UNIVERZITA KARLOVA V PRAZE
FARMACEUTICKA FAKULTA V HRADCI KRALOVE

KATEDRA FARMAKOLOGIE A TOXIKOLOGIE

ADHEZNI MOLEKULY A JEJICH ULOHA
V MODELOVYCH PATOLOGICKYCH
STAVECH

Disertacni prace

Mgr. Nad'a PospiSilova
2009



Podékovani

Rada bych podékovala vsem, kteif mé podporovali béhem studia a prispéli
ke vzniku této prace.

Dékuji vedoucimu mé diserta¢cni prace Doc. RNDr. Vladimiru
Semeckému, CSc. za odborné vedeni prace a piipominky.

PharmDr. Petru Nachtigalovi, Ph.D. za vSestrannou pomoc a cenné rady,
které mi poskytoval v priibéhu celého doktorského studia a také za korigovani mé
prace.

Mgr. Kateriné Pospéchové a Mgr. Gabriele Jamborové a celému
kolektivu Katedry biologickych a 1ékarskych véd a také Katedry farmakologie a
toxikologie za vytvoreni prijemného a pratelského pracovniho prostredi.

Moc dékuji celé své rodiné a hlavné rodiclim za jejich velkou podporu.

Nad'a PospiSilova




Prohldsenit

,Prohlasuji, Ze tato prace je mym piivodnim autorskym dilem, které jsem
vypracovala samostatné. VeSkera literatura a dal$i zdroje, znichZ jsem pri
zpracovani Cerpala, jsou uvedeny v seznamu pouZzité literatury a v praci radné

citovany.”

Nad'a PospiSilova




Obsah

OBSAH

L UVOD, CILE PRACE ....oooeueeerrressssssseesesssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssees 7
1. ATEROSKLEROZA ..coucssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssnnes 9
1.1, RIZIKOVE fAKLOLY wvvooereerereerisssrissesissssissesissssssssssssssssssssssssssassssssssssssssssssssssssssssssanssssanes 9

1.2.  Patofyziologie AterOSKICIOZY .........mriissisisssssissisisssssssesssssssssssssssssas 15

2. BUNECNE ADHEZNI MOLEKULY wevussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassnssass 21

B -1 1= ¢ 1 N 21

B 1 1] 1 N 22

2.3 KAANCTINY ourerrrrtrsrissrissrissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssases 23

2.4.  Imunoglobulinovad skupina adheznich moleKul...............oncrissecriniens 23

3. ENDOGLIN - CD 105 ...coociiiimcsmsmssssssmsmssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssnns 26
4. STATINY serrusessesussessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsasass 28
4.1.  Mechanizmus ucinku statinti a jejich lipidové UCINKY........cccweremeeerisreeerinreeen, 29

4.2.  Pleiotropni (extralipidové) UCINKY SEALINT .....ouurvsrerserivsrrssisissssssssssssssssssssssssssnsns 30

4.3, ACOTVASEALIN covorrrrrrrsrssrsrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssens 33

LS A 41235000 151 (0] 1) 34
51, MysSi model QterOSKICTOZY .....cvmurimseismssissssssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssss 35

5.2.  Mysi modely ateroSKIerozy a SEALINY .......eromirsmserissessssesssssssssesisssssssessssssens 40

6. CILE PREDKLADANE DISERTACNI PRACE ..cocvucsssmssssssssssssssssssssssssssssssssssssssssssssssssssssnssass 42

7.  SEZNAM POUZITE LITERATURY .coususssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssass 43

II. MDOC™ AND ATORVASTATIN HAVE POTENTIAL ANTIINFLAMMATORY
EFFECTS IN VASCULAR ENDOTHELIUM OF APOE(-/-) MOUSE MODEL OF
ATHEROSCLEROSIS.....oirrisiisissssssssss s ssssssssssssssssssssssssssssssssssssssssssssesns 56

[II. ATORVASTATIN HAS DISTINCT EFFECTS ON ENDOTHELIAL MARKERS IN
DIFFERENT MOUSE MODELS OF ATHEROSCLEROSIS......ocovnnisinsisisisinns 64

IV. ENDOGLIN EXPRESSION IN HYPER-CHOLESTEROLEMIA AND AFTER
ATORVASTATIN TREATMENT IN APOE-DEFICIENT MICE....ooiisisssissiisicnns 74

V. ENDOTHELIAL EXPRESSION OF ENDOGLIN IN NORMOCHOLESTEROLEMIC AND
HYPERCHOLESTEROLEMIC C57BL/6] MICE AND AFTER ATORVASTATIN

TREATMENT ..ttt bbb s 85
VI. ATORVASTATIN HAS HYPOLIPIDEMIC AND ANTI-INFLAMMATORY EFFECTS
IN APOE/LDL RECEPTOR-DOUBLE-KNOCKOUT MICE........conmirirnrsirnssessssssenienns 93
VII. ATORVASTATIN INCREASES ENDOGLIN, SMAD2, P-SMAD2 /3 AND ENOS
EXPRESSION IN APOE/LDLR-DEFICIENT MICE ......cooimerireesernsssessessesssssssssessssseens 104
VIIL. SOUHRN / SUMMARY ..ot ssssssssssssssssssssssssesssssssssssssens 132
IX. SEZNAM PUBLIKOVANYCH PRACT.......0couummummmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssenes 139




Seznam zkratek

Seznam zkratek

apoE apolipoprotein E

apoE/-/LDLr/- apoE/LDL - receptor deficitni - dvojnasobné knokautovana
mys

BCR antigenné specificky receptor B lymfocyti

CD 105 endoglin

CETP cholesteryl ester transfer protein

CRP C - reaktivni protein

EDGF endothelium derived growth factor

E3L ApoE*3-Leiden transgenni mys$

eNOS endotelidlni NO syntaza

Hb hemoglobin

HDL high density lipoprotein, lipoproteiny s vysokou hustotou

HHT hereditarni hemoragicka telaengiektazie

HMG-CoA 3-hydroxyl-3-methylglutaryl koenzym A

HOCI kyselina chlorna

ICAM-1 intercellular cell adhesion molecule, adhezivni molekula

IDL intermediate density lipoproteins, lipoproteiny se stredni
hustotou

ICHS ischemicka choroba srdecni

IL-1, IL-6, IL-8 interleukin-1, -6, -8

INF-y interferon gamma

LDL low density lipoprotein, lipoproteiny s nizkou hustotou

MAdCAM-1 mucosal addressin cell adhesive molecule

MCP-1 monocytarni chemotakticky protein-1

M-CSF macrophage colony stimulating factor, ristovy hormon
makrofagi

NF-xB nuklearni faktor kappa B

NO oxid dusnaty

OxLDL oxidované LDL castice

PAF faktor aktivujici desticky

PAI-1 inhibitor aktivatoru plazminogenu

PDGF platelet-derived growth factor, desti¢kovy ristovy faktor




Seznam zkratek

PECAM-1

p-Smad2/3
TbRI, TbRII
TCR

TGF B

TNF a

t-PA

VLA
VCAM-1
VLDL

platelet endothelial cell adhesion molekule, adhezivni
molekula

fosforylovany Smad2/3

receptor pro TGF-B typu I a typu Il

antigenné specificky receptor T lymfocytt

transforming growth factor, transformujici riistovy faktor
tumor necrosis factor, prozanétivy cytokin

tkanovy aktivator plazminogenu

very late antigens

vascular cell adhesion molecule, adhezivni molekula

very low density lipoprotein, lipoproteiny s velmi nizkou

hustotou
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Uvod a cile prdce

Ateroskleréza byla kdysi povazZovana za mechanicky proces prostého
ukladani tuku do cévni stény. PoCatkem devadesatych let zacala byt aterosklerédza
chapana jako chronicky proces, na kterém se podileji prozanétlivé molekuly,
cytokiny a rlstové faktory. Ateroskler6za je dnes nékdy oznacovana jako ,nemoc
20. stoleti”, je jednou z hlavnich pricin kardiovaskularnich onemocnéni (Daubresse
2000).

Ateroskleroticky proces probiha v nékolika stadiich, které v pripadé
dlouhotrvajictho pusobeni aterogennich faktort mohou vést az ke vzniku
klinickych komplikaci. Za¢ina adhezi oxidovanych ¢astic LDL k cévni sténé a konci -
vétSinou asi aZ o nékolik desetileti pozdéji - rupturou fibréozni ,Cepicky”
aterosklerotického platu, vytvorenim trombu a akutni cévni prihodou, infarktem
myokardu, nebo ischemickou chorobou dolnich koncetin. Tyto organové
komplikace jsou nejcastéjSi pricinou predcasné invalidizace a umrti ve vétSiné
civilizovanych zemi a jsou jednim z vyznamnych socidlnich problémi civilizace,
spojenych se ,zapadnim stylem Zivota“. Diky tomuto stylu Zivota bude mit tento
zdravotni problém mnohem S$irs$i nasledky zejména béhem naslednych desetileti
(Keaney 2000).

Ceska republika se nachazi, i pies priznivy vyvoj v poslednich letech, na
jednom z prednich mist v Evropé v imrtnosti populace na choroby srdce a cév.
Velkym problémem je starnuti populace a s tim souvisejici zvySovani prevalence
kardiovaskularnich onemocnéni v populaci.

V priibéhu posledniho desetileti byl zaznamenan jednozna¢ny posun v
etiologii a patogenezi vzniku aterosklerdzy, stejné jako v objasnéni ulohy

cholesterolu a kardiovaskularnich rizikovych faktort (Vaughan 2000).
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1. Ateroskleroza

Ateroskleréza je =z etiopatogenetického hlediska povaZovana za
multifaktoridlni onemocnéni. Zndme radu faktord, které se podili nejen na vzniku

ale i na jeji progresi, souhrnné je nazyvame rizikovymi faktory (Dargel 1989).

1.1. Rizikové faktory

Udava se, Ze doposud bylo celkové identifikovano kolem 300 rizikovych
faktort pro rozvoj aterosklerézy (Graham 2005). MtzZeme je délit podle nékolika
hledisek, nejcastéji na rizikové faktory ovlivnitelné a neovlivnitelné.

Za hlavni ovlivnitelné faktory povazujeme koureni, arteridlni hypertenzi,
dyslipidémii, obezitu, diabetes mellitus, fyzickou inaktivitu.

Mezi hlavni neovlivnitelné faktory patii vek, muzské pohlavi a genetickd
predispozice. Nékteri autori radi do této skupiny i faktory rasové (Muntner 2005).

Kdalsim neméné dilezitym rizikovym faktorim patii metabolicky
syndrom, zvySend hladina triacylglycerolli, snizena hladina HDL cholesterolu,
zvySena hladina C-reaktivniho proteinu (Hallan 2006), psychicky stres a néktera

infek¢ni agens.

1.1.1. Ovlivnitelné rizikové faktory
Koureni

Kouteni je jednim z nejrozsirenéjSich rizikovych faktorti aterosklerozy.
Rizikové je nejen aktivni, ale jak bylo dokazano na zakladé vysledkt rady
epidemiologickych studii, i pasivni kouteni (Hallan 2006). Kouteni poskozuje cévni
endotel a zpusobuje endotelidlni dysfunkci, snizuje HDL cholesterol, zptsobuje
hemodynamicky stres, zvySuje koagula¢ni aktivitu, ma proarytmogenni ucinek,
zplUsobuje relativni hypoxii (CO redukuje kapacitu Hb pro kyslik) a sniZuje
toleranci k fyzické zatézi. Zvysuje tvorbu superoxidového radikalu, ktery inaktivuje
NO a oxiduje LDL. Koufeni je tedy komplexné pusobici agresivni rizikovy faktor
rozvoje aterosklerozy (lacoviello 2001). Koureni je spojeno s vySSim vyskytem
lipidniho prouzkovani u mladych lidi a podili se také na progresi onemocnéni

zejména po 35. roku Zivota (McGill 2001).




Uvod a cile prdce

Hypertenze

Hypertenze zvySuje produkci volnych radikali a také hladinu angiotenzinu II
a endotelinu-1 a tim se podili na vzniku aterosklerézy (Catena 2005). Zptisobuje
mechanické poSkozeni endotelu. ZvySeni systolického krevniho tlaku ma vétsi vliv
nez zvySeni diastolického krevniho tlaku. Hodnoty krevniho tlaku nad 140/90
mmHg (u diabetikti 135/85 mmHg) vedou ke zvysené koncentraci angiotenzinu II,
ktery ovliviiuje aktivitu endotelovych bunék, hladkych svalovych bunék a
makrofagii. V endotelovych bunikdch stimuluje tvorbu NF-kB (faktor spoustéjici
transkripci zanétlivych genii), dochazi ke zvySené adhezi leukocytli, expresi
adheznich molekul a tvorbé superoxidu (reaguje s NO a zpilsobuje dysfunkci
endotelu). Dale angiotenzin piisobi na riist a kontrakci cévnich hladkych svalovych
bunék a zvysuje jejich lipooxygenazovou aktivitu. Zvyseni této aktivity zplsobuje
vyssi produkci leukotrienli a lipoperoxidlii s naslednou oxidaci LDL a tvorbou
pénovych bunék. Lécba hypertenze sniZuje incidenci cévnich mozkovych ptihod,

ICHS a srde¢niho selhavani (Shantaram 1999).

Porucha metabolismu lipidd (dyslipidémie)

Pro rozvoj aterosklerdzy ma hlavni tlohu vysoka hladina tzv. plazmatického
cholesterolu, ktery miizeme nalézt v lipoproteinovych ¢asticich (VLDL a LDL) (Kita
2001). Jejich zvysena hladina je casto spojena se zvySenym prijmem potravy a
obezitou.

Hladinu LDL urcuje rychlost vazby na LDL receptory v jatrech. Vysoké
hladiny LDL cholesterolu negativné ovliviiuji endotelidlni dysfunkci (zvySuji
permeabilitu), zptsobuji vyssi migraci monocyti do subendotelidlnich prostor,
aktivaci endotelialnich bunék a naslednou vyssi expresi adheznich molekul.
Aterogenita LDL je zplisobena predevsSim jejich schopnosti pronikat cévnim
endotelem a nasledné podléhat oxidativni modifikaci. Oxidativni modifikace vede
ktomu, Ze tyto LDL nejsou rozpoznavany LDL receptory, ale scavengerovymi
receptory makrofagli, coz vede k jejich kumulaci pravé v makrofazich (Gudev
1996). Riziko vzniku a progrese ateroskler6zy vzrista se zvySenou koncentraci
LDL v plazmé a s jejich klesajici velikosti (Stampfer 1996). SniZeni LDL o 1 % vede
k poklesu rizika koronarnich prihod o priblizné 2 % (Pedraza 1993). Aterogenita

Castic LDL klesa s jejich velikosti. Existuje pozitivni korelace mezi velikosti LDL
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Castic a rizikem infarktu myokardu (Strutt 2004). Malé LDL3 jsou ¢asto pritomny u
nemocnych s metabolickym syndromem a u nemocnych s diabetus mellitus 2. typu
(Gudev 1996).

Naproti tomu zvySena hladina HDL cholesterolu je ochrannym faktorem
pred vznikem aterosklerézy. HDL mobilizuje cholesterol z periferie do jater a zlaz
HDL pronikaji do intimy, zajiStuji reflux prebytecného cholesterolu, chrani LDL
pred oxidaci, stimuluji syntézu NO, inhibuji adhezi monocyt{i, agregaci trombocyti,
snizuji krevni viskozitu a tlumi aktivitu t-PA a PAI-1. Proto je nékdy oznacovan
jako ,dobry cholesterol“ (Muntner 2005). Zvyseni HDL cholesterolu o 1 % sniZuje
riziko koronarnich ptihod o 2 - 3 %. Optimalni hladina HDL cholesterolu je > 1,0
mmol/l. ZvySeni HDL cholesterolu nad 1,6 mmol/l je tzv. negativnim rizikovym

faktorem, ktery sniZuje kardiovaskularni riziko (Coniglio 1997).

Dal$im moZnym rizikovym faktorem je lipoprotein(a). Je to lipoproteinova
Castice podobna svou strukturou LDL castici. Lipoprotein(a) ,soutézi s
plazminogenem o vazbu na plazmin, zasahuje tak do procesu fibrinolyzy, coz vede
k prevaze trombogeneze nad fibrinolyzou (lacoviello 2001). Nékteré studie
prokazaly vztah mezi zvySenou hladinou Lp(a) a rizikem rozvoje ateroskler6zy
(Dahlen 1997), zatimco jiné prace tuto teorii nepotvrdily (Ridker 1993).

Za samostatny rizikovy faktor je povaZovan zvySeny apolipoprotein B a
sniZzeny apolipoprotein Al. Jejich stanoveni miize mit nékdy lepsi predpovédni
hodnotu, nezZ méreni LDL a HDL cholesterolu. ZvySeni apolipoproteinu B100 pri

normalnim LDL cholesterolu miiZe signalizovat zvySeny podil malych LDL3 v ¢astic

krvi (Graham 2005).

Diabetes mellitus, inzulinova rezistence, hyperinzulinémie

Riziko ICHS je u diabetiki 2 - 4x vys$i neZ u nediabetické populace
(Bonnefont-Rousselot 2004). Neni jasné, zdali hraje vétsi roli proces glykace
proteint (vcetné LDL) a zvySend tvorba vasokonstrik¢nich prostaglandinii, nebo
doprovodna dyslipidémie, hypertenze a obezita.

Hyperglykémie podporuje glykaci proteind, vcetné lipoproteini LDL (za

vzniku tzv. AGEs). Tyto glykované LDL snaze podléhaji oxidaci a jsou rozpoznavany
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i scavangerovymi receptory makrofagli, mohou aktivovat leukocyty a endotelidlni
buriky a navodit zanétlivy proces.

Inzulinova rezistence zvySuje koncentraci VLDL, sniZuje koncentraci HDL
cholesterolu a zvysuje vyskyt arteridlni hypertenze. Inzulin plisobi na cévni sténu
stimulaci tvorby ristovych faktorf, proliferaci bunék hladkého svalstva, stimulaci
produkce pojivové tkané, zvySenou aktivitou LDL cholesterolu, zvySenou tvorbou
cholesterolu, zvySenou tvorbou a sniZenou regresi tukovych prouzkl a zvySenim
hladin plazmatického endotelinu-1 a inhibitoru aktivatoru plazminogenu 1 (PAI-1)

(Shantaram 1999).

Obezita a nizka fyzicka aktivita

Obezita predstavuje jeden z nejdéle znamych a zakladnich rizikovych
faktorti aterosklerézy. V posledni dobé pribyvaji presvédcivé dikazy o tom, Ze
rozhodujicim rizikovym faktorem neni obezita jako takovj, ale typ obezity.

ZvysSené riziko aterosklerdzy predstavuje intraabdominalni kumulace tuku.
V soucasnosti se zda byt zcela zretelné, Ze pritomnost intraabdomindlni obezity
rizikovy faktor rozvoje aterosklerézy ci jejich klinickych manifestaci. Dobrym
parametrem urcujicim rozsah intraabdomindalni obezity je obvod pasu (normalni
hodnoty obvodu pasu: muz < 102 cm, Zena < 88 cm). Intraabdnominalné uloZené
tukové buniky se vyznacuji oproti jinde uloZenym tukovym bunkdm zvySenou
lipolytickou aktivitou, sniZzenou produkci adiponektinu a zvySenou produkci fady
prozanétlivych (TNF-«, IL6, CRP) a prokoagulac¢nich faktorti (PAI-1). Neni tak
prekvapenim, Ze intraabdomindlni obezita je spojena s fadou proaterogennich
jevl, jako je prozanétlivy stav, prokoagulacni stav, hypertriglyceridémie a
inzulinova rezistence s rozvojem hyperglykémie (Hallan 2006).

Studie prokazaly, Ze pravidelna fyzicka aktivita sniZuje riziko ICHS,

kardiovaskularni i celkové mortality u muZzi i u Zen (Mehta 1998).

C-reaktivni protein

Jedna se o nespecificky, ale velmi citlivy marker zanétlivé reakce. Po
stimulaci mediatory zanétu ( IL-6, IL-8, TNF-a ) je produkovan nejen hepatocyty,

ale také endotelidlnimi burnikami, hladkymi svalovymi burnikami a makrofagy.

12
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Spolupodili se na rozvoji aterosklerézy diky poskozeni fyziologické funkce
endotelu, posileni prozanétlivého a prokoagula¢niho stavu (Egorova 2002). CRP je
vybornym predikénim ukazatelem, lepSim neZ jiné markery zanétu (IL-6, TNF-alfa
aj.)

V kardiologii se vyuziva metoda ultrasenzitivniho méreni CRP, tzv. hs -CRP
(High sensitivity CRP) kde CRP slouzi jako ukazatel rizika aterosklerdzy
(Hosseinsabet 2008).

Infekéni agens

UvaZuje se o nékterych bakteridlnich a virovych patogenech - Chlamydia
pneumoniae, Helicobacter pylori, Herpes simplex virus, Cytomegalovirus.
Teoreticky mohou infekéni agens ovlivnit vznik aterosklerézy radou zpusobi, jak
lze demonstrovat na dopadu infekce gramnegativnimi bakteriemi - ovlivnénim
lipidového spektra (vzestup hladin triglyceridti, VLDL, pokles HDL), indukci tvorby
volnych radikalt v cévni sténé (oxidace LDL, dalsi poskozeni cévni stény), indukci

prozanétlivych a prokoagulacnich déji (Laurila 1997).

1.1.2. Neovlivnitelné rizikové faktory

Geneticka predispozice

Rozdilnd cCetnost vyskytu aterosklerotickych tepennych zmén byla
potvrzena v 60. letech 20. stoleti patologickou studii (International Atherosclerosis
Project). RovnéZz tfada dalSich studii prokazala ,rodinny“ vyskyt ICHS. Genetici
analyzuji celou fadu kandidatnich genl pro rizikové faktory aterosklerézy, ale
samoziejmé jednoduché vysvétleni neni mozné (Stolba 1992).

V soucasné dobé rozeznavame ve vztahu krozvoji aterosklerézy nékolik
genovych kategorii:

a) geny zpusobujici onemocnéni spojené s rozvojem aterosklerézy, napf-.
poruchy lipidového metabolismu, poruchy metabolismu homocysteinu,
rizikovém faktoru (tato oblast neni zatim zcela prozkoumana, nalezeni takovychto
genli by patrné predstavovalo revoluci v moZznostech identifikace rizikovych

nemocnych; v roce 2004 byl mozna prvni z takovychto gent popsan),

13
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c) geny zodpovédné za nachylnost krozvoji ateroskler6zy - ohromna
skupina gent a jejich variant s pomérné castym vyskytem v populaci, jejich sila
vyznamu je ale vporovnani svyznamem klasickych rizikovych faktorti mensi,
patrné vsSak vsoucasnosti predstavuje nejvyznamnéjsi klinickou roli, d) geny
s ateroskleré6zou spojené - rovnéZz velkd skupina genii, kterd je spojovana
s pritomnosti aterosklerdzy, ale jejich primy vztah k rozvoji ateroskler6zy neni

doposud poznan ¢i uren (Wang 2005).

Ateroskleréza je dlouhodoby proces, neni proto divu, Ze pravdépodobnost
jeho manifestace vzriistd svékem. Rada epidemiologickych studii prokazala
korelaci mezi vzristajicim vékem a vznikem aterosklerézy. Proto byla
ateroskleréza povazovana za nemoc stari. Za rizikovy povazujeme z hlediska ICHS

veék 45 let a vy$Si u muZe a 55 let a vyss$i u Zeny (D'Agostino 2004).

Pohlavi

Hlavni pti¢inou vétSitho vyskytu aterosklerézy u muzi je rozdilné
hormonalni pozadi. Zeny jsou v premenopauzalnim obdobi chranény estrogeny.
Tyto Zenské hormony maji vliv na sloZeni lipidového spektra (nizsi hladiny LDL a
naopak vyssi hladiny HDL cholesterolu), dale ovliviiuji inzulinovou rezistenci,
hladinu cytokini a funkci endotelu. V postmenopauzalnim obdobi takto tedy
dochazi ke zvySenému vyskytu kardiovaskuldrnich rizikovych faktorti (Muntner

2005).

Dalsi rizikové faktory

Z nejnovéjsich studii vyplynulo, Ze dalSim rizikovym faktorem aterosklerézy
je i obstruk¢ni spankova apnoe. Jeji pritomnost je spojena prokazatelné s fadou
proaterogennich jev(, jako je stimulace sympatiku, prokoagula¢ni a prozanétlivy
stav a endotelialni dysfunkce a dals$i kardiovaskularni komplikace (Szaboova

2008).
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1.2. Patofyziologie aterosklerozy

Aterosklerdzu lze definovat jako chronické zanétlivé onemocnéni,
charakterizované endotelidlni dysfunkci snaslednym hromadénim lipidd,
leukocytti, hladkych svalovych bunéka extracelularni matrix v intimé cév, coz ma
za nasledek zuZovani cévniho lumen s naslednou redukci aZ obstrukci cévniho
pritoku (Brasen 1997).

Russell Ross jako jeden zprvnich jasné definoval aterosklerézu jako

zanétlivou chorobu, a jako pocatek celého procesu vznik endotelidlni dysfunkce

(Ross 1999). Timto terminem se oznacuje zména funkce (nikoliv morfologie)
endotelu, ktera spousti ,bludny kruh“ zmén vedoucich ke vzniku aterosklerotické

léze.

1.2.1. Endotelialni dysfunkce

Endotelidlni dysfunkce je prvnim krokem aterogenniho procesu. Vlivem
dysfunkce endotelu a plisobeni aterogennich faktorti dochazi ke zvySené kumulaci
LDL v intimé cév (Corsini 1995). Tato akumulace neni ani tak vysledkem zvySené
propustnosti endotelu, jako vazby lipoproteinti (zejména LDL) na makromolekuly
extraceluldrni matrix vintimé (predevSim proteoglykany). Takto vazané
lipoproteiny mohou podléhat chemickym modifikacim - oxidaci a neenzymatické
glykaci. Oxidace lipoproteina je navic usnadnéna tim, Ze jsou tyto Castice mimo
dosah antioxidantd vyskytujicich se v plasmé. K neenzymatické glykaci dochazi
nejcastéji u pacientli s diabetus mellitus s trvalou hyperglykémii (Giroux 1993).
Oxidované (modifikované) LDL stimuluji endotelové bunky k expresi bunécnych
adheznich molekul (VCAM-1, ICAM-1, E-selektin, P-selektin), k produkci
chemotaktickych faktort pro monocyty (MCP-1), jakoz i jejich receptort. Kromé
oxLDL a MCP-1 jsou dalSimi chemoatraktanty, které indukuji chemotaxi monocyti
lipoprotein (a), degradovany kolagen a elastin a cytokiny IL-1 a TNF-a. VSechny
tyto faktory aktivuji cirkulujici monocyty a T lymfocyty, které zacnou na svém
povrchu exprimovat ve vétSim mnozstvi sacharidové (lektinové) receptory pro
chemotaktické faktory a integriny (Springer 1995). VSechny tyto déje vedou k
aktivaci a prostupu monocyti a T lymfocytl do intimy cév (Vestweber 1999).

Chemotakticky faktor MCP-1 hraje klicCovou roli v migraci leukocytl

smérem k endotelu. Kromé endotelovych bunék je syntetizovan také hladkymi
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svalovymi buiitkami a makrofagy (viz obr. 1) (Oh 2001). Na povrchu leukocytii jsou
pritomna vazebna mista pro selektiny. Po vysSe popsané aktivaci, dojde k expresi
selektini na povrchu endotelu, coZ zptsobi prvni fazi v prostupu leukocytli do
subendotelidlniho prostoru, nazyvanou tzv. ,kutalenim po endotelu“. Jedna se o
slabou adhezni interakci.

Nasledna aktivace leukocytli prostiednictvim mediatorti zanétu umoZni
vytvorit pevnou vazbu mezi integriny na povrchu leukocyti a adheznimi
molekulami ICAM-1 a VCAM-1 exprimovanymi endotelovymi bunkami.
Transmigraci leukocytli do subendotelidlniho prostoru umoziiuje endotelidlni
adhezni molekula PECAM-1, ktera se nachdzi v mezibunéénych spojich

endotelidlnich bunék (viz. obr.1).

Obr. 1 Schéma transmigrace monocytu pires cévni endotel (Krieglstein 2001).
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Prvnimi leukocyty, které se objevuji v intimé cév jsou monocyty. Tyto
monocyty jsou vystaveny pusobeni ristovych faktord jako EDGF (endothelium-
derived growth factor) nebo faktorim stimulujicim tvorbu kolonii jako napt. M-
CSF a diky nim dochazi k jejich transformaci na makrofagy (Bjorkbacka 2008).
Makrofagy pohlcuji prostrednictvim svych ,scavenger receptori“ modifikované
(oxidované) lipoproteiny, protoZe tyto lipoproteiny nemohou byt katabolizovany
cestou LDL receptorli. Scavanger receptory, které se nachazeji pouze na
makrofazich a hladkych svalovych bunlkach, maji pro modifikované (oxidované)

LDL ptiblizné 10x vyssi afinitu nez klasické receptory pro LDL (Carr 2000). JelikoZ
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pohlcovani oxLDL cestou scavangerovych receptori nepodléhd zpétnovazebné
regulaci jako internalizace normdalnimi LDL receptory, dochazi k intracelularni
akumulaci estert cholesterolu a vzniku tzv. pénovych bunék (viz. obr. 2), jejich
nahromadénim pak vznikd nejranéjSi typ aterosklerotické léze nazvany jako

tukové prouzky (Krejsek 2005).

Obr. 2 Vznik pénovych bunék (foam cells) a produkce hlavnich chemotaktickych
faktort (Charo 2004).
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1.2.2. Tukové prouzky (fatty streaks)

Tukové prouzky jsou nejcastéjSi a u vSech lidi pritomnou formou
aterosklerézy. Vyskytuji se béZzné jiz v détském véku a nékdy je lze prokazat i u
novorozenci. Jde o aterosklerotické 1éze, které nejsou jesté klinicky vyznamné, to
znamena, neprojevi se ischémii.

Makrofagy, které se podileji na tvorbé tukovych prouzki, produkuji
mnozstvi latek, které ovliviiuji dalSi formovani aterosklerotické léze. Jednim
z nejvyznamnéjsich je chemokin MCP-1 (viz. obr. 2), ktery zesiluje chemotaxi
makrofagii a T-lymfocytli a prispiva tak k jejich akumulaci v aterosklerotické 1ézi
(Yla-Herttuala 1991). Dale jsou to riistové a zanétlivé faktory, které prispivaji ke
zméné kontraktilniho fenotypu hladkych svalovych bunék na fenotyp synteticky a
podporuji proliferaci a migraci hladkych svalovych bunék (Schwartz 1997), nebo
faktory zvySujici expresi adheznich molekul VCAM-1 a ICAM-1. Rilznorodé

cytokiny produkuji i T-lymfocyty, které jsou v aterosklerotické 1ézi roztrouseny
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mezi pénovymi bunikami, a tim se rovnéZz aktivné podileji na progresi
aterosklerotickych 1ézi (Esaki 1997). Vtomto pripadé je pravdépodobné
nejvyznamnéjsi INF-y, ktery se spolupodili na tvorbé pénovych bunék. Kromé toho
inhibuje proliferaci hladkych svalovych bunék a zptisobuje tvorbu hydrolytickych
enzymi (metaloproteindz), které pozdéji narusuji stabilitu aterosklerotického
platu (viz. nize) (Wouters 2005).

Dal§i vyznamnou bunécnou slozkou, ktera se podili na formovani
aterosklerotické 1éze, jsou hladké svalové bunky. Ty jsou za normalnich okolnosti
soucasti médie cév, kde se podileji na udrzovani cévniho tonu. Zde se nachazeji
v kontraktilnim stavu. Riistové a zanétlivé faktory makrofagli a T lymfocytl
zplsobi jejich migraci z médie do intimy a jejich transformaci z kontraktilniho
fenotypu na fenotyp synteticky. Synteticky fenotyp ztraci schopnost kontrakce a
ziskava schopnost proliferace a produkce cytokint, ristovych faktort a tvoii také
zminéné scavengerové receptory a vychytdvanim modifikovanych LDL pftispiva
k tvorbé pénovych bunék. Navic bylo prokazano, Ze tento fenotyp exprimuje také
nékteré bunécné adhezni molekuly jako VCAM-1 a ICAM-1. Dale bylo zjisténo, Ze
synteticky typ hladkych svalovych bunék je nachylnéj$i k apoptéze. Cim je
apoptéza intenzivnéjsi, tim je rychlejsi i jejich proliferace. Proto se v misté
aterosklerotickych 1ézi nachazi zvysSeny pocet odumfelych hladkych svalovych
bunék. Pri¢inou je i skutecnost, Ze synteticky fenotyp v porovnani s kontraktilnim
fenotypem obsahuje vyssi aktivitu kaspazy 3, klicového enzymu v mechanismu
apoptdzy (Moiseeva 2001).

Kromé bunécné slozky se v aterosklerotickych lézich nachazi i slozka
vlaknita, kterd je zastoupena predevSim kolagenem. Ten je produkovan nejen
hladkymi svalovymi burikami, ale z ¢asti také endotelialnimi butikami a fibroblasty.
Syntéza kolagenu souvisi jak se zménou fenotypu, migraci a proliferaci hladkych
svalovych bunék, tak stadou lokdlnich i systémovych Cciniteld (TGF-B, PDGF,
endotelin-1, angiotensin I, IL-1, homocystein i mechanické napéti stimuluji tvorbu

kolagenu) (Lebrin 2005).
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1.2.3. Pokrocilé l1éze

Z vyse uvedeného vyplyva, Ze po nahromadéni makrofagi a T lymfocyti
v intimé dochdazi v dalsi fazi k transmigraci hladkych svalovych bunék z medie do
intimy a proliferaci extracelularni matrix, zejména kolagenu a vytvoreni
fibromuskularniho typu aterosklerotické l1éze.

[ vtomto stadiu je jeSté moZna regrese a regenerace endotelovych bunék
v pripadé, Ze aterogenni faktor prestane pusobit. Vysledkem je pouze ztlusténi
intimy, ktera obsahuje jednu nebo dvé vrstvy myocyti, které se zde normalné
nevyskytuji. Pokud aterogenni faktor stdle plsobi, proces se rozviji do dalsich
stadif (Linton 2003).

Makrofagy, které dale pohlcuji lipoproteinové Castice, se nyni soustied'uji ve
stfedni Casti platu. Na této kumulaci se makrofagy ziejmé mohou podilet také tim,
ze exprimuji E-kadherin, ktery zajiStuje adhezi jednotlivych makrofagli k sobé
(Bobryshev 1998). Vtéto fazi dochazi ke zvySenému nahromadéni volného
cholesterolu, zatimco v pocatecnich stadiich makrofagy pohlcovaly predevSim
estery cholesterolu. ZvySeny pomér volny cholesterol/fosfolipidy ziejmé prispiva
k odumirani makrofagi diky cytotoxickym ucCinkiim volného cholesterolu
(Wendelhag 1993).

Makrofagy, stejné tak jako hladké svalové buiiky, v tomto stadiu podléhaji
zvySené nekréze a apoptéze. Po odumieni makrofagl dochazi k extracelularnimu
vedou kvzniku nekrotického lipidového jadra. Hladké svalové burnky i nadale
pokracuji v migraci do intimy a v syntéze extracelularni matrix, zejména kolagenu,
elastinu a proteoglykanti. Postupné tak dochazi k vytvoreni tzv. fibromuskularni
Cepicky na povrchu aterosklerotické 1éze. Je potvzeno, Ze hladké svalové buriky
exprimuji N-kadherin, ktery vSak neexprimuji makrofagy. Pravé homofilni
interakce mezi N-kadheriny miize vést ke specifické kumulaci hladkych svalovych
bunék u povrchu platu (Yap 1997). Bylo zjisténo, Ze v aterosklerotickych 1ézich se
nachazeji proteiny vazici vapnik. Je to napriklad osteopontin, produkovany
hladkymi svalovymi butikami pod vlivem rlistovych faktor, nebo osteokalcin. Tim
dochazi v téchto nekrotickych oblastech navic k ukladani vapniku a mineralizaci

(Palinski 2002).
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Vytvorenim lipidového jadra, zformovanim fibromuskularni cepicky a
ukladanim vapenatych iontli dochazi k vytvoreni pokrocilé aterosklerotické 1éze,
kterd se nazyva ateromovy plat.

Pokrocilé aterosklerotické léze jsou casto pricinou klasickych komplikaci
aterosklerozy, jako je sten6za a vznik trombéz, které pak omezuji krevni priitok a
vedou k organovym poskozenim.

Z Klinického hlediska mtizeme aterosklerotické platy rozdélit na stabilni a
nestabilni.

Stabilni plat ma nizky obsah tuki vjadie a pevnou fibromuskularni
Cepicku, proto nema tendenci k rupture s vytvorenim nasledné trombozy.

Nestabilni plat je bohaty na lipidy, jeho fibromuskularni cepicka je tenka a
dochazi casto k jeho prasknuti.

Zatimco stabilni platy, které postupné ,pouze* zuzuji cévni lumen, zpisobuji
vznik typickych namahovych stenokardii pfi anginé pectoris, tromboza, ktera
provazi nestabilni platy, je zodpovédna za akutni koronarni syndromy, nestabilni
anginu pectoris a za vznik infarktu myokardu. Zavaznost aterosklerotickych platt
tedy nezavisi na jejich velikosti, ale zejména na jejich sloZeni a charakteru.

Nestabilni plat predstavuje typickou komplikovanou 1ézi (Badimon 1999).

1.2.4. Komplikované léze

Tyto léze vznikaji z ateromovych plati masivni kalcifikaci a predevsim
tézZkymi degenerativnimi zménami (ulcerace, ruptura), které se pak stavaji mistem
adherence trombocytli, agregace, trombdzy a souCasné organizace trombu.
Makroskopicky vzhled komplikované léze odpovida ateromovému platu
s naslednymi zménami v diisledku trombdzy a pritomnosti erytrocyti (Stehbens
2002).

Ke vzniku trombu muZe dojit bud’ pti rozruseni endotelu, nebo pfi rupture
platu. Malé poskozeni vede k odhaleni kolagenu a tkaniového faktoru trombocytim
a vede ke vzniku malych mikrotrombt. Ty obvykle nemaji zadny Kklinicky vyznam
(Shah 2002). Pri vétsim posSkozeni endotelu dochazi ke vzniku tzv. ¢erveného
trombu, ktery je bohaty na obsah trombocytt, erytrocyti a fibrinu. Tento trombus

postupné uzavird lumen cévy, mize dojit i kjejimu Uplnému uzavéru, nebo se
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trombus miiZe uvolnit a zplisobit embolizaci. Navic se v misté vzniku trombu

rozviji zanétliva reakce s hromadénim makrofagii a T-lymfocytl (Stehbens 2002).

2. Bunécné adhezni molekuly

Ateroskleréza miize byt chapana jako specidlni druh chronického zanétu
(Ross 1999). Pro pribéh zanétu jsou diilezZité mezibunécné interakce, vcetné
interakci mezi leukocyty, mezi leukocyty a endotelem, leukocyty a hladkymi
svalovymi buinikami a dalsi. Proteiny, které zprostiedkovavaji tyto interakce, tzv.
bunécné adhezni molekuly, jsou exprimované na povrchu vSech tkani organismu.
Podporuji prilnavost bunék a také se ucastni prenosu signal mezi buiikkami a
podileji se tak na interakci bunék s okolnim prostfedim. Adhezni molekuly se
ucastni rizeni rady fyziologickych déjd, jako je embryogeneze, rist bunky a jeji
diferenciace, hojeni ran nebo obnova tkani. Uplatiiuji se také pri patologickych
procesech, jako je zanét, angiogeneze, trombdza a také pti vzniku a rozvoji
aterosklerézy (Joseph-Silverstein, 1998).

Podle strukturnich vlastnosti miizeme adhezni molekuly rozdélit na 4
zakladni skupiny.

Selektiny

Integriny

Kadheriny

Imunoglobulinova skupina

2.1. Selektiny

Selektiny jsou tri a to E-, L- a P-selektin. Jsou to proteiny, které se ucastni
prvni faze interakce lymfocytd sendotelem, kdy dochazi k tzv. kutdleni neboli
rollingu (Vestweber 1999). E-selektin je exprimovan na endotelidlnich burikach a
zprostiredkovava adhezi leukocytli na cévni endotel. L-selektin je exprimovan na
leukocytech (B, T lymfocyty, neutrolily, eosinofily) a také na nezralych
erytrocytech a zajiStuje vazbu leukocytli na endotel v misté zanétu. P-selektin se
nachazi v alfa granulich desticek a Weibel-Paladeho téliscich endotelidlnich bunék
a je dulezity pri interakci mezi leukocyty, aktivovanymi destickami a endotelem

(Tedder 1995). E-selektin je exprimovan teprve po aktivaci endotelu zanétlivymi
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faktory jako TNF-a [Jnebo interleukin-1 (Bevilacqua 1989) a P-selektin aZ po
aktivaci histaminem, trombinem nebo napf. oxidovanymi LDL (Lehr 1991).
Naproti tomu L-selektin je exprimovan na leukocytech konstitu¢né. VSechny
leukocyty véetné neutrofilt, T lymfocyti a monocytl vyuZzivaji selektiny k prvnimu
kontaktu a zachyceni k endotelu (Vestweber 1999). Exprese P- a E-selektinu je
zvySena v aterosklerotickych platech (Johnson-Tidey 1994). Navic bylo zjiSténo, Ze
P-selektin je spolecné s VCAM-1 exprimovan endotelem jeSté pred akumulaci
makrofagi a T lymfocytd v intimé cév (Sakai 1997). Lze tedy fici, Ze E- a zejména
P-selektin jsou markery casné aktivace endotelu a podileji se na inicia¢ni

akumulaci makrofagl a T lymfocytd v intimé cév.

2.2. Integriny

Integriny jsou transmembranové glykoproteiny exprimované ve vSech
tkanich organismu (Howe 1998) a zejména na leukocytech a trombocytech (Lu
2008).

Z hlediska vztahu k aterosklerdze jsou vyznamné 3 skupiny integrint. Do
skupiny B1 integrind patii tzv. VLA integriny. Jsou exprimovany na monocytech, T
lymfocytech i trombocytech a vazi vétSinou sloZky mezibunécné hmoty jako
kolagen, laminin, fibrinogen a fibronektin, ale také adhezni molekuly exprimované
na endotelu. Druhou skupinu tvofi ; integriny, zvané téZ leukocytarni integriny.
Ucastni se interakce jako komplementové receptory (Mareckova 1999). Treti
skupinu tvori B3 integriny, které se uplatiiuji hlavné pfi interakci trombocyti se
slozkami mezibunécné hmoty a hraji tak zasadni roli pfi zachycovani destic¢ek
v misté vaskularniho poskozeni (Joseph-Silverstein 1998).

Integriny hraji zasadni roli pii migraci leukocyti z krve do tkani a to
zejména pri rolovani a vytvareni pevné vazby k endotelu (Alon 1995). Vazba
integrini na ligand vede také k prenosu rady intracelularnich signald, které pak
mohou ovliviiovat interakce mezi bunkami (McGilvray 1997). Integriny jsou
zasadni pro vytvoreni pevné a stabilni vazby leukocyti k endotelu v misté

zanétlivé reakce.
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2.3. Kadheriny

Kadheriny jsou transmembranové glykoproteiny, které zprostredkovavaji
adhezi bunék a jsou zavislé na pritomnosti Ca2+ iontii. Kadheriny jsou hlavnimi
strukturalnimi glykoproteiny, které tvori adherentni mezibuné¢né spoje nazyvané
zonula adherens (adherens junctions) (Dejana 1997).

Kadheriny maji dvé hlavni funkce. Jsou zodpovédné za mezibunécnou
adhezi a podileji se na prenosu signalu mezi butikami (Price 1999).

Dnes je popsano velké mnozstvi kadherini, které se lisi strukturou svych
domén a také mistem svého vyskytu. VétSina nazvi kadherinl je odvozena od
mista jejich vyskytu, ale rtizné tkadné exprimuji rtizné kadheriny (Behrens 1999).
Ve vztahu k ateroskler6ze maji nejvétSi vyznam epitelidlni (E)-kadherin a
vaskularni-endotelialni (VE)-kadherin.

E-kadherin je hlavnim kadherinem exprimovanym epitelidlnimi bunkami.
Z hlediska funkce je nepostradatelny pro normalni embryogenezi a morfogenezi
mnohych tkani (Nachtigal 2001). Exprese E-kadherinu byla zjiSténa na pénovych
burikach v lidskych aterosklerotickych 1ézich. Vypada to, Ze E-kadherin se podili na
agregaci pénovych bunék a tim se podili i na formovani lipidového jadra
(Bobryshev 1998)

VE-kadherin je kadherin specificky pro cévni endotel. Je hlavni adhezni
molekulou mezibunéc¢nych spoji - zonula adherens (Dejana 1999). VE-kadherin je
nutny pro normalni vaskulogenezi, angiogenezi a je velmi dilezity pro udrzeni
endotelidlni integrity a permeability (Dejana 1999). Porucha exprese a funkce VE-
kadherinu vede ke vzniku endotelidlni dysfunkce (Nachtigal 2001). VE-kadherin je
exprimovan v lidskych aterosklerotickych 1ézich, kde se podili na neovaskularizaci

kapilar, které jsou diileZité pro rozvoj lokalni zanétlivé reakce (Bobryshev 1998).

2.4. Imunoglobulinova skupina adheznich molekul

Tato skupina zahrnuje celou fadu povrchovych bunécnych molekul. Jde o
glykoproteiny tvorené opakujicimi se Ig doménami z beta fetézcii, které
zprostiredkovavaji jak hemofilni (vazba adhezni molekuly v jedné buiice na stejnou
molekulu ve druhé) tak heterofilni interakce (vazba adhezni molekuly v jedné
burice na neidentickou molekulu ve druhé buiice) (Mareckova 1999). Patri sem

celd rada adheznich molekul jako antigenné specifické receptory T a B lymfocyti
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TCR, BCR, koreceptory T lymfocytd CD4 a CD8, které jsou dilezité pro jejich
spravnou funkci pri imunitnich reakcich. Z hlediska vztahu k ateroskler6ze jsou
nejvyznamnéjSimi zastupci VCAM-1 (vascular cell adhesion molecule-1), ICAM-1
(intracellular cell adhesion molecule-1) a PECAM-1 (platelet-endothelial cell

adhesion molecule-1).

Struktura, funkce a exprese VCAM-1 a ICAM-1
Z hlediska struktury jsou obé adhezni molekuly transmembranové
glykoproteiny obsahujici N-konec, sérii Ig domén, transmembranovou oblast a

cytoplazmaticky konec (obr. 4).

Obr. 3 Struktura ICAM-1 podle Price DT et al a VCAM-1 podle Wang JH et al. (Price
1999, Wang 2001).
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VCAM-1 ma 7 extracelularnich domén, pricemZ domény 1 a 4 jsou specificka
vazebnda mista pro vazbu a4f3; integrinu (VLA-4) a nékdy pro vazbu a4f37 integrinu
(Springer 1994). ICAM-1 ma 5 extraceluldrnich domén, pficemz domény 1 a 3 jsou
specificka vazebna mista pro vazbu aif3; integrinu (LFA-1), respektive pro vazbu

amfz integrinu (Mac-1), které jsou exprimovany na leukocytech (Jang 1994).
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ICAM-1 a VCAM-1 se podileji na stabilizaci vazby leukocytli k endotelu a
podili se tedy na jejich diapedezi (Cybulsky 1999).

ICAM-1 i VCAM-1 jsou exprimovany endotelialnimi burnikkami, makrofagy a
hladkymi svalovymi bunikami (Jang 1994). Studie na kralicich a mySich prokazaly,
Zze VCAM-1 je endotelialnimi bunkami exprimovan jeSté pred hromadénim
makrofagi a T lymfocytl a to v oblastech, které jsou predispozi¢ni ke vzniku 1ézi,
pricemZ lokalizace téchto mist je ¢asto ovlivnéna hemodynamickymi vlastnostmi
predevsim shear stresem. ICAM-1 je exprimovan ve stejnych oblastech jako VCAM-
1, ale exprese ICAM-1 je pozorovana i v oblastech s nizkou pravdépodobnosti
vyskytu aterosklerotickych 1ézi. U malych aterosklerotickych 1ézi je VCAM-1 i
ICAM-1 exprimovan predevSim endotelidlnimi bunkami, pricemz VCAM-1 je
exprimovan i hladkymi svalovymi burikami, které piiléhaji k aterosklerotické 1ézi.
U pokrocilejsich aterosklerotickych 1ézi je VCAM-1 i ICAM-1 exprimovan vétSinou
bunék, které se nachazeji v intimé cév. Presto se ukazuje, Ze VCAM-1 je exprimovan
predevSim v oblastech vyskytu 1ézi, zatimco ICAM-1 je exprimovan endotelidlnimi
burikami i mimo aterosklerotickou 1ézi (liyama 1999).

Exprese téchto adheznich molekul je ovliviiovana radou faktord, které se
uplatiiuji i v patogenezi aterosklerézy. Hypercholesterolemie, oxidované LDL a
diabetes zvysuji expresi jak ICAM-1 (Bevilacqua 1989), tak VCAM-1 (Khan 1995),
(Vlassara 1995). Také koufeni, hyperhomocysteinemie, hemodynamicky stres
(nizky shear stress) zvysuji expresi VCAM-1 a ICAM-1 (Powell 1998). Exprese obou
téchto molekul je také indukovana zanétlivymi cytokiny jako TNF-a nebo IL-1
(Marui 1993). V séru miiZzeme detekovat rozpustnou isoformu ICAM-1 za
fyziologickych podminek, ve vyznamné zvySeném mnozstvi pak pfi riznych

patologickych déjich (Henninger 1997).

PECAM-1 (platelet endothelial cell adhesion molecule)

Dalsi zastupce adheznich molekul imunoglobulinové rodiny. PECAM-1 je
glykoprotein, ktery ma 6 extracelularnich Ig domén, transmembranovou oblast a
cytoplazmaticky konec (Muller 1993).

PECAM-1 je exprimovan predevSim na endotelidlnich buinikdch v misté

intercelularnich spoji, na trombocytech a vétSiné leukocytli. JelikoZ exprese
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PECAM neni zavisla na stimulaci cytokiny, hustota téchto molekul se pouziva
k odhadu plochy cévniho recisté (Watt 1995).
PECAM-1 hraje diilezitou roli pii vaskulogenezi, angiogenezi a vyznamné se

podili na prostupu leukocytii do subendotelianich prostort (Newman 1990).

Pokusy in vivo, které byly zaméreny na chovani leukocyti, vedly k vytvoreni
modelu, ktery predpoklada tii postupné faze pii pohybu leukocytd cévnim
endotelem: rolovani (,kutdleni po endotelu“), pevnou adhezi (pfilnuti) a
vycestovani z cévniho fecisté - transendotelidlni migraci (Krieglstein 2001).

Rolovani (slabé adhezni interakce) umoziuji selektiny, pro které maji
leukocyty na svém povrchu prislusné ligandy. PrestoZe na leukocytech miZeme
nalézt i jiné adhezni molekuly (napriklad VLA-4, VCAM-1, MAdCAM-1 a zastupce ze
skupiny (1 integrinii), jejich kvantitativni vyznam v procesu rolovani ziistava zatim
nejasny (Jang 1994). Adherované leukocyty jsou dale vystaveny ptlisobeni nizkych
koncentraci chemoatraktanti/mediatort zanétu, které zplisobi jejich aktivaci a
nasledné vyvolaji integrin-Imunoglobulin dependentni vazbu leukocytt k povrchu
endotelu. Jedna se jiz o pevnou adhezni interakci. Aktivace leukocytl je rovnéz
spojend se zvySenou aktivitou integrind, ktera miiZze byt vyvolana chemokiny,
bakterialnimi peptidy, PAF (faktor aktivujici desticky) a leukotrieny B4 (Cybulsky
1999). Transendotelidlni migrace zac¢ind pohybem takto prilnutych leukocytl
smérem k mezibunécnym spojim.

K vytvoreni infiltrace velkého poctu leukocytd v zanicené tkani je nezbytna
vysoka hustota endotelidlnich adheznich molekul. Ta je udrzovana pouze syntézou
proteint de novo. Syntézu riznych endotelidlnich adheznich molekul (zahrnujicich
ICAM-1, VCAM-1, MAdCAM-1, E-selektin a P-selektin) indukuje velké mnozZstvi
rozmanitych bakterialnich toxint, cytokini a oxidantt (Cybulsky 1999).

3. Endoglin - CD 105

Endoglin je homodimerni transmembranovy glykoprotein skladajici se ze
dvou podjednotek o velikosti 95 kDa propojenych disulfidickym mtstkem (ten
Dijke 2008). Lidsky endoglin ma tfi ¢asti - extracelularni doménu o velikosti 561
aminokyselin, jednoduchou transmembranovou C¢ast a cytoplasmatickou Ccast

(Bellon 1993). U clovéka byly popsany dvé izoformy (L a S), které se lisi
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cytoplasmatickou c¢asti, stejné tak existuji podobné dvé izoformy L- a S-endoglin
také v mysich tkanich (Perez-Gomez 2005).

Endoglin byl prvné identifikovan na pre-B leukemické bunécné linii (van
Laake 2006). Hlavni tkani, kde je exprimovan, jsou buriky cévniho endotelu. Kromé
téchto bunék ho v mensi mire exprimuji i dalsi buriky - cévni hladké svalové bunky
(Adam 1998), fibroblasty (St-Jacques 1994), makrofagy (Lastres 1992),
leukemické buniky pre - B a myelomonocytarniho piivodu (Perez-Gomez 2005) a
prekursory erytrocyti (Buhring 1991). Syncytiotrofoblast a terminalni placenta
obsahuji vysokou hladinu CD105 (St-Jacques 1994).

Normalni T, B lymfocyty a nestimulované monocyty endoglin neexprimuji,
ale zvySena exprese je sledovana na aktivovanych makrofazich (Lastres 1992).
Stejné tak je vysoce exprimovan na endotelidlnich burikach ve tkanich, ve kterych
probiha angiogeneze, jako jsou hojici se rany, infarkty a celd fada nadort (Guo
2004), také v hladkych svalovych bunikkdch cév béhem zanétu a poranéni (Adam
1998). ZvysSené sérové hladiny endoglinu se objevuji pri ateroskler6ze (Blann
1996). Vlidskych aterosklerotickych lézich byla sledovana zvySend exprese
endoglinu hlavné v hladkych svalovych bunkach, makrofazich a endotelialnich
buiikach v oblastech 1ézi, zatimco v hladkosvalovych bunkach zdravé arterialni
stény nebyl endoglin detekovan (Conley 2000, Piao 2006).

Endoglin je soucasti TGF J -receptorového komplexu ptitomného
v endotelovych burikdch. TGF-f je rodina polypeptidl, které riznym zpiisobem
ovlivituji rist, diferenciaci, adhezi a apoptézu bunék a tvorbu mezibunécné hmoty.
Pro rozvoj aterosklerézy je vyznamny zejména TGF-B1. Je to pleiotropni riistovy
faktor, ktery ma vyznamné protizanétlivé ucinky. Tyto ucinky byly ovéreny na
endotelidnich, hladkych svalovych buiikach, ale i makrofazich a T-lymfocytech
(Lebrin 2005).

TGF-B se na bunécném povrchu vaze na receptor pro TGF-f typu II, dochazi
k fosforylaci - aktivaci receptoru pro TGF-f typu I. Tento aktivovany komplex
fosforyluje - aktivuje nitrobunécné posly tzv. Smad proteiny, jejichZ
prostrednictvim je informace prenesena az do jadra, kde dochazi k ovlivnéni
transkripce. Podle studii in vitro se zda, Ze protizanétlivé ucinky TGF-B1 jsou
zprostiedkované predevsim proteiny Smad 3 a Smad 2 (Feinberg 2005). Endoglin,

nékdy oznacCovan jako receptor pro TGF-B typu III, nema vnitini kinazovou
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aktivitu, ale ovliviiuje TGF-B signalizaci. Jak? To neni jesté zcela Uplné jasné. Je
prokazano, Ze endoglin se vaze na TGF-B1 a TGF-B3, ne vSak na TGF-f2 (Cheifetz
1992, Bellon 1993).

ZvySena exprese endoglinu v mysich fibroblastech byla spojovana se
sniZenou migraci a pozménénou morfologii bunék (Guerrero-Esteo 1999). V L6E9
myoblastech zvySena exprese endoglinu snizila citlivost bunék na TGF-B1, coZ
zpusobilo inhibici ristu téchto bunék (Letamendia 1998). Tyto a dalsi vysledky
(Lastres 1996) naznacuji, Ze endoglin ovliviiuje odpovéd bunék na
TGF-B1, pricemz se predpoklada, Ze usnadnuje vazbu TGF-B1 na receptory.

Endoglin hraje také velmi diilezitou dlohu v udrzeni cévni homeostazy.
Mutace genu pro endoglin je spojena srozvojem hereditdrni hemoragické
telaengiektazie (HHT) typu I (McAllister 1994).

Nedavné vysledky ukazuji, Ze endoglin ovliviiuje také vazodilataci
prostiednictvim oxidu dusnatého (Jerkic 2004). Oxid dusnaty odvozeny od
endotelidlni NO syntazy je dileZity endogenni vazodilata¢ni faktor, ktery reguluje
tonus v krevnim recisti a udrzuje anti-trombotické, anti-proliferativni a anti-
apoptotické prostredi v sténé cév (Sessa 2004). Endoglin in vitro zvySuje expresi

endotelidlni NO syntazy (eNOS) ovlivnénim hladiny Smad 2 (Santibanez 2007).

4. Statiny

Statiny neboli kompetitivni inhibitory 3-hydroxy-3-methyl-glutaryl-
koenzym A-reduktazy, patii vsoucasné dobé mezi nejucinnéjsi a celosvétoveé
nejpouzivanéjsi hypolipidemika s priznivymi ac¢inky nejen na hladiny sérovych
lipidii, ale i na kardiovaskuldrni a celkovou mortalitu (Vaughan 2000).
Randomizované klinické studie prokazaly, Ze 1éc¢ba statiny snizuje vyskyt infarktu
myokardu a ischemické cévni mozkové prihody v primarni i sekundarni prevenci u
pacientli s rizné zavaznou hypercholesterolémii.

Statiny snizuji predevSim hladiny celkového cholesterolu a LDL
cholesterolu. Rada experimentalnich i klinickych studii ukazuje, Ze prospéch
z uzivani statinl je dan nejen jejich schopnosti sniZovat hladiny plazmatickych
lipidii, ale i jejich cetnymi extralipidovymi ucinky, které jsou na snizeni

plazmatickych lipidli nezavislé (Arnaud 2005).
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4.1. Mechanizmus ucinku statinii a jejich lipidové ucinky

Statiny inhibuji klicovy enzym syntézy cholesterolu. Limitujici reakci
endogenni biosyntézy cholesterolu je prevedeni aktivované kyseliny 3-hydroxy-3-
methylglutarové (HMG-CoA) na kyselinu mevalonovou (viz. obr. 4). Tuto reakci
katalyzuje HMG-CoA-reduktaza lokalizovand v hladkém endoplazmatickém
retikulu jaternich bunék, da se vSak prokazat i v jinych tkanich. Statiny obsahuji ve
své molekule skupiny strukturalné podobné substratu, proto mohou tento enzym
kompetitivné inhibovat. Jeho inhibici dochazi ke sniZeni nitrobunécné syntézy
cholesterolu a burnka se dostava do situace deficitu cholesterolu. Ten pak vede ke
zvySené transkripci LDL receptorového genu a zvySené expresi LDL receptord na
bunécéné membrané vSech bunék, predevsim vsak hepatocytl. ZvySena syntéza a
zvySeni aktivity LDL receptorli vedou k urychlenému vychytavani LDL z plazmy
(Tonolo 2003). Snizeni LDL cholesterolu mtze dosahnout az 40 %. Navic dochazi
obvykle k mirnému zvySeni HDL cholesterolu (aZ o 15 %) a sniZeni koncentrace
triacylglycerolli aZ o 25 %. Tento mechanizmus neni zcela zndm. Pfedpoklada se
sniZzeni syntézy VLDL vjatrech. Dalsim moZnym mechanizmem je zvySeni
clearance a odbouravani VLDL cestou LDL receptort. To je umoZnéno pritomnosti
apolipoproteinu E na c¢asticich VLDL, ktery je schopen se vazat na LDL receptor.
Nepiimo jsou tak ovlivnény i hladiny HDL. Teprve neddvno bylo prokazano, Ze
statiny jsou schopny sniZovat i koncentraci ,malych denznich LDL ¢astic” (Duriez

2003).
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Obr. 4 Schéma biosyntézy cholesterolu - (Tonolo 2003)
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4.2. Pleiotropni (extralipidové) acinky statint

Kromé ptiznivého ucinku na hladiny krevnich lipidi maji statiny dalsi, na
lipidech zcela nezavislé vlastnosti, které se podileji na sniZovani
kardiovaskularniho rizika. Jsou oznacovany jako tzv. pleiotropni ucinky (Vaughan
1996). Pleiotropni ucinky vyplyvaji zinhibice HMG-CoA-reduktazy. Kyselina
mevalonova je prekurzorem nejen cholesterolu, ale i mnoZstvi nesteroidnich
isoprenoidnich sloucenin, které se ucastni procesti bunécného metabolismu a
mezibunécéné komunikace (viz. obr. 5). Tyto latky maji rozmanité funkce - podileji
se na regulaci bunécného riistu, expresi NO-syntazy, migraci hladkych svalovych
bunék, ovlivnéni trombogenni aktivity a mnoha dalSich déjich. Mezi nejdullezitéjsi
ynelipidové” ucinky statinli patii zlepsSeni endotelidlni funkce, antioxidacni,

protizanétlivé, antiproliferacni a antitrombogenni ticinky (Mehta 2003).

ZlepSeni endotelidlni dysfunkce

Charakteristickym piiznakem endotelidlni dysfunkce je poSkozena syntéza,

uvoliiovani NO zendotelu a také jeho aktivita. Statiny zlepSuji endoteliadlni
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dysfunkci zcasti sniZovanim LDL cholesterolu, specifi¢téji vSak plisobi na expresi a
aktivitu endotelidlni NO syntazy (eNOS), enzymu, ktery katalyzuje vznik NO z L-
argininu, ¢imz zvySuji dostupnost NO. Predpoklada se, Ze statiny takto kompenzuji
nedostatecnou tvorbu NO v aterosklerotickych 1ézich a ptlisobi tak proti progresi
aterosklerézy (Vaughan 1996). Tlumi i uvolnovani a aktivitu vazokonstrikénich

latek (napriklad endotelinu a angiotenzinu II) (Auer 2002).

Antioxidacni Gcéinky

Uvazuje se minimalné o 4 mechanismech antioxida¢niho ptsobeni: 1)
jelikoZ dochazi ke sniZeni koncentrace LDL cholesterolu, vznika tim padem i méné
oxLDL, 2) inhibici NADH oxidaz dochazi ke sniZeni tvorby vaskuldrnich a
endotelidlnich superoxidd; vzniku oxLDL brani i udrZovani aktivity vnitinich
antioxidacnich systémi (napiiklad superoxid dismutazy), 3) piimou vazbou
statinli na fosfolipidy lipoproteinové Castice dochazi k ochrané lipidového jadra
pired volnymi radikaly, 4) silnd antioxidac¢ni aktivita statinovych metaboliti (napf.
u atorvastatinu a fluvastatinu) rovnéz prispiva k ochrané pred oxida¢nimi procesy

(Calabro 2005).

Protizanétlivé ucéinky

Zanétlivy proces probihajici v cévnim endotelu zvySuje riziko
kardiovaskuldrnich pfihod a tvori vyznamny faktor rozvoje metabolického
syndromu (Albert 2001). Bylo zjiSténo, Ze statiny maji protizanétlivé ucinky,
snizuji hladinu C-reaktivniho proteinu), jehoZ hladina je zvySena i pfirozvoji
aterosklerézy. Vyznamné je 1 sniZovani exprese mnoha adheznich a

chemotaktickych molekul a inhibice aktivity integritu (Arnaud 2005).

Statiny a trombdza

Antitrombotické plisobeni statinli spociva v priznivém ovlivnéni agregace
desticek, krevni viskozity, hladin tkaniového faktoru a jeho prirozeného inhibitoru,
fibrinogenu, tkanového aktivatoru plazminogenu (tPA) a jeho prirozeného
inhibitoru (PAI-1) a rovnéZ lipoproteinu (a). Dochazi k inhibici bunécné exprese
tkanového faktoru v mikrofazich (Palinski 2002), k normalizaci tvorby trombinu u

pacientd s hypercholesterolémii a ke snizeni agregace desticek. SniZeni agregace
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desticek ma pravdépodobné vztah k redukci obsahu cholesterolu v jejich

bunécnych membranach (Laufs 2003).

Stabilizace aterosklerotického platu

Statiny prispivaji ke stabilizaci aterosklerotického platu vice mechanismy.
Snizuji hladiny oxidovaného LDL cholesterolu a jeho vychytavani makrofagy,
inhibuji matrixové metaloproteinazy, které se podileji na destabilizaci

aterosklerotickych platd, zvySuji obsah kolagenu v platech (Comparato 2001).

Efekt na hladké svalové bunky

Pomoci statinli dochazi téz kinhibici proliferace a migrace hladkych
svalovych bunék vcévni sténé. Zatimco vétSina autord povazuje inhibici
proliferace myocytt za pozitivni efekt 1écby, ktery ptisobi protiaterogenné, objevuji
se i opacné nazory, které povaZzuji proliferaci myocyti za vyznamny faktor pii

stabilizaci platd (Vaughan 2000).

Dalsi priznivé ucinky statint

Vyzkumy potvrdily, Ze statiny inhibuji riist nddorovych bunék. Bylo zjisténo,
Ze vétSina nadorovych bunék vykazuje zvySenou aktivitu HMG-CoA reduktazy,
proto se predpoklad3, Ze selektivni inhibice tohoto enzymu by mohla vést k novym
moznostem 1é¢by rakoviny.

Statiny se uplatiiuji i v kostnim metabolismu. Dochazi ke sniZeni aktivity
osteoklasti a sniZeni kostni resorpce, naopak se zvysuje novotvorba kostni hmoty.
Pravdépodobné proto je podavani statini spojené se snizenym rizikem vzniku
kostnich zlomenin u pacientt starsich 50 let.

Pouziti statind v jinych neZ hypolipidemickych indikacich vsak zatim brani
nedostatek randomizovanych Kklinickych studii, takZe obecné plati nazor, Ze
extralipidové ucinky statini efektivné dopliuji jejich primy ucinek na hladinu
lipidi (Wierzbicki 2003).

[ kdyZ je ptisobeni pleiotropnich ucink jisté vyznamné, je tieba zdliraznit,
Ze jejich role je ve srovnani s hypolipidemickym efektem pravdépodobné méné
dllezita. Za prevaznou vétsinu pozitivnich kardiovaskularnich ucinki statini stoji

jejich vliv na LDL-cholesterol.
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4.3. Atorvastatin

Atorvastatin patfi v soucasné dobé k nejvice uzivanym statintim. Je podavan
ve formé aktivni latky. Po peroralnim podani se snadno a rychle vstrebavj,
maximalnich plazmatickych koncentraci je dosaZeno priblizné za 2,5 hodiny.
Z diivodu vysokého first-pass metabolismu v jatrech je biologickd dostupnost
atorvastatinu pouze 12 %. PribliZzné z 98 % se vaZe na plasmatické bilkoviny. Je
metabolizovan cytochromem P450 3A4 na biologicky aktivni metabolity, které
prispivaji k inhibici HMG-CoA reduktazy asi ze 70 %. Po hepatalni a extrahepatalni
metabolizaci jsou atorvastatin a jeho metabolity primarné eliminovany Zludi,
pricemZz nedochazi kenterohepatalni cirkulaci. Jeho eliminacni polocas je
v priuméru 14 hodin, ale diky piitomnosti aktivnich metaboliti pretrvava inhibi¢ni
ucinek na HMG-CoA reduktazu asi 24 hodin (Regazzi 1994).

Studie prokazaly, Ze u pacientl s hypercholesterolémii snizuje atorvastatin
hladinu LDL cholesterolu, celkového cholesterolu a predevsim triacylglyceld
efektivnéji neZ ostatni statiny. Jiz pri obvyklych davkach dochazi k poklesu
koncentrace triglyceridi okolo 20 %. Maximalni sniZeni LDL cholesterolu mtzZe
dosahnout aZ 90 %. Naopak zvySeni hladiny HDL cholesterolu neni tak vyznamné
(5 - 15 %). Pozitivnim jevem je zména velikosti LDL ¢astic od malych denznich
aterogennich ¢astic k ¢asticim vétsim (Desager 1996).

Nezadouci uc¢inky atorvastatinu jsou mirné a maji prechodny charakter, 1ék
je obecné dobie snaSen. Nejcastéji se vyskytuji zaZivaci potiZe, bolesti hlavy a
svalli, koprivka nebo ospalost. Stejné tak jako u jinych statinii, i po podani
atorvastatinu bylo popsano zvyseni hladin jaternich transaminaz. Vyskyt zavazné
rabdomyolyzy spojované slécbou statinli, ktera mize vést az kledvinnému
selhani, vSak zatim u atorvastatinu nebyl prokazan.

[ kdyZ studie na zviratech nepotvrdily teratogenni Ucinky atorvastatinu,
vSechny statiny jsou kontraindikovany v téhotenstvi a u kojicich matek (Sinzinger

2002).
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5. Zvireci modely

Pro studium patogeneze a potencialni 1écby aterosklerozy se pouZzivalo a
pouzivd neékolik Zivoc¢iSnych druhG. Prvni dikaz o studiu experimentalni
aterosklerézy byl uverejnén jiZ v roce 1908, pti podavani diety bohaté na ZivocisSné
proteiny (maso, mléko, vejce) kralikovi, doSlo k ztluSténi jeho cévni intimy, které
bylo zpiisobeno velkymi bunikkami v aorté (Jawien 2004).

Pozdéji se pouzivali napriklad primati, prasata, prilezitostné také kiecci a
holubi. Ukazalo se ovSem, Ze tyto modely nejsou vhodné. Rovnéz potkani a psi
nejsou vhodnymi modely, protoZe k tvorbé 1ézi, které v jejich cévach nevznikaji
spontanné, vyZaduji vysoké naroky na dietu.

Dobfe zndmym a pomérné hojné pouzivanym zvirecim modelem je kralik -
Novozélandsky bily. Kralik se z hlediska lipoproteinového metabolismu podoba
vnékolika ohledech c¢lovéku. Ma napiiklad podobné sloZeni lipoproetint
obsahujicich apolipoprotein B (Chapman 1980), produkuje jatry VLDL obsahujici
apoBioo (Greeve 1993), ma podobnou aktivitu plasmatické CETP, a vysokou
rychlost absorpce dietdrniho cholesterolu (Yang 1998).

U kraliki se ateroskler6za rovnéZz nerozviji spontanné, ale po
cholesterolové dieté vznikaji 1éze v pomérné kratkém case (Ito 1994). Léze u
kralika jsou vice bohaté na tuky a makrofagy, nez léze v lidskych cévach a na rozdil
od clovéka se u kralika vyskytuji vyjimecné vysoké hodnoty plazmatického
cholesterolu. I lokalizace 1ézi je jina neZ u ¢lovéka. Na rozdil od ¢lovéka, kde témér
vZzdy vznikaji 1éze v oblasti koronarnich arterii a brisni aorty, u kralika je to
zejména v oblasti aortalniho oblouku a hrudni aorty (Yang 1998).

Pokud chceme u kralika navodit pokrocilejsi aterosklerotické 1éze, je nutné
mechanické poskozeni. Jednou z neméné dtilezitych nevyhod je také nedostupnost
komerc¢né vyrabénych chemikalii uréenych na zpracovani a analyzu krali¢ich
vzorkd.

WHHL kralik - Watanabe heritable hyperlipidemic je LDL receptor
deficientni kmen kralikd, ktery predstavuje model familiarni
hypercholesterolémie. Vyvijeji se u nich spontanni aterosklerotické 1éze, které jsou
morfologicky podobné lidskym 1ézim (Ito 1994). Pro studium vlivu jednotlivych
apolipoproteinti na metabolismus lipid byli vyvinuti WHHL apoA-1 transgenni
kralici a NZW apoB-100 trangenni kralici. WHHL apoA-1 kralici jsou modifikovani
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pro expresi lidského apoA-1, dochazi u nich ke zvyseni hladiny HDL cholesterolu
bez zmény hladiny LDL cholesterolu a také ke sniZeni velikosti aterosklerotickych
plati (Duverger 1996). U NZW apoB-100 trangennich kralikd se objevuje aZ 3x
zvySenad hladina celkového cholesterolu a triacylglyceroli a naopak sniZena
hladina HDL cholesterolu (Fan 1995).

A7 do roku 1992 byla prevazna vétSina vyzkumu v oblasti aterosklerézy
provadéna na modelu krélika, v mensi mire pak na modelech prasete a primatt.
Béhem vyzkumi se ziskaly neocenitelné poznatky. Na prasecim modelu bylo
odhaleno, Ze jednim zprimarnich déji v procesu aterosklerézy je infiltrace
monocyty (Hotta 1999). Studie na opicich a kralicich vedly k objasnéni buné¢nych
procest v procesu vzniku a rozvoje aterosklerotickych 1ézi.

Dnes se pro studium ateroskler6zy in vivo hojné vyuzivaji mysi modely.

5.1. Mysi model aterosklerozy

Mysi model pomohl diky své velikosti prekonat mnoZstvi problémil a
nedostatkli spojenych s pouzivanim vétSich zvirat a rovnéZz zdolat potize
s genetickou reprodukovatelnosti. Je vhodny také diky moZnosti relativné velkého
poctu experimentdalnich jedincli ve studiich zamérenych na 1écbu. V soucasnosti
aterosklerézy a objasnéni efektivniho zptsobu jeji 1é¢by (Zadelaar 2007).

Po mnoho let se myS$i modely pri studiu aterosklerdzy nepouZzivaly. Védci se
domnivali, Ze u mySi se spontdnné 1éze netvori, Ze nejsou schopny preZivat na
vysoce aterogenni tukové dieté, 1éze nejsou reprodukovatelné, a také Ze jejich
patologie neni podobna lidské. Nakonec se problém prezivani vyreSil pouZitim
diety s niz§im obsahem tukd, problém reprodukovatelnosti byl vyreSen vyuzitim
inbrednich linii namisto ndhodné vybiranych, ke snadné tvorbé aterosklerotickych
1ézi doslo pouzitim tzv. rodoveé zatiZenych mySich kment a tvorbu fibromuskularni
Cepicky umoznilo prodlouZeni experimentalniho ¢asu (Shih 1995).

Je dulezité si uvédomit hlavni rozdily mezi mysSim a lidskym organismem.
Priimérna délka lidského Zivota je okolo 75 let, zatimco u mysi jsou to pouze 2
roky. Hmotnost mysi je samoziejmé mnohem mensi, v dospélosti kolem 30 gramd.
Dalsi rozdil je v lipidovém spektru, které je velice odlisné od lidského. U ¢lovéka je

vétSina plazmatického cholesterolu (aZ 75 %) obsaZena v LDL, mySi nemaji

35



Uvod a cile prdce

plazmaticky cholesteryl ester transfer protein (CETP) (Moghadasian 2001) a
vétSima cholesterolu je ve formé HDL (Jawien 2004). HDL cholesterol, jak je
znamo, predstavuje vlidském organismu ochranny faktor pred vznikem
aterosklerézy. Z tohoto divodu u mysi krmenych normalni nizkotu¢nou dietou se
nevyviji ateroskleréza. Vyhodou mysSich modeld, stejné tak jako vSech ostatnich
zvitecich modelli, je mozZnost ménit vnéjsi podminky a dietu. U clovéka to
vzhledem k délce jeho Zivota neni moZné. Pri studiich s mySimi modely jsou navic
mozné rizné genetické experimenty, zahrnujici krizeni a genetické inZenyrstvi
(Jawien 2004).

Vyuziti mysich modell ve studiu ateroskler6zy prinasi radu dalSich vyhod.
Snadné a hospodarné je zejména jejich ziskavani a udrzovani druhu. Jejich
reprodukéni obdobi je kratké (priblizné 9 tydnt - 3 tydny trva obdobi biezosti a
priblizné 6 tydni dozrani do pohlavni dospélosti), proto je snadné odchovat velké
skupiny pro experimentalni studie. Klasickd genetika je v mySim organismu
obzvlast stabilni a tento fakt je jeSté podporen moZnosti ziskat stovky inbrednich
linif (Jawien 2004).

Naopak hlavni nevyhodou mysSich modeli je jejich mala velikost,
zpUsobujici potiZe pii vykonu chirurgickych manipulaci a zobrazovani in vivo.

Jak je uvedeno vySe, mysi jsou vysoce rezistentni vici vzniku aterosklerézy
a to diky vysoké hladiné antiaterogenniho HDL cholesterolu a nizkym hladindm
proaterogenniho LDL a VLDL cholesterolu. Vyjimku vSak predstavuje mysi kmen
C57BL/6]. Aplikace diety bohaté na cholesterol s obsahem kyseliny cholové, vede
u tohoto typu mysSi k tvorbé aterosklerotickych 1ézi, které se ale od lidskych
odliSuji v histologické povaze i umisténi. Navic jsou pravdépodobné zptlisobené
spiSe chronickym zanétem nez genetickou predispozici.

Prvni pouZitd dieta vedouci krozvoji aterosklerézy u mySi C57BL/6]
obsahovala 30 % tuk®, 5 % cholesterolu a 2 % zlu¢ovych kyselin. Bohuzel se
ukazalo, Ze je pomérné ,drastickd“, mysi ubyvaly na vaze a ¢asto onemocnély
smrtelnymi respira¢nimi infekcemi.

Dalsi dietou byla tzv. ,Paigenova dieta“, ktera obsahovala 15 % tukd, 1,25 %
cholesterolu a 0,5 % kyseliny cholové (Paigen 1987). I kdyZ se tato dieta Casto
pouzivala, nebyla idedlni. MySi byly krmené po dobu 14 tydnd az 9 meésicu.

Aterosklerotické 1éze, které se u nich posléze vyvinuly, byly pomérné malé (200 -
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1000 pm2), byly omezeny prevazné na aortalni oblouk a nachazely se ve stadiu
pénovych bunék s malym zastoupenim hladkych svalovych bunék. Na rozdil od
lidskych 1ézi, zlstavaly vtomto pripadé léze ve stadiu tukovych prouzkd a
nedochazelo k jejich dalsi progresi. Tato dieta rovnéZ nenti fyziologicka s ohledem
na extrémné vysoky podil cholesterolu a pritomnost kyseliny cholové. Navic bylo
zjiSténo, Ze tato dieta je sama o sobé prozanétliva, jelikoZ vede k indukci jaterniho
NF-xB a expresi mediatorti akutni faze zanétu, jako napriklad sérového amyloidu A
(Nishina 1993).

Vroce 2002 zverejnila Spole¢nost pro sekvenovani mysiho genomu (The
Mouse Genome Sequencing Consortium) vysoce kvalitni sekvenci a analyzu
genomu mysiho kmenu C57BL/6] (Waterston 2002). S nastupem molekuldrni
genetiky je nyni moZné zaclenit do mysiho genomu vnéjsi geny, to je mozné i u
mnoha jinych ZivociSnich druhd. Ale specidlné u mysi, je rovnéz mozné vytadit
z funkce (knokautovat) nebo premistit vnitini geny, coz je jedna z hlavnich vyhod
prace s mySimi modely. VSechny soucasné uzivané mys$i modely pro studium
aterosklerézy jsou zaloZené na poruseni lipoproteinového metabolismu spojenim
aterogenni diety a genetickych manipulaci (Jawien 2004).

Mezi nejvice uzivané mysi modely pro studium aterosklerézy patii
apolipoprotein E-deficientni (ApoE/-), LDL receptor-deficientni (LDLr/-) a
ApoE/LDL receptor-deficientni mySi. A novym modelem jsou ApoE*3Leiden (E3L)

transgenni mysi.

5.1.1. ApoE-deficientni mySi (ApoE-/")

Jde o homozygotni mySi kmen C57BL/6] bez genu pro apolipoprotein E
(ApoE”/-) zavedeny vroce 1992. Apo E je glykoprotein syntetizovany v jatrech,
vmozku a dalSich tkanich, ktery ma nékolik antiaterogennich funkci. Je soucasti
lipoproteinovych ¢astic a slouzi jako ligand pro bunécné receptory jako je LDL-
receptor a receptor pro chylomikronové zbytky, ¢imz podporuje vychytavani
aterogennich castic zobéhu. Deficit vapoE vede ke zpomaleni clearance
lipoproteini. Tyto mysi vyvijeji spontanni hypercholesterolemii po podavani
standardni diety, pricemz hladiny cholesterolu jsou 4-5 vyss$i neZ u normalniho
kmene (Zhang 1992), zvySuje se hladina celkového cholesterolu, dochazi k narastu

hladin zejména VLDL ¢astic, chylomikronovych zbytka a IDL ¢astic. Po podani diety
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s obsahem cholesterolu dochazi jesté k vyraznéjSimu nartistu hladin téchto Castic
(Ishibashi 1994). Tento model vyviji aterosklerotické 1léze vSech fazi
s morfologickymi charakteristikami blizce podobnymi clovéku a na stejnych
mistech cévniho stromu. JiZ kolem 4. aZ 5. tydne se na mistech predisponovanych
k ateroskler6ze zvysuje exprese adheznich molekul. Léze typu tukovych prouzki
se zacinaji objevovat kolem 6. az 8. tydne véku a pokrocilejsi 1éze se objevuji kolem
15. tydne Zivota predevsSim v aortalnim oblouku, karotidach a odstupech z aorty.
Proces rozvoje ateroskler6zy miuze byt urychlen podanim vysokotukové nebo
vysokocholesterolové diety (Moghadasian 2001).

Kromé toho se objevuje fada dlikazii o tom, Ze apoE apolipoprotein ma i
dalsi antiaterogenni vlastnosti. Uvazuje se naptiklad o tom, Ze apoE lipoprotein ma

/////

souvisi s jeho potenciaci sekrece NO (Ali 2005, Davignon 2005, Grainger 2004).

5.1.2. LDL receptor-deficientni mysi (LDLr/)

Dalsi geneticky modifikovany kmen je model LDL receptor-deficientnich
mys$i zavedeny vroce 1993. Jde o model familiarni hypercholesterolemie
(Ishibashi 1993). Zastoupeni lipoproteinovych castic je u LDL receptor-
deficientnich mysi podobné jako u clovéka, tzn. vétSina cholesterolu je ve formé
LDL a VLDL frakce. U mysSi, kterym chybi gen pro LDL receptor se objevuje po
podani standardni diety mirné zvySena hladina cholesteroluy, a to zejména ve formé
LDL ¢astic a ateroskleréza se rozviji pozvolna. Avsak po podani diety s obsahem
cholesterolu a tuku dojde kvelkému nartstu hladiny cholesterolu a k tvorbé
detekovatelnych 1ézi podobnych jako u apoE-deficientnich mysi (Veniant 1998). Po
podani diety sobsahem cholesterolu dochazi k vyraznému hromadéni velkych
lipoproteinovych ¢astic - chylomikronovych zbytkd, VLDL a IDL ¢astic (Ishibashi
1994).

5.1.3. ApoE/LDL receptor-deficientni mysi (ApoE-/-/ LDLr/-)

Posledni skupinou mysi o kterych bych se zminila, a které byly vytvoreny
genetickou manipulaci, jsou tzv. dvojndsobné knokautované mysi apoE/LDL
receptor-deficientni mysi. Tyto mysi reprezentuji zajimavy model, u kterého se

vyskytuje kombinovany defekt apoE lipoproteinu a LDL receptoru. Tento model je
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schopen rozvinout zavaznou hyperlipidémii a aterosklerézu. Bylo zjisténo, Ze u
apoE/LDL receptor-deficientnich mysich dokonce i béZna strava vede k vyraznéjsi
progresi aterosklerdzy nez u mysi, které maji poruchu jen v apoE. Lipoproteinové
spektrum je u téchto mysi podobné jako u apoE modelu, zvySena hladina VLDL
castic a chylomikronovych zbytkd, ale také navic LDL. Po podani diety s obsahem
cholesterolu, dochazi jeSté kvySSi akumulaci téchto castic (Ishibashi 1994).
Aterosklerotické 1éze jsou pozorovatelné jiZ po 15 tydnech na normalni dieté
(Witting 1999). Z toho divodu je ApoE-/-/ LDLr/- mysi model vhodny pro studium
antiaterosklerotického ucinku jednotlivych latek bez nutnosti krmit zvirata

aterogenni dietou.

5.1.4. ApoE*3Leiden (E3L) transgenni mysi

ApoE*3-Leiden mutace je vzicnd mutace vlidském genu APOE3, je
spojovana s familidrni dysbetalipoproteinémii u lidi. ApoE*3Leiden (E3L)
transgenni mysi byly vytvorené vloZenim lidského APOE*3-Leiden segmentu do
C57Bl/6 mysi. Kromé genu APOE*3-Leiden obsahuje tento segment také APOCI
gen a promoter, ktery reguluje expresi APOE a APOC1 genti. Clearence lipoproteint
nesoucich apoE protein je tedy naruSena, i kdyZ méné vyrazné nez u
ApoE-deficientnich mysi. Zavedeni APOC1 genu muze dale zvysit hladinu lipidd a to
sniZenim lipolyzy a vychytavani VLDL c¢astic prostfednictvim receptoru pro LDL a
LRP receptoru pro chylomikronové zbytky (Zadelaar 2007).

E3L mysi vykazuji po podani normalni diety vyznamné zvySené hladiny
plazmatického cholesterolu a triacylglyceroli. Podani diety obsahujici tuk nebo
cholesterol vede u téchto mysi ksilnému ndarGstu hladin plazmatického
cholesterolu a triglyceridd, pfricemZ je vyznamny zejména nariast VLDL a LDL
lipoproteinové frakce (Groot 1996).

U E3L mysi se po podani diety s vysokym obsahem cholesterolu vyvijeji
aterosklerotické 1éze se vSemi charakteristikami jako u clovéka, od tukovych
prouzkli k zavaznym lézim. Ateroskler6za se vyviji nejprve v oblasti aortalniho

oblouku a pak se rozsituje na cely arterialni strom (Lutgens 1999).
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5.2. Mysi modely aterosklerdzy a statiny

Statiny, kompetitivni inhibitory 3hydroxy-3-methyl-glutaryl-
koenzym A-reduktazy, patfi vsouCasné dobé mezi nejucinnéjsi a celosvétové
nejpouzivanéjsi hypolipidemika. PrestoZe je prokazano, Ze Uspésné snizuji hladiny
cholesterolu a také pocet umrti z kardiovaskuldrnich pricin, stale se u 2/3 pacientti
objevuji zavazné koronarni ptihody. V poslednich letech dochazi proto k rozmachu
voblasti vyvoje latek, které by ovliviiovaly jiné rizikové faktory neZ
hypercholesterolémii a daly by se pouzivat v kombinaci se statiny, pro sniZeni
rizika korondarnich piihod (Zadelaar 2007)

Otazkou zlstava vybér vhodného zvirectho modelu, ktery by spliioval
podminky podobné tém v humanni mediciné.

U mysich modelii je reakce na statiny velmi rozdilna (Zadelaar 2007).

U apoE-deficientnich mysi je ucinek statinli na aterogenezi ¢asové zavisly.
Pri kratkodobém podavani statiny nesniZzuji hladinu plazmatického cholesterolu
(Nachtigal 2006, Sparrow 2001). Zdalo se, Ze by mohly byt vhodnym modelem pro
studium pleiotropnich ucinki statinti, ovSem pii dlouhodobém podavani statint
dochazi ke zvySovani hladiny cholesterolu (Fu 2006, Nachtigal 2006). Pozitivni vliv
statinli byl sledovan pouze u mysi, které byly krmeny dietou s nizkym obsahem
cholesterolu (Wang 2002) nebo u mysi, kterym byly podavany statiny tzv. tieti
generace - atorvastatin a rosuvastatin (Bisgaier 1997, Chen 2004). OvSem pfresto,
Zze nedoSlo k poklesu hladiny cholesterolu, nékteré statiny priznivé ovlivnily
ukladani tukt ve sténé aorty. Pri diikladném prozkoumani aterosklerotickych 1ézi
nékteri autori potvrzuji antiaterogenni ucinky - nizsi vyskyt krvaceni uvnitr 1ézi,
sniZené ukladani vapniku (Bea 2003) a také zesileni fibr6zni Cepicky (Johnson
2005).

Podle dosavadnich studii LDL receptor-deficientni mysi reaguji na podavani
statini variabilné. Nizké davky pravastatinu neovlivnily vyznamné ateroskler6zu u
téchto mysi (Dunoyer-Geindre 2007, Kwak 2003) a to i presto, Ze snizily hladinu
plazmatického cholesterolu (Dunoyer-Geindre 2007). V dalSich studiich byl
pouZzivan simvastatin, ktery sniZil velikost 1ézi a to jak v pripadé soucasného
sniZeni hladiny plazmatického cholesterolu (Bea 2003), tak v pripadé, kdy hladina

plazmatického cholesterolu ztistala stejna. (Chen 2002)
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ApoE/LDLreceptor-deficientni mysi reaguji na podavani statinli ptiznivé.
V naSich pokusech podavani atorvastatinu vedlo ke sniZeni hladin vsSech
lipoproteinovych ¢astic a navic doslo k nartstu hladiny HDL (Nachtigal 2008).

Podle dalSich studii jsou vhodnym modelem ApoE*3Leiden mysi, jejichz
reakce na statiny je podobna jako u lidi. Statiny maji hypolipidemické a
antiaterosklerotické ucinky (Delsing 2003, van Vlijmen 1998). Tento model je také

vhodny pro studium pleiotropnich uc¢inki statini (Kleemann 2003).
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6. Cile predkladané disertacni prace

1. Studium exprese adheznich molekul a moZnosti jejich ovlivnéni po
podavani statind.

2. Studium exprese a lokalizace endoglinu v aorté.

3. Zavedeni metody Western blot pro imunochemickou detekci adheznich

molekul ve tkanich.
Podil doktorandky na predkladanych publikacich:

U kapitoly IV. je predkladatelka této disertacni prace prvni autorkou,
v pripadé II, V, VI a VII je druhou autorkou a u kapitoly III pak spoluautorkou.

Autorka se podilela na pripravé diet, krmeni a sledovani zvirat, provadéla
odbéry a zpracovani vzorki pro imunohistochemii, biochemii a Western blot.
Stanovila podminky pro stanoveni exprese danych markeri ve tkani metodou
Western blot a podilela se na urceni lokalizace exprese danych markert

imunohistochemicky.

Autorka disertace sepsala rukopis, u kterého je prvni autorkou. U dalSich
praci se podilela na sepisovani zejména uvodnich, metodickych a vysledkovych

Casti.

Stereologickou analyzu exprese danych markert ve vSech studiich provadél
PhamDr. Petr Nachtigal, PhD z Katedry biologickych a 1ékarskych véd
Farmaceutické fakulty.

Biochemickou analyzu vSech vzorki provadéla MUDr. Dagmar Solichova
z Kliniky gerontologické a metabolické Fakultni nemocnice v Hradci Kralové.

ELISA analyzu vzorki provadél RNDr. Ctirad Andrys, Ph.D. z Ustavu klinické

imunologie a alergologie Lékarské fakulty v Hradci Kralové.
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Abstract

Mermbers of the immunoglobulin supefamily of endothelial adhesion molecules, vascular cell adhesion molecule (VCAM-1) and intercellular
cell adhesion molecule (ICAM- 1), strongly participate in leukocyte adhesion to the endothelium and play an impaortant role in all stages of
atherogenesis, The aim of this study was to detect and quantify the changes of endothelial expression of VCAM-1, and ICAM-1 in the vessel wall
after the shor-term administration of simvastatin, atorvastating and micro dispersed derivatives of oxidised cellulose (MDOCT™) in apolipoprot ein-
E-deficient (apoE ) mice atheraselemtic model, Hyperlipidemic apoE™" mice (n=232) received normal chow diet or dist containing simvastatin
or atorvastatin 10 mgdkg'day or MDOC™ 50 mg'ke/day. Total cholesterol, VLDL, LDL, HDL and TAG were measursd and the endothelial
expression of VOAM-1 and ICAM-1 was visualized and quantified by means of immunohistochemistry and stereology, respectively. Total
cholesteral levels was insignificantly lowered anly in MDOC™ treated mice but not in mice treated with statins, ICAM-1 endothelial expression
was not affected by neither simvastatin nor MDOC™ treatment, However, significant diminution of VCAM-1 endothelial expression was
ohserved in both atorvastatin and MDOC™ treated mice. These results provide new information of potential hypolipidemic substance MDOCT™
and its potential anti-inflarmmatory effects. Furthemmore, we have confimned anti-inflammatory effects of atorvastatin independent of plasma
cholesterol lowering. Thus, the rsults of this study show polential henefit of hoth MDOC™ and alorvastatin treadment in apoE mouse model
of atherosclerosis suggesting their possible combination might be of inlerest.
© 2005 Elsevier Inc. All rights ressrved

Keywonds: Cell adhesion molecules; MDOC™; Arvastating Simvastating Atherosclenosis;, Mice

Introduction of leukocyte adhesion molecules in atherosclerotic lesions and

plaques. They appear to regulate different stages of leukocyte

The development of atherosclerotic lesions requires a
complex imterplay between mononuclear cells, endothelium,
viscular smooth muscle, growth factors, and cytokines (Ross,
1999), Endothelial dysfunction followed by monocyte rolling
and adhesion to the vascular endothelial lining and subsequent
diapedesis are not only the first steps, but also seem to be
crucial events in the atherosclerotic process (Nakashima et al.,
1994). Several studies have demonstrated localized expression

* Comesponding author, Tel.: +420 TTT555655; fac +420 495514373,
Eeman] addeess: nachtif@falcunicz (P, Machtigal).

[24-3205/F - see front mater © 2005 Elaevier Ine, All rights reserved.
doi: 10 101 6152005, 08041

migration at inflammatory sites in a multi-step process
{Springer, 1994). Members of the immunoglobulin superfamily
of endothelial adhesion molecules, vascular cell adhesion
molecule (VCAM-1) and intercellular cell adhesion molecule
(ICAM-1), strongly participate in leukocyte adhesion to the
endothelinm. YCAM-1 is highly expressed on endothelia prone
to develop atherosclerosis in such atherosclerotic models as
apoE " mice, LDL receptor- deficient mice (LDLR ") mice,
and rabbits fed with an atherogenic diet (liyama et al, 1999,
Makashima et al., 1998). I[CAM-1 is expressed strongly on the
endothelnm overlying atheromatous plague in human coronary
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and carotid arteries (DeGraba, 1997), hypercholesterolzemic
rabbits (livama et al, 1999), and apoE~" (Nakashima et al.,
1998) and LDLR ™~ mice (livama et al, 1999}, although it is
expressed in virtually all endothelial cells.

One of the most significant advances in drug therapy during
the twentieth century was the development of the statin class of
drugs. These agents inhibit the activity of 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMG-CoA) as well as
induce up-regulation of LDL receptors on the cell surface
{Vaughan et al., 1996). In addition, a growing body of evidence
suggests that statins exert beneficial vascular effects that are
independent of their cholesterollowering potencies (Farmer,
2000; LaRosa, 2001).

MDOC™ s micro dispersed derivatives of oxidized
cellulose (polyanhydroglucuronic acid — PAGA). This semi-
natural, biocompatible, bioabsorbable, non-acidic, sterile pow-
der has been in use as a topical haemostatic agent since 1998, It
is used to both stop bleeding and accelerate wound healing
{Rysava et al., 2002). In addition, our preliminary experiment
showed a strong hypolipidemic effect of MDOC™ in
cholesterol-fed rabbits probably due to reduced absorption of
cholesterol from the small intestine (unpublished data).

ApoE ™ mice, generated by gene targeting, have been
shown to develop pronounced hypercholesterolemia and ath-
erosclerotic lesions (Reddick et al., 1994) with certain features
resembling those seen in humans (Nakashima et al,, 1994) and
other species (Davies et al, 1988). ApoE ™" mice exhibit
spontaneous elevation of total plasma cholesterol and triglycer-
ides and rednced levels of HDL on a diet with normal fat content
and with no cholesterol supplementation (Zhang et al., 1992).

We hypothesized, that both statins and MDOC™ could have
anti-inflammatory effects in the vessel wall in very early stages
of atherogenesis regardless of their different mechanism of
action on cholesterol metabolism. Thus, the aim of this study
was to detect and quantify the changes of endothelial
expression of VCAM-1, and 1CAM-1 in the vessel wall after
the shortterm administration of simvastatin, atorvastatin, and
MDOC™ in gpoE " mice atherosclerotic model.

Materials and methods

Animals

The Ethical Committee of the Faculty of Pharmacy, Charles
University, approved the protocols of the animal experiments.
The protocol of experiments was pursued in accordance with
the directive of the Ministry of Education of the Czech
Republic (No. 311/1997). Male apoE " mice on a CSTBL/
6J background (#=32) weighing 10-15 g were kindly
provided by Prof. Poledne (IKEM, Prague, Czech Republic)
and housed in the SEMED, (Prague, Czech Republic).

Experimental design
Male apoE " mice were weaned at 5 weeks of age and

randomly subdivided into four proups. The control group of
animals (# = &) was fed with the standard laboratory diet (chow
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diet) for another 4 weeks after the weaning, In both simvastatin
{rn=8) and atorvastatin (#==&) group, statins were added to the
chow diet at the dosage of 10 mgkg per day. In MDOC group
{rn=8) MDOC™ was added to the chow diet at the dosage 50
mg/kg per day. All treated mice were fed with the experimental
diet for another 4 weeks after weaning with water ad libitum
throughout the study. Each mouse, in both statins and MDOC
group, lived in a separate cape obtaining & g of food (in
specially prepared pellets) daily. The food consumption was
monitored every day. No differences in the food consumption
were visible, either among animals of one experimental group
nor between experimental groups. The dose of simvastatin and
atorvastatin used in the present study was based on the doses
used in previous studies with hyperlipidemic mice (Laufs et al,
1998; Sparrow et al., 2001). The dose of MDOC™ was based
on the results of a small pilot study.

At the end of the treatment period, all animals were fasted
overnight and euthanized. Blood samples were collected via
cardiac puncture at the time of death. The sortas, attached to
the top half of the heart, were removed and then immersed in
OCT {Optimal Cutting Temperature) embedding mediuim
{Leica, Prague, Czech Republic), snap frozen in liquid nitrogen
cooled 2-methylbutane and stored at — 80 °C.

Biochemistry

Serum lipoprotein fractions were prepared using NaCl
density gradient ultracentrifugation (Beckman TL 100, Palo
Alto, CA). The lipoprotein fractions were distinguished in the
following density ranges: very low density lipoprotein
{VLDL)=1.006 gml; low density lipoprotein (LDL)<1.063
gml; high density lipoprotein (HDL)>1.063 g/ml Total
concentration and lipoprotein fraction concentration of choles-
terol were assessed enzymatically by conventional diagnostic
kits (Lachemsa, Brno, Czech Republic) and spectrophotometric
analysis (cholesterol at 510 nm, triglveerides, at 540 nm
wavelength), (ULTROSPECT 11, Pharmacia LKB Biotechnol-
ogy, Uppsala, Sweden).

Imimiinohistochemisiry

Sequential tissue sectioning started in the mouse heart until
the sortic root containing semilunar valves together with the
aorta appeared. From this point on, serial cross-sections (7 pm)
were cut on a cryostat and placed on gelatincoated slides.
Sections were air-dried and then slides were fixed for 20 min in
acetone at —20 “C. Endogenous peroxidase activity was
blocked with 0.3% hydrogen peroxide in phosphate buffered
saline (PBS) for 15 min. After blocking of nonspecific binding
sites with 10% normal horse serum (Sigma-Aldrich Chemie,
Steinheim, Germany) in PBS solution (pH 7.4) for 30 min,
slides were incubated with primary antibodies for 1 h at room
temperature. After a PBS rinse, the slides were developed with
biotinylated horse—anti goat IgG antibody or donkey anti-
sheep Ig(i, in the presence of 200 mg/mL normal mouse IgG.
Antibody reactivity was detected using HRPconjugated bio-
tin-avidin complexes (Vector Laboratories, USA) and devel-
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oped with diaminobenzidine tetrahydrochloride as substrate.
Specificity of the immunostaining was assessed by staining
with nonimmune isotype-matched immunoglobulins.

Primary antibodies included the following: polyclonal goat
anti-mouse ICAM-1 (M- 19, Ig(i) and polyclonal goat anti-
mouse VCAM-1 (C-19, IgG) diluted 1:100 purchased from
Santa Cruz Biotechnology (California, USA) and sheep anti-
human Von Willebrand factor (PCO54 Ig(3) purchased from
The Binding Site (Birmingham, England), diluted 1:300.

Cuartitative analysis of the immunohistochemistey

Stereological methods for the estimation of immunohisto-
chemical staining of VCAM-1, ICAM-1, and Von Willebrand
factor were used as previously described (Nachtigal et al.,
2002, 2004). In brief, the systematic uniform random sampling
and the principle of the point<counting method were used for
the estimation (Weibel, 1979). A total number of 50
consecutive serial cross-sections were cut into 7 im thick
slices, which gave us 0.350 mm lengths of the vessel called the
reference volume. This reference volume comprises several
sections of the vessel containing semihmar valves in aortic
root, and several sections of aortic arch (ascending part of the
aorta). A systematic uniform random sampling was used in the
reference volume. The first section for each immunohisto-
chemical staining was randomly positioned in the reference
volume and then each tenth section was used, thus five sections
for each staining were used for the stereclogical estimation.
The point-counting method was used and more than 200 test
points per vessel, hitting immunostaining, were counted for an
appropriate estimation (CGundersen et al,, 1988). The estimated
area is then:

estd = a*P
where the parameter a characterizes the test grid mnd P is the

number of test points hitting either the atherosclerotic lesion or
positive Immunostaining,

The area of Yon Willebrand factor expression was consid-
ered as a total area of itact endothelum. Thus, the area of
VCAM-1, and ICAM-1 expression indicates the percentage of
activated endothelial cells calculated as

arealx)

—— s
area( VonWill)

estP 0%,

where area (x) is the area of VCAM-1 or ICAM-1 in the
endothelium and area (Von Will) is the area of Von Willebrand
factor expression in the endothelium.

Photo documentation and image digitizing from the micro-
scope were performed with the Mikon Eclipse E2000 microscope,
with a digital firewire camera Pixelink PL-A642 (Vitana Corp.
Ottawa, Canada) and with image analysis software LUCIA
version 4.82 (Laboratory Imaging, Prague, Czech Republic).
Stereological analysis was performed with a PointCirid module of
the ELLIPSE software (ViDiTo, Kosice, Slovakia).

Statistical analvsis

All values in the graphs are presented as a mean+ SEM of
n=H§ animals. Statistical significance in the differences between
groups was assessed by ANOVA followed by the Tukey test
for multiple comparisons with the use of the SigmaStat
software (version 3.0). P values of 0.05 or less were considered
statistically significant,

Results
Biochemical analysis

Biochemical analysis showed that treatment with statins did
not decrease levels of total cholesterol and VLDL (Fig. 1).
Unlike stating, MDOC™ treatment resulted in a very mild and
msignificant lowering of total serum cholesterol in comparison
to the control group (17354264 vs. 21.62£2.94 mmeoll,
P=0332) (Fig. 1).

control group

simvastatin group

atorvastatio group MDOC group

[ Wil cholestersl MVLDL BLOL OHDL BTAG |

Fig. 1. Total serum cholesersl levels, VLDL, LDL, HDL and TAG in all mice, The resubts show that MDOC™ treatment sightly and insignificandy lowerad
cholesterd levels in comparison to the control group p=0.332. Statins did net affect lipid parameters in comparison to the control group.
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Fig. 2. The immunohistochemical staining of endothelial expression of ICAM-1 in all experimental animals, Note the strong endothelial expression in control
animalks (3) and weaker expression in simvastatin (b), and MDOC™ (d) treated animals. The ICAM- | expression in atorvastatin treated animalks (¢) is visible inonly a
few endothelial cells (arrows). 200 original magnification.

Immunohistochemical staining of VCAM-1 and ICAM-1 in the experiment. Von Willebrand factor expression was
observed only in endothelial cells in all groups of mice and this

No atherosclerotic lesion or other morphological abnormal-  antibody was used as standard for the detection of intact
ities in either aortic root or aortic arch were visible in any mice  endothelium (data not shown). The expression of VCAM-1 and

Fig. 3. The immunohistochemical staining of endothelial expression of VCAM-1 in all experimental animals. Nok the strong endothelial expression in control
animalks (a) and slightly decreased expression in simyastatin (b) treated animals. Very weak endothelial expression of VCAM-1 (amows) was detected in the
atborvastatin (¢) and MDOC group (d). 200 original magnification.
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Fig. 4. The percentage of acfivated endothelial cells in both aortic root and aortic arch, The expresion of VCAM-1 is significantly decreased in atorvastatin and
MDOC™ freated mice in comparison to the contrel group, *P<0,001 versus the control group. P<0001 versus the control group. Moreover, slorvadatin
significantly reduced expression of ICAM-1 in comparison to the control group, “P <001 versus the control group.

ICAM-1 was ohserved in vessel endothelium in all groups of
animals (Figs. 2 and 3). The ICAM-1 expression was stronger
than VCAM-1 in each experimental group. Moreover, ICAM-1
expression decreased in both statins (Fig. 2b, c), and MDOCT™
(Fig. 2d) treated mice compared to the control group (Fig. 2a).
The same results were observed even for VCAM-1 staining
(Fig. 3). However, the strongest diminution of ICAM-1 md
VCAM-1 expression was visible in the atorvastatin treated
mice (Figs. 2c and 3c).

Sterealogical analysis of ICAM-1 and VCAM-] expression

The expression of ICAM-1 and VCAM-1 in endothelium
was related to the von Willebrand staining of the endothelium,
thus the results indicate the percentage of activated endothelial
cells. Results of the stereological analysis confirmed that
[CAM-1 staining was much stronger in all mice compared to
the VCAM-1 staining (Fig. 4). The percentage of activated
endothelial cells, [CAM-1/von Willebrand, was not changed in
neither simvastatin (22.38+2.99 vs. 28.714£5.12%, P=0,259)
nor MDOCT™ (20,3243 40 vs. 28.71 £ 5.12%, P=0,171) treated
animals in comparison to the control mice. However, significant
diminution of both ICAM-1/von Willebrand (2.97+1.42 vs,
2871 +5.12%, P<0.001) and VCAM-1/von Willebrand
(2114098 vs. 14.82+1.83%, P<0.001) staining was observed
in atorvastatin treated animals in comparison to the control
group (Fig. 4). In addition, VCAM-1/von Willebrand staining
significantly decreased even m MDOC™ treated animals
(3.354 1.80 vs. 14,824 1.83%, P<0.001) (Fig. 4).

Discussion

In the present study, we used the apoE "~ mouse to study
potential anti-inflammatory effects of the short-term adminis-
tration of simvastatin, atorvastating and MDOC™ in endothe-
lium. We focused on the endothelial expression of ICAM-1 and
VCAM-1 in the aortic root and aortic arch.

Clinical trials of 3-hydroxy-3-methylglutaryl coenzyme A
{HMG-CoA) reductase inhibitor therapy demonstrate an
improvement in cardiovascular end points and coronary
stenosis (Schonbeck and Libby, 2004; Watanabe et al., 2004),
Statins competitively inhibit HMG-CoA reductase, the enzyme
that catalyzes the rate-limiting step in cholesterol biosynthesis.
Additionally, the anti-inflaimmatory effects of statins were
studied. It was found that statin treatment modulates inflam-
matory cytokines secreted by macrophages and T lymphocytes
or endothelial cells inchuding for instance monocyte chemo-
tactic protein (MCP-1) (Ortego et al., 1999).

ApoE ™ mouse is a well-established genetic mouse model
of atherogenic hypercholesterolemia, which is similar to
hyperlipoproteinemia type I in humans. Moreover, it was
demonstrated that the critical feature of this model is that statins
do not decrease plasma lipid levels, and therefore the results
may be interpreted without this confounding variable {Sparow
et al,, 2001). In the present study, the shori-term treatment with
statins did not lower plasma total cholesterol as usually seen in
humans (Ahmed and Griffiths, 2004). These results are
consistent with the previous results described by Sparrow et
al. (Sparrow et al, 2001), who showed that simwastatin
treatment does not affect plasma cholesterol levels after six
weeks dosing with 10 or 100mgkg of simvastatin. On the
contrary, other authors showed that treatment with statins results
in paradoxical rise of plasma cholesterol in apoE ™"~ mouse
supgesting that statins might reduce lipoprotein clearance (Bea
etal, 2002; Wang et al., 2002). However, they dosed mice up to
three months with the simvastatin and the initiation of treatment
i these studies was different. Thus, it seems that initiation and
duration of treatment with statins might be critical for their
effect on the cholesterol level in apoE ™ mouse,

There is extensive evidence to suggest that monocytes play a
pivotal role in the pathogenesis of atherosclerosis (Ross, 1999;
Springer, 1994). Ligands for the two adhesion molecules
examined in this study are expressed on the surfaces of
monocytes and their expression is up-regulated upon monocyte
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activation (Springer, 1995). Furthermore, many reports, includ-
ing studies in mice, rabbits, and humans, concluded that the
endothelial expression of several adhesion molecules, including
ICAM-1 ad VCAM-1, is increased at atherosclerosis prone
sites and correlates with the extent of exposure to plasma
cholesterol (liyama et al, 1999; Nakashima et al., 1998;
Richardson et al., 1994). Thus, it can be argued that leukocyte
and endothelial CAMs play a pivotal role in the pathogenesis of
atherosclerosis, and that the effects of many risk factors might
be mediated through effects on CAMs. In the present study, the
immunohistochemical and stereolopical analysis showed that
treatment with statins resulted in diminution of both ICAM-1
and especially VCAM-1 expression in endothelium. Sukhova et
al. showed simwastatin to reduce the inflammatory reaction in
atheroma of nonhuman primates independent of effects on
serum cholesterol (Sukhova et al, 2002). Moreover, they
described that VCAM-1 expression in the whole atherosclerotic
lesion decreased in the monkeys treated with statins. During
preparation of this manuscript, Li et al. demonstrated that
rosuvastatin lowers plasma total cholesterol levels in apoE
mouse after 2 or 6 weeks of reatment (Li et al,, 2005). This lipid
lowering effect was accompanied by reduced expression of
WVCAM-1 and MCP-1. Thus, the present work confirms that
statins are able to decresse the expression of VCAM-1 in the
vessel wall. Moreover, it completes above-mentioned findings
with the fact that atorvastatin is able to decrease the expression
of both VCAM-1 and ICAM-1 only in endothelium before the
formation of visible atherosclerotic lesion and beyond its
cholesterol lowering effect.

MDOC™ is micro dispersed form of oxidised cellulose,
which is formed by oxidation of cellulose in position C6é with
following oxidative hydrolysis. (Patent Alliracel Pharmaceu-
ticals, LSantar et al. GB2335921). This process leads to the
production of precisely specified highly pure biologically
acceptable, and for the given purpose, well serving PAGA
derivatives and'or highly pure PAGA itself. This may contain,
in addition to CAOOH groups, other groups that lead to other
possible derivatives with the ability to change confirmation of
the chain according to the theory of hydrated surfaces, thus
markedly influencing biological activity of these simply and
cheaply prepared PAGA derivatives. It has been demonstrated
that MDOC™ advances the immune system of an organism. In
vive MDOC™ gpplication increases the number of colony
forming units spleen (CFU-s) more than 50% ie., stimulates
stem cells in the bone marrow, and increases relative
percentage of monocytes and B lymphocytes in the mouse
peripheral blood (Jelinkova et al., 2002). Moreover, there have
been numerous publications supporting a role for soluble fibres
and gums in reducing serum cholesterol. These include
psyllium and hydroxypropylmethylcellulose (Maki et al.,
2000; Sierra et al, 2002). The mechanism mediating the
hypocholesterolemic effect is incompletely understood. It is
thought that the soluble fibres may form viscous gels in the
intesting, which interfere with contact between the intestinal
wall and the luminal contents. This has the effect of reducing or
delaying the absorption of cholesterol (Carr et al., 1996). This
theory may model MDOC™s mechanism of action, but
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MDOC systems they have lower viscosity than other hydro-
coloide systems (Levrat-Verny et al,, 2000).

In contrast to the statins, we have demonstrated that the
short-term administration of MDOC™ resulted in a very mild
and insignificant hypocholesterolemic effect. This effect might
be pronounced after longer treatment with MDOC™ because
lipid metabolism shows a slower turnover and 4 weeks of lipid
lowering treatment may not be sufficient. Despite this fact,
stereological analysis of the immunohistochemical staiming
revealed that MDOC™ treatment resulted in significant
decrease of VCAM-1 but no ICAM-1 endothelial expression.
Thus, we suggest that this mild lipid lowering effect of
MDOC™ might contribute to the diminution of VCAM-1
endothelial expression in early stages of atherogenesis. This
suggestion is supported with the previous results by Aikawa et
al. who demonstrated that VCAM-1 expression is decreased by
dietary lipid lowering in rabbits (Aikawa et al., 2002).

The novel finding of this study is that the potential new
hypolipidemic substance MDOC™ is able to decrease endo-
thelial expression of VCAM-1 in very early stages of
atherogenesis in apoE " mouse model of atherosclerosis, This
potential anti-inflammatory effect might be related to the mild
hypolipidemic effect of MDOC™, Moreover, we have demon-
strated that atorvastatin reduces endothelial expression of both
VCAM-1 and ICAM-1 independently of effects on seum
cholesterol. Thus, this study confirms the acute antiinflamma-
tory effects of atorvastatin and demonstrates potential anti-
inflamatory effects of MDOC™, However, it must be stated that
we have focused only on the mitiation of the atherosclerotic
process and on the expression of VCAM-1 in endothelum. It
has been demonstrated that VCAM-1 is expressed even by
macrophages and smooth muscle cells in the atherosclerotic
lesions (Ley and Huo, 2001). Thus, other smdies focusing on
the expression of YCAM-1 and other mflammatory markers
such as interleukin-6, MCP-1, or macrophage inhibitory factor
{MIF)in more advanced atherosclerotic lesions must be made to
prove antinflammatory effects of MDOC™ and its possible
combination with storvastatin.,

Conclusion

Our in vivo experimental results provide new information of
potential hypolipidemic substance MDOC™ and its potential
anti-inflammatory effects. Furthermore, we have confirmed
that atorvastatin has acute anti-inflammatory effects indepen-
dent of plasma cholesterol lowering. Thus, the results of this
smdy show potential benefits of both MDOC™ and atorvas-
tatin treatment in very early stages of atherogenesis in apoE !
mouse model of atherosclerosis suggesting its possible
combination might be of interest.
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ABSTRACT - Purpose. Atherosclerosis 15 a
progressive  process that initially  invelves
endothelial dysfunction. We investigated the
effects of atorvastatin on both lipid parameters,
and VCAM-1 and ICAM-1 expression in apoE-
deficient or wild type C57BL/6] mice. Methods.
The C3TBL/6] mice were fed with either chow or
an atherogenic diet for 12 weeks. Male apcE-
deficient mice were fed with the chow diet for 12
weeks. In 3 atorvastatin treated groups mice were
fed the same diet as described above except
atorvastatin was added to the diet at the dosage of
10 mgkg per day for the last § weeks before
enthanasia. Results, Biochemical analysis showed
that atorvastatin significantly decreased total
cholesterol levels and VLDL i C37BL/6] mice
fed with atherogenic diet but increased serum
lipid levels in apoE-deficient mice. Stereclogical
analysis of the immunchistochemical staining
revealed that atorvastatin reduced endothelial
expression of ICAM-1 and VCAM-1 only in
C57BL/6] mice on chow diet. Conclusions. We
have demonstrated that endothelial expression of
both VCAM-1 and ICAM-1 does not correlate
with cheolesterol levels in these mice. Moreover,
we showed that S-week admmstration of
atorvastatin decrease endothelial expression of
VCAM-1 and ICAM-1 in C37BL/6] wild type
mice beyond its lipid lowering effect but not in
C57BL/6T wild type mice fed by atherogenic diet
or in apoE-deficient mice.

INTRODUCTION

Atherosclerosis i3 a progressive process that
initially invelves endothelial dysfunction and
accumulation and peroxidation of intimal lipids,
followed by release of mnflammatory cells and

prowth factors, resulting in vascolar smooth
muscle cell (VEMC) proliferation and collagen
matrix producticn [24]. Endothelial dysfunction
followed by monocyte relling and adhesion to the
vascular endothelial liming  and  subsequent
diapedesis are not caly the first steps. but also
seem to be crucial events in the atherosclerotic
process [18]. Members of the immunoglobulin
superfamily of endothelial adhesion molecules,
vascular cell adhesion melecule (VCAM-1) and
intercellular cell adhesion molecule (ICAM-1),
strongly participate on leukocyte adhesion to the
endothelivm. VCAM-1 15 highly expressed on
endothelia prone to develop atherosclercsis in
such atherosclerotic models as apoE-deficient
mice (apoE ), LDL receptor - deficient mice
(LDLE™), and rabbits fed with an athercgenic
diet [12]. ICAM-1 is expressed strongly on the
endothelium overlying atheromatous plague
human coronary and carotid  artenes  [7],
hypercholesterolemic rabbits [12], apoE™ and
LDLE ™ mice [19], although it is expressed in
virtually all endothelial cells.

The advent of 3-hydroxy-3-methyl-

glutaryl-coenzyme A (HMG-CoA) reductase
inhibitors, or statins, has revolutionized the
treatment of hypercholesterolemia.  Statins
competitively inhibit HMG-CoA reductase, the
enzyme that catalyzes the rate-limiting step in
cholesterol bicsynthesis. In addition a growing
body of evidence suggests that statins exert
beneficial vascular effects that are independent of
their cholesterol-lowering potencies [3].
It has been demonstrated that mice are highly
resistant to atherosclerosis. However, when mice
were fed by very high cholesterol, high-fat diet
that also contained cholic acid,
hypercholesterolemia 13 induced and
atherosclerotic lesions are formed in the mouse
aorta [20] Moreover, other mouse models of
atherosclerosis have been generated by gene
knockout technelogy. ApoE-deficient (apoE™)
mice, have been shown to develop pronounced
hypercholesterclemia and atherosclerctic lesions
[23] on a diet with normal fat content and with no
cholesterol supplementation [33]. It has been
demonstrated that statins have diverse effects on
atherogenesis in  various mouse models of
atherosclerosis [30].

Correspondending Author: Dr.  Petr  Nachtigal,
Department of Biclogical and Medical Scisnces,
Faculty of Pharmacy, Email: nachii@faf. cuni.cz;

65



Atorvastatin has distinct effects on endothelial markers in different mouse models of
atherosclerosis.

J Pharm Pharmaceut Sci (www. cspsCanada.ong) 9 (2): 222-230, 2006

It has been shown that statins lower lipid levels in
LDLE "mice [3], but not in apeE™" mice [22] and
wild type (WT) C37BL/6] mice [11]. Moreover,
some conflicting data about statins effects on
atherogenic changes in the wvessel wall of apoE
mice exist [25; 30].

Since above mentioned studies were made
on older mice +with advanced atherosclerotfic
lesions we focused only on the changes in the
expression of some markers of endothelial
dysfunction. We hypothesized whether
atorvastatin affects the endothelial expression of
VCAM-1 and ICAM-1 in apeE™ and wild type
C5TBL/6] mice with different levels of
cholesterol. Therefore, we investigated the effects
of atorvastatin treatment on both lipid parameters,
and on endothelial expression of VCAM-1 and
ICAM-1 by means of immunohistochemistry and
stereology.

The major findings of the present study
are that atorvastatin has different effects on
cholesterol levels and VCAM-1 and ICAM-1
endothehial expressicn in wild type C3TBL/G]
mice fed chow or atherogenic diet and apoE™
mice.

MATERIALS AND METHODS

The Ethical Committee of the Faculty of
Pharmacy, Charles University, approved the
protocols of the animal experiments. The protocel
of experiments was pursued in accordance with
the directive of the Ministry of Education of the
Czech Republic (No. 311/1907).

Experimental Animals

Male C37BL/6] mice and male homozygous
apoE-deficient mice on a C37TBL/6] background
weighing 15-20 grams were kindly provided by
Prof. Poledne (IKEM. Prague, Czech Eepublic)
and housed in the SEMED (Prague. Czech
Eepublic).

Experimental design

All mice were weaned at 4 weeks of age and
randomly subdivided into six grouwps. The
C5TBL/6] mice (n=8) were fed with the chow diet
or an atherogenic diet confaining 1.25%
cholesterol, 15% fat, and 0.5% cholic acid for 12
weeks after the weaning Male apoE-deficient
mice were fed with the chow diet for the same 12
weeks after the weaning. In three atorvastatin
treated groups mice were fed the same diet as

described above except atorvastatin was added to
the diet at the dosage of 10 mg/'kg per day for the
last 8 weeks before euthanasia. Each mouse in
atorvastatin treated groups lived in a separate cage
obtaining § g of food (in especially prepared
pellets) daily with water ad libitum throughout the
study. The focd consumption was monitored
every day. WMo differences in  the food
consumption were visible neither among animals
of one experimental group nor between
experimental groups. The dose of atorvastatin
used in the present study was based on the doses
used in previcus study with mice [8; 28]

At the end of the treatment period. all
animals were fasted overnight and sacrificed.
Blood samples were collected wia  cardiac
puncture at the time of death. The aortas, attached
to the top half of the heart, were removed and
then immersed in OCT (Optimal Cutting
Temperature) embedding medium (Leica, Prague,
Czech Republic), snap frozen in liguid nitrogen
cocled 2-methylbutane and stored at -80°C.

Bigchemistry

Serum lipoprotein fractions were prepared using
NaCl  density  gradient  ultracentrifugation
(Beckman TL 100, Palo Alto, CA). The
lipoprotein fractions were distinguished in the
following density ranges: wvery low  density
lipoprotein (VLDL) < 1.006 g/ml; low density
lipoprotein (LDL) < 1.063 g/ml; high denssty

lipoprotein  (HDL) = 1.063 g/ml Total
concentration and lipoprotein fraction
concentration of cholesterol were assessed

enzymatically by conventional diagnostic kits
(Lachema, Brno, Czech Republic) and
spectrophotometric analysis (cholesterol at 510
nm. triglycerides, at 340 nm wavelength),
(ULTROSPECT IIL. Pharmacia LEEBE
Biotechnology, Uppsala. Sweden).

Immnnohistochemistey

Sequential tissue sectioming started in the mouse
heart vatil the aortic roof confaming semilunar
valves together with the aorta appeared. From this
point on, serial cross-sections (7pm) were cut on a
cryostat and placed on gelatin-coated slides.
Sections were air-dried and then slides were fixed
for 20 minutes in acetone at -20°C. Endogenous
peroxidase activity was blocked with 03%
hydrogen peroxide in phosphate buffered zaline
(PBS) for 15 munotes. After blocking of
nenspecific binding sites with 10% normal horse
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serum  (Sigma-Aldrich  Chemie, Steinheim,
Germany) in PBS solution (pH 7.4) for 30 min,
slides were incubated with primary antibodies for
1 howr at room temperature. After a PBES rinse,
the slides were developed with biotinylated horse-
ant1 goat [gG antibody or donkey anti-sheep IzG.
in the presence of 200microg/ml normal mouse
IgG. Antibody reactivity was detected using HRP
(herse  radish  peromidase)-conjugated biotin-
avidin comgplexes (Vector Laboratories, TUSA) and
developed with diaminobenzidine
tetrahydrochloride as substrate. Specificity of the
immunestaining was assessed by staining with
nonimmune 1sotype-matched immunoglobulins.

Primary  antibodies  included  the
following: moncclonal antibody Fat Anti-Mouse
CD31  (platelet endothelial cell adhesion
molecule, PECAM-1) monoclonal antibody
diluted 1:100, Eat Ant-Mouse CD106 (WCAM-1)
diluted 1:100, and monoclonal antibody Hamster
Anti-Mouse CD34 (ICAM-1) diluted 1:200. All
antibodies were purchased from BED Pharmingen
(Califormia, USA)

Quantitative analysis of
the immunahistochemistry

Stereclogical methods for the estimation of
immunchistochemical staining of WVCAM-1,
ICAM-1, and PECAM-1 were used as previously
described [16; 17]. In bmef the systematic
vniform random sampling and the principle of the
point-covating  method were used for the
estimation [32]. A total number of 30 consecutive
serial cross sections were cut inte Tpum thick
slices, which gave ws 0.350 mm lengths of the
vessel called the reference volume. This reference
volume comprises several sections of the vessel
containing semilunar valves in aortic root, and
several sections of aortic arch (ascending part of
the aeortz). A systematic uniform  random
sampling was used in the reference volume. The
first section for each immuonchistochemical
staining was randomly positioned in the reference
volume and then each tenth section was used, thus
five sections for each staining were used for the
stereclogical estimation. The point-counting
method was vsed and more than 200 test points
per vessel, hitting immunostaining, were counted
for an appropriate estimation [9]). The estimated
area is then:
estd=a=P

where the parameter a characterizes the fest grid
and P is the number of test points hitting either

the  athercsclerotic  lesion  or  positive
immunostaining.

The area of PECAM-1 expression was
considered as a total area of intact endothelium.
Thus, the area of VCAM-1. and ICAM-1
expression indicate the percentage of activated
endothelial cells calculated az

st —— T4 1000,
area(PECAM)

where area (x) is the area of VCAM-1 or ICAM-
1. in the endothelivm and area (PECAM) is the
area of PECAM-1 expression in the endothelinm.

Photo  docomentation and  image
digitizing from the microscope were performed
with the Nikon Eclipse E200 microscope, with a
digital firewire camera Pixelink PL-A642 (Vitana
Corp. Ottawa, Canada) and with image analysis
software  LUCIA  wersion 5.0 (Laboratory
Imaging, Prague. Czech Republic). Stereclogical
analysis was performed with a PointGrid module
of the ELLIPSE software (ViDiTo., Kosice,
Slovakia).

Statistical analysis

All values in the graphs are presented as a mean +
SEM of n=8 animals. Statistical significance in
the differences between groups was assessed by
uapaired t-test with the wse of the SigmaStat
software (version 3.0). P wvalues of 0.05 or less
were considered statistically significant.

RESULTS
Biochemical analysis

Bicchemical analysis showed that administration
of atorvastatin to C37BL/6] mice fed with
cholestercl and cholic acid resulted in significant
decrease of total cholestercl levels (3.41 = 0.35
vs. 4.11 £ 0.24 mmell, P = 0.003) and VLDL
cholesterol levels (3.45 = 0.38 vs. 199 £ 021
mmol/l, P = 0.002) in comparison to non-treated
mice. Atorvastatin did not affect total cholesterol
levels in WT C37BL/G] mice on chow diet (3.18
= 036 vs. 269 = 021 mmell, P = 0.277).
Moreover, no effect of atorvastatin treatment on
cholestercl fractions was detected in thezse mice as
well. By confrast. in apoE-deficient mice,
atorvastatin  treatment significantly increased
levels of total serum cholestercl (11.21 £0.73 vs.
1751 = 166 mmell, P = 00035,

67



Atorvastatin has distinct effects on endothelial markers in different mouse models of

atherosclerosis.

J Pharm Pharmaceut Sci (www. cspsCanada.org) 9 (2); 222-230, 2006

VLDL cholesterol levels (849 = 0.63 vs. 1433 =
089 mmol/l, P = <0.001). LDL cholesterol levels
(246 £ 030 vs. 351 = 030 mmol1, P =0036),
and so HDL cholesterol levels (0.23 £ 0.03 vs.
0.40 = 0.04 mmoll, P =0.029) in comparison to
the non-treated mice (Fig 1)

Immunehistechemical staining of VCAM-1 and
ICAM-1 in the endothelinm

PECAM-1 expression was observed only in
endothelial cells in all groups of mice and this
antiboedy was used as standard for the detection of
intact endothelivm  (data not shown). The
expression  of WCAM-1 and ICAM-1 was
cbserved in vessel endothelium in all groups of
animals (data not shown). Moreover the ICAM-1
expression was stronger then VCAM-1 in each
experimental group. The expression of both
VCAM-1 and ICAM-1 decreased only in
C57BL/6] on chow diet treated with atorvastatin
when compared fo non-treated mice (Fig. 2 A-D).
Atorvastatin  treatment did not affect the
expression of neither VCAM-1 nor ICAM-1 in
both atherogenic diet fed animals and apoE-
deficient mice {data not shown).

50
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Stereological analysis of VCAM-1 and ICAM-1
immunohistochemical staining.

Quantitative stereclogical analysizs of ICAM-1
and VCAM-1 endothelial expression was related
to the PECAM-1 staining in endothelium, thus the
results indicate the percentage of activated
endothelial cells. It was demonstrated that
PECAM-1 is not regulated by
hypercholesterolemia thus it is vsed as marker of
all (activated or non-activated endothelial cells)
[19]. Atorvastatin treatment did not affect the
expression of ICAM-1 in neither, mice fed by
atherogenic diet (68.8 £ 56 vs. 684 =70%, P =
0.970) nor in apoE-deficient mice in comparison
to non-treated mice (36.7 =51 vs. 494 £ 8.1%. P
=0.328) (Fig. 3). However, significant diminution
of ICAM-1 (380 = 36 wvs. 438 £ 34%,
P=0.018) staining was observed in atorvastatin
treated C37BL/6] mice on chow diet in
comparison to the non-treated mice (Fig. 3). The
results from stereclogical analysis of VCAM-1
staming were similar to the ICAM-1 expression.
Atorvastatin  significantly decreased VCAM-1
expression in C3TBL/G] mice on chow diet only
(373 =58 vs. 209 = 6.4 %, P=0.003) (Fig. 4).
In contrast VCAM-1 staining was not affected by
the atorvastatin treatment in neither mice fed by
atherogenic diet (387 £ 66 vs. 410=43% P=
0.788) nor apoE-deficient mice (304 = 5.1vs
41.4 = 6.6 %, P=0.959) (Fiz. 4).

0O chow Bdow ATV 0 dheaopene B atheropemic ATV [ apoE 0 apcE ATV

Figure 1: Serum lipid levels in all expenimental mice. Atorvastatin significantly decreases total cholesterol
levels ("P = 0.005 versus non-ireated mice) and VLDL cholesterol { P = 0.002 versus non-treated mice) in
C57BL/EJ mice fed with atherogenic diet. On the confrary, atorvastatin significantly increases levels of the
total cholesterol i"P = [.005 versus non-treated mice), levels of VLDL cholesterol {*P = =0.001 versus non-
treated mice), lavels of LDL cholesterol {°F = 0.036 versus non-treated mice) and HOL cholesteral {"F' =

0.0259 versus non-reated mice) in apoE-deficient mice.
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Figure 2: The immunohistochemical staining of
endothelial expression of ICAM-1 (A, B), and
YCAM-1 (C, D) in the aorta C5TBL/GJ mice on
chow diet. Atorvastatin treatment notably reduced
the expression of ICAM-1 (armowhead) (B) when
compared to non-treated CS7BL/G) mice (A)
YCAM-1  staining was markedly decreased
(arrow) in atorvasiatin treated animals (D). Bar =
50 pm
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Figure 3: The percentage of activated endothelial
cells for ICAM-1 in both aortic root and aortic
arch. The expression of ICAM-1 was significantly
decreased in CS7BL/GJ mice on chow diet after
atorvastatin freatment (xP = 0.018 versus non-
treated CHTBL/E) mice). Aforvastatin freatment
did not affect ICAM-1 sizining in  neither
cholesterol fed animals, nor apoE-deficient mice.
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Figure 4: The percentage of activated endothelial
cells for YCAM-1 in both aorfic root and aortic
arch. Aforvasiatin  freatment resulted in a
significant diminution of endothelial expression of
YWCAM-1 in CETEL/GJ mice on chow diet (xF =
0.005 wversus non-treated CS57BL/GJ mice).
YWCAM-1 expression was not affected by the
administration of atorvastatin in neither
chaolesterol fad mice, nor apoE-deficient mice.

DISCUSSION

A few years ago, several laboratories attempted to
produce atherosclerosis in mice in order to
identify potential modifier genes. Mice are highly
resistant to atherosclerosis. On a low-cholestercl.
low-fat diet, they typically have cholestercl levels
of 2 mmell mestly contained in the
antiatherogenic high density lipoprotemn (HDL)
fraction. and do not develop lesions. However,
when mice were fed very high cholestercl, high-
fat diet that also contained cholic acid. their
cholesterol levels rose by a factor of two to three,
with the majority now in the non-HDL fraction
[4]. Moreover, genetic research and the
application of transgenesis and gene targeting in
mice resulted in generation of wide range of mice
that are much more suitable atherosclerotic
models  including  apoE-deficient mice, and
LDLE " mice [10].

Clinical trials of
methylglutaryl  coenzyme A
reductase  inhibitor  therapy
improvement in cardiovascular end points and
coronary stenosis [23; 31].

3-hydroxy-3-
(HMG-CoA)
demonstrate  an
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However, it has been demonstrated the
statins have various effects on cholestercl levels
and athercgenic changes in the wvessel wall in
different mouse models of atherosclerosis [11:
300

Thus, in this study we wanted to elucidate
atorvastatin effects on both lipid parameters, and
on  endothelial  expression of inflammatory
markers VCAM-1 and ICAM-1 in WT C37BL/6]
mice and apoE-deficient mice. The purpose was
to reveal how atorvastatin affects the expression
of VCAM-1 and ICAM-1 in these mice with
different levels of cholesterol.

C5TEL/6] mice are susceptible strain for
the induction of atherosclerosis but diet saturated
with fat. cholestercl and cholic acid must be used
[21]. In our study. we found increased total sernm
cholesterol levels in group of mice after the
feeding with diet containing 1 25% of cholesterol
and 0.5% of chelic acid in comparision to mice
fed by chow diet only. Several authors showed
that prolonged feeding of this hyperlipidemic diet
leads to the formation of atherosclerofic lesions
which are restricted to the aortic root [20; 21]
However, we failed to detect any atherosclerotic
lesions in neither cholestercl fed animals nor mice
on chow diet in our study. This may be due to fact
that period of feeding with atherogenic diet was
not long enough in our study (12 weeks) in
contrast to studies that used 14-18 weeks period
of feeding [20].

ApoE- deficient mouse is a well-
established genmetic mouse model of atherogenic
ypercholesterolemia,  which iz similar  fo
hyperlipoproteinemia type III in humans. These
mice lack their principal ligand for the LDL
receptor and, therefore, develop
hypercholesterolemia and atherosclerosis on diet
with normal fat content [23]. We found the
highest total serum cholesterol levels in apoE-
deficient mice after 12 weeks on chow diet in
comparisen with C57TBL/G] mice fed by either
chow or atherogenic diet. Despite of this fact only
small fatty streaks were wvisible in some mice in
the aortic root.

Endothelial dysfunction followed by
monocyte rolling and adhesion to the vascular
endothelial lining and subsequent diapedesis are
not only the first steps. but alse seem to be crucial
events in the atheroscleroctic process [1S].
Members of the immunoglobulin superfamily of
endothelial adhesion molecules, vascular cell
adhesion molecule (WCAM-1) and intercellular
cell adhesion molecule (ICAM-1). strongly
participate  in lenkocyte adhesion to  the

endothelinm. The expression of VCAM-1 and
ICAM-1 was largely studied by several authors in
rabbit and mouse models of atherosclerosis [12;
13; 19]. It has been shown that VCAM-1 and
ICAM-1 are detected in the regions predisposed
to  atherosclerotic  lesiom  formation i
normocholesterclemic rabbits, and the expression
of both molecules 13 vpregulated by a high-
cholestercl diet in rabbits [12]. Furthermore,
Nakashima  described  that VCAM-1 s
vpregulated i apeE -~ mice on Western diet
when compared to animals on chow diet [19]. On
the confrary, in our study we found that
endothelial expression of both ICAM-1 and
VCAM-1 is almost the same in non-treated
C37BL/6] on chow diet, atherogenic diet and
apoE~- mice in spite of the different cholesterol
levels. These results are consistent with Zibara et
al. whe showed no significant differences in
VCAM-1 and ICAM-1 endothelial expression
between 16 weeeks old apoE-/- mice on chow diet
and C37BL/6] on chow diet [34]. Thus we
suggest that endothelial expression of both
VCAM-1 and ICAM-1 iz not so strongly
correlated by cholesterol levels in mice as it was
demonstrated in rabbits [13; 19].

Statins competitively mhibit HMG-CoA
reductase, the enzyme that catalyzes the rate-
limiting step in cholesterol biosynthesis. The
resultant reduoction in  hepatocyte cholesterol
concentration triggers an increased expression of
hepatic LDL receptors, which clear LDL and
LDL precursors from the circulation [27]
Moreover, recent experimental and clinical
evidence indicate that some of the cholesterol-
independent or “pleiotropic” effects of statins
involve improving or testoring  endothelial
function, enhancing the stability of atherosclerotic
plagues. decreazing oxmidative stress  and
inflammation, and inhibiting the thrombogemic
response in the vascular wall [1].

In our study, atorvastatin treatment did
not affect total cholesterol levels m C37BL/G]
mice on chow diet which is in acceptance of
Cheondhnry et al. who showed that simvastatin has
no effect on chelesterol levels in C3TBL/GT mice
on chow diet [11]. However, we found
statistically significant diminution of endothelial
expression of VCAM-1 and ICAM-1 in aortic
root and acrtic arch of these mice. Thus, we
suggest that lipid independent effects of
atorvastatin are responsible for the reduction of
VCAM-1 and ICAM-1 expression. The same
effects of statins on cell adhesion molecules
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expression were described in monkeys [26] and
apoE*-Leiden mice [19]

However we must emphasize that despite
thiz positive influence of atorvastatin on
endothelivm. these mice on chow diet do not
develop athercsclerosis, thus they cannot be used
as model for the studying of statins in early
athercgenesis. On the contrary one may speculate
about their vsage as model for the study of
pleiotropic effects of statins in endothelinm in
normocholesterolemic conditions.

The administration of  atorvastatin
significantly decreased total cholesterol levels in
mice fed with diet containing 1.25% cholesterol,
13% fat, and 0.5% cholic acid. However, despite
thizs hypolipidemic effect of atorvastatin we failed
to detect any changes in endothelial expression of
VCAM-1 and ICAM-1. The explanation of this
fact could be associated with potential inclusion
of cholate i the diet. It has been demonstrated
that administration of cholate in the diet lead to
the induction of oxidative stress with activation of
WNF-«xB transcription factor. Thus, cholate in the
diet can cause inflammation to the wvascular
endothelium and initiate the atherogenic cascade
[14]. Moreover it has been demonstrated that
multiple genes whose products are putatively
invelved in the atherosclerctic process are
regulated by WF-«B. This includes E-selectin
monecyte chemoattractant protemn-1 (MCP-1) as
well as VCAM-1 and ICAM-1 [6]. Thus, we
suggest that despite the significant hypolipidemic
effect of atorvastatin in cholesterol fed mice
potential proinflammatory effects chelic acid on
endothelivm  could mask the benefit of
atorvastatin treatment. Therefore we propose that
this animal model is not suitable for the studying
of statins effects in endothelinm.

Atorvastatin treatment (2 weeks) resulted
in a paradoxical elevation in plasma total
cholesterol in our study in apoE-deficient mice.
Other anthors showed the same increase of total
cholesterol in apoE-deficient mice suggesting that
statins might reduce lipoprotein clearance [2; 30].
These hypercholesterolemic effects of statins
were accompanied by accelerated atherosclerosis
[2] suggesting that anfi-atherosclerotic effects of
statins depend on the presence of apolipoprotein
E [30]. In agreement with these studies we found
that 8 weeks atorvastatin treatment had no effect
on the expression of VCAM-1 and ICAM-1. thus
no benefit of atorvastatin treatment was observed.
On the contrary in our previous work we showed
that 4 weeks administration of atorvastatin
reduced endothelial expression of both VCAM-1

and ICAM-1 beyend its lipid lowering [15] In
addition, vnder similar experimental conditions,
Sparrow et al. [23], showed that simvastatin
significantly  decreased  aortic  cholesterol
accumulation without sigmificantly decreasing
plasma cholesterol levels. These experimental
data suggest that experimental design of the
study, especially the age of animals, and the
duration of statins treatment, might be critical for
their effect on the cholestercl levels and
atherogenesis in apoE-deficient mouse.

In conclusion, we have demonstrated that
endothelial expression of both VCAM-1 and
ICAM-1 15 mnot strongly correlated  with
cholesterol levels in mice. Moreover, we showed
that 8-week administration of atorvastatin
decrease endothelial expression of VCAM-1 and
ICAM-1 ecaly in C357BL/6T wild type mice
bevond its lipid lowering effect. However, we
failed to detect this benefit of atorvastatin
treatment on endotheliom in C37TBL/GT wild type
mice fed by atherogenic diet or in apoE-deficient
mice.
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ABSTRACT — Purpose. Endoglin (CD103) 15 a
marker of activated endothelivm and a modulator
of TGE-f signaling. We hypothesized whether
endothelial expression of endoglin is changed
in hypercholesterolemia as well as whether its
expression is affected by atorvastatin treatment in
apoE-deficient mice. Methods. ApoE-deficient
mice were fed with the chow diet for either 4
weeks or for 12 weeks respectively. In two treated
groups, mice were fed with chow diet except
atorvastatin was added to the diet for the last 4
weeks or for the last 8 weeks respectively, before
euthanasia. Results. Administration  of
atorvastatin did not affect lipid parameters after 4
weeks treatment, however increased all lipid
parameters  after 8 weeks of treatment
Stereclogical analysis of immunchistochemical
staining revealed that atorvastatin significantly
decreased endoglin expression in endothelinm
after 4 weeks of treatment but increased it after 8
weeks of trestment. Conclusions. This study
demonstrate that endoglin is expressed by aottic
endothelivm showing similar staining patterns
like other markers involved in the process of
atherosclerosis. In  addition, we showed that
endoglin expressicn in endothelivm could be
affected by the administration of atorvastatin
beyond its lipid lowering effects in apoE-deficient
mice

INTRODUCTION

Atherosclerosis is a complex process that is
characterized by the accumulation of modified
low-density lipoprotein (LDL), lzeal
inflammatery and immune responses, and reduced
nitric oxide bioavailability within the arterial wall
(1). A central concept with regard to pathogenesis
of atherosclercsis is that of endothelial cell
dysfunction, which i3 associated with the release
of a large number of mediators secreted
predominantly by endothelial cells and leukocytes
(2).

Transforming growth factor — beta (TGE-
B). a widely expressed cytoline, is produced by
both  inflammatory  and  vascular cells and
expressed i human and mouse atherosclerctic
plagues (3). TGE-P exert their function through
binding to a large family of specific receptors,
including receptors type I II, betaglycan, and
endoglin (4). Among these, the serine-threonine
kinase receptors types I and II are necessary for
all tested biological responses to TGE-P and
transmit the signal to downstream substrates
through their kinase activity. By  confrast,
endoglin has been postulated as a regulator of
TGE- access to the signaling receptors (3).

Endoglin (CD103) 13 a homodimeric
transmembrane  glycoprotein  composed  of
disulfide-linked subunits of 95 kDa. The primary
sequence of human endoglin is composed of an
extracellular domain of 361 amino acids, a single
transmembrane region. and a cytoplasmic tail ().

The major sources of CD 103 are vascular
endothelial cells. Other cell types including
vascular smooth muscle cells (7), fibroblasts (8),
macrophages (%), levkemic cells of pre-B and
myelemonoeytic  onigin (107, and erythroid
precursors (11) express CD105 fo a lesser extent.
Moreover endoglin iz lughly expressed in
endothelial  cells in  tissues  vadergoing
angiogenesis such as healing wounds, infarcts and
in a wide range of tomers (12). In addition its
expression  was  upregulated  in human
athercsclerotic plagues in the majonty of smooth
muscle cells (13).
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Lipid-lowering dmgs offer one of the most
effective therapeutic approaches used in clinical
practice for the prevention and treatment of
atherosclerosis (14). Statins, a well known class
of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, are active in
the primary and secondary prevention of coronary
heart dizease and are the drugs mest widely used
for these purposes (13). A growing data base
suggests that the beneficial actions of statins may
be due to direct effects on the vascular wall in
addition to lipid lowering. For instance, statins
improve endothelial dysfunction via increased
expression of nitrie oxide (NO) and decreased
expression of cell adhesion molecules in varions
animal models (16; 17).

Several papers provide evidence that
TGF-p plays a major protective role in
atherosclerosiz (18). Moreover, as mentioned
above, it has been demonstrated that endoglin 15 a
modulator of TGF-f signaling and therefore it
might affect these antiathercsclerotic effects of
TGF-p. In addition, endoglin iz a marker of
activated endothelinm (19; 20).

To the best to our knowledge nothing 1s
known about the expression of endoglin in
hypercholesterclemic conditions. Thus, in this
study we wanted to evalpate the changes of
endoglin expression in endothelium in very early
stages of atherogenesis which comprise
endothelial dysfunction. Moreover we
hypothesized whether its expression 15 affected by
an HMG Co-A reductase inhibitor atorvastatin
To test this hypethesis we examined the
expression pattern of endoglin in endothelium in
apoE-deficient mice by means of
immunchistochemistry and stereclogy.

MATERIALS AND METHODS

The Ethical Committee of the Faculty of
Pharmacy, Charles University., approved the
protocels of the animal experiments. The protocol
of experiments was pursued in accordance with
the directive of the Mimstry of Education of the
Czech Republic (No. 311/1997).

Experimental Animals

Male homozygous apoE-deficient (apoE-/-) mice
on a C37TBL/GY background (n=32) weighing 15-
20 grams were kindly provided by Prof. Poledne
(IKEM. Prague, Czech Eepublic) and housed in
the SEMED, (Prague, Czech Republic).

Experimental design

All mice were weaned at 4 weeks of age and
randomly subdivided into four groups. Male
apoE-deficient mice (n=8/group) were fed with
the standard laboratory diet (chow diet) for either
4 weeks (non-treated apoE-/- 8 weeks) or for 12
weeks (non-treated apoE-- 16 weeks )
respectively, after the weaning. In the two
atorvastatin  treated groups, mice were fed with
the standard laboratory diet, except atorvastatin
was added to the diet at the dosage of 10 mg'kg
per day for the last 4 weeks (ATV apoE-/- 8
weeks ) or for the last § weeks (ATV apoE-/- 16
weeks) respectively, before euthanasia.

Each mouse in the atorvastatin groups
lived in a separate cage obtaining 6z of food (in
especially prepared pellets) daily with water ad
libituom  throughout the study. The food
consumpfion was monttored every day. No
differences i the food consumption were visible
neither among ammals of one experimental group
nor between expenimental groups. The dose of
atorvastatin used in the present study was based
on the doses used in previous studies with

yperlipidemic mace (21; 22).

At the end of the treatment period, all
animals were fasted overnight and ewthanized.
Blood samples were collected wvia cardiac
puncture at the time of death. The aortas. attached
to the top half of the heart, were removed and
then immersed in OCT (Optimal Cutting
Temperature) embedding medium (Leica, Prague,
Czech Fepublic), snap frozen in liguid nitrogen
cooled 2-methylbutane and stored at -80°C until
further analysis.

Biochemistry

Serum lipoprotein fractions were prepared using
NaCl  density  gradient  ultracentrifugation
(Beckman TL 100, Palo Alto, CA). The
lipoprotein fractions were distinguished in the
following density ranges: very low density
Lipoprotein (VLDL) =< 1.006 g/ml; low density
lipoprotein (LDL) = 1.063 g/ml; high density
lipoprotein (HDL) = 1063 g/ml Total
concentration and lipoprotein fraction
concentration of cholestercl were assessed
enzymatically by conventional diagnestic kits
(Lachema, Bmeo, Czech Eepublic) and
spectrophotometric analysis (cholesterol at 510
am, trglycerides, at 540 nm  wavelength),
(ULTROSPECT I1I. Pharmacia LEB
Biotechnolegy, Uppsala, Sweden).
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Immunochistochemistry

Sequential tissue sectioning started in the mouse
heart until the aortic root containing semilunar
valves together with the acrta appeared. From this
point on, serial cross-sections (7pm) were cut on a
cryostat and placed on gelatin-coated slides.
Sections were air-dried and then slides were fixed
for 20 minutes in acetone at -20°C. Endogenous
peroxidase activity was blocked with 3%
hydrogen peroxide in phosphate buffered saline
(PES) for 13 munutes. After blocking of
nonspecific binding sites with 10% normal goat
serim (Sigma-Aldrich  Chemie,  Stembeim,
Germany) in PBS selution (pH 7.4) for 30 min,
slides were incubated with primary antibodies for
1 hour at room temperature. After 2 PBS rinse,
the slides were developed with bictinylated goat-
anti rat IglG antibody diluted 1:400 in the
presence of 200 mg/ml normal mouse IgG.
Antibody reactivity was detected using HEP-
conjugated  biotin-avidin  complexes (Vector
Laboratories, TUSA) and developed with
diamincbenzidine tetrahydrochloride as substrate.
Specificity of the immunostaining was assessed
by staining with nenimmune isotype-matched
immunaglobulins.

Primary  antibodies  inciuded  the
following: moncclonal antibody Rat Anti-Mouse
CD31 (PECAM-1) diluted 1:100, monoclonal
antibody Rat Anti-Mouse CDI105 (endoglin)
diluted 1:50. All antibodies were purchased from
BD Pharmingen {California, USA)

Quantitative analysis of the
immunohistochemistry

Stereological methods for the estimation of
immunchistochemical staining of endoglin, and
PECAM-1 were used as previously described
(23; 24). In brief, the systematic vaiform random
sampling and the principle of the point-counting
method were used for the estimation (25). A total
number of 50 consecutive serial cross sections
were cut mnto Tpum thick slices, which gave us
0350 mm lengths of the wessel called the
reference  volume. This reference volume
comprises several sections of the wvessel
containing semilunar valves in aertic root, and
several sections of aortic arch (ascending part of
the acrta). A systematic uniform  random
sampling was used in the reference volume. The
first secttcm for each immunohistochemical
staining was randomly positioned in the reference
volume and then each tenth section was used, thus

five sections for each staining were used for the
stereclogical  estimation. The point-counting
method was vsed and more than 200 test points
per vessel, hitting immunostaining, were counted
for an appropriate estimation (26). The estimated
area is then:

estd=a=P

where the parameter “a” characterizes the test grid
and “P” is the number of test points hitting either
the  atherosclerotic  lesion  or  positive
immunostaining.

The area of PECAM-1 expression was considered
as a total area of intact endothelinm. Thus, the
ares of endoglin expressicn indicate the
percentage of activated endothelial cells
calculated as

___ area(x) .
 area(PECAM)

e .

where “area (x)7 is the area of endoglin, in the
endothelinvm and “area (PECAM)” iz the area of
FECAM-1 expression in the endothelinm.

Phote  documentation  and  image
digitizing from the microscope were performed
with the Nikon Eclipse E2000 microscope, with a
digital firewire camera Pixelink PL-A642 (Vitana
Corp. Ottawa, Canada) and with image analysis
software LUCIA  wversien 3.0 (Laboratory
Imaging, Prague, Czech Republic). Stereclogical
analysis was performed with a PoimtGrid module
of the ELLIPSE software (ViDiTo, Kosice,
Slovakia).

Statistical analysis

All values in the graphs are presented as a mean =
SEM of n=8 animals. Statistical significance in
the differences between groups was assessed by
unpaired t-test with the uvse of the SigmaStat
software (version 3.0). P values of 0.0F or less
were considered statistically significant.

RESULTS
Biochemical analysis

In the first place, we examined the changes in
serum lipoprotein fractions in nen-treated mice.
Biochemical analysis smprisingly revealed that
total cholestercl (21.62 = 2.94 vs. 11.21 = 0.75
mmoll, P=0,022), VLDL (17.28 = 2.54 vs. .49
= (.65 mmoll, P=0.003), LDL (3.92 = 0.38 vs.
246 =030, P =0.023), and HDL (0.42 = 0.04 vs.
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0.23 = 0.05, P = 0.043) levels were significantly
decreased in 16 weeks old mice when compared
with § weeks old mice (Fig.1).

Four weeks atorvastatin  treatment
significantly decreased TAG levels in 8 weeks old
mice when compared to non-treated mice (1.57 =
0.09 ws. 0.97 = 0,12 mmel], P =0.014) (Fig.1).
On the contrary, other lipid parameters were not
affected by atorvastatin in these mice.

Eight wweeks atorvastatin  treatment
significantly increased levels of the total serum
cholestere] (11.21 £ 0.75 vs. 17.51 = 1.16 mmol/1,
P = 0.005), VLDL (8.49 = 0.65 vs. 14.33 + 0.89
mmol/l, P=<0.001), LDL (246 = 0.30 vs. 3.51 =
0.30 mmol/l, P =0.036) and HDL (0.23 £ 0.03 vs.
0.40 = 0.04 mmel'l, P = 0.029) in 16 weeks old
mice i comparison to the non-treated mice
(Fig.1).

Immunohistochemical staining of endoglin in
apoE- deficient mice

ApoE-deficient mice develop spontaneous
hypercholesterolemia on a chow diet which can
be potentiated by atherogenic diet (27). However,
the experimental design of this study was made to
observe the changes of endoglin expression in
endothelivm where no atherosclerotic lesions
were found. Thus no atherogenic diet was used.

PECAM-1 expression was observed oaly
in endothelial cells in all groups of mice and this
antibody was vsed as standard for the detection of
intact endothelinm (data not shown).

The staining patterns of endoglin were
similar  in  both experimental groups. The
expression of endoglin was detected in the
endothelivm of acrta in aoftic sinus and aortic
arch. Moreover, strong staining was visible in
small vessel and capillaries in myocardivm (data
not shown).

Endoglin staining in aortic endothelinm
was lower i § weeks old mice treated with
atorvastatin (Fig 2B) when compared with nen-
treated muce (Fig 2A). On the contrary
atorvastatin - treatment resulted in  stronger
expression of endoghin (Fig 2D in 16 weeks old
mice when compared with non-treated mice (Fig
2C).

Stereological analysis of endoglin expression in
apoE-deficient mice

CQuantitave stereclogical analysis of endoglin
staining showed a sigmficant decrease in its
expression in non-treated 16 weeks old mice

when compared with nen-treated 8 weeks old
mice (220 £ 45 vs. 6.6= 1.5 %, P=0.007) (Fig.
3).

Moreover we demonstrated a significant
decrease of endoglin expression after 4 weeks
administration of atorvastatin in comparison with
non-treated § weeks old mice (220£45vs 53 =
1.2 %, P=0.013) (Fig. 3).

By confrast 8 weeks atorvastatin
treatment resulted in significant increase of the
endoglin expression when compared to non-
treated 16 weeks old mice (6.6 = 1.3 vs. 235 =
9.5 %, P=10.021) (Fiz. 3).

DISCUSSION

The novel findings of the present study is that
endoglin iz expressed by endothelium in aortic
sinus and acrtic arch in apoE-deficient mice, and
moreover that its expression is affected by the
atorvastatin treatment.

Endoglin, a homodimeric transmembrane
glycoprotemn, 13 a component of the TGE-f
receptor complexes (28). The expression of
endoglin is predominant in endothelial cells,
macrophages, fibroblast. and medial SMCs (12).
Moreover it has been demonstrated that endoglin
expression is increased during angiogenesis, and
tumor development (29). Furthermore, endoglin
expression was upregulated in medial smooth
muscle cells, and endothelial cells in advanced
atherosclerotic lesions in porcine carotid artery
(20).

Since nothing iz known about endoglin
expression in hypecholesterolemic conditions, we
wanted to evaluate its staining patterns in very
early stages of atherogenesis, namely endothelial
ysfunction in apoE-deficient mouse model of
atherosclerosis.

ApoE-deficient mouse i3 a  well-
established genetic mouse model of atherogenic
hypercholesterclemia, which 1s similar to
hyperlipoproteinemia type III in humans.

We found that total cholesterol, VLDL,
LDL and HDL was significantly decreased in 16
weeks old mice when compared with 8 weeks old
mice. We do not have explanation for this
phenomencon. However this surprising decrease in
cholesterol levels with age in apcE-deficient
mice were demonstrated by other authers (30;
31).

Statins competitively inhibit HMG-CoA
reductase, the enzyme that catalyzes the rate-
limiting step in cholesterc] biosynthesis.
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Figure 1. Serum lipid levels in apoE-deficient mice. Biochemical analysis revealed that in 16 weeks old non-treated
mice there was significant decrease in levels of total cholesteral (P = 0.022), VLDL ("P=0.003), LDL { P = 0.023) and
HDL (P = 0.043) when compared with & weeks old non-treated mice. Four weeks atorvastatin treatment significantly
decreases TAG levels m 8 weeks old mice (°F = 0.014) when compared with non-treated mice. On the contrary mn 16
weeks old mice & weeks atorvastatin treatment significantly imcreases levels of the total chelesteral (P = 0.005),
VLDL {*F = =0.001), LDL (°P = 0.036) and EDL (‘P = 0.029) when compared with non-treated mice. Male apoE-

deficient mice (n=8/group) were used for the biechemical analysis.
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Figure 2. The figure demonstrates the intensity of
mmunohistochemmeal  staming  of  endothelial
expression of endoglin in non-treated and atorvastatin
treated apoE-deficient mice. Endoglin  staining
{arrows) in aortic endothelmum 15 lower in 8 weeks old
mice reated with atorvastatin (B) when compared with
non-reated mice (A) On the contrary atorvastatin
treatment results m stronger expression of endoglin
(arrows) (D) m 16 wesks cld mice when compared
with mon-treated mice (C). Onginal magnification
200,

apol & weslks zpcE 16 waaks

O non-treated M atorvastatn

Figure 3. The percentage of activated endothelial cells
for endoghn in both aortic root and aortic arch. In non-
treated 16 weeks old mice the expressicn of endoghn 13
significantly decreased when compared with & weeks
old mice (P=0.0073). Endothelizl expression of
endoglin decreases after 4 weeks administration of
atorvastatin in apoE-deficient mice { P= 0.013 versus
non-freated group). By contrast 8 weeks atorvastatin
freament results in a significant increase of the
endoglin expression (*P= 0.021 versus non-reated
mice. Male apoE-deficient mice (n=8/group) were usad
for the stereological analysis.

Moreover, recent experimental and clinical
evidence indicate that some of the cholesterol-
independent, or “pleiotropic™ effects of statins
invelve improving or restoring endothelial
function by enhancing the stability of
atherosclerotic  plagques, decreasing oxidative
stress and inflammation, and inhibiting the
thrombogenic response in the vascular wall (32).

We hypothesized, whether endothelial
expression of endoglin 1s affected by atorvastatin
treatment.

Endoglin  expressicn was detected in
myocardial capillaries and in endotheliom of
aortic sinus and aortic arch in all groups of mice
showing similar staining pattern like cell adhesion
molecules involved in the atherogenesis e.g.
vascular cell adhesion molecule (VCAM-1) (33).
Moreover, we demonstrated that 4 weeks
administration of atorvastatin did not affect
cholesterol levels in apoE-deficient mice, which
is consistent with the results of Sparrow (22).

However stereological analysis of
immunchistochemical staining  revealed that
endothelial  expression of endoglin was
significantly lower in mice treated with

atorvastatin. On the contrary § weeks atorvastatin
treatment resulted in a paradoxical rize of all lipid
parameters in apoE-deficient mouse. This effect
of statin administration in apoE-deficient mice
was previcusly described by other authors (30;
34; 35). This hypercholesterolemnc effect of
statins in apoE-deficient mice was recently
elucidated by Fu et al, who demonstrated that
enhanced hypercholesterclemia observed in apoE-
deficient mice treated with statin is caused by
alterations in the assembly of VLDL by the liver
that contain more cholesterol than untreated mice
(36). Moreover in ouwr  stody,  this
hypercholesterclemic effect of atorvastatin was
accompanied by the significant upregulation of
endoghn expression in aortic endothelivm in 16
weeks old mice. Thus. we suggest that
hypercholesterclemic  effect of  atorvastatin
ovetrlay its direct effects on endothelinm.

Taken together with the fact that
decreased cholesterol levels mn 16 weeks old non-
treated mice was accompanied by the decrease in
endoglin expressicn in endothelivm when we
compare 1t with § weeks old non-treated mice we
might assume that the expression of endoglin
could be affected by the changes of serum
cholesterol in apoE-deficient mice. However,
when we compate cholestercl levels and endoglin
expression in & weeks and 16 weeks old
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atorvastatin treated mice we must state that this
does not seem to be the case. Thus, cholesterol
cannot be the only factor affecting the endothelial
expression of endoglin. Therefore, we cannot
exclude other factors eg. proinflammatory state
of endothelivm that might be responsible for the
mcreased endoglin expression in 16 weeks old
atorvastatin treated mice.

As mentioned above, we showed that
endoglin expression was reduced beyond lipid
lowering effects of atorvastatin in 8 weeks old
apoE-deficient mice.

It has been demonstrated that inhibition of
HMG-CoA reductase by statins leads to the
inhibition of nuclear transcription factor NE-
kappaE  which results in many beneficial
pleiotropic effects of statins (37). Moreover, it has
been demonstrated that multiple genes whose
products  are invelved im the atherosclerctic
process  are gegulated by NF-kappaB. This
includes for instance E-selectin, monoceyte
chemoattractant protein-1 (MCP-1). and VCAM-
1 (38). Furthermore, Rivs et al. demonstrated that
WFE-kappaB consensus sequences found in the
endoglin  promoter might regulate endoglin
transcription (39). Thus, it seems that the non-
lipid lowenng effect of atorvastatin on endoglin
expression might be via an NF-kappaB dependent
pathway. The same non-liptd lowering effect of
atorvastatin on endothelial expression of VCAM-
1 in apoE deficient mice was observed in our
previons study suggesting both melecules might
be regulated wia an NF-kappaB dependent
pathway (40)

TGEF-P 1s a growth factor that exerts many
regulatory actions. It 15 known for its role in

velopment, proliferation, migration,
differentiation. and extracellular matrix biclogy,
but it i alse an important immunomaoduolator (41).
Moreover it has been demonstrated that
endothelial cells and smooth muscle cells tend to
be strongly inhibited by TGE-P both with respect
to their proliferation and migration (42). In
additicn, macrophages and leukocytes are
potently  suppressed by TGF-B uwnder most
conditions tested (43). Thus, TGFE-P is a strong
anti-inflammatory agent that plays a protective
role in the development of atherosclercsis (18).
Since endoglin i3 a part of TGF-f receptor
complex we might speculate that the expression
of endoglin in the aorta could modulate the above
mentioned TGF-f effects.

For instance it has been demonstrated that
endoglin antagonizes the inhibitory effects of
TGF-f and thus contributes to the proliferation,

migration, and capillary formation of endothelial
cells, the three key events in the angiogenic
process (44).  Moreover. endoglin =~ 1s
predominantly  expressed  in angiogenic
endothelial cells and its expression 15 increased in
tumor  development. In  addition endoglin
expression was found to inhibit the TGF-f -
dependent responses of cellular proliferaticn and
PAI-1 expression (3).

If this inhibitory effect of endoglin would
operate even for other effects of TGF-p, for
instance inhibition of cell adhesion molecule
expression (43) or vasodilatation. it 15 possible
that increased expression of endoglin in
ypercholesterclemia could results in inhibition
of TGF-f signaling. In addition, this inhibition
might result in the proinflammatory state in
endothelinm, increased activity of macrophages,
T lymphocytes, thus actions that are necessary for
the formation of atherosclerotic lesions.

In this stedy, we demonstrated that 4
weeks administration of atorvastatin decreases
endothelial expression of endogling Thus, we
assume that this decreased expression of endoglin
by statin treatment might attenuate its mhibitory
effects on TGF- signaling which in turn could
positively affect endothelial dysfunction in these
mice.

On the other hand. increasing evidence
indicates that endoglin may have functions
independent of TGF-B. First. only a small
percentage of surface-expressed endoglin actually
binds TGF-f receptors (46). Second, despite the
lack  of  signaling domains,  endoglin
overexpression  affects cell morphelogy  and
adhesion in the absence of TGF-§ (13). Thus, it i3
likely that endoglin cooperates with other
different ligands. Thus, endeglin 15 a marker of
activated endothelivm regardless whether it
affects TGF-p effects or not.

However. we must emphasize that this
study was not designed to study possible
interactions between TGF-f and endoglin
Therefore, further telation between endoglin and
TGE-P in atherogenesis, as well as other effects of
endoglin on markers of endothelial dysfunction
for imnstance cell adhesion molecules expressions,
such as NO production must be elucidated to
reveal whether changes of endoglin expression
could affect early atherogenesis.

There are some limitations of the study.
First we wused immunohistochemistry and
stereclogy for the guantification of endoglin
expressicn in endothelium in vessels where no
atherosclerotic lesions were found. Thus, other
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studies focused on immunchistochemical and
western blot analysis of endoglin expression in
advanced atherosclerotic lesions must be made.
Moreover, cell culture experiments with
endothelial cells ftreated with or without
atorvastatin in the presence or absence of
cholesterol could confirm whether atorvastatin
affects cholesterol-induced endoglin expression
even in vitro.

In conclusion, this study demonstrate for
the first time that endoglin is expressed by aortic
endothelivm showing similar staining patterns
like other markers involved in the process of
atherosclerosiz. Im  addition, we showed that
endoglin expression in endothelivm could be
affected by the admimstration of atorvastatin
beyond its lipid lowering effects in apoE-deficient
mice. Thus, prospective studies must be made to
elucidate the role of endoglin and potential
atorvastatin effects on its expression in more
advanced atherosclerotic lesions and in relation to
other markers of endothelial dysfunction and
TGF-f signaling.
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Endothelial expression of endoglin in
normocholesterolemic and hypercholesterolemic
C57BL/6J mice before and after atorvastatin
treatment

Petr Nachtigal, Nada Pespisilova, Gabriela Jamborova, Katerina Pospechova,
Dagmar Solichova, Ctirad Andrys, Petr Zdansky, and Vladimir Semecky

Abstract: Endoglin (CD105) is a homodimeric transmembrane glycoproten strongly related to transforming growth factor
(TGF-f signaling and many pathological states. In this study, we wanted to evaluate whether endoglin is expressed in nor-
mocholesterolemic and hypercholesterolemic CSTBLAT mice as well as whether it is affected by atorvastatin treatment in
these mice. CATBL/G] mice were fed with chow diet or an atherogenic diet for 12 weeks after weaning. In 2 atorvastatin-
treated groups, mice were fed the same diets {chow or atherogenic) as described above except atorvastatin was added at
the dosage of 10 mg kg™ day™ for the last 8 weeks before cuthanasia. Biochemical analysis of blood samples revealed
that administration of atherogenic diet significantly increased levels of total cholesterol, VLDL, LDL, and decreased levels
of HDL. Atorvastatin treatment resulted in a significant decrease in total cholesterol and YLDL only in mice fed by athe-
rogenic diet. Cuantitative stereological analysis revealed that atorvastatin significantly decreased endothelial expression of
endoglin in C5TBL/G] mice fed the atherogenic diet. In conclusion, we demonstrated that endothelial expression of endo-
gln 15 upregulated by hypercholesteralemia and decreased by the hypolipidemic effect of atorvastatin in CSTBLAT mice,
suggesting that endoglin expression could be involved in atherogenesis.

Key words: endoglin, hypercholesterolemia, atorvastatin, C3TBLAT mice.

Resumeé : L'endogline (CDI105) est une glycoproteine transmembranaire homodimerique etroitemnent associee 1 la vole de
signalisation du TGF-P et a de nombreux états pathologiques. La présente stude a eu pour but d'évaluer si I'endogline est
exprimee chez les souris C3TEL/ET normocholesterolemiques et hypercholesterolemiques, et =i elle est affectce par un trai-
tement a | atorvastatine. Les souns C3TEL/E] ont été sourmises i une diéte normale de labaratoire ou a une diéte athero-
pene pendant 12 semaines apres le sevrage. Chez deux groupes traites a | atorvastatine, les souris ont ele soumises aux
digtes (standard ou athérogene) décrites ci-dessus, auxquelles on a ajouté de I atorvastatine, i raison de 10 mg:-kg-Ljourt
pendant les 8 demiéres semaines respectivement, avant ['euthanasie. L'analyse bicchimique des échantillons sanguins a ré-
vele que le regime atherogene a augmente significativement les taux de cholesterol total, de VLDL, et de LDL. et diminue
les taux de HDL. Le traitement i I'atorvastatine a causé une diminution importante des taux de cholestérol total et de
VLDL uniquement chez les souris ayant suivi le régime atherogene. Lanalyse stereclogique a revele que ['atorvastatine a
diminue significativement |'expression endotheliale de I'endogline chez les souris C3TRL/A] soumises au wgime athera-
gene uniquement. Mous avons demontre que I expression endotheliale de endogline est augmentee par 1" hypercholesterc-
lémie et diminuee par I'effet hypolipémiant de atorvastatine chez les souris C3TBL6]. ce qui lalsse supposer que
I"expression de I'endogline pourrait jouer un role dans I atherogenese.

Mats-cles : endogline, hypercholesterolemie, atorvastatine, souris C37BL/G],
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Introduction

Endoglin (CD105) is a 190 kDa homodimeric transmem-
brane glycoprotein composed of 95 kDa disulfide-linked
subunits {Guerrero-Esten et al. 1999). The primary sequence
of human endoglin is composed of an extracellular domain
of 561 amino acids, a single transmembrane region, and a
cytoplasmic tail (Zhang et al. 1996). Mutations in the gene
encoding endoglin have been linked to the human disease
hereditary hemorrhagic telangiectasia type | (HHT1), an au-
tosomal dominant inherited vascular disorder (Li et al
2000). The major sources of CD105 are vascular endothelial
cells. Other cell types, including vascular smooth muscle
cells (Adam et al 1998), fibroblasts (St-Tacques et al.
1994, macrophages (Lastres et al. 1992), leukemic cells of
preB and myelomonocytic origin (Kay et al. 2002), and ery-
throid precursors (Buhring et al. 1991), express CD105 to a
lesser extent. Moreover, endoglin is highly expressed in en-
dothelial cells in tissues undergoing angiogenesis, such as
healing wounds, infarcts, and a wide range of tumors (Duff
et al. 2003). In addition, its expression was upregulated in
human atherosclerotic plaques in the majority of smooth
muscle cells (Conley et al. 2000).

Lipid-lowering drugs offer one of the most effective thera-
peutic approaches used in clinical practice for the prevention
and treatment of atherosclerosis (Arnaud and Mach 2005).
Statins, a well-known class of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors, are active in
the primary and secondary prevention of coronary heart dis-
ease and are the drugs most widely used for these purposes
(Seljeflot et al. 2002). A growing database suggests that the
beneficial actions of statins may be due to direct effects on
the vascular wall in addition to their lipid-lowering abilities.
For instance, statins improve endothelial dysfunction via in-
creased expression of nitric oxide (NO) and decreased ex-
pression of cell adhesion molecules in various animal
models (Cybulsky et al. 2000; Sukhowva et al. 2002).

In our previous work, we found that endoglin is expressed
by wvascular  aortic  endothelium  in  apoE-deficient
mice (Pospisilova et al. 2006). Moreover, we demonstrated
that endoglin expression is decreased by the administration
of atorvastatin beyond its lipid-lowering effects in these
mice.

Thus, in this study, we wanted to expand our knowledge
and evaluate whether endoglin is expressed in normocholes-
terolemic and hypercholesterolemic CSTBLAAT mice, as well
as whether it is affected by atorvastatin treatment in these
mice. We focused on the immunchistochemical and stereo-
logical analysis of endoglin expression in endothelium of
aortic sinus and aortic arch, but not in other tissues, because
this is a reference for study of atherogenesis in mice and we
believe that endoglin could be potential marker of early
atherogenesis.

Materials and methods

Animals

The Ethical Committee of the Faculty of Pharmacy,
Charles University, approved the protocols of the animal
experiments. The protocol of experiments was pursued in

Can. J. Phiysicl, Phamnacol. Vol, 85, 2007

accordance with the directive of the Ministry of Education
of the Czech Republic (No. 311/1997).

Male C57BL/&] mice were obtained from Velaz (Velaz
Ltd.. Czech Republic).

Experimental design

All mice were weaned at 4 weeks of age and randomly
subdivided into 4 groups. Male C5TBL/G] mice (n = §)
were fed with a chow diet (standard laboratory diet) or an
atherogenic diet containing 1.25% cholesteral, 15% fat, and
0.5% cholic acid for 12 weeks after the weaning. In 2
atorvastatin-treated groups, mice were fed with the same di-
ets (chow or atherogenic diet) as described above except
atorvastatin was added at the dosage of 10 mgkgtday-!
for the last 8 weeks before euthanasia.

Itis known that female C5TBL/G] mice are more susceptible
to the dietary-induced hypercholesterolemia and atherosclero-
sis when compared with male littermates (Paigen et al. 1987a).
However, for the present study, we wanted to study the expres-
sion of endoglin only in endothelium without the presence of
any atherosclerotic lesions: thus, we used male mice.

Each mouse in atorvastatin groups lived in a separate
cage containing 6 g of food (in specially prepared pellets)
daily with water ad libitum throughout the study. Food con-
sumption was monitored every day. No differences in food
consumption were visible among animals within an experi-
mental group nor between experimental groups. The dose of
atorvastatin used in the present study was based on the doses
used in previous studies with hyperlipidemic mice (Laufs et
al. 2000; Sparrow et al. 2001}

At the end of the treatment period, all animals were fasted
overnight and euthanized. Blood samples were collected via
cardiac puncture at the time of death. The aortas, attached to
the top half of the heart, were removed and then immersed
in OCT (optimal cutting temperature }-embedding medium
(Leica, Prague, Czech Republic), snap frozen in liguid
nitrogen-cooled 2-methylbutane, and stored at -80 °C.

Biochemistry

Serum lipoprotein fractions were prepared using sodium
chlorate density gradient ultracentrifugation {Beckman TL
100, Palo Alto, Calif.). The lipoprotein fractions were distin-
guished in the following density ranges: very low density
lipoprotein (VLDL) < 1.006 g/mL: low density lipoprotein
(LDL) < 1.063 g/mLl; high density lipoprotein (HDL) =
1.063 gfmL. Total concentration and lipoprotein fraction
concentration of cholesterol were assessed enzymatically by
conventional diagnostic kits (Lachema, Broo, Czech Repub-
lich and spectrophotometric analysis (cholesterol at 510 nm,
triglycerides at 540 nm wavelength, Ultrospect III, Pharma-
cia LKB Biotechnology, Uppsala, Sweden).

Immunohistochemistry

Sequential tissue sectioning started in the mouse heart un-
til the acrtic root, which contained semilunar valves together
with the aorta, appeared. From this point on, serial cross
sections (7 pm) were cut on a cryostat and placed on
gelatin-coated slides. Sections were air dried and then slides
were fixed for 20 min in acetone at —20 "C. After PBS
ipH 7.4) rinse, slides were incubated with anti-avidin and
antibiotin solutions (Vector Laboratories, USA) to decrease
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negative background staining. After blocking of nonspecific
binding sites with 10% normal goat serum (Sigma-Aldrich
Chemie, Germany) in PBS solution i(pH 7.4) for 30 min,
slides were incubated with primary antibodies for 1 b at
mom temperature. After a PBS rinse, the slides were
developed with biotin-conjugated goat anti-rat Ig (diluted
17400 in BSA) (BD Pharmingen, Calif.) in the presence of
200 pg/mL normal mouse IgG (Dako, Denmark). Antibody
reactivity was detected using HRP (horseradish peroxidase)-
conjugated biotin-avidin complexes (Vector Laboratories,
USA) and developed with diaminobenzidine tetrahydro-
chloride substrate (Dako, Denmark). Specificity of the im-
munostaining was assessed by staining with nonimmune
isotype-matched immunoglobulins. Primary antibodies in-
cluded the following: monoclonal antibody rat anti-mouse
CD31 (PECAM-1) and monoclonal antibody rat anti-mouse
CD105 iendoglin) diluted 1:50. All antibodies were pur-
chased from BD Pharmingen (Calif.).

Cmantitative analysis of the immunohistochemistry

Stereological methods for the estimation of immunohisto-
chemical staining of endoglin and PECAM-1 were used as
previously described (Machtigal et al. 2002, 2004). In brief,
the systematic uniform random sampling and the principle-
of-the-point counting method were used for the estimation
(Weibel 1979). A total of 50 consecutive serial cross sec-
tions were cut into slices 7 pm thick, which gave us
0.350 mm lengths of the vessel called the reference volume.
This reference volume comprises several sections of the ves-
sel containing semilunar valves in aortic root and several
sections of acrtic arch (ascending part of the aorta). A sys-
tematic uniform random sampling was used in the reference
volume. The first section for each immunohistochemical
staining was randomly positioned in the reference volume
and then each tenth section was used. Thus 5 sections for
each staining were used for the stereclogical estimation.
The point-counting method was used and more than 200
test points per vessel that hit immunostained areas were
counted for an appropriate estimation {Gundersen et al.
1988). The estimated area (A.,) is then:

Agi=ax P

where the parameter a characterizes the test grid and P is
the number of test points hitting either the atherosclerotic
lesion or positive immunostaining.

The area of FECAM-1 (P,,) expression was considered as
a total area of intact endothelium. Thus, the area of endoglin
expression indicates the percentage of activated endothelial

cells calculated as:
P arealx) 100%
=t = 2realPECAM)

where area (x) is the area of endoglin in the endothelium
and area (PECAM) is the area of PECAM-1 expression in
the endothelivm.

Photo documentation and image digitizing from the mi-
croscope were performed with the Olympus AX 70, with a
digital firewire camera Pixelink PL-A642 (Vitana Corp.
Ottawa, Ont.) and with image analysis software NIS {Labo-
ratory Imaging, Czech Republic). Stereclogical analysis was

performed with a PointGrid module of the Ellipse software
(ViDiTo, Slovakia).

Statistical analysis

All values in the graphs are presented as a mean = SE of
n = & animals. Statistical significance in the differences be-
tween groups was assessed by unpaired Student’s 1 test with
the use of the GraphPad Prism software {version 4.0). p val-
ues of 0L05 or less were considered statistically significant.

Results

Bischemical analysis

Biochemical analysis of blood samples revealed that ad-
ministration of the atherogenic diet significantly increased
levels of total cholesterol (318 = 036 wvs. 541 =
0.35 mmolL, p = 0.0015), VLDL @0.57 + 0.13 vs. 345 =
024 mmol'L, p = 0.005), and LDL (0,60 £ Q.08 vs. 1.20 £
0.0 mmolL, p = 0.0028) when compared with mice on
chow diet. Moreover HDL levels were significantly de-
creased (161 = 012 v, 0.92 = 0.08 mmol/L, p = 0.0034)
after feeding with the atherogenic diet (Fig. 1).

Atorvastatin treatment did not affect any lipid parameters
in C57BL/E] mice fed with chow diet (Fig. 1).

On the other hand, atorvastatin treatment significantly de-
creased total serum cholesteral (541 = 035 v 411 =
0.24 mmol/L, p = 0005) and VLDL cholesterol (345 =
0.38 s, 199 = 021 mmol/L, p = 0.002) in C5TBL/ET mice
fed with atherogenic diet in comparison with nontreated
mice (Fig. 1). LDL and HDL cholesterol and triacylglyceral
(TAG) levels were not affected by the treatment.

Immunohistochemical staining of endoglin in C3TRL/G]
mice

PECAM-1 expression was observed in endothelial cells of
aorta, small vessels, and capillaries in surrounding myocar-
dium in all groups of mice, and this antibody was used as
the standard for the detection of intact endothelium (data
not shown).

The staining patterns of endoglin were similar in all ex-
perimental groups. The expression of endoglin was detected
in the endothelium of aorta in the aortic sinus and acrtic
arch {(Fig. 2a). Moreover, strong staining was visible in
small vessels and capillaries in myocardium. The main dif-
ference between experimental groups was in the intensity of
endoglin staining in aortic endothelium, as shown,

Stereological analysis of endoglin expression in C3TBL/GJ
mice

Quantitative stereological analysis of endothelial expres-
sion of endoglin was related to the PECAM-1 staining of
the endothelium, thus the results indicate the percentage of
activated endothelial cells.

Feeding with the atherogenic diet resulted in a significant
increase in endothelial expression of endoplin (17.6% =
5.0% vs. 37.1% = 5.6%, p = 0.036) (Fig. 25).

On the contrary, a significant decrease of endoglin expres-
sion was revealed in atorvastatin-treated C5TBL/8] mice fed
with atherogenic diet (37.1% + 5.6% vs. 21.3% £ 48%, p =
0.049) (Fig. 2b).

However, atorvastatin treatment did not significantly af-
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Fig. 1. Serum lipid levels in C57BLAT mice fed by chow or atherogenic diets with or without atorvastatin (ATV) treatment. Atherogenic
diet significantly increased total cholesteral, very low density lipoprotein (VLIL) and low density lipoprotein (LDL) levels when compared
with mice fed with chow diet cnly. On the other hand. high density hpoprotein (HDL) levels were decreased after atherogenic diet. Ator-
vastatin treatment did not significantly affect any lipid parameters when compared with nontreated mice on chow diet, but significantly
decreased total cholesterol and VLDL levels in mice fed with atherogenic diet. Other parameters were not affected by the treatment. Values
are means + SE, n = 8. Statistical significance at **p < 0.01 and ***p < 0.001 vs. nontreated chow diet; ™7, significant at p < 001 vs,

nontreated atherogenic diet.
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Discussion

Endoglin, a homodimeric transmembrane glycoprotein
composed of 95 kDa disulfide-linked subunits, is a compo-
nent of the transforming growth factor-f (TGF-f) receptor
complexes (Bellon et al. 1993). The expression of endoglin
is predominant in endothelial cells, macrophages, fibro-
blasts, and medial smooth muscle cells (Duff et al. 2003).
The role of endoglin has largely been studied in various
pathological states, including hereditary hemorrhagic tele-
angiectasia (van Laake et al. 2006; Llorca et al. 2007), can-
cer (El-Gohary et al. 2007; Nikiteas et al. 2007), and lately
in preeclampsia (Levine et al. 2006; Lopez-Novoa 2007).
Only a few studies have focused on the possible role of en-
doglin in atherogenesis. Conley et al. demonstrated that en-
doglin is expressed at low levels in normal porcine coronary
arteries and, in addition, overexpressed at early intervals
after balloon injury not only in endothelial cells and fibro-
blasts, but also transiently in smooth muscle cells and
imyoifibroblasts (Conley et al. 2000). Moreover, endoglin
expression was undetectable in smooth muscle cells of the
normal vessel wall;, however, its expression was readily de-
tected in smooth muscle cells within atherosclertic plagues
(Ma et al. 2000). These studies suggested that endoglin is
required for smooth muscle development and that it partici-
pates in atherogenesis. Furthermore, Piao and Tokunada
demonstrated endoglin expression in macrophages, endothe-
lial cells, and smooth muscle cells in human atherosclerotic
lesions (Piao and Tokunada 2006). In addition they de-
scribed endoglin expression simultaneously with TGF-1

watherogenic diel

HIML
atherogenic diet ATV

TAG

and TGE-fR2 in atherosclerotic lesions but not in
nonatherosclerotic acrtas, suggesting that endoglin, or its re-
ceptor complex may participate in atherogenesis. However,
to our knowledge, no one has proposed what causes in-
creased levels of endoglin in atherosclerotic vessels. In our
previous study, we showed that endoglin is expressed in
endothelium of apoE-deficient mice (Pospisilova et al.
2006). Moreover, its expression was reduced by atorvastatin
treatment beyond its lipid-lowering effects.

In this study, we used CS5TBL/&] mice to study endoglin
expression in normocholesterolemic state after an athero-
penic diet and after atorvastatin treatment. CSTBL/6] mice
represent an atherosclerosis-susceptible strain, but high cho-
lesterol {atherogenic diet) is necessary for the induction of
hypercholesterolemia, which is accompanied, however, only
by the formation of very small lesions called fatty streaks
(Breslow 1996). In our study, we demonstrated that adminis-
tration of a high chalesterol diet containing 1.25% choles-
terol, 15% fat, and 0.5% chelic acid for 12 weeks resulted
in a significant increase of total cholesterol, VLDL, LDL,
and a simultaneously significant decrease of HDL choles-
terol when compared with control mice. These results are
consistent with previous studies (Paigen et al. 1987k,
Nishina et al. 1993). In addition, this hypercholesterolemic
effect was accompanied by the significant increase of endo-
thelial expression of endoglin in aortic sinus and aortic arch.

Statins competitively inhibit 3-hydroxy-3-methyl-glutaryl
(HMG)-CoA reductase, the enzyme that catalyzes the rate-
limiting step in cholesterol biosynthesis. Thus its lipid-
lowering effect was demonstrated in both humans and other
animals {Subang et al. 1992; Shiomi and Ito 199%; Rezaie-
Majd et al. 2003; Wierzbicki et al. 2003).
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Fig. 2 (@) The immunohistochemical staning of endothelial ex-
pression of endoglin in CS7BL/6J mice on chow or atherogenic
diets. Similar staining pattems were visible in all mice in the ex-
periment. The expression of endoglin was detected in endothelium
of aorta in the aortic sinus and arch (arrows). Moreover, strong
staining was visible in capillaries in surrounding myocardium (as-
tensk) as well. Note the stronger intensity of endoglin staining in
aortic endothelium in mice on atherogenic diet compared with mice
on chow diet. Onginal magnification x40. (b) The percentage of
endothelial cells activated for endoglin expression in both aortic
root and aortic arch in CS7TBL/6J mice. The endothelial expression
of endoglin is significantly increased in mice fed with atherogenic
diet compared with mice on chow dict. Atorvastatin treatment sig-
nificantly decreased endoglin expression only in mice fed with
atherogenic diet. Values are means + SE. n = 8. *, statistical sig-
nificance at p < 0.05.

The 8-week atorvastatin treatment at a dose of 10 mg/kg
resulted in a significant decrease of total cholesterol and
VLDL in mice fed the atherogenic diet. This hypolipidemic
effect of statin treatment was accompanied by the significant
reduction of endothelial expression of endoglin. On the con-
trary, atorvastatin treatment did not significantly affect cho-
lesterol levels in mice on chow diet, which is consistent with
Choudhury et al., who showed that simvastatin has no effect
on cholesterol levels in C57BL/6J mice on chow diet
(Choudhury et al. 2004). Simultaneously, endoglin expres-
sion was not significantly changed in these mice. These
data suggest that endothelial expression of endoglin is upre-
gulated by a high-cholesterol diet and decreased together
with the hypolipidemic effect of atorvastatin in C57BL/6]
mice. Taken together with our previous study, it appears
that atorvastatin can affect endoglin expression by both
hypolipidemic and pleiotropic effects.

At this time, however, we are not able to elucidate
whether endoglin expression in vessel walls has positive or
negative effects on atherogenesis. It has been demonstrated
that endoglin participates in the TGF-f signaling cascade.
The role of TGF-f in atherogenesis is controversial. Some
authors suggest it is antiatherogenic (Grainger et al. 1994,
1995), whereas others provide evidence that it is atherogenic
because elevated levels of TGF-B were found in vessel wall
lesions (Majesky et al. 1991: Nikol et al. 1992). A similar
situation seems to exist for endoglin. As described above,
endoglin is expressed in human atherosclerotic aortas
{Conley et al. 2000; Ma et al. 2000), and in this study its
expression is increased by hypercholesterolemia. On the
contrary, it has recently been demonstrated that the levels
of endothelial nitric oxide synthase (eNOS) are dependent
on the amount of endoglin, both in vivo and in vitro (Jerkic
et al. 2004 Toporsian et al. 2005) and that endoglin upregu-
lates eNOS expression at the transcriptional level, both in
the absence and in the presence of exogenous TGF-f in en-
dothelial cells (Santibanez et al. 2007). Endothelial nitric
oxide synthase-derived NO is an endogenous vasodilatory
molecule that regulates the tone of blood vessels and main-
tains an antithrombotic, antiproliferative, and antiapoptotic
environment in the vessel wall (Sessa 2004). Alteration of
eNOS function and NO availability in endothelium is
strongly associated with the development of endothelial dys-
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function, atherogenesis, and cardiovascular disease (Boger
2003).

In conclusion, we demonstrated that endothelial expres-
sion of endoglin is upregulated by hypercholesterolemia and
decreased by the hypolipidemic effect of atorvastatin in
C57BL/6] mice, suggesting that blood cholesterol levels
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could partially affect endothelial expression of endoglin.
Thus, we suggest that endoglin expression could be involved
in atherogenesis and decreased by statin treatment. The pre-
cise importance of its participation in the atherogenic proc-
ess, however, and its cooperation with TGE-f in advanced
atherosclerotic lesions must still be elucidated.
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Abstract

Statins are first-ling pharmacotherapeutic agents for hypercholesterolemia treatment in humans, However the effects of stating in animal models
of atherosclerosis are not very consistent. Thus we wanted to evaluate whether atorvastatin possesses hypolipidemic and anti-inflammatory effects
in mice lacking apolipoprotein Efow-density lipoprotein receptor (apoE/LDLR-deficient mice). Two-month-old fermale apoE/LDLE-deficient
mice (n=24) were randomly subdivided into 3 groups. The control group of animals (n=F8) was fied with the westem type diet (athemgenic diet)
and in other two groups atorvastatin was added to the atherogenic diet at the dosage of either 10 mgkg or 100 mgkg per day for a period of
2 momths. Biochamical analysis of lipids, ELISA analysis of monocyte chemotactic protein-1 (MCP-1) in blood, quantification of lesion size and
expression of vascular cell adhesion molecule-1 (VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1) in the atherosclemtic lssion by
mearts of immunohistochemistry and Westem blot analysis were performed. The biochemical analysis showed that administration of atorvastatin
(100 mg'kg/day) significantly deareased level of total cholesterol, lipoproteing (VLDL and LDL), tracylglycerl, and morsover sigmficantly
increased level of HDL, ELISA analysis showed that atorvastatin significantly decreased levels of MCP-1 in blood and immunohistochemical and
Western blot analysis showed significant reduction of VCAM-1 and ICAM- 1 expression in the vessel wall afler atorvastatin treatment {100 me/kg’
day). In conclusion, we demonstrated here for the first time strong bypolipidemic and mti-inflammatory effects of atorvastatin in apoE/LDLR-
deficient mice, Thus, we propose that apoE/LDLE<leficient mice might be a good mimal model for the study of statin effects on potential novel
markers involved in atherogenesis and for the testing of potential combination treatment of new hypolipidemic substances with statins,
2008 Elsevier Ine. All rights reserved.

Eeywords: ApeELDLR-deficient mice; Hypolipidemic; Anti-inflammaney, Atrvastatin

Introduction olemic patients. Statins are preferred in patients with combined

dyslipidemia because they are more likely to reduce LDL-

Statins (3-hydroxy-3-methylglutaryl-coenzyme A reductase
inhibitors) are first-line pharmacotherapeutic agents for
hypercholesterolemia treatment in humans. Upon decrease of
elevated levels of low-density-lipoprotein cholesterol (LDL-
cholesterol) levels, statins significantly reduces the incidence of
coronary heart disease events and mortality in hypercholester-

* Comesponding suthor. Tel.: +420 405067305; faoc: +420 H5067170.
E-mmand adelries: nachiqfaleund ez (P Machfigal).

0024-3205% - see front matter © 2008 Ekevier Inc. All rights reserved
dioi: 101016415 2008.01.006

cholesterol levels to target values and also substantially lower
triglyceride levels. However, if target levels are not reached,
combination therapy should be considered (McKenney, 2001).
Yet statins reduce cardiovascular events by only about 20-40%,.
Nonstatin therapies (either as monotherapy or in addition to
statins) to reduce LDL-cholesterol by mechanisms that do not
involve inhibition of 3-hydroxy-3-methylg lutary l-coenzyme A
{HMG-CoA) reductase are likely to be useful for patients in
need of LDL reduction; particularly those who either cannot

94



Atorvastatin has hypolipidemic and anti-inflammatory effects in apoE/LDL receptor-

double-knockout mice.

P Nachtipal et al [ Life Sclences 82 (2008) 708-717 00

take statins or respond only partially or not at all to statins alone
(Shah, 2003).

Numerous animal species have been used to stdy the
pathogenesis and potential treatment of the lesions of athero-
sclerosis. In recent vears, there has been an explosion i the
number of invivo studies that is largely attributable to the use of
mouse models to study atherogenic mechanism, Mice are highly
resistant to atherosclerosis. Only when mice were fed a very
high cholesterol, high fat diet that also contains cholic acid did
their cholesterol levels rise and after many months on this diet
they developed several layers of foam cells (Jawien et al., 2004).
Crenetic research and the application of transgene techniques
and gene targeting in mice resulted in generation of a wide
range of mouse strains that are much more suitable athero-
sclerotic models, including apoE-deficient mice, and LDLR—/~
mice (Hotker and Breuer, 1998).

The apoE-deficient mouse is a well-established genetic
mouse model of atherogenic hypercholesterolemia, in which
mice spontaneously develop hypercholesterolemia and athero-
sclerosis on chow diet. The mice also develop widespread
fibrous plague lesions at vascular sites typically affected in
human atherosclerosis and therefore represent an important
model for studies of genetic and environmental influences on
the atherosclerotic process (Reddick et al., 1994). The effect of
statin treatment on atherogenesis in these mice seems to be
time-dependent. Short-term administration of statin did not alter
plasma lipids in apoE-deficient mice (Nachtigal et al, 2006k,
Sparrow et al., 2001). Surprisingly, long-term administration of
simv astatin elevated serum total cholesteroland increased aortic
plaque area (Wang et al., 2002).

LDL receptor-deficient mice have been created to induce high
plasma levels of LDL and IDL lipoproteins. These mice develop
no, or only very small lesions on chow diet, however, robust
lesions develop on the western type diet (Jawien et al., 2004).
Still, the development of these lesions is slow and long-term
experiments are needed. Effect of statin in this model of
atherosclerosis is inconsistent. The administration of statins in
these mice lowered total cholesterol and LDL-cholesterol levels
and reduced aortic plaque area (Bisgaier et al., 1997; Wang etal.,
2002). In contrast, Chen et al. {2002) showed that simvastatin did
not alter plasma cholesterol or trighyeeride levels in LDLRE
receptor-deficient mice. Thus, conflicting results are available for
these mouse models of atherosclerosis regarding the effects of
statins on atherogenesis,

More recently, apoE/LDLR-deficient mice have been
created, representing a new mouse model that develops severe
hyperlipidemiz and atherosclerosis (Ishibashi et al., 19%4).
From papers previously published it is known that apoE/LDLR-
deficient mice develop spontaneous hypercholesterolemia and
atherosclerosis even on chow diet and addition of western type
diet just increases cholesterol levels and potentiates atherogen-
esis in the same way #s in other genetic mouse models of
atherosclerosis (Bonthu et al., 1997, Ishibashi et al,, 1994).
Moreover it has been reported that, even on chow diet, the
progression of atherosclerosis is more marked in these mice
than in mice deficient for apoE or LDL receptor alone (Witting
et al., 1999).

To the best of our knowledge the effect of stating on
atherogenesis in apo E'LDLR-deficient mice has notbeen studied.
Thus, the aim of this smdy was to evahate whether atorvastatin
possesses hypolipidemic and anti-inflammatory effects in these
mice. We analyzed lipid profile and inflamumatory markers in
blood and together with expression of inflammatory markers and
lesion size in the blood vessel wall.

Materials and methods
Animals

The Ethical Committee of the Faculty of Pharmacy, Charles
University, approved the protocols of the animal experiments.
The protocol of experiments was pursued in accordance with
the directive ofthe Ministry of Education ofthe Czech Republic
(No. 311/1997),

Experimental design

Two-month-old female apoE/LDLR-deficient mice on a
C57TBL/6) background (m=24) (Taconic Europe, Lille
Skensved, Denmark) were randomly subdivided into 3 groups.
Female mice were used inthe experiment, because many papers
published previously used female apoE/LDLR-deficient mice
when testing potential antiatherogenic substances (Jawien et al.,
2005, 2007; Olszanecki et al., 2005). Moreover it has been
reported that female mice are more susceptible to atherogenesis
than male littermates (Paigen et al., 1987; Rubanyi etal., 1997).
Since we wanted to induce more severe atherogenesis we used
female mice.

All mice were fed with the 3 different experimental diets for
another 2 months with water ad libitum throughout the study. The
control group of animals (1 =8) was fed with the western type diet
{atherogenic diet) containing 21% fat (11% saturated fat) and
0.15% cholesterol by weight. The same atherogenic diet and
treatment period was used in other two groups where atorvastatin
wis added to the atherogenic diet at the dosage of either 10 mgkg
or 100 mg/ke per day. The design of the experiment was set
according to the previous studies with apoE/LDLR -deficientmice
where other antiatherogenic substances were tested (Chiwata
et al., 2001; Jawien et al., 2005, 2006, 2007; Olszanecki et al.,
2005). Moreover the dosage of atorvastatin used in this study was
chosen according to our own and others’ experiments with apoE-
deficient or LDLR-deficient mice and statins where the doses
ranged from 10 mg/kg/day up to 300 mg/kg/day (Zadelaar etal.,
2007). Each mouse, in both statin groups, lived in a separate cape
and obtained 4 g of food (in specially prepared pellets) daily. The
food consumption was monitored every day. Nodifferences in the
food consumption were visible, either between animals of one
experimental group or between experimental groups,

At the end of the treatment period, all animals were fasted
overnight and euthanized. Blood samples were collected via
cardiac puncture at the time of death. The aortas, attached to the
top half of the heart, were removed and then immersed in OCT
{Optimal Cutting Temperature) embedding medium (Leica,
Prague, Czech Republic), snap frozen in liquid nitrogen and
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stored at —80 °C, and descending aortas for Western blot
analysis were frozen in liquid nitrogen and stored at — 80 °C.

Biochemistry

Serum lipoprotein fractions were prepared using sodium
chloride density gradient ulracentrifugation (Beckman TL 100,
Pale Alto, CA, USA). The lipoprotein fractions were distin-
puished in the following density ranges: VLDL <1.006 g/ml;
LDL <1.063 g/ml; HDL = 1.063 g/ml. Total concentration and
lipoprotein fraction concentration of cholesterol were measured
enzymatically by conventional enzymatic diagnostic kits
(Lachema, Brmo, Czech Republic) and spectrophotometric
analysis (cholesterol at 510 nm, triglycerides at 540 nm,
ULTROSPECT 11, Pharmacia LKB Biotechnology, Uppsala,
Sweden).

ELISA analysis

Mouse soluble monocyte chemotactic protein-1 (MCP-1) was
measured by quantitative sandwich enzyme mmunoassay
technique with using commercial diagnostic kit Mouse CCL2/
JEMCP-1 Quantikine ELISA Kit (R&D Systems, Inc., Minnes-
polis, MN, USA).

il Red staining

Frozen sections were used for the detection of lipids in the
atherosclerotic lesions. Slides were air-dried at room temperature
for 30 minutes and then stained for 30 minutes in a working
solution of Oil Red (0.5 g of Oil Red was dissolved in 100 ml of
isopropyl alcohol, and 60 ml of this solution was diluted with
40 ml of water and filtered). After being rinsed in running tap
water the slides were stained in Gill’s hematoxylin solution for
5 seconds and then washed thoroughly in running tap water for
1 minute. Slides were mounted with aguecus mounting medium.

Immunohistochemisiey

Sequential tissue sectioning started in the mouse heart and
continued until the aortic root containing semilunar valves
together with the sorta appeared. The aortic sinus area was used
for the histological and immunochistochemical evahiation
because this is the reference tissue used for atherosclerosis
evaluation in almost every study in mice. From this point on,
serial cross-sections (7 pm) were cut on a cryostat and placed on
pelatin-coated slides. Sections were air-dried and then slides
were fixed for 20 minutes in acetone at -20 *C. After being
rinsed in PBS (pH 7.4) the slides were mcubated with anti
avidin and anti biotin solutions (Vector Laboratories, USA).
After blocking of non-specific binding sites with 10% normal
goat serum (Sigma-Aldrich Chemie, Germany ) in PBS solution
{pH 7.4) for 30 minutes, slides were incubated with primary
antibodies for 1 hour at room temperamure. After a PBS rinse,
the slides were developed with biotin-conjupated poat anti-rat
Ig (diluted 1/400 in BSA) (BD Pharmingen™, California, USA)
or biotin-conjugated goat anti-hamster Ig (diluted 1/600 in

BSA) (BD Pharmingen™, California, USA) in the presence of
200 pg'ml normal mouse lgG (Dako, Denmark). Antibody
reactivity was detected using HRP (horseradish peroxidase)-
conjugated biotin-avidin complexes (Vector Laboratories,
USA) and developed with diaminobenzidine tetrahydroch loride
substrate {Dako, Denmark). Specificity of the immunostaining
was assessed by staining with nonimmune isotype-matched
mmmmmeglobulins.

Primary antibodies included the following: monoclonal
antibody Hamster Anti-Mouse CD34 (intercellular cell adhe-
sion molecule ICAM-1, clone 3E2) diluted 1:200, monoclonal
antibody Rat Anti-Mouse CDI06 (vascular cell adhesion
molecule VCAM-I, clone 429 (MVCAM.A)) diluted 1:100.
Both antibodies were purchased from BD Pharmingen (Cali-
fornia, USA).

Quantitative analysis of the immuncohistochemisiry

Stereological methods for the estimation of immunohisto-
chemical smining of YCAM-1 and ICAM-1 were used as
previously deseribed (Machtigal et al., 2002, 2004). In brief, the
systematic uniform random sampling and the principle of the
point-counting method were used for the estimation (Weibel,
1974%). A total of 40 consecutive serial cross-sections were cut into
7 pm thick slices, which gave us 0.280 mm lengths of the vessel
called the reference volume. This reference volume comprises
several sections of the vessel containing semilunar valves in sortic
root, and several sections of aortic arch (ascending part of the
aorta). A systematic uniforn random sampling was used in the
reference volume. The first section for ezch immunohistochem-
ical staining was randomly positioned in the reference volume and
then each eighth section was used, thus five sections for each
staining were used for the stereological estimation. The point-
counting method was used and more than 100 test points per
vessel, hitting immunostaining, were counted for an appropriate
estimation (CGundersen et al.,, 1988). The estimated area is then:

estd =a = P

where the parameter o characterizes the test grid and P is the
number of test points hitting either the atherosclerotic lesion or
positive immunostaining,

Photo documentation and image digitizing from the micro-
scope were performed with the Olympus AX 70, with a digital
firewire camera Pixelink PL-A642 (Vitana Corp. Ottawa,
Canadz) with image analysis software NIS (Laboratory
Imaging, Czech Republic). Stereological analysis was per-
formed with a PointGrid module of the ELLIPSE software
(ViDiTo, Kosice, Slovakia).

Western blot analysis

For Western blot znalysis aortas from all groups of mice were
homogenized in lysis buffer contzining 10 mM Tris pH 74,
250mM saccharose, 1 mM EDTA and protease inhibitor cocktail
{Complete Mini, Roche Diagnostics GmbH, Mannheim, Ger-
many). The homogenates were centrifuged at 2500 rpm for
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Fig. 1. Determination of lipid profile in apoE/LDLR-deficient mice.
Awprvastatin treatment & dose 100 mg/kgiday significandy decreased total
cholesterol, LDL-cholesterol, VLDL-cholesterol and TAG levels when
compared with control mice. Moreover HDL-cholesterol levels were increased
in both aborvastatin-treated groups. The treatment with the dose 10 mg/kg/day
resulied only in mild and non-significant decrease of total cholesterol, VLDL,
LDL and TAG. Vahies are means+SEM, n=8, ***P<0.001, *P<0.05.

10 minutes and 10,000 rpm for 30 minutes at 4 °C. After
determination of protein concentration in the supernatant by the
BCA™ Protein Assay Kit (Pierce, Rockford, IL), samples
(10 pg protein) were electrophoresed on 12% SDS-polyacry-
lamide gels. Proteins were then electrotransferred to a
nitrocellulose membrane HYBOND™ -ECL™ (Amersham
Biosciences, Uppsala, Sweden). After blocking of non-specific
binding sites in 5% non-fat dry milk (= blocking buffer),
membranes were incubated with Anti-Mouse VCAM-1 anti-
body (R&D Systems, Inc., Minneapolis, MN, USA; dilution
1:500 in 1% blocking buffer) overnight at4 °C. Incubation with
corresponding secondary rabbit anti-goat horseradish perox-
idase-conjugated antibody (Pierce, Rockford, IL, USA; dilution
1:5000 in 1% blocking buffer) 60 minutes at room temperature
was used for recognition of the primary antibody, followed by
enhanced chemiluminiscence detection with a SuperSignal
West Femto Maximum sensitivity Substrate (Pierce, Rockford,
IL, USA). The membranes were subsequently exposed to
FOMA® Blue Medical X-ray films (FOMA Bohemia, Hradec
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Fig. 2. ELISA analysis of MCP-1 in blood. Atorvastatin treatment significantly
decreased levelks of MCP-1 in both atorvastatin-treated mice when
with control animals. Values are means+SEM, n=8. *P<0.05, **P<0.01.

Fig. 3. Representative aortic sections of Oil Red staining from control group
(a) and group weated with 100 mg'kgiday of atorvastatin (b). Atorvastatin
treatment did not affect Oil Red area staining. Original magnification 40x.

Kralove, Czech Republic). To quantify the bands of interest,
exposed films were scanned with a GS-800 Calibrated
Densitometer (Bio-Rad Laboratories, Hercules, CA, USA)
and quantified using the QuantityOne imaging software (Bio-
Rad Laboratories).
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Fig. 4. Quantitative stereological analysis of Oil Red staining. Atorvastatin
treatment did not significantly affect the area of OilRed staining. Only mild and
non-significant reduction was observed after treatment with atorvastatin ata
dose of 100 mg/kg/day.
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Fig. 5. Representative anrtic sections showing immunohistochemical staining of VCAM-1 (a, b) and ICAM-1 (¢, d) expression in aortic sinus. In the contral group, fhe
expression of VCAM-1 is stong in atheroackerosis lesion (arrowheads), in endothelium (arrows), and in vessel media in areas under the lesions (asterisk). (3). VCAM:|
expression is decreased afier administration of 100 mg/kg/day of atorvastatin especially inside the lesion () in comparison with control mice (a). [CAM- | expression in
control growp is marked in endothelinm (arrows) and inside aferoscleratic lesion (arrow heads) (€). Also strong diminution of ICAM- | staining after atorvastatin treatment
at 100 mg/kg/day is visible predominandy inside the lesion (d) when compared wifh cortrol mice (¢). Endothelial expression of both VCAM-1 and ICAM-1 seemed to be
unaffected by the atorvastatin treatment (b, d). Specificity of the immunostaining was assessad by omitting of primary antibody and staining with nonimmune isotype-
matched immunoglobulins for VCAM-1 (¢) and ICAM- 1 (f). Original magnification 100

Statistical analysis groups was assessed by ANOVA test followed by Dunnett test
for comparisons between treated and control group with the use

All values in the graphs are presented as a mean+SEM of  of the GraphPad Prism software (version 4.0). 7 values of 0.05
n=8 animals. Statistical significance in the differences between  or less were considered statistically significant.
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Biochemical analysis of blood samples of apoE/LDLR-
deficient mice showed that administration of atorvastatin at a -,E
dose of 100 mg/kp/day resulted in a significant decrease of total 002
cholesterol (51.90+1.72 vs. 28.2343.30 mmoll, P<0.001) in
comparison with control (non-treated) mice. Moreover the oto

administration of this dose of atorvastatin resulted in a
significant decrease of VLDL-cholesterol (32414097 vs.
16104241 mmoll, P<0.001), LDL-cholesterol (18.59:4£0.81
vs, 11004104 mmoll, P<0.001) ad TAG levels (5264
0.729 vs. 2.13£0.312 mmol 1, P<0.001) when compared with
control mice (Fig. 1). In addition to these hypolipidemic effects
atorvastatin treatment significantly increased levels of HDL-
cholesterol at doses of 10 mghkg/day (0.90£0.07 vs. 1.244
011 mmol/l, P=0.05), and 100 mgkg (0.90£0.07 vs. 113+
0.04 mmol/1, £<0.05) in comparison with control (non-treated)
mice (Fig. 1). Conversely, treatment with the dose of 10 mg/kg/
day resulted only in mild and non-significant decrease of total
cholesterol, VLDL, LDL and TAG (Fig. 1).

ELISA analysis

ELISA analysis was aimed to reveal the effects ofatorvastatin
on pro-inflammatory monocyte chemotactic protein-1 (MCP-1)
in blood. Atorvastatin treatment significantly decreased levels of
MCP-1 in blood at the dose of 10 mg/kg/day (127.244836 vs.
208.03£25.30 mmol/l, P<0.05), and 100 mg/kg/day (104.54 %
13.56 vs. 20803 22530 mmol/l, P<0.01) in comparison with
control (non-treated) mice (Fig. 2).

Oil Red staining

The size of atherosclerotic lesions was quantified in all
groups of animals by mezns of Oil Red staining (Fig. 3) and
stereology (Fig. 4). Quantitative analysis of Oil Red stained
sortic sections of atherosclerotic lesions indicated only very
mild reduction in lesion size in the group treated with 100 mg/
kg/day of atorvastatin compared with control mice (Fig. 4).
Moreover, surprisingly, we observed mild increase in Oil Red
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Fig. 6. The area of VCAM-] expression in aoetic root Atorvastatin reatment{ dose
100 meghg/day) resulied in a significant diminution of VCAM:] expression
congpared with control mice. Values are means+ SEM, n=8, ¥**P<(0.001.

-
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Fig. 7. The areanfICAM-| expression in aortic root. The expression of ICAM-1
ws significantly reduced in group treated with storvastatin st 3 dose of 100 mg
kgfdsy in comparisn with control mice. Values are means+SEM, a=§,
Pl

staining area in mice treated with atorvastatin &t 10 mg/kg/day
(Fig. 4).

Immunohistochemical staining of VCAM-1 and 1CAM-1

In the control group, expression of VCAM-1 was observed
in blood vessel intima (atherosclerotic lesion) and in endothe-
limm covering atherosclerotic lesion as well as in endothelium
outside the lesion (Fig. 5a). Moreover strong VCAM-1
expression was visible in smooth muscle cells of tunica media
in areas under the lesions (Fig. 5a).

The staining patterns of VCAM-1 in storvastatin-trezted
animals were similar. However strong reduction was notable
especially inside the atherosclerotic lesion (Fig. 3b)and in some
animals treated with 100 mg/kg/day even in vessel media under
the lesion.

ICAM-1 expression in both control and atorvastatin-treated
mice was visible in endotheliim covering the lesion and outside
it together with the expression inside the atherosclerotic lesion
(Fig. 5¢, d). Mo orvery weak expression of ICAM-1 was visible
in medial smooth muscle (Fig. 5¢). Atorvastatin (100 mg'kg/
day) wreatment also decreased ICAM-1 expression predomi-
nantly inside the atherosclerotic plague (Fig. 5d).

Stereological analysis of VCAM-1 and ICAM-1 expression

Stereological analysis of VCAM-1 staining confirmed
significant diminution of VCAM-1 expression only in mice
treated with the higher dose of atorvastatin (0.09640.004 vs.

cemtral ATV Limpikgiday ATV 10 mpfepiday
i.»_w ‘*—\ —'wm

Fig. & Representative Western blot of VCAM-1 in the descending aoras from

control mice and mice freated with atorvastatin (either 10 mgde/day or 100 mg/

kgfday). Pooled samples from each group {n =8 in each group) were separated

on a 12% polyacrylamide gel. Blots were detocted with Anti-Mouse VCAM-1
antibaody.
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Fig. 9. Quantitative analysis of pro®in expression, VCAM-1 prokein expression
ws significantly decreased in group treated with 100 mg/ke/day of abnevastatin
companed with control mice. *P<0.05.

0,047 £0.006 mm>, P=0.001) when compared with non-treated
mice (Fig. 6).

Moreover significant decrease of ICAM-1 expression was
confirmed in mice treated with 100 mg/kg/day (0,045 0.002 vs,
002840004 mm?, P<0.01) in comparison to control mice
(Fig. 7). Atorvastatin treatment with 10 mg'kg/day did not
significantly decrease expression ofeither VCAM-1 or ICAM-1,

Western blat analysis

The protein expression of YCAM-1 in the descending aortas
of all groups of mice was examined by Western blot analysis,
Western blot analysis of pooled samples from each group is
shown in Fig. 8. The group treated with atorvastatin at 100 mg/
kg/day showed a lower band intensity of VCAM-1 compared
with untreated mice. Densitometric analysis indicated that
100 mg/kg/day of atorvastatin significantly decreased VCAM-1
expression (803943551 vs. 100,00+ 1.84%, P<0.05) com-
pared with non-treated mice (Fig. 9).

[¥iscussion

The advent of HMG-CoA reductase inhibitors, or statins, has
revolutionized the treatment of hypercholesterolemia. Stating
competitively inhibit HMG-CoA reductase, the enzyme that
catalyzes the rate-limiting step i cholesterol biosynthesis. In
addition a growing body of evidence suggests that statins exert
beneficial vascular effects that are independent of their
cholesterol-lowering potencies (Calabro and Yeh, 2005). In
spite of the fact that stating are strong in decreasing of LDL-
cholesterol and rosuvastatin also in incressing of HDL-
cholesterol (Scharmagl and Marz, 2005; Scheen, 2006),
combination treatment with other hypolipidemics with different
mechanism of action is still required. The main goal of this
strategy is to affect lipid parameters more completely and if
possible to decrease the dose of statins to eliminate their
possible adverse effects (Davidson and Robinson, 2007, Patel
and Hughes, 2006). Thus statins are widely used in combination
with ezetimibe (Pascual lzuel et al, 2005), fibrates (Jones,
2007) and niacin (Borges, 2005). Moreover new drugs or

hypolipidemic substances are still under research. Therefore a
good animal model where statin treatment would mimic the
effects of stating in humans is required.

However statin effects in animal models of atherosclerosis
are not very consistent, It has been demonstrated that statins
exert some beneficial effects when administered to the most
common models of atherogenesis rabbits and mice (Hernandez-
Presa et al, 2002; Johnston et al., 2001}, In rabbits, statins
decrease cholesterol levels, lesion size and some inflammatory
markers (Bustos et al., 1998, Nachtigal et al., 2005; Zhao etal,,
2005). On the other hand rabbit atherogenesis (lesion develop-
ment) is different from that in humans because rabbits usually
develop fatty streaks or fibromuscular lesions but not advanced
lesions, and moreover cholesterol overload in rabbits is
necessary for the induction of atherosclerotic changes (Yanni,
2004). Therefore mouse models of atherosclerosis, mainly
apoE-deficient mice and LDLR-deficient mice, are used
(Bisgaier et al, 1997; Wang et al., 2002). However the effects
of statins in these mouse models of atherosclerosis are
controversial.

ApoE-deficient mouse is a well-established genetic mouse
model of atherogenic hypercholesterolemia, which is similar to
hyperlipoproteinemia type 111 in humans. These mice lack their
principal ligand for the LDL receptor and, therefore, develop
hypercholesterolemia and atherosclerosis on diet with normal
fat content (Reddick et al., 1994). It has been demonstrated that
stating do not decrease cholesterol levels in these mice but have
positive anti-atherosclerotic effects, including decreased levels
cholesterol in aorta (Sparrow et al., 2001), decreased expression
of cell adhesion molecules (Monetti et al., 2007; Nachtigal
et al., 2006b), and reduction of tissue factor expression (Monetti
etal., 2007). Conversely, others have demonstrated that statins
icrease cholesterol levels in these mice, which is accompanied
by no benefit in the vessel wall (Nachtigal et al., 2006a), or lead
to incressed atherosclerosis with no effect on endothelial
function (Wang et al., 2002). Moreover it has been proposed
that the enhanced hypercholesterolemia observed in apoE-
deficient mice treated with simvastatin is caused by alterations
in the assembly of VLDL by the liver, thus clearly demonstrat-
g that apoE-deficient mice constimte a poor model to
mvestigate potential effects of statins in the development of
atherosclerosis (Fu and Borensztajn, 2006). Thus, we propose
that the experimental design, especially the duration of
treatment, the age of animals and the diet used, must be taken
mte consideration when studying statin effects in apoE-
deficient mice.

LDL receptor-deficient mice represent another well-
described and frequently used model of atherosclerosis. It has
been demonstrated that statins decresse cholesterol levels in
these mice and possess also anti-atherosclerotic effects and
ameliorate endothelial dysfunction (Bisgaier et al., 1997; Wang
et al., 2002). On the other hand it has been demonstrated that
LDL receptor-deficient mice develop much smaller athero-
sclerotic lesions when compared with apoE-deficient mice, or
that long-term cholesterol feeding up to § months must be used.
Thus these mice are not a very suitable model for sudying statin
effects on well developed atherosclerotic lesions.
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ApoE/LDLR-deficient mice that develop severe hyperlipi-
demia and atherosclerosis were introduced by Ishibashi et al.
(1994). It has been reported that the progression of athero-
sclerosis is usually more marked in apoE/LDLR-deficient mice
than in mice deficient in apoE alone (Witting et al., 1999). Thus,
apoELDLE-deficient mice were considered as one of the best
models to study the anti-atherosclerotic effect of several
substances (Jawien et al, 2005, 2007, Olszanecki et al., 2003).

Since nothing is known about statin effects in apoE/LDLR-
deficient mice, in the present study we used these mice to study
the effects of two doses of atorvastatin (10 and 100 mg/kg/day)
on lipid levels and inflammatory markers both in blood and
vessel wall. We demonstrated significant decrease of total
cholesterol, VLDL-, LDL-cholesterol and trighycerides but only
after 100 mg/kg/day dose of atorvastatin when compared with
non-treated mice. Prior stdies in both mice and rats have
supgested marked inactivation of HMG-CoA reductase inhibi-
tors caused by robust P450 enzyme induction (Greenspan etal.,
198%) and elevation of HMG-CoA reductase levels (Kita et al,,
1980). This seems to be the explanation why atorvastatin
treatment at 10 mg/kg/day did not result in hy polipidemic effect
and why a higher dose of statins must be used in mice when
compared with humans. Moreover we found a significant
mcrease of HDL-cholesterol in both atorvastatin-treated groups.
However, it has been demonstrated that statins decrease levels
of HDL-cholesterol m LDL receptor-deficient mice (Bisgaier
et al., 1997, Wang et al., 2002) or its levels are increased
together with all other lipoproteins levels in apoE-deficient
mice (Machtigal et al., 2006a). Thus, atorvastatin effects on
LDL and HDL levels demonstrated in this study are unique
between mouse models of atherosclerosis and moreover similar
to rosuvastatin effects on lipids described in humans (Scheen,
2006).

On the other hand it st be stated that there are differences
between cholesterol metabolism in mice and humans. Mice
possess a major amount of cholesterol in VLDL but in humans
the major amount of cholesterol is in LDL fraction. Also double
deficit of apoE lipoprotein and LDL receptor has not been
described in humans, thus a possible hypolipidemic mechanism
of action in these mice must be different from hypolipidemic
effects of stating in humans, In spite of these differences the
final effects of atorvastatin treatment in these mice somehow
mimic the effects of latest used statins on lipids in humans
(Scheen, 2006).

Another beneficial effect of the stating may be related to their
capacity to inhibit expression of pro-inflammatory chemokines
by cells. MCP-1, a member of the C-C chemokine family is a
potent chemotactic factor for monocytes and has been shown to
play a fundamental role in the initiation and progression of
atherosclerotic lesions in hyperlipidemic mice (Aiello et al,
1999), In the present study atorvastatin treatment resulted in a
significant decrease of this inflammatory marker in blood
serum. Similar effects of statin treatment were described inmice
(Han et al, 2005, Kleemann et al., 2003) and humans
{Mulhzupt et al., 2003).

Atorvastatin treatment at 100 mg/kgiday, however, resulted
only in a very mild decrease of Oil Red staining in the asorta,

suggesting that lesion size was not affected. Moreover
atorvastatin treatment at 10 mg/kg'day resulted in mild non-
significant increase in lesion size when compared with control
mice. This effect could reflect that the 10 mgkp/day dose of
atorvastatin was not sufficient to affect either cholesterol or
inflammatory marker expression and thus the slight increase
could indicate minor progression of atherogenesis in mice
treated with this dose of atorvastatin, However, further smdies
are necessary for the clarification of these negative results of
atorvastatin treatment on plague size.

We also smdied the expression of inflanmatory markers in
the vessel wall. Members of the immunoglobulin superfamily of
endothelial adhesion molecules, vascular cell adhesion mole-
cule (VCAM-1) and intercellular cell adhesion molecule
{ICAM-1), strongly participate in leukocyte adhesion to the
endothelium. The expression of VCAM-1 and ICAM-1 was
studied by several authors in rabbit and mouse models of
atherosclerosis (liyama et al., 1999; Li et al, 1993, Nakashima
et al., 1998). It has been shown that VCAM-1 and 1CAM-1 are
detected in the regions predisposed to atherosclerotic lesion
formation in normocholesterolemic rabbits, and the expression
of both molecules is upregulated by a high-cholesterol diet in
rabbits and mice (liyama et al,, 1999). In this smdy the
expression of VCAM-1 was strong in endothelium, inside the
lesion and moreover in vessel media under the atherosclerotic
lesions. ICAM-1 was detected predominantly in endothelium
and in atherosclerotic lesion. These results are consistent with
CAM expression described by livama et al. (1999). Immuno-
histochemical staining showed that atorvastatin treatment
{100 mphkgiday) resulted in decreased expression of both
ICAM-1 and VCAM-1 predominantly inside atherosclerotic
lesion (e.g. in macrophages, T lymphocytes, and smooth muscle
cells) and partially in vessel media under the lesion for VCAM-
1 {smooth muscle cells) but not in endothelium. We cannot
address which cells inside the plaque were responsible for the
decreased expression of both adhesion molecules because we
did not perform double immunostaining of VCAM-1 and
ICAM-1 with markers of these cells. The reduced expression of
VCAM-1 and ICAM-1 only in plague cells but not in
endothelium could reflect that endothelizl expression of both
VCAM-1 and ICAM-1 is not so strongly correlated with
cholesterol levels in mice as was demonstrated previously
{Nachtigal et al., 2006a;, Zibara et al., 2000). Reduced
expression of VCAM-1 and ICAM-1 in the vessel wall was
confirmed by stereological malysis and also by Western blot
analysis of VCAM-1.

Thus these results clearly demonstrate strong anti-inflam-
matory effects of atorvastatin treatment at a dose of 100 mg/kg/
day in apoE/LDLR-deficient mice, as has also been demon-
strated in humans (Tsiara et al., 2003),

The above mentioned results strongly propose that apoE/
LDLR-deficient mice might be used for the study of potential
novel antiatherogenic substances with stating where one can
monitor possible benefit of combination treatment of statins and
new substances being tested.

In conclusion, to the best of our knowledge, we demonstrated
here for the first time strong hypolipidemic and anti-inflammatory
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effects of atorvastatin in apoE/LDLR-deficient mice. Only
treatment with the higher dose of atorvastatin (100 mg/kg/day)
resulted in a significant decrease of lipid parameters including
LDL-cholesterol and triglycerides with concurrent increase in
HDL-<cholesterol. Anti-inflammatory effects included decrease in
serum levels of MCP-1 and strong reduction of VCAM-1 and
ICAM-1 expression in the vessel wall. Thus, we propose that
apoE/LDLR-deficientmice might be a good animal model for the
sudy of statin effects on potential novel markers involved in
atheropenesis. Moreover, in spite of probably different mechan-
ism of action of atorvastatin in these mice when compared with
humans, the final effects in this animal model mimicthe effects of
stating in humans. Thus, we propose that these mice can be used
for the testing of potential combination treatment of new
hypolipidemic substances with statins.
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Semecky V
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Abstract

Endoglin is a homodimeric transmembrane glycoprotein that has been
demonstrated to affect transforming growth factor B (TGF-B) signaling and endothelial
nitric oxide synthase (eNOS) expression by affecting SMAD proteins in vitro. Thus, in
this study we stepped forward to elucidate whether endoglin is co-expressed with
SMAD?2, phosphorylated SMAD2/3 proteins and eNOS in vivo in atherosclerotic
lesions in ApoE/LDLR double knockout mice. In addition, we sought whether endoglin
expression as well as the expression of SMAD?2, phosphorylated SMAD2/3 and eNOS
is affected by atorvastatin treatment.

Two-month—old female ApoE/LDLR double knockout mice were divided into
two groups. The control group was fed with the western type diet whereas in the
atorvastatin group, atorvastatin at dose 100 mg/kg per day was added to the same diet.
Immunohistochemical and western blot analysis of endoglin, SMAD2, phosphorylated
SMAD?2/3 and eNOS expressions in aorta were performed.

The biochemical analysis showed that administration of atorvastatin significantly
decreased level of total cholesterol, VLDL, LDL, TAG, and significantly increased
level of HDL cholesterol. Fluorescence immunohistochemistry showed endoglin co-
expression with SMAD2, phosphorylated SMAD2/3 and eNOS in aortic endothelium
covering atherosclerotic lesions in both control and atorvastatin treated mice. Western
blot analysis demonstrated that atorvastatin significantly increased expression of
endoglin, SMAD2, phosphorylated SMAD2/3, and eNOS in mice aorta.

In conclusion, these findings suggest, that endoglin might be interesting marker
of endothelial dysfunction and/or atherogenesis which is upregulated by statins
implicating potential beneficial role of endoglin and its pathway in atherosclerosis.

Keywords: endoglin; SMAD2; P-SMAD?2/3; eNOS; atorvastatin; apoE/LDLr-deficient

mice

105


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Nachtigal%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Pospisilova%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Pospechova%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Semecky%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1

Atorvastatin increases endoglin, SMADZ2, p-SMAD 2/3 and eNOS expression in
apoE/LDLR-deficient mice.

Introduction

Endoglin is a 190-kDa homodimeric transmembrane glycoprotein composed of
95-kDa disulfide-linked subunits (Guerrero-Esteo 1999). The primary sequence of
human endoglin is composed of an extracellular domain of 561 amino acids, a single
transmembrane region, and a cytoplasmic tail (Zhang 1996). Mutations in the gene
encoding endoglin have been linked to the human disease: hereditary hemorrhagic
telangiectasia type 1 (HHT1), an autosomal dominant inherited vascular disorder (Behr-
Roussel 2000). Endoglin is a part of the transforming growth factor-p (TGF-f) receptor
cascade and it is known as a type Ill TGF-p receptor. Endoglin forms complexes with
heteromeric complexes of type I and type II serine/threonine kinase receptors (TBRI and
TBRII), respectively and has been postulated to affect TGF-B1 signaling (Conley 2000).
Activation of TGF-B signaling results in activation and translocation of the SMAD
family of proteins to the nucleus to participate in regulating gene expression (Lebrin
2005). We previously demonstrated that endoglin is expressed by aortic vessel
endothelium in normo- and hypercholesterolemic mice (Nachtigal 2006, Nachtigal
2007). Moreover, endoglin expression was also detected in human and porcine
atherosclerotic lesions (Behr-Roussel 2000, Conley 2000, Piao 2006).

The endothelium plays a dual role in the regulation of the vasomotor tone. It
produces and releases both relaxing and constricting factors. The main vasorelaxing
factor produced by endothelial cells (EC) is nitric oxide (NO) (Lahera 2007). NO
possesses several important biological effects including the inhibition of cell adhesion
molecules expression and thus leukocyte adhesion to endothelium, inhibition of platelet
aggregation and activation and inhibition of smooth muscle proliferation (Sessa 2004).
NO synthesis by endothelium is maintained by endothelial nitric oxide synthase (eNOS)
which is constitutively expressed but also affected by different stimuli including
hypoxia, shear stress and LDL. It has been demonstrated that alteration of eNOS
expression is related to the development and progression of atherosclerosis (Mungrue
2003).

Lipid-lowering drugs offer one of the most effective therapeutic approaches used
in clinical practice for the prevention and treatment of atherosclerosis. Statins, a well
known class of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors, are active in the primary and secondary prevention of coronary heart disease
and are the drugs most widely used for these purposes (Schonbeck 2004). Regarding
endoglin regulatory pathway, it has been demonstrated that endoglin expression by
endothelium in non-atherosclerotic vessels in mice is affected by atorvastatin treatment
(Nachtigal 2006) and that statins can increase eNOS expression by endothelium
(Schalkwijk 2007).

Recently it has been demonstrated that endoglin expression correlates with
eNOS expression and NO-dependent vasodilatation (Jerkic 2004), and that endoglin
increases eNOS expression by modulating SMAD?2 protein levels in endothelial cells in
vitro (Santibanez 2007). However, to the best to our knowledge there are no available
data demonstrating that endoglin co-localizes with SMAD2 and eNOS in endothelial
cells in vivo. Moreover, it is unsure whether the proteins of this pathway could be
affected by statin treatment in atherosclerotic lesions.

Thus, in this study we wanted to elucidate whether endoglin is co-expressed with
SMAD2, phosphorylated SMAD2/3 proteins and eNOS in vivo in advanced
atherosclerotic lesions in ApoE/LDLR double knockout mice by means of fluorescence
immohistochemistry and whether endoglin expression and expression of SMAD?2,
phosphorylated SMAD2/3 and eNOS as well is affected by atorvastatin treatment.
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Material and methods
Animals

Two-month old female ApoE/LDLR double knockout mice on a C57BL/6J
background (n=16) (Taconic Europe, Lille Skensved, Denmark) were randomly
subdivided into two groups.

All mice were fed with the different experimental diets for further 2 months with

water ad libitum throughout the study. The control group of animals (n=8) was fed the
western type diet (atherogenic diet) containing 21% fat (11% saturated fat) and 0.15%
cholesterol by weight. The same atherogenic diet and treatment period was used in
atorvastatin treated mice (n=8) where atorvastatin was added to the diet at a dose of 100
mg/kg per day. The dosage of atorvastatin used in this study was chosen according to
both our own and others’ experiments with apoE — deficient or LDLr — deficient mice
and statins, where the doses ranged from 10 mg/kg/day up to 300 mg/kg/day (Zadelaar
2007). Each mouse, in both groups, lived in a separate cage obtaining 4 g of food (in
specially prepared pellets) daily. The food consumption was monitored every day. No
differences in the food consumption were visible, either between animals of one
experimental group or between experimental groups.
At the end of the treatment period, all animals were fasted overnight and euthanized.
Blood samples were collected via cardiac puncture at the time of death. The aortas,
attached to the top half of the heart, were removed and then immersed in OCT (Optimal
Cutting Temperature) embedding medium (Leica, Prague, Czech Republic), snap frozen
in liquid nitrogen and stored at -80°C. Descending aortas for western blot analysis were
frozen in liquid nitrogen and stored at -80°C.

Biochemistry

Serum lipoprotein fractions were prepared using NaCl density gradient
ultracentrifugation (Beckman TL 100, Palo Alto, CA). The lipoprotein fractions were
distinguished in the following density ranges: very low density lipoprotein
(VLDL) < 1.006 g/ml; low density lipoprotein (LDL) < 1.063 g/ml; and high density
lipoprotein (HDL) > 1.063 g/ml. Total concentration and lipoprotein fraction
concentration of cholesterol were assessed enzymatically by conventional diagnostic
kits (Lachema, Brno, Czech Republic) and spectrophotometric analysis (cholesterol at
510 nm, triglycerides, at 540 nm wavelength), (ULTROSPECT IIl, Pharmacia LKB
Biotechnology, Uppsala, Sweden).

Immunohistochemistry

Sequential tissue sectioning started in the mouse heart until the aortic root
containing semilunar valves together with the aorta appeared. From this point on, serial
cross-sections (7um) were cut on a cryostat and placed on gelatin-coated slides.
Sections were air-dried and then slides were fixed for 20 minutes in acetone at -20°C.
For the detection of endoglin expression slides were rinsed in PBS (pH 7.4) and then
incubated with anti avidin and anti biotin solutions (Vector Laboratories, USA). After
blocking of nonspecific binding sites with 10% normal goat serum (Sigma-Aldrich
Chemie, Germany) in PBS solution (pH 7.4) for 30 min, slides were incubated with
primary antibodies for 1 hour at room temperature. After a PBS rinse, the slides were
developed with biotin-conjugated goat anti-rat Ig (diluted 1/400 in BSA) (BD
Pharmingen™, California, USA) in the presence of 200 pg/ml normal mouse IgG
(Dako, Denmark). Antibody reactivity was detected using HRP (Horseradish
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peroxidase)-conjugated biotin-avidin complexes (Vector Laboratories, USA) and
developed with diaminobenzidine tetrahydrochloride substrate (Dako, Denmark).

For the double fluorescence staining goat anti-rat secondary antibody marked
with green fluorochrome (CY2) was used (diluted 1/100 in BSA) to detect endoglin.
Goat anti-rabbit secondary antibody marked with red fluorochrome (CY3) was used
(diluted 1/100 in BSA) for the detection of SMAD2, SMAD2/3 and eNOS. The
specificity of the immunostaining was assessed by staining with nonimmune isotype-
matched immunoglobulins.

Primary antibodies included the following: monoclonal antibody Rat Anti-
Mouse Endoglin CD 105 (diluted 1:50) purchased from BD Pharmingen (California,
USA), Rabbit polyclonal antibodies to phosphorylated P-SMAD2/3 (diluted 1:100) and
eNOS (diluted 1:100), obtained from SantaCruz Biotechnology, Inc., (California, USA)
and Rabbit polyclonal antibody directed to SMAD2 (diluted 1:30), obtained from
Abcam (Cambridge, UK).

Photo documentation and image digitizing from the microscope were performed
with the Olympus AX 70 light and fluorescence microscope, with a digital firewire
camera Pixelink PL-A642 (Vitana Corp. Ottawa, Canada) and with VDS Vosskuehler
CD-1300QB monochromatic camera for the fluorescence with image analysis software
NIS (Laboratory Imaging, Czech Republic).

Western Blot Analysis

Western blot analysis was performed as described previously (Nachtigal 2008).
Briefly, descending aortas from both groups of mice were homogenized in lysis buffer
containing 10 mM Tris, 250 mM saccharose, 1 mM EDTA and protease inhibitor
cocktail (Complete Mini, Roche Diagnostics GmbH, Mannheim, Germany). The
homogenates were centrifuged at 2,500 rpm for 10 minutes and 10.000 rpm for 30
minutes at 4 °C. The protein concentration in the supernatant was determined with the
BCA Protein Assay Kit (Pierce, Rockford, IL). Samples (10 pg protein) were incubated
with sample buffer at room temperature for 30 minutes and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% resp. 7.5%
polyacrylamide gels. After the proteins were transferred to a nitrocellulose membrane
(Bio-Rad, Hercules, CA, USA), they were blocked for 1 h with 5% nonfat dry milk in
Tris-buffered saline containing 0.05% Tween 20 (TBST). The membrane was then
incubated with primary antibodies (same as for immunohistochemistry — see above) at
the following concentrations: endoglin (90-95 kDa) and eNOS (140 kDa) at 1:500,
SMAD?2 (58 kDa) and P-SMAD2/3 (52 kDa) at 1:300, secondary rabbit anti-goat
horseradish peroxidase-conjugated antibody at 1:5000 and horseradish peroxidase-
linked donkey anti-rabbit immunoglobulin G (GE Healthcare, Prague, CZ) at 1:2500 or
1:1000. After washing with TBST buffer, the membranes were developed using
SuperSignal West Femto Maximum sensitivity Substrate (Pierce, Rockford, IL). The
membranes were subsequently exposed to Hyperfilms (GE Healthcare, Prague, CZ). To
quantify the bands of interest, exposed films were scanned with a ScanMaker 1900
(UMAX, Prague, CZ) and quantified using the QuantityOne imaging software (Bio-Rad
Laboratories). Equal loading of proteins onto the gel was confirmed by
immunodetection of beta-actin (Anti-beta-actin antibody, Sigma, USA — diluted at
1:5000).
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Statistical analysis

All values in the graphs are presented as a mean = SEM of n=8 animals.
Statistical significance in the differences between groups was assessed by t-test with the
use of the GraphPad Prism software (version 5.0). P values of 0.05 or less were
considered statistically significant.

Results

Biochemistry

Biochemical analysis of blood samples of ApoE/LDLR double knockout mice
showed that the administration of 100 mg/kg/day of atorvastatin resulted in a significant
decrease of total cholesterol (51.9 + 1.7 vs. 28.2 + 3.3 mmol/l, P < 0.001) in comparison
with control (non-treated) mice. Moreover the administration of atorvastatin also
resulted in a significant decrease of VLDL cholesterol (32.4 = 1.0 vs. 16.1 £ 2.4 mmol/l,
P <0.001), LDL cholesterol (18.6 + 0.8 vs. 11.0 = 1.0 mmol/l, P <0.001) and TAG
levels (5.3 £ 0.7 vs. 2.1 £ 0.3 mmol/l, P < 0.001) when compared with control mice
(Fig.1). In addition to these hypolipidemic effects, atorvastatin treatment significantly
increased levels of HDL cholesterol (0.9 + 0.07 vs. 1.1 £ 0.04 mmol/l, P < 0.05) in
comparison with control (non-treated) mice (Fig. 1).

Fig. 1. Determination of lipid profile in ApoE/LDLR double knockout mice. Atorvastatin
treatment significantly decreased total cholesterol, LDL cholesterol, VLDL cholesterol and
TAG levels when compared with control mice. Moreover HDL cholesterol levels were
increased in atorvastatin treated groups. Values are means + SEM, n = 8. ***p< 0.001,
*p< 0.05.
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Immunohistochemical staining of endoglin in apoE/LDLR double knockout mice.

The expression of endoglin in aortic sinus of ApoE/LDLR double knockout mice
was visible predominantly in endothelium covering the atherosclerotic lesion,
endothelium of aortic valves, outside the lesion and in the capillaries of surrounding
myocardium (Fig. 2A, B). However, in some vessels, weak staining was also visible in
atherosclerotic lesion suggesting the additional expression of endoglin by other intimal
cells. The staining pattern of endoglin expression was similar in both control and
atorvastatin treated mice, however stronger staining intensity of endoglin predominantly
in endothelium covering atherosclerotic lesion was seen in atorvastatin treated mice
(Fig. 2A, B).

Fig. 2. Endoglin expression in aorta of control (A) and atorvastatin (B) treated apoE/LDLr-
deficient mice. The expression of endoglin was visible in endothelium covering the
atherosclerotic lesion (arrows), endothelium of aortic valves (arrowhead) outside the lesion, and
in capillaries in surrounding myocardium (asterisk). Weak expression was also detected in
intimal cells of atherosclerotic plaque (white arrow). The staining of endoglin especially in
endothelium covering atherosclerotic lesion was stronger in atorvastatin treated animals (B)
when compared with controls (A). The slides were counterstained with hematoxyline. Original
magnification 40x.
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Colocalization study of endoglin with SMAD2, phosphorylated SMAD2/3 and
eNOS in ApoE/LDLR double knockout mice.

Double fluorescence staining of endoglin with SMAD2, phosphorylated
SMAD?2/3 and eNOS was performed. The expression of SMAD2 was detected by anti
SMAD?2 antibody, which should detect the inactivated (non-phosphorylated) form of
SMAD? in cells. The expression of phosphorylated SMAD2/3 was detected by anti
SMAD?2/3 antibody, which should detect activated (phosphorylated) form of SMAD2/3.
The results revealed strong co-expression of endoglin with SMAD2 (Fig. 3),
phosphorylated SMAD2/3 (Fig. 4), and eNOS (Fig. 5) in aortic vessel endothelium
covering the atherosclerotic plaque in both control and atorvastatin treated mice.
SMAD?2 and phosphorylated SMAD2/3 expression was also detected in intimal cells of
atherosclerotic plaque (Fig. 4); however no colocalization with endoglin was detected in
this area. No significant differences in colocalization staining patterns of all proteins
were visible in control and atorvastatin treated mice (data not shown).

Fig. 3. Co-expression of endoglin and SMAD?2 in aorta of control apoE/LDLr-deficient mice.
Endoglin (green) and SMAD2 (red) co-expression was detected only in aortic vessel
endothelium covering the atherosclerotic plaque (arrows). No co-localization was detected
inside the atherosclerotic lesion. Hoechst dye (blue) was used for the counterstaining. Original
magnification 100x.
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Fig. 4. Co-expression of endoglin and P-SMAD2/3 in aorta of control apoE/LDLr-deficient
mice. Endoglin (green) and SMAD2/3 (red) co-expression was detected only in aortic vessel
endothelium covering the atherosclerotic plaque (arrows). Strong P-SMAD2/3 staining is also
visible in atherosclerotic intima and partially vessel media (arrowhead), however no co-
localization was detected in this area. Hoechst dye (blue) was used for the counterstaining.
Original magnification 100x.
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Fig. 5. Co-expression of endoglin and eNOS in aorta of control apoE/LDLr-deficient mice.
Endoglin (green) and eNOS (red) co-expression was detected only in aortic vessel endothelium
covering the atherosclerotic plaque (arrows). Hoechst dye (blue) was used for the
counterstaining. Original magnification 100x.
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Western Blot Analysis

The protein expression of eNOS, SMAD2, P-SMAD2/3, and endoglin in the
mice descending aortas was examined by Western blot. As shown in figures 6-9,
atorvastatin treatment (100 mg/kg orally for 2 months) induced expression of all
measured proteins to 132-171% (P < 0.001) of values detected in control untreated
animals. Equal loading of proteins onto gel was confirmed by immunodetection of beta-
actin as exemplified in Fig. 6.
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Fig. 6. Effect of atorvastatin on endoglin protein expression. Atorvastatin treatment increased

endoglin expression. Values are means + SEMs of six measurements; representative
immunoblots are given below; *** p < 0.001 vs. control.
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Fig. 7. Effect of atorvastatin on SMAD2 protein expression. Atorvastatin treatment increased
SMAD?2 expression. Values are means = SEMs of six measurements; representative
immunoblots are given below; *** p < 0.001 vs. control.
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Fig. 8. Effect of atorvastatin on P-SMAD2/3 protein expression. Atorvastatin treatment

increased P-SMAD2/3 expression. Values are means + SEMs of six measurements;
representative immunoblots are given below; *** p < 0.001 vs. control.
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Fig. 9. Effect of atorvastatin on eNOS protein expression. Atorvastatin treatment increased
eNOS expression. Values are means + SEMs of six measurements; representative immunoblots
are given below; *** p < 0.001 vs. control.
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Discussion

Endoglin (or CD105) is a homodimeric membrane glycoprotein that in
association with TGF-p receptors binds TGF-f1 and - B3 isoforms in human endothelial
cells (zZhang 1996). In addition, increased endoglin expression is observed in
endothelial cells (ECs) of microvessels from pathological skin lesions and in the
neovessels of tumors, suggesting a role for endoglin during endothelial cell proliferation
(Letamendia 1998).

The role of endoglin in atherogenesis was also studied recently. Endoglin was
expressed at low levels in normal porcine and human coronary arteries and
overexpressed in diseased arteries not only endothelial cells and fibroblasts but
transiently in smooth muscle cells and macrophages (Conley 2000, Ma 2000, Piao
2006). Moreover, its expression was detected universally in microvessels within the
atheroma suggesting the role in plaque angiogenesis (Li 2006).

On the contrary, in this study we found the expression of endoglin
predominantly in endothelium covering the atherosclerotic lesion, aortic valves, outside
the lesion and in the capillaries of surrounding myocardium in advanced atherosclerotic
lesions in ApoE/LDLR double knockout mice. We found only a weak expression of
endoglin inside atherosclerotic plaque and almost no expression by smooth muscle cells
in vessel media. These results are consistent with our previous studies in non-
atherosclerotic vessels in normo- and hypercholesterolemic mice (Nachtigal 2007,
Pospisilova 2006) suggesting that endoglin is expressed predominantly by vessel
endothelium in mice. This discrepancy with previous mentioned studies in humans
might reflect the differences between human and mice atherogenesis.

Furthermore, it has been shown that endoglin regulates nitric oxide-dependent
vasodilatation, as well as eNOS expression and activity (Jerkic 2004, Toporsian 2005)
In this study, fluorescence immunohistochemistry revealed co-localization of endoglin
and eNOS in aortic vessel endothelium covering the atherosclerotic plaque only,
suggesting the possible role of endoglin in endothelium during atherogenesis. Moreover,
recently Santibanez et al demonstrated that endoglin enhances eNOS expression by
potentiating SMAD2 protein levels in vitro suggesting the role of endoglin in the
regulation of eNOS expression (Santibanez 2007).

Endoglin forms complexes with TPRI and TBRIIL, and has been postulated to
facilitate binding of TGF-B1 to these signaling receptors suggesting that endoglin
affects TGF-p signaling events (Bobik 2006). However, increasing evidence also
indicates that endoglin may have functions independent of TGF-B1. For example, only
about 1% of the endoglin molecules on endothelial cells bind TGF-B, suggesting that
endoglin has another, undefined physiological ligand (Conley 2000). Furthermore it was
demonstrated that endoglin upregulates eNOS expression at the transcriptional level,
both in the absence and in the presence of exogenous TGF-f in endothelial cells (Chen
2008, Chen 2007, Mallat 2002).

We therefore focused on the endoglin relationship with SMAD proteins in our
experiment. It was demonstrated that SMAD2 inhibits proinflammatory adhesion
molecules such as E-Selectin and at the same time induce eNOS expression (Bobik
2006, Feinberg 2005, Saura 2002).

To the best of our knowledge, there are no in vivo studies showing that the
above-mentioned proteins are at least expressed simultaneously in the same cells in the
atherosclerotic lesions.

In this study, we demonstrated strong co-localization of endoglin with SMAD2
and phosphorylated SMAD2/3 in aortic vessel endothelium. Despite the fact that
endoglin, SMAD2 and phosphorylated SMAD?2/3 staining was detected even inside the
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atherosclerotic lesion no co-localization of these proteins was found. Thus, here we
demonstrate for the first time that endoglin, SMAD2, phosphorylated SMAD2/3 and
eNOS are expressed together only by endothelial cells in vivo in advanced
atherosclerotic lesions in mice suggesting their possible role in vessel endothelium
homeostasis and atherogenesis.

We also hypothesized whether endoglin together with SMADs and eNOS could
be affected by the “antiatherogenic” drug treatment in vivo. We therefore used
atorvastatin to assess its effects on endoglin, SMAD?2, phosphorylated SMAD2/3, and
eNOS expression in mouse aorta. In our recent paper we demonstrated, strong
hypolipidemic and anti-inflammatory effects of atorvastatin represented by decreased
MCP-1 levels in blood, and decreased VCAM-1 and ICAM-1 expression in the vessel
wall in ApoE/LDLR double knockout mice (Nachtigal 2008). In this study with same
experimental design atorvastatin treatment significantly increased the expression of
endoglin, SMAD2, phosphorylated SMAD2/3 and eNOS in aorta. Since it was
demonstrated that endoglin enhances the SMAD2 signaling pathway (Santibanez 2007)
and inhibits the SMAD3 signaling pathway, (Blanco 2005, Lebrin 2005) we propose
that increased expression of phosphorylated SMAD2/3 proteins mostly exhibit an
increase of phosphorylated SMAD2 protein. Thus, atorvastatin treatment resulted in
strong hypolipidemic and anti-inflammatory effects (Nachtigal 2008) with concurrent
increase of endoglin, SMAD2, phosphorylated SMAD2/3 and eNOS expression
suggesting positive effect of statin treatment on aortic vessel endothelium in
ApoE/LDLR double knockout mice.

On the contrary, in our previous study we found that atorvastatin decreased
endoglin expression by both hypolipidemic and pleiotropic effects (Nachtigal 2006,
Nachtigal 2007). However, there are some substantial differences when we compare
results of this study with previous ones. Firstly, previous study was made in different
mouse strains, apoE-deficient mice (Nachtigal 2006) and in C57BL/6J mice (Nachtigal
2007). Secondly, in previous experiments we did not detect any atherosclerotic lesions
in these mice and quantified the expression of endoglin in intact non-atherosclerotic
endothelium. We propose that the expression of endoglin might be regulated differently
in intact non-atherosclerotic vessel when compared with vessels with advanced
atherosclerotic lesions. Moreover, the difference of endoglin expression and quantity
here and in previous studies could be also related to the lipid metabolism. In the first
place cholesterol levels in this study with apoE/LDL receptor deficient mice were
markedly higher when compared with previous experiments with C57BL/6J and apoE-
deficient mice. Moreover atorvastatin effects on endoglin expression could also be
related to the presence of LDL receptor which should be markedly increased after statin
treatment. In this study mice do not have LDL receptor which means that atorvastatin
effects must be related to the different mechanism. However we believe that the precise
relationship between cholesterol levels and endoglin expression must be elucidated in
prospective in vitro study in endothelial cells (HUVEC).

The increase of eNOS expression after statin treatment was previously
demonstrated and related to a decrease in LDL and/or through statins inhibition of Rho
geranylgeranylation through statins (Blair 1999, Laufs 1998). It was also suggested that
endoglin might be proatherogenic marker participating in the development and
progression of atherosclerosis (Conley 2000, Ma 2000, Piao 2006). On the contrary we
might propose that the increase of eNOS expression in this study after atorvastatin
treatment was related to the hypolipidemic effect of atorvastatin shown previously
(Nachtigal 2008), which likely caused upregulation of endoglin and SMAD?2 expression
in the vessel wall. This hypothesis is partially consistent with very recent in vitro data
of Chen et al. who clearly demonstrated that cholesterol suppresses and statins enhance
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SMAD?2 phosphorylation (Chen 2008, Chen 2007). However, in vitro mechanistic study
elucidating the influence of cholesterol and/or statins on endoglin expression in
endothelial cells is needed.

In conclusion, we demonstrate here for the first time that endoglin is co-
expressed with SMAD2, phosphorylated SMAD2/3 and eNOS only in aortic
endothelium in vivo, in ApoE/LDLR double knockout mice. In addition, we have shown
that statin treatment significantly induced expression of all above-mentioned proteins in
the vessel wall. Therefore, these findings suggest, that endoglin might be interesting
marker of endothelial dysfunction and/or atherogenesis which is upregulated by statins
implicating potential beneficial role of endoglin molecule in atherosclerosis.
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Souhrn/Summary

Ateroskleréza je jednou z hlavnich pri¢in kardiovaskularnich onemocnént.
Jde o chronické zanétlivé onemocnéni, charakterizované endotelialni dysfunkci s
naslednym hromadénim lipid, leukocytd, hladkych svalovych bunék a
extracelularni matrix vintimé cév, coz ma za nasledek zuzovani cévniho lumen
snaslednou redukci aZ obstrukci cévniho priitoku. Na pocatku aterogenniho
procesu je zména funkce endotelu tzv. endotelidlni dysfunkce. Dochazi k expresi
adheznich molekul a ke zvySené propustnosti endotelu pro monocyty, T lymfocyty
a také lipoproteinové ¢astice. Spousti se bludny kruh aterosklerotického procesu.

Mezi nejvyznamnéjsi adhezni molekuly, které se uplatiiuji na pocatku
aterogeneze patii zejména zadstupci imunoglobulinové skupiny a to VCAM-1
(vascular cell adhesion molekule-1), ICAM-1 (intracellular cell adhesion molekule-
1) a PECAM-1 (platelet-endothelial cell adhesion molekule-1). VCAM-1 a ICAM-1
jsou transmembranové glykoproteiny, které se podileji na stabilizaci vazby
leukocytl k endotelu a podileji se na jejich diapedezi. Exprese téchto adheznich
molekul je ovliviiovdna radou faktorti, které se wuplatiiuji i v patogenezi
aterosklerézy.

Vramci této disertatni prace jsme se zamérili na endotelidlni expresi
adheznich molekul VCAM-1 a ICAM-1 a jeji zmény po podavani atorvastatinu a
dalsich latek u nékolika mysich modeli aterosklerézy.

Porovnavali jsme ac¢inky kratkodobého podavani simvastatinu,
atorvastatinu a MDOC™ na endotelidlni expresi VCAM-1 a ICAM-1 u apoE-
deficietnich mysi. MySi byly krmeny standardni dietou s pfidavkem simvastatinu,
atorvastatinu a MDOC™ po dobu 4 tydnd. Byla provedena biochemicka analyza a
imunohistochemicka detekce exprese VCAM-1 a ICAM-1, ktera byla kvantifikovana
pomoci stereologickych metod. Tato studie pfinesla zejména nové poznatky o latce
ucinky. Také jsme potvrdili protizanétlivé ucinky atorvastatinu nezavislé na jeho
hypolipidemickém ucinku.

Dale jsme porovnavali vliv 8 tydenniho podavani atorvastatinu na
endotelidlni expresi téchto dvou molekul u apoE-deficientnich mysi a C57BL/6]
mysSi, krmenych standardni nebo aterogenni dietou. Prokazali jsme, Ze u mysi

C57BL/6] exprese adheznich molekul nesouvisi s hladinou cholesterolu v krvi.

vvvvv
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sniZzovanim hladiny lipidl v krvi, nebot’ 8 tydenni podavani statinli snizilo expresi
adheznich molekul u mysi C57BL/6] krmenych standardni dietou a to bez
ovlivnéni hladin lipidd v séru.

V dalsi studii jsme sledovali uCinky atorvastatinu u relativné nového mysiho
modelu aterosklerézy - apoE/LDLr deficientnich mysi. Sledovali jsme vliv na
hladiny lipidG v séru, vliv na hladinu monocytarniho chemotaktického proteinu
(MCP-1), ovlivnéni velikosti aterosklerotickych 1ézi a také ovlivnéni exprese
adheznich molekul VCAM-1 a ICAM-1. Prokazali jsme hypolipidemické a
protizanétlivé ucinky statini i u tohoto mysiho modelu. Predpokladame, Ze pravée
tento model by mohl byt vhodnym modelem pro studium ucinku statind a dalSich

latek, které by se daly vyuzit v kombinacni 1écbé pravé se statiny.

Druhou casti této disertani prace bylo urceni lokalizace exprese endoglinu
v cévé postizené ateroskler6zou a ovlivnéni této exprese hladinou cholesterolu
v krvi a podavanim statinu.

Endoglin (CD 105) je komponenta TGF-B-receptorového komplexu, ktery
zprostredkovava bunécnou odpovéd’ na TGF-B 1. Je pritomny vendotelovych
burikach, ucastni se angiogeneze, kardiovaskularniho vyvoje a cévni homeostazy.
Jeho zvySenad exprese byla sledovana na aktivovanych makrofazich, a také na
endotelialnich bunkach ve tkanich, ve kterych probiha angiogeneze, jako jsou hojici
se rany, infarkty a celd fada nadoril. ZvySena exprese je dokazdna v hladkych
svalovych burikdch cév béhem zanétu, poranéni a v aterosklerotickych 1ézich.

V naSich studiich na mysSich modelech ateroskler6zy jsme prokazali expresi
endoglinu zejména voblasti aortdlniho oblouku, a to hlavné v burkach
aktivovaného endotelu, ktery pokryva aterosklerotické 1éze a chlopné. Mimo to byl
endoglin velmi silné byl exprimovan burikami kapilar v okolnim myokardu.

Sledovali jsme vliv hladiny cholesterolu v krvi na endotelidlni expresi
endoglinu a také zmény exprese po podavani atorvastatinu u mysSi kmene
C57BL/6]. Hypercholesterolémie byla u mysi navozena aterogenni dietou. U mysi
nedoSlo krozvoji aterosklerotickych 1ézi, Slo tedy pouze o stadium endotelialni
dysfunkce. Prokazali jsme, Ze exprese endoglinu souvisi s hladinou cholesterolu
v Kkrvi a je sniZena po podavani statinti. Je tedy velmi pravdépodobné, Ze endoglin

ma svoji ulohu v procesu aterogeneze.
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Pro potvrzeni této myslenky jsme v dalsi studii sledovali expresi endoglinu
a jeji ovlivnéni u jiného mySiho modelu ateroskler6zy - apoE-deficientnich mysi.
MySi byly krmené standardni dietou a atorvastatin byl podavan po dobu
4 a 8 tydnt. Ani u téchto mysi nedoslo k rozvoji aterosklerotickych 1ézi. Tato studie
prinesla dal$i informace o expresi endoglinu béhem casné faze aterogeneze.
Potvrdili jsme, Ze zvySend hladina lipida v krvi zvySuje expresi endoglinu a navic se
ukazalo, Ze atorvastatin sniZuje jeho expresi nezavisle na svém hypolipidemickém
ucinku. Na zakladé vysledki téchto studii usuzujeme, Ze endoglin je moZnym
markerem endotelidlni dysfunkce.

V nasi posledni studii, jsme se zamérili na expresi endoglinu a expresi eNOS,
p-Smad2/3 a Smad2 proteinu. V pokusech in vitro je prokdzano, Ze endoglin
podporuje vazodilataci, zvySuje expresi eNOS a to ovlivnénim hladiny proteinu
Smad2. My jsme sledovali expresi endoglinu, Smad2, p-Smad2/3 a eNOS in vivo,
v cévach apoE/LDLr deficientnich mysi, které byly krmené aterogenni dietou.
Soucasné jsme sledovali také vliv podavani statinu na expresi téchto markert. U
mys$i byly detekované vyrazné aterosklerotické léze. Pomoci fluorescencni
imunohistochemie jsme vyhodnotili kolokalizaci exprese endoglinu, Smad2, p-
Smad2/3 a eNOS, kterd byla vyraznd zejména na endotelu pokryvajicim
aterosklerotické léze. Western blot analyza prokazala vyrazné vysSsi expresi
endoglinu, Smad2, pSmad2/3 i eNOS v aorté po 8-tydenim podavani atorvastatinu
ve srovnani s nelé¢enou skupinou.

Pfi porovnani vysledkii nasich dosavadnich studii miZeme fici, Ze endoglin
je potencialni znak endotelidlni dysfunkce a aterogeneze a mize mit
pravdépodobné antiaterogeni vlastnosti, ovSem jeho uloha je pravdépodobné
zavisld na stupni rozvoje aterosklerézy. Nicméné dalsi studie by jeho udlohu

v aterogenezi mély objasnit.
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Atherosclerosis is one of the major causes of cardiovascular morbidity. This
chronic inflammatory disease is characterized by endothelial dysfunction with
accumulation of lipids, leukocytes, smooth muscle cells and extracellular matrix
within the vessel intima. This process results in reducing of the vessel lumen that
can lead to the obstruction of vessel blood flow. The initiation of atherogenic
process is characterized by the alteration of endothelial function which is so-called
endothelial dysfunction. The endothelial dysfunction is characterized by the
expression of cell adhesion molecules and increased endothelial permeability for
monocytes, T-cells and lipoproteins. This is beginning of ,vicious“circle of
atherosclerosis.

On of the most important cell adhesion molecules participating in the
beginning of atherogenesis are members of the immunoglobulin superfamily,
VCAM-1 (vascular cell adhesion molekule-1), ICAM-1 (intracellular cell adhesion
molekule-1) and PECAM-1 (platelet-endothelial cell adhesion molekule-1).VCAM-1
and ICAM-1 are transmembrane glycoproteins participacing predominantly in the
stabilization leukocyte of interaction with endothelium and transmigration of
leukocytes into vessel intima.

In this dissertation thesis, the first studies were focused on the endothelial
expression of VCAM-1 and ICAM-1 in mouse aorta. Moreover the effects of statin
treatment on the expression of these molecules were studied in several mouse
models of atherosclerosis.

The changes of endothelial expression of VCAM-1 and ICAM-1 in the vessel
wall after the short-term administration of simvastatin, atorvastatin, and micro
dispersed derivates of oxidised celulose (MDOC™) in apoE-deficient mice were
studied. Mice received normal chow diet or diet containing simvastatin or
atorvastatin 10 mg/kg/day or MDOC™ 50 mg/kg/day. Biochemical analysis and
stereological analysis of the immunohistochemical staining of VCAM-1 and ICAM-1
were performed. Atorvastatin treatment resulted in reduced expression of both
adhesion molecules suggesting that atorvastatin has anti-inflammatory effects
independent of hypolipidemic effects.

Furthermore, we compared the effect of 8-week atorvastatin treatment on
both lipid parameters and VCAM-1 and ICAM-1 expression in apoE-deficient or
wild type C57BL/6] mice that were fed with either chow or atherogenic diet. We
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demonstrated that endothelial expression of both VCAM-1 and ICAM-1 does not
correlate with cholesterol levels in blood. Moreover, we showed that 8-week
administration of atorvastatin decreased endothelial expression of these adhesion
molecules in C57BL/6] mice fed by chow diet beyond its lipid lowering effect.

We focused on atorvastatin effects in new mouse model of atherosclerosis -
apoE/LDLr deficient mice in other study. Atorvastatin significantly decreased
cholesterol levels, monocyte chemotactic protein-1 (MCP-1) levels in blood, and
expression of cell adhesion molecules VCAM-1 and ICAM-1 in the vessel wall. We
demonstrated strong hypolipidemic and anti-inflammatory effects of atorvastatin
in this mouse model. We propose that this model might be a good animal model for
the study of effects of statins and other substances that could be used in
combination treatment with statins.

The second part of this dissertation was focused on endoglin role in
atherogenesis. We studied endoglin expression in the vessel wall and possible
effects of atorvastatin treatment on this expression.

Endoglin (CD 105) is a part of the transforming growth factor-f (TGF-f)
receptor complex that affects TGF-B1 signaling. The major sources of endoglin are
vascular endothelial cells. Endoglin participates in angiogenesis, cardiovascular
development and vascular homeostasis. Moreover endoglin is highly expressed in
activated macrophages, in tissues undergoing angiogenesis such as healing
wounds, infarcts and in wide range of tumors. In addition its enhanced expression
was documented in smooth muscle cells of vessels during inflammation, injury and
in human atherosclerotic plaques.

In the first study we wanted to evaluate whether endoglin is expressed in
normocholesterolemic and hypercholesterolemic C57BL/6] mice as well as
whether it is affected by atorvastatin treatment in these mice. Biochemical analysis
of blood samples revealed that administration of atherogenic diet significantly
increased levels of total cholesterol, VLDL, LDL and decreased levels of HDL.
Atorvastatin treatment resulted in a significant decrease of total cholesterol and
VLDL only in mice fed by atherogenic diet. Quantitative stereological analysis
revealed that atorvastatin significantly decreased endothelial expression of
endoglin in C57BL/6] mice fed with atherogenic diet only. In conclusion we

demonstrated that endothelial expression of endoglin is upregulated by
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hypercholesterolemia and decreased by hypolipidemic effect of atorvastatin in
C57BL/6] mice suggesting that endoglin expression could be involved in
atherogenesis.

In the second study we hypothesized whether endothelial expression of
endoglin is changed in hypercholesterolemia as well as whether its expression is
affected by atorvastatin treatment in apoE-deficient mice. This study demonstrated
that endoglin was expressed by aortic endothelium showing similar staining
patterns like other markers involved in the process of atherosclerosis. In addition,
we showed that endoglin expression in endothelium could be affected by the
administration of atorvastatin beyond its lipid lowering effects in apoE-deficient
mice

On the basis of results of these studies, we concluded endoglin may be
possible marker of endothelial dysfunction.

The last study we stepped forward to elucidate whether endoglin is co-
expressed with SMAD2, phosphorylated SMAD2/3 proteins and eNOS in vivo in
atherosclerotic lesions in ApoE/LDLR double knockout mice. In addition, we
sought whether endoglin expression as well as the expression of SMADZ2,
phosphorylated SMAD2/3 and eNOS is affected by atorvastatin treatment.
Immunohistochemical and western blot analysis of endoglin, SMADZ2,
phosphorylated SMAD2/3 and eNOS expressions in aorta were performed. The
biochemical analysis showed that administration of atorvastatin significantly
decreased level of total cholesterol, VLDL, LDL, TAG, and significantly increased
level of HDL cholesterol. Fluorescence immunohistochemistry showed endoglin
co-expression with SMAD2, phosphorylated SMAD2/3 and eNOS in aortic
endothelium covering atherosclerotic lesions in both control and atorvastatin
treated mice. Western blot analysis demonstrated that atorvastatin significantly
increased expression of endoglin, SMADZ2, phosphorylated SMAD2/3, and eNOS in
mice aorta.

In conclusion, these findings suggest, that endoglin might be interesting
marker of endothelial dysfunction and/or atherogenesis which is upregulated by
statins implicating potential beneficial role of endoglin and its pathway in

atherosclerosis.
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