (which is roughly the
median of individual APWV/year in our sample and an
approximately twofold higher increase than the expected
“natural” progression, i.e., 1 m/s per age decade [5, 25]).
Concentrations of sSRAGE were divided into quintiles as
follows: <890, 890-1126, 1127-1400, 1401-1694, and
21695 pg/ml. Only conventional statistical methods were
applied. The Wilcoxon sign-rank (paired) test was used to
compare baseline and follow-up values. The association
between APWV/year and its potential covariates was eval-
uated by Spearman’s correlation, and then by multivariate
linear and logistic regression. Power calculations revealed
that our population of subjects was sufficiently large to
detect differences in the primary estimate (APWV/year)
with a 5% relative precision level. Statistical significance
was considered present at a P value of 0.05.

Results
Characteristics of participants

The study cohort consisted of 530 subjects, 291 females and
239 males with a median follow-up of 8.0 years (inter-
quartile range 7.6-9.2). Detailed baseline and follow-up
characteristics are given in Table 1. The average intraindi-
vidual increase in PWV was 1.49 m/s, giving 0.18 m/s/year
APWV/year. The concentration of sSRAGE decreased sig-
nificantly during the same time. The median differences
between baseline and follow-up visits in other factors can
be seen in the 3rd column of Table 1.

In comparison with the baseline values, the number of
active smokers decreased, while BMI, waist circumference,
systolic BP, prevalence of hypertension, and overt diabetes
increased, during follow-up. Prescription rates of relevant
pharmacotherapy increased equivalently.

Baseline sRAGE and its covariates

Univariate associations between baseline SRAGE and other
clinical parameters can be seen in Table 2. Spearman’s
coefficient was used to measure correlations.

Using sSRAGE as a reference variable, it was significantly
negatively correlated with age, BMI, waist circumference,
MAP, fasting glycemia, serum creatinine and aortic PWV
measurements (baseline and APWV/year).

The differences in the same parameters between the upper
and lower sRAGE quintiles were also calculated and can be
seen in the right part of Table 2. Mean age, BMI, waist
circumference, MAP, fasting glycemia, and PWV mea-
surements were significantly higher in the bottom quintile
than in the top quintile. A significantly lower baseline
sRAGE concentration was found in males [1195 vs.
1432 pg/mL in females; p<0.0001 (Wilcoxon sum-rank
test)], patients with arterial hypertension [1216 vs.
1403 pg/mL in nonhypertensives: p<0.0001] and subjects
using antihypertensive medication [1204 vs. 1374 pg/mL;
p=0.0003]. In contrast, there was no significant difference
between subjects with a history of vascular disease vs. those
without [1243 vs. 1330 pg/mL; p=0.642], diabetics vs.
nondiabetics [1170 vs. 1332 pg/mL; p = 0.195], smokers vs.
nonsmokers [1378 vs. 1302 pg/mL; p =0.219], or subjects
using vs. not using statin medication [1333 vs. 1272 pg/mL;
p =0.480]; not shown in the table.

sRAGE and accelerated arterial stiffening
Mean intraindividual differences in PWV during follow-up
(APWV/year) significantly decreased across sRAGE quin-

tiles (Fig. 1). In the same semicontinuous manner, a
decrease by one sRAGE quintile was associated with a

SPRINGER NATURE
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Table 1 Baseline characteristics
of study sample (n = 530)
|median (interquartile range) or
factor proportion]

Table 2 Univariate association
of baseline SRAGE and its
potential covariates in
continuous manner (Spearman'’s
correlation) and by differences

in these factors between bottom

and top quintile of sSRAGE

Baseline Follow-up Difference P

Age |years] 55.4 (44.3-64.5) 63.2 {523-73.5) 8.0 (7.6-9.2) p=<0.001
Gender [% of males] 45.1 45.1 - -

History of vascular disease” [%] 55 11.1 57 p=<0.001
Current smoking [%] 30.6 19.2 —11.3 7= 0.001
Body mass index [kg:‘mz] 26.6 (23.6-29.8) 27.2 (243-306) 0.7 (—0.4-2.0) < 0.001
Waist circumference [cm) 93.0 (83.0-101.0)0 97.0 (87.0-106.0) 3.0 (0.0-9.00 p<0.001
Systolic blood pressure [mmHg] 126.0 (116.0-136.7) 131.8 (121.5-144.0) 63 (—4.3-16.2) p<0.001
Diastolic blood pressure[mmHg] 80.7 (74.7-86.0) B0.3 (T3.0-87.0) 00 {—6.0-6.3) .973
Mean arterial pressure 95.6 (89.6-103.3) 98.3 (92.0-105.7) 23(-4.893 p<0.001
Hypenensionh %] 41.7 63.2 215 p=0.001
Tx/w ACEiL or ARBs [%] 18.7 23.2 4.5 0.027
Tw/w antihypertensives [%] 28.7 45.5 16.8 =< 0.0
Total cholesterol [mmol/L] 5.20 (4.56-5.76) 3.11 (4.50-5.83) .12 (=0.51-0.65) 0.093
HDL cholesterol [mmol/L] 1.45 (1.19-1.73) 1.57 (1.27-1.88) 011 (=0.03-0.29) p=0.001
LDL cholesterol [mmol/L| 3.10 (250-3.62) 2.88 {2.34-3.56) =001 (—0.61-0.44) 0107
Triglycerides [mmol/L] 1.18 (0.85-1.67) 1.16 ((1.85-1.67) 0.02 (~0.29-0.30) 0.933
Tx/w statins (%] 12.8 25.8 13.0 p<0.001
Fasting glycaemia [mmol/L ] 5.10 (4.80-550) 5.10 (4.80-5.60) 010 (=0.30-0.40) (L004
Tx/w antidiabetics |%] 1.9 8.9 70 =< 0.0
Overt diabetes® [%] 4.2 10.4 6.2 p<0.001
Serum creatinine [pmol/L] T6.8 (68.75-86.0) 75.00 (66.00-84.00) —225 (—8.60470) p<0.00
sRAGE [pg/mL] 1271 (952-1622) 990 (761-1338) —209 (—463-—12) p=<0.001
Aortic pulse wave velocity [m/s] T30 (6.10-870 8.58 (7.45-10.25) 1.33 ((.45-2.55) <0001

p calculated using Wilcoxon sign-rank (paired) test or McNemar’s test (for binomial variables)

Tx/w treatment with..., ACEi angiotensin-converting enzyme inhibitors, ARBs angiotensin Il receptor
blockers, HDL high density lipoprotein, LDL low density lipoprotein, sRAGE soluble receptor for advanced

glycation end-products

“History of myocardial infarction, ischemic stroke, peripheral vascular disease or atherosclerosis in other

localization, including all revascularization procedures

hSyslaoliu:: blood pressure = 140 and/or diastolic blood pressure 2 90 mmHg and/or antihypertensive treatment

“Fasting glycaemia 2 7 mmol/L and/or treatment with antidiabetics

Spearman's R p value Low sRAGE" High sSRAGE®  p value®
Age —0.218 <0.0001 56.6 (11.1) 50.2 (12.9) <0.0001
Body mass index —0.333 <0.0001 28.5 (4.3) 24.8 (3.9) <0.0001
Waist circumference —0.355 <0.0001 98.2 (11.9) 85.6 (11.84) <0.0001
Mean arterial pressure —0.190 <0.0001 98.7 (10.6) 92.7 (9.0) <0.0001
LDL cholesterol —0.031 0.4788 3.14 (0.87) 3.06 (0.85) 0.4775
HDL cholesterol 0.085 0.0517 1.42 (0.33) 1.51 (0.39) 0.0927
Triglycerides —0.144 0.0009 1.52 (0.87) 1.21 (0.59) 0.0089
Fasting glycaemia —0.236 <0.0001 5.39 (0.68) 5.05 (0.69) <0.0001
Serum creatinine —0.135 0.0019 80.8 (13.8) 76.0 (12.0) 0.0065
Aortic PWV at baseline —0.123 0.0046 7.8 (2.1) 7.1 (1.8) 0.0046
AaPWV/year —0.195 <0.0001 0.23 (0.23) 0.13 (0.21) <0.0001

PWYV pulse wave velocity, APWV/year, PWYV at follow-up minus PWYV at baseline visit divided by exact time
between these two visits; (baseline values of each variable were used, otherwise stated else)

“Bottom quintile, i.e., <890 pg/mL

hT-:1|:: quintile, i.e., 21695 pg/mL

“p by Mann-Whitney U test
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20.9% increase in the risk (95% CI: 1.075-1.413) of the
arbitrary set “accelerated arterial stiffening” (APWV/year =
0.2m/s), p=10.0036, adjusted for age; sex; BMI; MAP;
treatment with antihypertensives, statins or antidiabetics;
serum glucose; and baseline PWV; not shown in the tables.

Multivariate linear regression analysis (all possible cov-
ariates and subsequent step-wise model) for APWV/year as
the dependent continuous variable can be seen in Table 3.
Subsequent exploratory analysis using baseline systolic BP
instead of MAP was performed producing almost identical
results; not shown in the table. Age, male sex, and treatment
with antidiabetic medication were associated with an increase
in APWV/year, while sSRAGE was associated with a lower
APW V/year increase. This association remained significant
after logarithmic transformation of sSRAGE (with p = —0.081

p for trend= 0.0008 (adjusted for
age, gender and MAP)

0.5

PWV change per year [m/sec]
=
=]

o W

sRAGE quintiles

s
d
W n

Fig. 1 Difference in aortic pulse wave velocity per year by sRAGE
quintile (box-and-whisker plots) |p value adjusted for age, sex, and
mean arterial pressure (MAP): limits of sSRAGE quintiles are as fol-
lows: <890. 890-1126, 1127-1400, 1401-1694, and 21695 pg/ml]

(+SE 0.023), p=0.0003). We also performed a series of
exploratory analyses to exclude the potential influence of
prescribed medication. The primary association between
baseline sSRAGE and APWV/year remained uninfluenced
either by medication reported at baseline or at the follow-up
visit (we focused on all classes of antihypertensives, lipid-
lowering drugs, or antidiabetics). Moreover, it remained
significant even if the multivariate regression analysis was
performed only with subjects virtually without any reported
chronic medication; not shown in the tables.

Multiple step-wise logistic regression models were used
afterwards to identify predictors of accelerated arterial
stiffening (Table 4, first panel) in a categorized manner.

Low sRAGE (<890pg/mL) remained significantly
associated with accelerated arterial stiffening (APWV/
year 2 0.2 m/s) even after complex adjustment for other
clinical parameters (and also baseline PWV) as polential
covariates. An inverse association was observed when high
SRAGE (21695 pg/mL) was used in a similar model. Con-
firmatory results were obtained in a separate analysis when
diabetic subjects were excluded (22 participants); Table 2,
2nd panel. Furthermore, when analyzing separately younger
and older populations (dichotomized around age 60), low
sRAGE significantly positively predicted accelerated arter-
ial stiffening (and vice versa high sRAGE negatively) in
subjects younger than 60 years (3rd panel of Table 4) but
not the older ones [not in table; the corresponding odds
ratio (OR) for low sRAGE was 0.962 (95% CI:
0.447-2.074), p=0.922, while for high sRAGE it was
0.535 (95% CI: 0.198-1.447), p = 0.218].

The effect of concomitant hypertension was analyzed in
the last step. Neither low nor high sRAGE showed a

Table 3 Multivariate association
between standardized individual
increase of aortic pulse wave

All variables included Step-wise model

B coeff. (standard error) p value [ coeff. (standard error) p value

velocity during follow-up
(dPWYV per year) and its
potential covariates

Age

Gender

History of vascular disease
Current smoking

Body mass index

Mean arterial pressure
Treatment with antihypertensives
Total cholesterol
Triglycerides

Treatment with statins
Fasting glucose

Treatment with antidiabetics
Serum creatinine

Aortic PWYV (baseline)
sRAGE

0.00731 (0.00088) <0.0001 0.00752 (0.00085) <0.0001
0.03842 (0.02145) 0.0739 0.04737 (0.01766) 0.0075
—0.00365 (0.04041) 0.9281 Not entered
0.00939 (0.01907) 0.6225 Not entered
0.00266 (0.00228) 0.2445 Not entered
0.00022 (0.00097) 0.8223 Not entered
0.02918 (0.02205) 0.1863  0.03971 (0.02064) 0.055
0.00422 (0.01014) 0.6776 Not entered
—0.00639 (0.01152) 0.5794 Not entered
0.02125 (0.02903) 0.4644 Not entered
0.00422 (0.01259) 0.7379 Not entered
0.29629 (0.06817) <0.0001  0.31000 (0.06453) <0.0001
0.00059 (0.00078) 0.4535 Not entered
—0.07825 (0.00531) <0.0001 —0.07716 (0.00502) <0.0001
—0.000056 (0.000019) 0.0028 —0.000060 (0.000018) 0.0007

Multiple linear regression with APW V/year [m/s] as dependent variable (baseline values were used)

SPRINGER NATURE
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Table 4 Predictors of
accelerated age-dependent
arterial stiffening (dPW V/year 2
0.2 m/s)

All subjects (n = 530)

Model A (low sRAGE vs. rest)

Model B (high sRAGE vs. rest)

Odds ratio (95% conf. p value Odds ratio (95% conf. p value
intervals) intervals)
Age 1.06 (1.04-1.08) <0.0001 1.06 (1.04-1.08) <0.0001
BMI 1.04 (0.99-1.09) 0.067  1.04 (0.99-1.09) 0.094
Treatment with 7.23 (1.37-38.27) 0.020 7.78 (1.52-39.87) 0.014
antidiabetics
Serum creatinine 1.02 (1.01-1.04) 0.003 1.02 (1.01-1.04) 0.002
PWYV at baseline 0.59 (0.51-0.68) <0.0001 0.58 (0.50-0.67) <0.0001
Low sRAGE® 1.72 (1.06-2.79) 0.028 - -
High sRAGE" E ~ 0.55 (0.33-0.90) 0.017
Nondiabetic subjects (n = 508)
Age 1.06 (1.04-1.09) <0.0001 1.06 (1.04-1.09) <0.0001
BMI 1.07 (1.02-1.12) 0.009  1.06 (1.01-1.12) 0.013
Serum creatinine 1.02 (1.01-1.04) 0.004  1.02 (1.01-1.04) 0.003
PWV at baseline 0.57 (0.49-0.66) <0.0001 0.56 (0.48-0.66) <0.0001
Low sRAGE" 1.84 (1.12-3.04) 0.017 - -
High sRAGE" - - 0.55 (0.33-0.92) 0.023
Nondiabetic subject younger than 60 (n =322)
Age 1.05 (1.02-1.09) 0.004  1.05 (1.02-1.09) 0.003
BMI 1.06 (1.00-1.13) 0.048  1.06 (1.00-1.13) 0.060
Total cholesterol 1.33 (1.00-1.75) 0.046  1.30 (0.99-1.70) 0.062
Serum creatinine 1.03 (1.01-1.06) 0.004  1.04 (1.01-1.06) 0.002
PWV at baseline 0.52 (0.41-0.66) <0.0001 0.53 (0.42-0.66) <0.0001
Low sRAGE* 2.79 (1.42-547) 0.003 - -
High sRAGE" - - 0.51 (0.28-0.95) 0.032
Nondiabetic, normotensive subjects younger than 60 (n = 229)
Age 1.05 (1.01-1.10) 0.013  1.05 (1.01-1.10) 0.010
Gender 2.30(1.21-4.36) 0.011  2.47 (1.32-4.63) 0.005
BMI 1.08 (0.99-1.17) 0.072  1.08 (0.99-1.17) 0.075
Total cholesterol 1.63 (1.14-2.32) 0.007  1.59 (1.12-2.26) 0.010
PWV at baseline 0.40 (0.28-0.57) <0.0001 040 (0.28-0.57) <0.0001
Low sRAGE* 3.19 (1.27-8.01) 0.014 - -
High sRAGE" - - 0.64 (0.32-1.28) 0.206

Multiple step-wise logistic regression, APWV/year 20.2m/s was used as dependent variable; following
covariates were initially included into full model: age, male gender, history of vascular disease, BMI mean
arterial pressure, treatment with antihypertensives, serum cholesterol, serum triglycerides, treatment with
statin, serum glucose, treatment with antidiabetics, serum creatinine. and PWV (baseline values were used)

“Bottom quintile, i.e., <890 pg/mL

*Top quintile, i.e., 21695 pg/mL

significant association with APWV/year = 0.2 m/s in hyper-
tensive subjects (with or without diabetes). In normotensive
participants, low and high sSRAGE showed only borderline
significant associations [OR for low sRAGE was 1.997
(95% confidence interval (CI); 0.986-4.044); p = 0.0546;
OR for high sRAGE 0578 (95% CIL: 0.313-1.067); p=
0.0797]. However, il only normotensives younger than 60
years were analyzed, the relative power of the association
between APWV/year20.2m/s and low sRAGE sub-
stantially increased [OR 3.500 (95% CI. 1.417-8.648),

p =0.0066]. When all hypertensive, diabetic and 260-year-
old subjects were excluded, the association between APWV/
year 2 0.2 m/s and low sRAGE remained, but high sSRAGE
became insignificant (last panel of Table 4).

Discussion

The key finding of our study is that the status of circulating
SRAGE probably substantially influenced the natural course
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of vascular aging, as quantified by individual age-dependent
increases in arterial stiffness (PWV). Baseline serum
sRAGE concentration was significantly associated with an
individual increase in aortic PWV, even when adjusted for
other major covariates (pathophysiological factors of arter-
ial stiffening). Moreover, subjects with a low status of
SRAGE demonstrated accelerated individual increases in
aortic PWV, and conversely, those with a high status at the
baseline lower course of age-dependent stiffening. The
difference in the individual increase of aortic PWV during
follow-up was ~0.1 m/s per year or ~1 m/s per age decade
between the most extreme groups of sRAGE (i.e., the
observed APWV/year was 0.13 and 0.23 m/s in the Ist and
5th quintiles, respectively). It is generally accepted that the
“natural course” of vascular aging is consistent with the
increase in PWV by 1 m/s per age decade [25]. Therefore,
the general message of our study can be simplified as the
low circulating status of sSRAGE “added” another 10 years
on average o the natural course of vascular aging when
compared with high sSRAGE concentrations. Alternatively,
the relative risk (OR) of having PWV twofold “faster” than
expected (i.e., 0.2 m/s per year = 2 m/s per age decade) was
higher in low sRAGE subjects by 72%, while in those with
high circulating sSRAGE at baseline lower by 45% (both
statistically significant even afier adjustment for other major
covariates of individual PWV).

The mean individual increase in PWV/year was unex-
pectedly high in our sample (0.18 m/s). We can only
hypothesize a possible reason for this phenomenon. Our
sample was based on a general sample population of Czech
residents. The population of postcommunist Eastern and
Central European countries is known to be at a higher risk
of cardiovascular disease mainly because of adverse life-
style factors [22, 26]. The average age in our sample at
baseline was 54 years, and the stiffening of arteries accel-
erates with aging. Indeed, an exploratory analysis of aver-
age APWV/year by age decade was performed on our
sample and showed that while the mean increase of PWV
per year was 0.15m/s both in the 2nd and 3rd decades, it
was 0.21 m/s in the 6th and 0.28m/s in the 7th decade.
This could partially explain the higher-than-expected (i.c.,
0.1 m/s) increase in aPWV.

However, our conclusions are consistent not only with
the presumed physiological properties of circulating
sRAGE (as mentioned m the “Introduction™ section) but
also with several previously reported retrospective studies,
mainly in the setting of hypertensive patients. In our pre-
vious cross-sectional analysis, we found that nondiabetic
hypertensive patients with low circulating sSRAGE (<918
pg/mL) showed significantly increased aortic PWV com-
pared with those with higher sRAGE [20]. Dimitriadis et al.
[27] demonstrated an inverse association between sRAGE
and aortic PWV, while Geroldi et al. [28] demonstrated an

inverse association between sRAGE and pulse pressure
(also a phenotype of individual arterial stiffness). The
available data are also supportive of the opposite point of
view, i.e., an association of PWV and AGEs (a real
pathophysiological factor). McNulty et al. [29] reported that
there was a positive association between plasma con-
centration of one AGE (carboxymethyl lysine) in hyper-
tensive patients, and a similar association was found in
older subjects in another general population-based cross-
sectional analysis [30].

Although the association between baseline sSRAGE status
and individual dynamics of arterial stiffening was generally
independent from potential covariates, it was not com-
pletely homogenous across the full sample. First, age itself
is by far the most important predictor of individual arterial
stiffness [25]. On the other hand, in the interaction analysis,
we observed that low sRAGE status markedly accelerated
the age-dependent PWYV increase in younger subjects (aged
<60 years at baseline), but none or very marginally in those
aged 260 years. It is a plausible explanation for the observed
discrepancy. Like other somatic properties, arterial stiffness
has a ceiling physiological value, and older subjects with
very high primary arterial stiffness cannot further increase
their PWV too much in absolute value, irrespective of other
factors. In contrast, younger subjects had primary lower
arterial stiffness, and those with low sRAGE status at
baseline were especially prone to individually accelerated
PWYV increase. Younger subjects with low sRAGE status
had more than 3 times higher risk of having an individual
increase in PWV 20.2m/s per year, but this association
completely disappeared in those aged 60 years and over.
The reason is probably that these subjects reached the “end-
stage” PWV sooner (i.e., at a younger age). We have a
similar explanation for other paradoxical findings, ie., the
inverse association between PWV at baseline and its indi-
vidual increase during follow-up (see Table 4): that the
theoretical possible increase is, in already high-PWV sub-
jects, paradoxically lower than in low-PWV subjects.

The situation is complicated in diabetic subjects. Circu-
lating sSRAGE is generally lower in patients with impaired
glucose metabolism [31], probably reflecting its increased
consumption in subjects with enhanced formation of AGEs.
This phenomenon was also observed in our data, though it
was not significant (1170 vs. 1332 pg/mL in nondiabetics
p=0.195). Generally, data on the association between
SRAGE or AGEs and PWV in diabetic subjects are very
rare, and we found only one (very small and cross-sectional)
study analyzing this relationship in patients with overt
diabetes. Surprisingly, that study suggested that there is an
inverse association between sSRAGE and arterial stiffness in
patients with hypertension without diabetes, but a positive
correlation in hypertensive patients with diabetes (n = 107)
[32]. In the present study, the association between low

SPRINGER NATURE
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sRAGE status and accelerated stiffening over time also
remained if subjects with overt diabetes at baseline were
excluded from the analysis (Table 4). However, due to the
low frequency of diabetic patients in our sample (only
22 subjects), we were not able to verify a similar association
on the background of overt diabetes.

A possible effect of background hypertension was also
tested because available data from cross-sectional studies
are almost exclusively based on hypertensive patients
[20, 27-29]. In normotensive participants, low sRAGE
showed only a borderline significant association with
accelerated  stiffening  However, this  association
appeared again when only younger participants (baseline
age<60 years) were analyzed. Thus, the presence of
hypertension probably did not substantially influence the
association between sSRAGE status and dynamics of arterial
stiffening.

It is also necessary to stress that several studies have
identified high sRAGE as a mortality indicator (i.e., con-
trary to its presumed protective mechanism) [33-38].
However, these studies were generally done in severely ill
patients and/or in acute situations (heart failure, hemodia-
lysis, septic shock, acute respiratory distress syndrome, and
acute coronary syndrome (ACS)). We can speculate that an
increase in sSRAGE represents a different pathophysiologic
process in these acute situations (probably acute response to
stress) than in long-term stable and generally healthy sub-
jects. A recent paper by Grauen Larsen et al. [37] supports
this hypothesis. Their study was done in patients after ACS
and found a dual association between sRAGE and the risk
of recurrent major cardiovascular events (MACE). The
concentration of sSRAGE estimated within 24 h after ACS
was positively associated with MACE incidence, while a
virtually inverse relation was found for concentration esti-
mated at week 6. Similarly discrepant findings are also
reported between acute and chronic stable coronary heart
disease [39]. Moreover, a large prospective study examining
4612 general population-based subjects reported that high
sRAGE was associated with decreased risk of MACE,
mortality and slower progression of intima—media thickness
(i.e., in line with our observations) [40]. Therefore, for the
general interpretation of SRAGE as a biomarker of cardio-
vascular risk, the background condition of its estimation
(acute or stable subjects, coincident advanced disease, etc.)
should also be taken into account.

Indeed, sSRAGE is not the only available estimate of the
RAGE-AGE axis. A recent paper by Prasad [41] proposed
the AGE-to-sRAGE ratio as the most appropriate universal
biomarker in this field; another indicator (with slightly
different biological function) is endogenous secretory
RAGE (esRAGE). Unfortunately, we have no data about
these parameters at the baseline visit, and therefore, we are
not able to decide which one is the best predictor of

individual progression of arterial stiffness. However, we
analyzed some of these additional variables at the final visit
and tested exploratory the relation of these parameters to
individual changes in PWV in the previous ~8 years (i.e.,
with “reverse logic”). We found an independent association
(in a multivariate model similar to the regression in Table 3)
between APWV/year and sSRAGE (at the final visit) again,
but not with an AGE (carboxymethyl lysine, CML) or the
CML-t0-sRAGE ratio. Therefore, sSRAGE seems to be a
more appropriate predictor of vascular aging, at least in our
series.

Only interventional studies can finally answer the ques-
tion whether any factor (in our case low sRAGE status) is
causative (and not an “innocent bystander”) and whether its
therapeutic manipulation leads to any benefit in terms of
human health. Several drug classes (statins, angiotensin-
converting enzyme inhibitors, glitazone-type antidiabetics,)
increase serum sSRAGE in animal models or even in humans
[42-44], but their potential benefit via sSRAGE can be
hardly substantiated from their primary therapeutic effects
(lowering cholesterol, BP, etc.). In theory, exogenous
administration of recombinant sSRAGE is available, but until
now, its effect was studied only in animal models [45-47].
A potentially very promising drug was alagebrium, which
nonenzymatically breaks the cross-links between collagen
fibers caused by AGEs; it was the only drug tested on a
clinical scale that directly targeted arterial stiffness. How-
ever, after few smaller clinical studies with more rather than
less positive findings in terms of reduction of arterial stiff-
ness [48-50], its clinical testing was halted, from the best
available information, mainly for economic reasons. Thus,
despite being very promising in theory, the therapeutic
concept targeting prophylaxis of AGE deposition in vessel
walls is still waiting verification.

Study limitations

First, as the main indicator of sSRAGE status, we used its
baseline value only. It cannot be completely excluded that
this factor may intraindividually vary over time, for exam-
ple, seasonally or according to the immediate status of
glucose metabolism (to our knowledge, no study has
addressed this question). Moreover, our study cohort is
based on a random population sample, but as in other sur-
veys, we strongly depend on the willingness of volunteers
to attend the examination program (in our case, twice). It is
well known that this kind of survey is attended para-
doxically by a relatively healthier part of the population.
Therefore, our results are not fully generalizable, in parti-
cular to more vascular-affected individuals.

We also have no data about sSRAGE ligands, such as
CML or HMGB, (high-mobility-group box 1), at the
baseline visit.
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Conclusions

A low status of circulating sSRAGE at baseline was asso-
ciated in the middle-aged general population with a gra-
dually accelerated age-dependent increase in aortic PWV,
while a high status acted protectively in this direction. A
plausible explanation of this phenomenon is that circulating
SRAGE slowed the deposition of AGEs in the vessel wall,
and then decreased the age-dependent stiffening of large
arteries (as the most common phenotype of vascular aging).
Therefore, further research in the direction of possible
therapeutic interventions for SRAGE or AGEs seems to be
highly warranted. To our knowledge, our analysis demon-
strated the importance of circulating sRAGE status on
progressive arterial stiffening for the first time in a pro-
spective cohort study.
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Abstract

Advanced glycation end products (AGEs) are involved in several pathophysiologic processes in vascular diseases, including
progressive loss of elasticity of the vessel wall (arterial stiffness). Circulating soluble receptors for AGEs (sSRAGE) act as a
decoy and counterbalanced the harmful properties of AGEs as the natural protective factor. We compared the role of circulating
or skin-deposed AGEs and sRAGE regarding the natural course of arterial stiffening. In a prospective cohort study, we
longitudinally followed 536 general population-based subjects (subsample of Czech post-MONICA study). Aortic pulse-wave
velocity (PWV) was measured twice (at baseline and after ~8 years of follow-up) using a Sphy gmoCor device (AtCor Medical
Lid), and the intaindividual change in PWV per year (APWV/year) was calculated. Concentrations of sRAGE and
carboxymethyl lysine (circulating AGEs) were assessed at the follow-up visit by ELISA, while skin AGEs were measured using
the autofluorescence-based device AGE Reader. Using multiple regressions, we found significant association between APWV/
year as a dependent variable, and both, sSRAGE and skin AGEs as independent ones (each on its own model). However, the
closest associations to APWV/year were found for the ratio of these two factors (skin AGEs/sRAGE) [/ coeff = 0.0747 (SE
0.0189), p<0.0001]. In a categorized manner, subjects with skin AGEs/SRAGE ratio 23.3 showed about twofold higher risk
having APWV/year>0.2m/s [adjusted odds ratio was 2.09 (95% CI: 1.35-3.22), p=0.001]. In contrast, neither circulating
AGEs nor circulating AGEs/sRAGE showed any significant relation to APWV/year. In conclusion, skin AGEs/sRAGE ratio
seems to be a more sensitive biomarker of vascular aging than these single factors themselves or circulation status of AGEs.

Introduction calcification of arterial media, and infiltration by other com-

pounds. Generally, dynamic of arterial stiffening may sub-

Progressive stiffening of the arterial wall is the most typical
phenotype of vascular aging. The pathophysiology of this
process (collectively known as “arteriosclerosis”) involves
several parallel mechanisms [1], from mechanical damage and
loss of elasticity, caused by fragmentation of elastin fibers, to
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stantially vary across different individuals, and “vascular age”
is not completely equal to “calendar age” for each of us.
Advanced glycation end products (AGEs) represent het-
erogeneous groups of compounds that arise from none-
nzymaltic reactions between reducing sugars and biological
proteins or lipids [2, 3]. AGEs develop even in euglycemia,
but their formation is accelerated in hyperglycemic state,
oxidative stress, or prolonged lipid/protein turnover [4]. AGEs
interact with their specific membrane receptor (RAGE), and
via nuclear factor kappa-B gene expression, activate several
other pathophysiologic cascades (release of inflammatory
cytokines, increase in oxidative stress, etc.). Clinically, AGEs
potentiate multiple microvascular and macrovascular com-
plications, and RAGE is expressed on cardiomyocytes,
smooth muscle cells, endothelial cells, and in several other
tissues [5, 6]. Rather specific is the deleterious effect of AGEs
on the levels of the vessel wall, where AGE-RAGE interac-
tion culminates into cross-linking of collagen fibers. These
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cross-links lead not only to mechanical reinforcement of
collagen fibers, but because of higher resistance to enzymatic
proteolysis, increase the relative collagen content in the
arterial wall; these processes collectively lead to increased
arterial stiffness again [7, 8].

However, a pathophysiologic situation on the levels of
AGE-RAGE mteraction (“AGE-RAGE axis™) 1s much
more complicated [4]. First of all, there are four different
species of RAGE: full-length membrane RAGE (generally
responsible for the harmful consequences of AGEs), mem-
brane N-truncated RAGE (with a still unknown role), and
two circulating C-truncated isoforms, esRAGE and sRAGE.
These circulating receptors act as a decoy, competing with
full-length RAGE for binding of the ligand (AGEs) [9].
Thus, these circulating isoforms represent natural defense
against the deleterious effects of AGEs. Another problem is
the interpretation of the results regarding circulating RAGE
species, because two contradictory scenarios were described:
low concentrations of SRAGE or esSRAGE were associated
with increased cardiovascular risk (in line with their pre-
sumed pathophysiological role) [10], but also high levels of
sRAGE were identified as a mortality indicator in acutely ill
patients (perhaps the physiological response to acute load of
AGEs during stress conditions) [11].

The association between arterial stiffness (quantified
using pulse-wave velocity, PWV) and several components
of the AGE-RAGE axis (circulating AGEs, sRAGE, or
esRAGE) was times reported previously [12-15], but with
the exception of our previous recent prospective follow-up
study [16], all had a cross-sectional design. Moreover, due
to the above-mentioned complexity of AGE-RAGE inter-
action, a recent summary report [17] advocates to use a ratio
between a ligand (AGEs) and its circulating receptor
(esRAGE or sRAGE), instead of single factors. In the
present analysis, we would like to test this concept using a
prospective design, and in the context of a natural course of
arterial stiffening (individual increase m aortic PWV during
about 8 years) as the dynamic outcome.

Methods

The study protocol was approved by the local Ethics
Committee of the University Hospital in Pilsen, and written
informed consent was obtained from all participants of the
study. All procedures performed were in accordance with
the principles of Good Clinical Practice, formulated in the
1964 Declaration of Helsinki and its later amendments.

Design and study population

The analysis represents a prospective cohort study of a
general population-based sample (Fig. 1). The initial study

sample consisted of 1103 individuals examined as a part of
Czech post-MONICA study in 2008. A random 1% sample
of Pilsen region residents aged 25-75 years were selected
from General Health Insurance Registry—all details are
reported elsewhere [15, 18]. From this sample (examined in
2008), over time, 115 subjects had moved and 87 deceased;
therefore, 901 individuals were eventually invited to attend
clinical examination.

A total of 632 subjects responded to our invitation
(70.1% response rate) to attend the second visit (follow-up
examination) after =8 years or more. However, PWV
measurements or AGE-RAGE axis parameters were una-
vailable or lack appropriate quality in 96 subjects, and they
had to be excluded from the final analysis. Thus, the total
analyzed population consisted of 536 subjects who have
two PWV measurements =8 years apart available (i.e., from
baseline examination in 2008 and from follow-up visit in
2016/17).

Clinical examination and laboratory analysis

We obtained information on each subject’s personal char-
acteristics, personal and family history of coronary artery
disease, lifestyle (smoking, drinking, exercise habits, etc.),
and pharmacotherapy. Height and weight were measured

examined in 2008"
n=1103

invited in 20106
n=5901

not rcsgwndcd
n=269

examined in 2016/17
=632

missing key
information

included int

final analysis
n=536

Fig. 1 Study flowchart. "Baseline examination, ie., the fist PWV
measurement; ‘follow-up examination, i.e., the second PWV mea-
surement. AGE-RAGE axis components, estimated at this time point,
were used as key exploratory variables.
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using a SECA 767 (SECA Gmbh & co, Hamburg, Ger-
many) scale with a telescopic measuring rod. Body mass
index (BMI) was calculated as body weight (kg)/ht:ighl2
(m'“’), Blood pressure (BP) was measured using auscultatory
technique with standard mercury sphygmomanometers at
baseline, and with auscultatory-controlled electronic NIS-
SEI DM-3000 device (NISSEIL Tokyo. Japan) at follow-up.
Appropriate-size arm cuffs were used. Three consecutive
BP measurements were taken in a patient in sitting position
on the right arm; the average BP was determined as the
average of the second and third measurements.

The properties of large arteries were measured based on a
2006 Expert Consensus Document [19]. Arterial measure-
ments were obtained after 15 min of rest in the supine
position in a quiet room, using a SphygmoCor MM3 device
(AtCor Medical Lid, Sydney, NSW, Australia). Aortic
PWYV was measured between carotid and femoral arteries. It
was calibrated by measuring BP on the contralateral arm
before the recordings. The distance between the carotid
pulsation and jugular fossa, and between the jugular fossa
and femoral recording site, was measured on the body
surface. The travel distance along the aorta was calculated
by subtracting these two distances. Registrations of the
pulse waves were ECG-gated, so we could calculate the
time shift between the appearance of the wave at the first
and second sites. PWV was calculated as the ratio of the
travel distance (m) and the transit time (s), and the average
of two recordings was used for analysis. Two recordings
were usually performed, but another recording was done if
the difference between recordings was greater than (0.5 m/s.

Skin AGEs were quantified by AGE Reader® device
(Diagnoptics Technologies B.V., Groningen, The Nether-
lands), a noninvasive technology that uses ultraviolet light
to excite autofluorescence of specific AGEs (pentosidine,
Nfcarboxymethyl lysine, and N°-carboxyethyl lysine) in
human skin [20]. We performed three recordings in each
subject, and the average was used for analysis (the
intraindividual variability of measurements was very low,
about 4.4% on average).

Venous blood samples were drawn after at least 12 h of
fasting, and all laboratory examinations were realized in
series from aliquots stored at —80 °C. We assessed the total
and HDL cholesterol, triglycerides, serum creatinine, and
glucose levels from serum samples using a Cobas Mira/
ROCHE analyzer (ROCHE Diagnostics, Basel, Switzer-
land) and commercially available kits of the same prove-
nience. LDL cholesterol was calculated using the
Friedewald equation, ie., LDL = total cholesterol — HDL
—(TG/2.22). Estimated glomerular filtration (eGFR) was
assessed by CKD-EPI formula (using serum creatinine, age,
and gender) [21]. The concentration of sSRAGE was quan-
tified by ELISA using a Human RAGE Quantikine ELISA
Kit (R&D Systems Inc., Minneapolis, MN, USA).

Circulating AGEs was quantified as serum carboxymethyl
lysine (CML) using commercial ELISA kits (Cusabio
Technology LLC, Houston, TX, USA).

Data analysis

As the main indicator of age-dependent progression of
arterial stiffness, we used intraindividual change of aortic
PWYV between baseline and follow-up visit, standardized for
I year of follow-up (APWV/year [m/s]); in other words,
follow-up visit PWV minus baseline PWV divided by the
exact time between these visits in days times 365. Five
AGE-RAGE axis parameters registered at the follow-up
visit, 1.e., SRAGE, circulating AGEs, skin AGE, circulating
AGE to sRAGE ratio (times 1000), and skin AGE to
SRAGE ratio (times 1000) were used as the main indepen-
dent variables. As covariales, we tested conventional con-
founders (age, gender...), the main cardiovascular risk
factors, and usual treatments (also those registered at the
follow-up visit), and if necessary, dichotomized them into
binary variables with cutoff points based on the 6th Eur-
opean Guidelines for Cardiovascular Prevention [22].
Moreover, hypertension was defined as systolic BP 2140
mmHg and/or diastolic BP 290 mmHg, and/or treatment
with antihypertensive medication; overt diabeles as [lasting
glucose 27.0 mmol/L and/or use of antidiabetic medication;
impaired renal function as eGFR <60 mL/min/1.73 m?
(Grade 3 or less by The National Kidney Foundation’s
Kidney Disease Outcomes Quality Initiative) [23]; abnor-
mal HbAlc as 242mmol/mol. Furthermore, all five
AGE-RAGE axis parameters were divided into quartiles as
follows: <762, 762-997.9, 998-1338.9, and 21339
(sRAGE, pg/mL); <110, 110-180.2, 180.3-277.9, and 2278
(circulating AGEs, pg/mL): <2.1, 2.11-2.4, 2.41-2.8, and
22.8 (skin AGEs, autofluorescence wunits); <94.3,
94.3-179.1, 179.2-308.4, and 2308.5 (circulating AGEs/
RAGE ratiox 1000); <1.658, 1.659-2.396, 2.397-3.288,
and 23.289 (skin AGEs/sRAGE ratio x 1000), respectively.
HbA Ic was divided into quartiles as follows: <35, 35-37.9,
38-40.9, and 241 mmol/mol.

Accelerated arterial stiffening was arbitrarily set as
APWV/year 2 0.1 m/s (which is approximately the expected
“natural”, age-dependent progression of arterial stiffness,
i.e., 1 m/s per age decade [24, 25]) and APWV/yearz 0.2 m/s
(twofold higher increase than should be expected).

For statistical analyses, STATISTICA 8 (StatSoft Inc.,
Tulsa, OK, USA) and STATA 8 (STATA Corp. LP, College
Station, TX, USA) software packages were used, and generally
conventional statistical methods were applied (see the relevant
section of “Results™). Power calculations revealed that our
population of subjects is sufficiently large to detect differences
in primary estimate (APWV/year), with a 5% relative precision
level: all variables were tested for normality of distribution, and
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Table 1 Basic characteristics of

study sample [mean (standard Baseline Follow-up P value

deviation) or factor proportion]. 446 [vears] 53.8 (12.3) 619 (12.6) <0.0001
Gender [% of males| 443 443 -
History of vascular disease” [%)] 5.2 11.2 <0.0001
Current smoking [%] 305 19.2 <0.0001
Body mass index [kg/m?| 26.9 (4.4) 27.7 (4.6) <(.0001
Body mass index [ke/m?] [%] 218 28.8 <0.0001
Systolic blood pressure [mmHg] 127.2 (16.0) 133.2 (17.5) <0.0001
Diastolic blood pressure [mmHg] 80.9 (9.0) 80.7 (9.5) 0.812
Mean arterial pressure [mmHg]| 96.3 (10.3) 08.2 (10.5) <0.0001
Treatment with antihypertensives [%] 285 45.8 <0.0001
Treatment with ACEi or ARBs %] 18.6 23.6 0.011
Hypertension® [%] 419 63.2 <0.0001
LDL cholesterol [mmol/L| 3.11 (0.39) 2.99 (0.94) 0.056
LDL cholesterol 22.5 mmol/L 75.0 67.5 0.001
Treatments with statins [5%] 12.3 259 <0.0001
Fasting glycemia [mmol/L] 5.21 {(0.82) 5.33 (1.02) 0.005
Hemoglobin Alc - 39.5(174) -
Treatment with antidiabetics | %] 1.9 8.8 <(.0001
Overt diabetes® [ %] 4.1 10.6 <0.0001
Creatinine [pmol/L] 774 (12.8) 76.9 (18.9) <0.0001
Estimated glomerular filtration® [mL/min] 86.1 (15.2) 83.6 (17.4) 0.002
Estimated glomerular filtration <60 mL/min/1.73 m? 39 9.5 <0.0001
Aortic pulse-wave velocity [m/s] 7.59 (2.02) 9.07 (2.32) <0.0001
sRAGE [pg/mL] 1325.1 (516.1) 1106.5 (510.8) <0.0001
Circulating AGEs (carboxymethyl lysine) [pg/mL] nfa 225.0 (186.5) -
Skin AGEs [AU] nfa 2.45 (0.57) -
Circulating AGEs/sRAGE [ratio x 1000] nfa 262.5 (343.2) -
Skin AGEs/sRAGE [ratio x 1000] nfa 2.45(0.57) -

ACEi angiotensin-converting enzyme inhibitors, ARBs angiotensin II receptor blockers, LDL low-density
lipoprotein, sSRAGE soluble receptor for advanced glycation end products, AGEs advanced glycation end

products.

P value by Wilcoxon’s paired test (continous variables) or y° test (categorized variables).

“History of myocardial infarction, ischemic stroke, peripheral vascular disease, or atherosclerosis in other
localization, including all revascularizations.

"Systolic blood pressure 21400 and/or diastolic blood pressure 200 mmHg, and/or treatment with

antihypertensives.

“Fasting glycemia >7 mmol/L andfor treatment with antidiabetics.

dBy CKD-EPI standard (see “Methods™).

the appropriate statistical test was chosen. Statistical sig-
nificance was considered present at P value of 0.05.

Results

The study cohort consisted of 536 subjects (237 males and
299 females), with a median follow-up of 2918 (IQR:
2783-3612) days. The median intraindividual increase in
PWYV between baseline and follow-up visit (APWV) was
1.28 (IQR: 0.40-2.50)mfs, standardized as 0.16

(0.05-0.31) m/s per year. Detailed baseline characteristics
are listed in Table 1.

Individual course of PWV and AGE-RAGE axis
parameters

A series of analysis was performed to assess the association
between each of five AGE-RAGE axis parameters at the
follow-up visit, APWV/year, and already-known covariates
of arterial stiffness and conventional factors. Univariate
analysis using Spearman’s rank correlation revealed the
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Fig. 2 Individual development in arterial stiffness during follow-
up (APWV/year) in quartiles of different AGE-RAGE axis para-
meters [box-and-whisker plots (medians and 95% confidence

significant association between APWV/year on one side and
SRAGE (r=—0.169, P=0.0001), skin AGEs (r=0.142,
P =0.0010), and skin AGEs/sRAGE ratio (r=0.207, p<
(.0001) on the other. In contrast, no such association was
observed with respect to circulating AGEs (r=0.023, p=
0.593), and a rather weak relation between APW V/year and
circulating AGEs/sRAGE ratio (r=0.087, p=0.0436).
Similar trends were observed also in a semicontinuous
manner, if five tested AGE-RAGE axis parameters were
dichotomized into quartiles. We found significant inverse
trend in APWV/year across sSRAGE quartiles, and a positive
trend across skin AGEs or skin AGEs/sRAGE quartiles
(Fig. 2). However, no apparent differences across circulai-
ing AGEs and circulating AGEs/sRAGE quartiles were
found (p = 0.819 and p = 0.484, respectively, not in Fig. 2).

As the next step, we performed a series of multiple linear
regression to test the association between APWV/year and
each of AGE-RAGE axis parameters in the context of
potential covariates (conventional risk factors, reported
pharmacotherapy, or other characteristics known to be
associated with arterial stiffness) in Table 2. Independent
association remained after complex adjustment for SRAGE
(model A), skin AGEs (model C), and their ratio (model E).
Again, no associations were observed between APWV/year
and circulating AGEs (model B) or circulating AGEs/
SRAGE ratio (model D). All these regressions were per-
formed either with fasting glucose or with HbAlc as cov-
ariates, with nearly identical results, regarding AGE-RAGE
axis components.

Finally, we included all five explored parameters into
one stepwise regression model (Table 2, model F). Both
sRAGE and skin AGEs/sRAGE ratio jointly entered the
regression model (along with current smoking, mean arterial
pressure, and treatment with antihypertensives) and inde-
pendent covariates of APWV/year. However, with manda-
tory inclusion of age and gender in the same model, only

quartiles of skin AGE's

guartiles of skin AGE s/ sSRAGE ratic

intervals)]. p Value adjusted for age. gender, and mean arterial
pressure, for quartile limits see “Methods™.

skin AGEs/sRAGE ratio remained significant covariates of
APWV/year (not in the table).

Predictive power of different AGE-RAGE axis
parameters to accelerated age-dependent stiffening

For the purpose of this analysis, we used the APWV/year,
arbitrarily dichotomized into two categories (202 and
20.1 m/s) as “accelerated arterial stiffening” (dependent vari-
able) and multivariate logistic regression was applied (Table 3).

In semicontinuous arrangement (model A) and after
adjustment for potential covariates (see footnote of Table 3),
an increase in sRAGE amounting to one quartile was
associated with about 21% lower relative risk of accelerated
arterial stiffening, defined as APWV/year 2 0.2 m/s, or 17%
lower risk, if defined as APWV/year 20.1 m/s (both statis-
tically significant). Similarly, an increase in skin AGEs/
SRAGE ratio by one quartile resulted in 35% or 29% higher
risk of APWV/year 2 0.2 or 20.1 m/s, respectively. In con-
trast, neither circulating AGEs nor circulating AGEs/
SRAGE ratio did not show similar predictive potential, and
only marginal power was observed in these terms for skin
AGEs (Table 3, model A).

As a next step, we performed the analysis in fully cate-
gorized arrangement (Table 3, model B), i.e., 1st quartile
versus 2nd-4th for sRAGE, while 4th versus Ist-3rd
quartile of other four tested parameters. Low sRAGE (1st
quartile) was associated with =60% higher risk of acceler-
ated aortic stiffening, defined as APWV/year = 0.2 m/s, but
predictive potential disappeared if APWV/year20.1 m/s
was used as a dependent variable. High skin AGEs/sRAGE
ratio (4th quartile) was associated with increased risk of
accelerated arterial stiffening, defined either as APWV/
year 2 0.2 m/s or as 20.1 m/s.

As a final step, we repeated all the above-mentioned
regression models, but after excluding 56 subjects with
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Table 2 Multivariate association between individual increase in pulse-wave velocity during follow-up (APW V/year) and its covariates.

Model A Model B Model C
Age 0.0020 (0.0011) 0.088 0.0025 (0.0011) 0.027 0.0011 (0.0013) 0.396
Male gender 0.0383 (0.0213) 0.073 0.0444 (0.0213) 0.037 0.0399 (0.0213) 0.062
History of vascular disease 0.0291 (0.0351) 0408 0.0313 (0.0354) 0.377 0.0275 (0.0352) 0.435
Current smoking —0.0335 (0.0266) 0.208 —0.0315 (0.0270) 0.244  —0.0550 (0.0277) 0.048
Body mass index 0.0004 (0.0025) 0.882 0.0017 (0.0025) 0.486 0.0014 (0.0025) 0.573
Mean arterial pressure 0.0034 (0.0011) 0.001 0.0034 (0.0011) 0.001 0.0035 (0.0011) 0.001
LDL cholesterol 0.0086 (0.0123) 0489 0.0070 (0.0124) 0.572 0.0057 (0.0124) 0.645
Hemoglobin Alc 0.0008 (0.0007) 0.264 0.0009 (0.0008) 0.252 0.0009 (0.0008) 0.212
Estimated glomerular filtration —0.0008 (0.0008) 0.305 —0.0005 (0.0008) 0.481 —0.0005 (0.0008) 0.531
Antihypertensives —0.0655 (0.0253) 0.01 —0.0659 (0.0255) 0.01 —0.0667 (0.0253) 0.009
Statins —0.0350 (0.0276) 0.208 —0.0353 (0.0280) 0.208  —0.0368 (0.0278) 0.186
Antidiabetics 0.0477 (0.0406) 0.241 0.0469 (0.0409) 0.252 0.0428 (0.0407) 0.294
sRAGE —0.1251 (0.0562) 0.026 Not included - Not included -
Circulating AGEs Not included - —0.00003 (0.00006) 0.609 Not included -
Skin AGEs Not included - Not included - 0.0532 (0.0226) 0.019
Circulating AGEs /sRAGE ratio Not included - Not included - Not included -
Skin AGEs/sRAGE ratio Not included - Not included - Not included -
const. 0.0471 (0.2104) 0.823 Not included 0.029 —0.3835 (0.1571) 0.015

Model D Model E Model F*
Age 0.0024 (0.0011) 0.034 0.0016 (0.0012) 0.167 Not entered -
Male gender 0.0447 (0.0213) 0.036 0.0401 (0.0213) 0.06 Not entered -
Vascular disease 0.0295 (0.0355) 0.407 0.0273 (0.0352) 0.439 Not entered -
Current smoking —0.0320 (0.0269) 0.236 —0.0398 (0.0266) 0.135 —0.619 (0.0267) 0.021
Body mass index 0.0016 (0.0025) 0.532 0.0006 (0.0025) 0.814 Not entered -
Mean arterial pressure 0.0034 (0.0011) 0.001 0.0035 (0.0011) 0.001 0.0038 (0.0010) <0.0001
LDL cholesterol 0.0073 (0.0124) 0.555 0.0085 (0.0124) 0.493 Not entered -
Hemoglobin Alc 0.0008 (0.0008) 0.263 0.0009 (0.0007) 0.249 Not entered -
Estimated glomerular filtration —0.0005 (0.0008) 0485 —0.0007 (0.0008) 0.352 Not entered -
Antihypertensives —0.0664 (0.0254) 0.009 —0.0645 (0.0254) 0.011 —0.0562 (0.0217) 0.01
Statins —0.0339 (0.0279) 0225 —0.0378 (0.0278) 0.174 Not entered -
Antidiabetics 0.0462 (0.0409) 0.258 0.0492 (0.0406) 0.227 Not entered -
sRAGE Not included - Not included - —0.1474 (0.0532) 0.006
Circulating AGEs Not included - Not included - Not entered -
Skin AGEs Not included - Not included - Not entered -
Circulating AGEs/sRAGE ratio 5.66 x e (0.00003) 0.856 Not included - Not entered -
Skin AGEs/sRAGE ratio Not included - 0.0136 (0.0057) 0.018 0.0747 (0.0189) <0.0001
Const. —0.3451 (0.6508) 0.027 —0.3451 (0.1556) 0.027  —0.2921 (0.1566) 0.063

Multiple linear regression with APWV/year as a dependent variable [ coeff (SEM)]; log transformation was done for sRAGE.

Values from the follow-up visit were used for this analysis.

“Stepwise model.

overt diabetes at the follow-up visit. The results were
confirmatory to analyses performed in a full sample
(Table 3).

We also exploratorily repeated all analyses in Table 3,
but using HbAl¢, instead of AGE-RAGE axis components.
No significant relation of this parameter to increased risk of

accelerated arterial stiffening was found either in all sam-
ples [odds ratio for increase in HbAlc amounting to one
quartile was 0.98 (95% CI: 0.80-1.20), while 1.38 (95% CI:
0.84-2.27) for HbAlc 242 mmol/mol, if APWV/year=0.2
m/s was used as a dependent variable], or if patients with
overt diabetes were excluded.
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Table 3 Fully adjusted association between each of the AGE-RAGE axis parameters and accelerated age-dependent increase in aortic PWV.

Dependent variable

Model A (semicontinuous)

APWV/year2 0.1 m/s

APWV/yearz 0.2 m/s

All subjects (n = 536)

Decrease in sSRAGE by one quartile 0.84 (0.71-0.99) 0.037 0.79 (0.67-0.94) 0.006
Increase in circulating AGEs by one quartile (.98 (0.83-1.16) (0.828 0.93 (0.78-1.10) 0.386
Increase in skin AGEs by one quartile 1.10 (0.92-1.32) 0.304 1.20 (1.01-1.44) 0.044
Increase in circulating AGEs/sRAGE by one quartile 1.03 (0.87-1.22) 0.739 1.01 (0.85-1.19) 0.935
Increase in skin AGEs/sRAGE by one quartile 1.29 (1.08-1.54) 0.005 1.35 (1.14-1.61) 0.001
Nondiabetic only (n =479)
Decrease in SRAGE by one quartile 0.88 (0.74-1.05) 0.152 0.84 (0.70-0.99) 0.043
Increase in circulating AGEs by one quartile 0.97 (0.81-1.15) 0.697 0.90 (0.75-1.07) 0.233
Increase in skin AGEs by one quartile 1.08 (0.90-1.31) 0.403 1.22 (1.01-1.47) 0.039
Increase in circulating AGEs/sRAGE by one quartile 1.02 (0.85-1.21) 0.859 0.76 (0.48-1.21) 0247
Increase in skin AGEs/sRAGE by one quartile 1.21 (1.00-1.45) 0.046 1.29 (1.07-1.54) 0.007
Model B (categorized)
Dependent variable APWV/yearz 0.1 m/s APWV/yearz 0.2 m/s
All subjects (n = 536)
sRAGE <762 pg/mL 1.30 (0.84-2.01) 0.241 1.57 (1.03-2.38) 0.035
Circulating AGEs 2278 pg/mL 1.15 (0.74-1.79) 0.537 1.04 (0.68-1.59) 0.868
Skin AGEs 22.8 1.22 (0.77-1.95) 0.404 1.26 (0.81-1.98) 0.31
Circulating AGEs/sRAGE =309 1.01 (0.65-1.56) 0.96 0.88 (0.58-1.35) 0.564
Skin AGEs/sRAGE 23.3 1.89 (1.18-3.03) 0.008 2.09 (1.35-3.22) 0.001
Nondiabetic only (n =479)
sRAGE <762 pg/mL 1.18 (0.75-1.85) 0.484 1.42 (0.91-2.22) 0.118
Circulating AGEs 2278 pg/mL 1.15 (0.72-1.84) 0.557 0.97 (0.61-1.55) 0913
Skin AGEs 22.8 1.22 (0.74-2.01) 0.445 1.39 (0.85-2.27) 0.186
Circulating AGEs/sRAGE 2309 0.92 (0.58-1.46) 0.725 0.97 (0.81-1.16) 0908
Skin AGEs/sRAGE =23.3 1.73 (1.05-2.84) 0.03 2.00 (1.26-3.19) 0.003

Multiple logistic regression with APWV/year=0.1 or 20.2 m/s as dependent variables [odds ratios (95% confidence intervals)], following
covariates, was included into full models: age 2 65 years, gender, history of vascular disease, current smoking, body mass index 230 kg/m?,
hypertension. LDL cholesterol 2.5 mmol/L. treatment with statins, overt diabetes (in “all subjects” analysis only), and estimated glomerular

filtration <60 mL/min (for definitions and frequencies see Table 1).

Discussion

In this study, we compared five different expressions of
AGE-RAGE axis activity to find the best match with a nat-
ural course of vascular aging in the general population. Two
primary estimated parameters, circulating sSRAGE and skin
AGEs (measured noninvasively using autofluorescence tech-
nique), showed significant independent association with
individual dynamics of arterial stiffening during =8 years, but
the closest association was observed for the ratio of these two
factors, i.e., skin AGEs/sRAGE ratio. This result seems to be
also biologically plausible, because this ratio represents the
joint factor of the individual course of deposition of AGEs in
solid tissue on one side, and the activity of the protective
factor on the other. The key finding of our study is that high

skin AGEs/sRAGE ratio (23.3), i.e., mutual combination of
accelerated individual deposition of AGEs in previous years
with failed protection factor against this process, was asso-
ciated with twofold higher relative risk of APWV/yearz0.2
/s (=2 m/s per age decade). Taking into account that “nat-
ural course” (average age-dependent increase) of arterial
stiffening is consistent with the increase in PWV by 1 m/s per
age decade [24], we can interpret this finding that individuals
with high skin AGEs/sRAGE ratio have twice as fast vascular
aging, than subjects with a lower ratio. Indeed, this associa-
tion remained significant also after adjustment for other
potential covariates of arterial stiffening (age, gender, BP,
chronic pharmacotherapy... ).

Our findings are in agreement with already-known evi-
dence. Several cross-sectional studies confirmed the role of

SPRINGER NATURE
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sRAGE in pathophysiology of arterial stiffness. We have
already shown in a cross-sectional population-based study
that nondiabetic hypertensive subjects with decreased
sRAGE (<918 pg/mL) have significantly higher aortic PWV
than those with higher circulation concentration levels [15].
In line with this finding, also Dimitriadis et al. [14]
demonstrated an inverse relation between sRAGE and aortic
PWYV, and another study group showed an association
between sSRAGE and pulse pressure [9]. Finally, our recent
study demonstrated even in a prospective cohort design, that
high status of circulating sSRAGE at baseline acted protec-
tively against accelerated age-dependent increase in aortic
PWV during follow-up [16]. With one exception, only
smaller and usually highly selected population studies were
available to confirm the association between skin auto-
fluorescence AGEs and arterial stiffness. Watfa et al. [26]
found an association between aortic PWV and skin AGEs in
55 nondiabetic individuals, younger than 65 years (but not
in older subjects). Similar association was reported in 120
patients with end-stage renal disease plus 110 control sub-
jects [27], and additionally, also in 105 type I diabetic
patients in another cross-sectional study [28]. The largest part
of the evidence represents the Maastricht study that confirmed
the independent relation between aortic PWVV and skin
AGEs in 862 participants (including normoglycemic subjects,
those with impaired glucose metabolism, as well as type 11
diabetic patients). However, no study was dealing with the
ratio to circulating SRAGE, and no one tested the PWV as a
longitudinal prospective variable, until now.

In this study, we did not find any relation between
APWV/year (or just PWV at the follow-up visit) and cir-
culating AGEs (serum CML), either as a single factor or in
ratio with sRAGE. In contrast, a study by McNulty et al.
[12] reported a positive association between CML and
arterial stiffness in hypertensive patients, and similar asso-
ciation was found in older subjects in another general
population-based cross-sectional analysis [13]. In line with
these two observations, we performed an exploratory sub-
analysis, limited to hypertensive patients, aged 265 years
(not mentioned in “Results”). A marginally significant
association (with p =0.030) was found between APWV/
year and circulating AGEs (as continuous variables and by
multivariate linear regression), but the subsample used was
rather limited (n = 191). Indeed, an association between
CML and PWV was reported in diabetic patients [29], but
we were not able Lo repeat this analysis (due to low sample
size). The missing association of CML with arterial stiffness
in our study can be explained by biological behavior of this
factor. Namely, this substance represents a non-cross-
linking member of “AGEs family”, i.e., it is able to bind
to only one protein residue [30]. Thus, circulating status of
CML probably does not give the best information, in the
context of the fact that the pathophysiological target of

glycation is solid tissue, and plasma concentrations of
AGEs give only indirect information. It can be speculated
that circulating CML reflects the increased activity of the
AGE-RAGE axis only, and especially in more affected
subjects, while in generally healthy persons lacking the
necessary sensitivity. That would mean we just chose a less-
sensitive biomarker of the circulating status of AGEs, while
another can be more appropriate (e.g., high-mobility group
box 1, a cross-linking member of “AGEs family” [31]).

It holds true that individual dynamics of tissue deposition
of AGEs is completely different in patients with overt dia-
betes, and moreover, antidiabetic treatment can play a role
in these terms. Therefore, we repeated the main analysis
also after excluding all patients with overt diabetes, i.ec.,
those already treated with any antidiabetic drugs or with
fasting glycemia 27 mmol/L (see Table 3), or also excluding
those with treatment (not mentioned in “Results™); the
results were confirmatory to the main findings. We also
performed exploratory analysis only in subjects with overt
diabetes (not mentioned in “Results”). The predictive power
raised for low sRAGE (<918 pg/mL) [with adjusted odds
ratio for APWV/year 20.2 m/s was 5.21 (1.22-22.32), p =
0.026], but surprisingly was no more significant for skin
AGEs/sRAGE ratio [3.25 (0.87-12.11), p =0.08]. How-
ever, the subsample of diabetic patients was too small (n =
56) to draw more conclusions.

Potential dinical implications

The mandatory question in any kind of biomarker is its
relevance regarding subsequent specific treatment or any
other clinical application (stratification of disease, personali-
zation of therapeutic approach, etc.). Currently, no specific
AGE- or arterial stiffness-directed treatment exists. The clin-
ical development of alagebrium, a nonenzymatic breaker of
AGEs, causing cross-links between collagen fibers, was
interrupted several years ago [32]. Exogenous administration
of recombinant SRAGE was also tested, but only in animal
models [33, 34]. Nearly all types of antihypertensives
decrease arterial stiffness, but its potential benefit through this
mechanism can be only hardly substantiated from their pri-
mary therapeutic effects (decrease in BP). More promising
seems to be in this way new classes of antidiabetics, namely
SGLT-2 (sodium-glucose cotransporier-2) inhibitors. It has
been suggested that evident renoprotective effect of SGLT-2
inhibitors is mediated through a pathway involving HMGB |,
another member of AGE family [35]. Treatment with SGLT-2
inhibitor was also followed by a decrease in aortic PWV in
diabetic patients [36]. The beneficial effect mediated by the
AGE-RAGE axis was reported also in another newer group
of antidiabetics, glucagon-like peptide-1 receptor agonists,
[37, 38], and also this kind of drugs has potential to decrease
arterial stiffness [37]. The crucial advantage of these new
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classes of antidiabetics is that they can be safely used also in
nondiabetic subjects, and one of its potential indications can
be supposedly vascular protection against AGEs. We can
speculate that a biomarker in the form of proposed skin
AGEs/sRAGE ratio may be potentially useful to identify the
target population, and to objectify the effect of the treatment.

Study limitations

First of all, as indicators of the activity of AGE-RAGE axis,
we used the individual values from the follow-up visit and
not from baseline (which is more conventional in pro-
spective studies). The reason is technical: the analysis
allows two measurements of PWV, but the autofluorescence
quantification of skin AGEs was not available to us in 2008.
Moreover, we have not availed serum aliquots to estimate
the baseline serum AGEs (after more than 10 years from
baseline visit). On the other hand, the age-dependent stif-
fening and AGE deposition are probably continuous and
linear processes, and only its dynamics (steepness) may
individually vary. Hence, it may be less important to which
part of the continuum the factors relate. We are able to
compare the association between APWV/year and either
baseline or follow-up concentration of sSRAGE, with vir-
tually similar results. We believe that the time factor will
not play a major role in other parameters as well.

Second, we did not measure esRAGE, another circulat-
ing species of RAGE with presumed similar physiological
properties, like sSRAGE. Since the physiological levels of
SRAGE are about live times higher than esRAGE, the skin
AGEs/sRAGE seems to be a more sensitive biomarker than
skin AGEs/esRAGE.

Finally, our study cohort is based on a random popula-
tion sample, but as in other surveys, we strongly depend on
the willingness of volunteers to attend the examination
program (in our case, twice—at baseline and again after =8
years). It is a well-known phenomenon that this kind of
survey is attended paradoxically by a relatively healthier
part of the population. Thus, our results are not fully
generalizable.

Conclusions

Both low concentration of circulating sSRAGE and high
status of skin AGEs were associated with individually
accelerated age-dependent increase in aortic PWV, in
middle-aged general population. However, as the most
sensitive biomarker seems to be a ratio of both factors, it
gives complex information about target damage (AGE
deposition) and activity of the protective mechanism in
one joint parameter. In contrast, circulating status of
AGEs and its ratio to sSRAGE were unrelated to individual

dynamics of arterial stiffening. To our knowledge, our
analysis demonstrated these facts for the first time in a
prospective design.

Study highlights
What is already known

e Advanced vascular end-product deposition is a pivotal
process of vascular aging.

e This process is naturally balanced by a specific soluble
receptor (SRAGE).

What this study adds

e Individual course of arterial stiffening during =8 years
was ascertained.

s Skin AGE to sRAGE ratio showed an independent
association with this process.
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Introduction

European Association for Predictive, Preventive and Personalised
Medicine has been created in 2009. In 2011 the historical 1st
EPMA World Congress took place in Bonn, Germany.

In 2019, the EPMA celebrated its 10th anniversary at the 5th
World Congress in Pilsen, Czech Republic. The decade-old
professional history of the EPMA is rich in achievements.
Herewith we briefly highlight some of them.

Geographic distribution of the 3PM-relevant expertise under
the EPMA-umbrella started with approximately 20 countries in
2009; currently, the EPMA is represented in 54 countries
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worldwide who actively promote 3PM concepts in bio/medical
sciences and practical medicine strongly benefiting patients and
healthcare systems.

The first issue of the EPMA Journal, Springer Nature, was
released in March 2010. In 2018, the journal received its first
IF 3.9; in 2020, it reached 4.901. Nowadays the EPMA J. is a
highly recognised international forum for 3P medicine oper-
ating in a hybrid subscription/open access modus. Scopus
CiteScore 2019 of the EPMA J. is 7.7, https://www.scopus.
com/sourceid/19700201201?origin=sourcelnfo&zone=
refpointrank#tabs=1, thereby Scopus ranks the EPMA J.
amongst the top 3% in the category “Health Policy™, due to
highly requested and well-cited strategic papers created by
multi-professional groups of EPMA experts such as

—  General report & recommendations in predictive, pre-

ventive and personalised medicine 2012: white paper of

the European association for predictive, preventive and
personalised medicine. https://doi.org/10.1186/1878-
5085-3-14.

—  Medicine in the early twenty-first century: paradigm and
anticipation — EPMA position paper 2016. https://do1.
org/10.1186/s13167-016-0072-4.

SCImagoe top-ranks the EPMA J. in all three categories,
namely “Health policy”, “Medical Biochemistry™ and “Drug
discovery™
https://www.scimagojr.com/journalsearch.php?q=
19700201201 &tip=sid

In 2018, Springer Nature awarded the below-mentioned arti-
cle the status of an “article with a potential to change the
world” in the category “Medicine and Public
Health”, https://www.springernature.com/gp/researchers/
campaigns/change-the-world/medicine-public-health

—  Pregnancy Associated Breast Cancer: The Risky Status
Quo and New Concepts of Predictive Medicine. EPMA J.
2018, https://doi.org/10.1007/s13167-018-0129-7.

“Advances in Predictive, Preventive and Personalised
Medicine” is a very successful EPMA/Springer Nature book
series which educates both professionals and the general pop-
ulation in 3P medicine. Since 2012, 12 book volumes have
been released dedicated to a whole spectrum of PPPM related
aspects such as digital health, information technology frame-
work, application of artificial intelligence in healthcare, drug
delivery systems, liquid biopsy and multi-level diagnostics,
amongst others.

“Horizon 2020” is the main European Scientific Programme
which EPMA experts have contributed to with 3PM-related
protocols as well as with the top-expertise provided by
Representatives and Members of the association involved in
the evaluation panels.
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EPMA AWARD for EXCELLENCE in BIOMEDICAL
SCIENCES was created in 2017, and the 1st EPMA award
was given to Prof. Dr. Josef Flammer, University of Basel, for
phenotyping of the “Flammer Syndrome”, which the EPMA
intemational jury panel valued as being of great clinical utility.
“Young professionals in PPPM™ Award was created by
the EPMA in 2015. At the international workshops
linked to the biannual EPMA World Congresses, the
presentations made by young professionals get evalu-
ated by an international jury panel. The best presen-
tations and smart 3PM concepts receive awards that
effectively promote the careers of young professionals
in innovative bio/medical fields.

EPMA World Congress 2019 in Pilsen, Czech Republic
attracted 3PM experts from 35 countries. The congress was
dedicated to innovation in a broad spectrum of bio/medical
fields with a specific focus on the concepts of predictive di-
agnostics, targeted prevention and personalisation of medi-
cal services in “Cancer”, “Mectabolic Disorders”,
“Cardiovascular Disease”, “Neurological, Neurodegenerative
and Neuropsychiatric Disorders”, “Inflammatory Disorders™,
“Dentistry”, “Biobanking and Screening Programmes”,
“Multi-omics”, “Microbiome, Immune-, Pre- and
Probiotics”, and “Innovative Technologies”, among others.
Further, there were several new topics presented at the con-
gress: among others these were “Implementation of 3PM
Concepts in Plastic Surgery”, “Application of Artificial
Intelligence in Medicine — 3PM strategies™ and “Medical
Use of Cannabis”. The latter topic was discussed in the EU
Parliament in 2019, and the EPMA position has been eluci-
dated by the EPM A Representatives; for more information see
the below link:
http://www.epmanet.eu/latest/events/2019/epma-position-on-
medical-use-of-cannabis-presented-at-the-eu-parliament.
Oral and poster presentations provided valuable infor-
mation regarding pilot projects towards personalised
healthecare (e.g. awarded by ICPerMed), individualised
patient profiles, multi-level biomarker panels, patient
stratification, creation and application of innovative IT-
tools, ethical issues, doctor-patient collaboration, optimal
structure and organisation of the modern hospital
ambitioned to practically implement the paradigm
change from reactive to predictive, preventive and
personalised medicine.

World First 3P Medical Unit

In March 2020, the historically first worldwide unit
dedicated to Predictive, Preventive and Personalised
(3P) Medicine led by Secretary-General of the EPMA,
Prof. Dr. Olga Golubnitschaja, was created in Germany
at the Department of Radiation Oncology, University
Hospital, Rheinische Friedrich-Wilhelms-Universitiit
Bonn.
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Background

The progressive loss of elastic properties of large arteries is a
typical phenotype of vascular aging. The underlying mecha-
nisms (collectively known as “arteriosclerosis™) involve several
natural (age-dependent) pathophysiological processes, such as
the fragmentation and thinning of elastin lamellac due to its
“material fatigue” from cyclic loading, the cross-linking of col-
lagen fibers by advanced glycation end-products as well as sev-
eral others [1]. Arteriosclerosis coexists with atherosclerosis (the
development of intimal atheromatous plaques) and both process-
¢s jointly contribute to individual morbidity risk. Numerous
studies have demonstrated that increased stiffness of large central
arteries (quantified as aortic pulse wave velocity, PWV) is an
independent predictor of morbidity and mortality [2].

One of the most important mechanisms of arteriosclerosis is
the calcification of elastic elements in the vessel wall.
Vascular or tissue calcification represents a highly regulated
and potentially reversible process. On a cellular level, it shares
many pathways involved in bone mineralization [3]. The ma-
trix y-carboxyglutamate protein (matrix Gla protein, MGP)
represents the natural factor of the “anti-calcification defense™
of human tissues (allowing even a reversal of the calcification
process) and vitamin K is the essential co-factor of its matu-
ration to biologically active forms [4]. Circulating
desphospho-uncarboxylated isoform of MGP (dp-ucMGP), a
biomarker of both vitamin K status and biological activity of
MGP, was associated with the extent of vascular calcification,
as well as the incidence risk of cardiovascular events [4,5].
Predictive, preventive, personalized medicine (PPPM) strate-
gies for cardiovascular discases are receiving increasingly
more attention of late [6]. The immediate effort should be
focused on screening methods and the indication of suitable
interventions for particular individuals based on their cardio-
vascular risk stratification. In concordance with PPPM, new
biomarkers and multivariate models are frequently used and
the promising results achieved [6].

In line with the physiological role of vitamin K and MGP, we
have investigated the association between baseline dp-ucMGP
concentrations and the following natural course of arterial
stiffening in a prospective study based on the general popula-
tion setting.

Methods

The study cohort consisted of 541 individuals with a median
follow-up of 8.0 years, all examined as a part of the Czech post-
MONICA study in 2008 and 2016/17 [7].

Aortic PWV was obtained after 15 min of rest in a supine position
using a Sphygmocor MM3 device ((AtCor Medical Ltd., Sydney,
NSW, Australia). Intra-individual PWV difference (follow-up
minus baseline value) was divided by the exact time between these
two visits and a parameter obtained (APWV/year, i.e. individual
change of PWYV per year of follow-up) to be used as the primary

estimate of individual age-dependent arterial stiffening.
Accelerated arterial stiffening was arbitrarily set as APWV/year
>0.2 m/s. In addition to the basic parameters (lipids, creatinine,
glucose, etc.), the concentration of the soluble receptor for ad-
vanced glycation end products (sSRAGE) was quantified using
ELISA methods (R&D Systems Inc., Minneapolis, MN, USA).
Dp-ueMGP was quantified in citrate plasma samples using the
Inaktif MGP iSYS kit (IDS, Boldon, UK), a pre-commercial
automated assay based on the sandwich (dual antibody)

ELISA kits developed by VitaK (Maastricht University,
The Netherlands).

Results

Detailed characteristics of the study sample at baseline are
shown in Table 1. The univariate association between APWV/
year and other clinical parameters are shown in Table 2. Age,
male gender, history of vascular disease, treatment with antihy-
pertensives, with RAAS blockers and statins all significantly
positively correlated with APWV, while a negative association
was found between sSRAGE and baseline PWV. Both baseline
PWYV and APWV per year increased across dp-ucMGP quintiles
(Fig. 1) and these trends in both dependent variables remamed
significant after adjustment for potential covariates, i.e. age,
gender, mean arterial pressure, sSRAGE, treatment with antihy-
pertensive drugs and with antidiabetics, plus baseline PWV if
APWY per year was compared (Fig. 1).

Table 1 Baseline characteristics of study sample mean (SD) or factor

proportion)

n 530
age[years] 53.9 (12.3)
male gender [To] 45.2
manifest vascular disease [%o] 53
current smoking [%] 30.6
body mass index[kg/m’] 26.9 (4.4)
systolic blood pressure [mmHg] 127.3 (16.0)
diastolic blood pressure [mmHg] 80.9 (9.0
mean arterial pressure[mmHg] 96.4 (10.3)
any antilypertensives %] 291
RAAS blockers [%] 18.9
arterial hwermrsimr# 42.5
LDL cholesterol[mmol/L] 3.11(0.89)
statins (%] 12.6
fasting glycemia[mmol/L] 5.21(0.82)
antidiabetics [%] L2
overt diabetes" 9] 4.2
estimated glomerular filtration (CKD-EPI) [mL/min] 86.0 (15.3)
sRAGE [pg/mL] 1349 (758)
dp-ucMGP [pmol/L] 536 (273)
warfarin{%] 2.0
baseline PWV [m/s] 7.6(2.0)
41 Springer
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follow-up PWV[m/s]
APWV/ye ar® [m/s]

9.1(2.3)
0.18 (0.24)

RAAS, renin-angiotensin system: LDL, low-density cholesterol; sSRAGE,
soluble receptor for advanced glycation end products: dp-ucMGP,
desphospho-uncarboxylated matrix Gla protein; PWV, aortic pulse wave
velocity

* systolic =140 or diastolic blood pressure =90 mmHg, or treatment with
antihypertensives; * fasting glycemia =7 mmol/L. or treatment with anti-
diabetics; § gee Methods for definition; italicized items are highly relevant
for conclusions

Table 2 Association between the individual progression of arterial stiff-
ening (APWV per year) and its covariates (Spearman’s rank correlation

and multiple linear stepwise regression)

Univariate model Multivariate step-wise

model

Spearman’s R pvalue [ coeff. (SE) p value
age 0.154 0.0003  0.0073 (0.0009) <0.0001
male gender 0.127 0.0032  0.0515 (0.0177)  0.004
manifest vascular 0.094 0.028

disease
cumrent smoking 0.033 045
body mass index 0.069 0.11
mean arterial pressure  —0.052 0.23
LDL cholesterol —0.036 0.41
fasting glycemia 0.047 028
estimated glomerular  —0.046 0.28
filtration

any antihypertensives  0.133 0.0019  —0.1279 (0.0445) 0.004
RAAS blockers 0.125 0.0036  0.0466 (0.0209) 0.026
statins 0.106 0.014
antidiabetics 0.094 0.067
warfarin 0.023 0.60
sRAGE —0.192 <0.0001 0.3498 (0.0674)  <0.0001
baseline PWV ~0.310 <0.0001 —0.0801 (0.0051) <0.0001
dp-ucMGP 0.128 0.0032  0.1150 (0.0474) 0.016
const, 0.4406 (0.1847)  0.017

log-transformations were done in sSRAGE and dp-ucMGP

baseline PWV individual progression during follow-up
0.
3 for trend=.044 E 4 par brend=0 014
& E
E =0,
g o
z i
]
£ > 0.1
: 3
=1 0.1
0.12 ——
& S S £ & &

W
dp-ucMGP quintiles dp-ucMGP quintiles

Fig. 1 Baseline pulse wave velocity (left panel) and its progression
during follow-up (APWYV per year, right panel) among dp-
ucMGP quintiles [mean (standard deviation)]; limits of dp-
ucMGP quintiles are as follows: <356, 357468, 469-568, 569—
690 and =691 pmol/L; p value fully adjusted for potential covar-
iates (see Results for details)
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Furthermore, arbitrary APWV per year >0.2 m/s was used as a
dependent variable (reflecting the accelerated individual pro-
gression of aPWV during follow-up) and confirmatory
results were observed. After adjustment for potential covari-
ates, an increase in dp-ucMGP amounting to one quintile was
associated with approximately a 24% higher relative risk of ac-
celerated aortic stiffening (Table 3. model A). A confirmatory
finding was found by comparing the 1st quintile of dp-ucMGP
with the higher ones (2nd to 5th; Table 3, model B).

Table 3 Predictors of accelerated individual progression of arterial stiffihess
(APWV per year 0.2 m/s) using multivariate logistic regression models

Model A Model B
Odds ratio pvalue  Odds ratio p value
age > 63 years 212(1.28-351)  0.004 2,11 (1L.27-3.50)  0.004
male gender 159107237 0.022 1.63(1.10-242) 0.016
manifest vascular 140 (0.537-343) 0.47 1.47 (0.60-3.59) 0.40
disease
current smoking 143 (0,95-2.14) 0.10 1.401(0.93-2.10) 0.10
body mass index 125(0.78-2.000 0.37 131 (0.82-2.10) 026
=30 kg/m®
arterial hypertension 095 (0.58-155 0.73 0.93 (0.57-1.50) 0.75
LDL cholesterol 149 (0.94-238) 0.093 1.52 (0.95-2.41) 0.75
=2.5 mmol/L
overt diabetes 104 ((.38-2.83) 0.87 109 ({0.41-293) 0.87
estimated glomerular 1.04 (0.68-1.58) 0.86 L1 (0.73-1.68) 0.63
filration=%0 mL/min
RAAS blockers 156 (0.86-2.82) 0.11 L.61 (0.89-2.90) 0.11
stating 151 (0.79-2.88) 0.21 .61 (0.84-3.06) 0.15
warfarin 038 (0.09-1.61y 0.19 0.50 (0.12-3.00) 0.34
sSRAGE=<8E] pg/mL 185(1.13-3.02) 0.015 L84 (1.12-3.00) 0.016
baseline PWV =9 m/s 0350021059 <0.0001 037022-061) <0.0001
increase of dp-ucMGP 124 (1.07-143) 0.003 -
by one quintile
dp-ucMGP in Istquintile - 0.57 (0.35-0.92) 0.021

(<357 pmolL)

Data interpretation

The key finding of this prospective, general population-based
study is that vitamin K status plays an important pathophysi-
ological role in the natural, age-dependent progression of ar-
terial stiffening. High vitamin K status (low dp-ucMGP) was
independently associated with approximately a 43% lower
risk of accelerated individual progression of PWV during
8 years of follow-up (defined as 0.2 m/s per year). It is gener-
ally accepted that the “natural course™ of vascular aging cor-
responds to approximately a 1 m/s increase in PWV per de-
cade of life [8]. We might say that during the 8-year follow-
up. high vitamin K status “slowed”™ the aging of arteries by
about 5 years compared to the subjects with low vitamin K
status.

So far, at least 11 smaller or medium-sized interventional
studies have shown that supplementation of iso-vitamin K,
(menaquinone, MK-7) leads to a decrease in circulating dp-
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ucMGP [9]. Moreover, another intervention trial with MK-7
supplementation also demonstrates the effect on arterial stiff-
ness [10]. In line with our observations, the sub-study of the
ASTRONOMER trial also indicated high dephosphorylated
MGP concentrations independently associated with a higher
risk of progression of aortic stenosis [11].

Conclusions and expert recommendations

*  Vitamin K status was identified as an independent predic-
tor of the individual course of arterial stiffening. In theory,
it can also be used as a therapeutic target to slow-down
vascular aging.

*  dp-ucMGP was identified as a promising tool for risk pre-
diction and personalization of cardiovascular prevention.

* In concordance with PPPM principles, we support the
creation of new multiparameter algorithms and multivari-
ate models for risk assessment and patient stratification.
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