Ateroskleroza (AS) jako patofyziologicky

podklad ischemické choroby srdecni

Osnova:

-Srdce je pumpa vyzadujici spoustu energie !!!!
-Metabolismus myokardu

-Koronarni reciste

-Rizikoveé faktory AS

-Etiopatogeneze AS
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Srdce vyzaduje hodné energie (= ATP) k tomu, aby

pracovalo jako efektivni pumpa (~7,500/den, ~ 20 mil tepii/rok)

preload = zilni na'vrat/plnéni (cirkulujici volum, poddajnost afterload = odpor (systémova cévni rezistence, obstrukce vytoku)

myokardu, ...)

~

Predtizeni

Dotizeni * kvantitativné

Kontraktilita
* srdecni frekvence ~70/min
sympatikus «  SV~70ml
* CO70x70=4,900 ml/min~5 L/min v klidu

Srdecni
frekvence

Tepovy
objem

parasympatikus \@)\ 1/@/

Srdecni
vyde;

CO=SV xf

CO — cardiac output
SV — stroke volume

* CO ~20- 25 L/min pri zatézi 1!

* CO ovlivnén
* autonomnim nervovym systémem

oL, hormony
synergisticka kontrakce LV . vékem
integrita srdecni stény * pohlavim
domykavost chlopni " geneticky
léky
fitness

anatomie/velikost srdce
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METABOLISMUS MYOKARDU
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Metabolizmus myokardu

* Fatty acids Glicse ™ * srdce je pumpa, kterd musi kontinualné zajiStovat 2 procesy:
 Clycolysis — (1) automacie (tvorba akéniho potencialu)
AL
ﬁ-()xiiiallic:n ATP " - (2) kontrakce
spiral ruvate , . . , , ,
ﬁ;‘.'iﬁ’< L I * myokard ma tudiz velmi vysoké naroky na dodavku ATP
nxi:déil-inn POH >‘m{idalinn k i k .
— Pro Kontrakci
Acoty-Cod Acotyl-Ciod, ° aktin/myosin — ATP
f_:f:tf: * manipulace s Ca?* (Ca?* ATPaza)
= - — pro repolarizaci A !
IEIE';IFJ?JI:I Contractile function * Na+/K+ ATPaza / Sarcolemma Humlem
:rh..llin Basal metabolism
Myosin
ADP ATP Catt
W Do
Glucosa %T;\I-T
2l Contractile work ™ Aot
' uprakae
,___J ‘l ?t.m hmF'nmsmsis \ /
ATI
__\
v i * ATP je produkovano oxidaci substratd
L —— Pyruvale e -
Electron transport chain/f},?w/i B FFA ) preferenéné
, ADP — glukdza (glykogen)
/ ATI + Pi g glyKog
NADH - ketolétky, AK, laktat
— ray ¢ myokard tedy vyzaduje znacné mnozstvi O, a musi byt MUNI
Mitcchondrion tUdl,z dObFe perfundOVén !!!
MED



Excitation-contraction coupling in a ventricular cardiomyocyte
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Illustrated are the protein complexes, cardiomyocyte architecture
and intracellular organelles involved in cardiac excitation—
contraction coupling. The initial event in the cardiac cycle is
membrane depolarization, which occurs with ion entry through
connexin channels from a neighbouring cardiomyocyte (right)
followed by opening of voltage-gated Na+ channels and Na+ entry
(top). The resultant rapid depolarization of the membrane
inactivates Na+ channels and opens both K+ channels and Ca2+
channels. Entry of Ca2+ into the cell triggers the release of Ca2+
from the sarcoplasmic reticulum through the ryanodine channel.
Ca2+ then binds to the troponin complex and activates the
contractile apparatus (the sarcomere, bottom). Cellular relaxation
occurs on removal of Ca2+ from the cytosol by the Ca2+-uptake
pumps of the sarcoplasmic reticulum and by Na+/Ca2+ exchange
with the extracellular fluid. Intracellular Na+ homeostasis is
achieved by the Na+/K+ pump. The molecular components that are
required for normal electrophysiological activity, contractile
function and cell—cell adhesion (the latter mediated by
desmosomes) all need to be positioned correctly within the cell and
anchored to each other and the cytoskeleton. Some cardiomyocyte
components are not shown (for example, stretch-activated
channels, and ankyrins that target channels and other proteins to
their correct locations within the cell). Red stars indicate proteins
encoded by genes that are mutated in primary arrhythmia
syndromes; many of these proteins form part of macromolecular
complexes, so mutations in several genes could be responsible for
these syndromes. Green stars indicate protein complexes in which
mutations in multiple genes cause cardiomyopathies often
associated with arrhythmias; these complexes include the
sarcomere (in hypertrophic cardiomyopathy), the desmosome (in
arrhythmic right ventricular cardiomyopathy), and the cytoskeleton,
sarcoglycan complex and mitochondrion (in dilated
cardiomyopathy).
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Extrakce O, riznymi tkanémi /organy

Tkan / organ

CaO, - CvO, (vol %)

% extrakce

srdce 10 - 12 65 - 70
kosterni sval (v klidu) 2-5 13 - 30
ledvina 2 -3 13 - 20
strevo 4 -6 25 - 40
kuze 1-2 7 - 13
cely organizmus 20 - 30 %

* teoreticky maximalni mnozZstvi kysliku, které muze byt v dané tkani extrahovano (CaO, -

CvO,) je asi 20 vol % (pfi CaO, = 200 ml O,/l)

* ve skutecnosti je vSak maximalni extrakce kyslikt asi 15 - 16 vol % vzhledem ke povaze
disociacni kfivky hemoglobinu

* ztohoto pohledu jiz zdravé srdce extrahuje uz v klidu dvé tretiny veskerého fyziologicky
dostupného kysliku (10 - 12%)

® pfrizatézi je nutno zvysit prutok krve myokardem (koronarni rezerva), zvyseni extrakce

jiz neni mozné

MUNI
MED



Koronarni prutok — kvantitativni aspekty

* mnozstvi kysliku privadéné koronarni krvi (VO,):
— ~45 ml O,/min
— VO, =Qm x Ca0,
* pritok myokardem (Qm) =210 — 240 ml/min v klidu

* ale 1000 — 1200 ml/min béhem zatéze

* koncentrace kysliku v arterialni krvi (Ca0O,) = 200 ml O,/I
— pro Pa0, = 13.3 kPa a c[Hb] = 150 g/I

* spotieba v klidovém stavu: ~30 ml O,/min, tj. ~65 - 70%
dostupného O,)
— velmi vysoka extrakce O, (A - VO, diference) ve srovnani s jinymi
organy
* pritakovéto extrakci je jedinym mechanizmem, ktery dovede
zvysit privod kysliku do myokardu zvyseni krevniho pritoku
* zvyseni extrakce z hemoglobinu aciddzou, teplotou aj. (tj. posun doprav
v disociacni kfivce) zde jiz neni ucinné
— vzhledem k tomu, Ze aorta ma konstantni tlak, tohoto Ize docilit
jediné vazodilataci v koronarnim recisti = koronarni rezerva

Atherosclerotic occlusion

) HIF-1
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VEGF mRNA g 'R
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Cell Division
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Krevni zasobeni srdce

Aortic Arch

N Left Main Stem
"~ Circumflex artery
Right atrium Left atrium
Right Coronary Left Anterior
artery descending
artery
. 8 Right branch of left coronary artery
Right Ventricle Left Ventricle coronary

Left circumflex branch

* dodavka O, je zajistovana cévnim zasobenim —
koronarni (véncité) arterie* — vétve vzestupné
aorty

— (1) leva koronarni arterie
* (a) leva predni sestupna vétev
— predni ¢ast LK a PK a predni ¢ast septa
* (b) ramus circumflexus = ’
— leva a zadni Cast LK « Posterior wall of « Anterior wall of « Lateral wall of

2 ’ k ’ ’ t . left ventricle left ventricle left ventricle
- ( ) prava oronarni arterie * Posterior part of * Anterior part of M U N I
* zasobuje PK oo P MED

* Right ventricle



Morfologie cév vzhledem k funkci

LOW PRESSURE ‘ ~ HIGH PRESSURE

Elastic artery

Muscular artery

Adventitia

Large vein

Inti Internal elastic lamina

Intima Media

Muscular
artery

Arteriole

7 Pericytes

Y/ 4 )
Adventitia—{ |/ \\__Venule

BLOOD
PRESSURE
CONTROL

Me

b
]

"Ql, ' Post-capillary Capillary ‘
— venule =" Endothelial cell Intima Media Adventitia

GAS AND NUTRIENT EXCHANGE
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Fyzikalni parametry cirkulace

Side View

® tok Parabolic Flow Profile End View
— laminarni ] o
ressiire
* normalné vétsina cirkulace  fi=-feresinitarsal
V V=0
— tUFbUIEﬂtnl cylindrical (Volume) Flow Concentric Fluid
{e.g. blood vessel) Layers

® za stendzou, bifurkace
* rychlost [V]
— Reynoldsovo cislo
* prutok (Ohmuv zak.)
— flow [F] = tlak [P] / rezistence [R]

* rezistence (PoiseuillQv zak.) g ] Measured in thererore,
Viscometer Vellr
— R=nxL/mxr4d i
. . Relati
* viskozita [n] Vicati blood
* hematokrit, teplota g ki
o s 2 b
* tlak (Laplaceuv zak.) . . .
— P =tenze [T] / diametr [r] 0 HZ?]atocri‘to(o/o) 60 ME gl I



pritok je omezen béhem systoly protoze:

— (1) problematicky odstup koronarnich tepen tésné za chlopni
dochazi k doCasné blokadé usti koronarnich tepen otevienou aortalni chlopni
— (2) rychly pritok béhem systoly
“vysava” krev do hl. toku (tzv. “Venturiho efekt”)
— (3) komprese cév béhem systolické kontrakce
vétsSina pritoku se tudiZ realizuje béhem diastoly
— tachykardie zkracuje diastolu a tim pritok

navic, subendokard je mnohem vice nachylnéjsi k ischemii nez
epikard protoze:

— koronarni arterie prochazeji myokardem ve sméru od povrchu (epikardu)

Koronarni prutok — ¢asova a prostorova dynamika

120~

Aortic

Pressure
(mmHg) \
80~

200=

Coronary

Flow
(ml/min/100 g) \

0-

0

Pulsatile nature of left coronary artery blood flow. Flow
islower during phases of isovolumetric contraction (a)
and ejection (h) than during diastole (c).

Time (sec)

0.8

do nitra (k endokardu)
pokles diametru a tenze kysliku

| perfuzniho tlaku patologicky (nap¥. AS stendza epikardialni arterie
aterosklerdzou)

— systolicka komprese rovnéz neni univerzalné distribuovana
vetsi v subendokardu

o Tintrakardialni tlak patologicky napr. pfi kongesci i regurgitaci (napr. srdecni

Arterio-luminal

— nizSi denzita kapilarni sité v subendokardu ve srovnani s epikardem

Myocardium

Capillaries

Epicardium

Coronary Artery

Arterioles

Venules

Greater Cardiac
Vein
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Autoregulace koronarniho prutoku — reflektuje naroky na 0,

* autoregulace mezi 60 - 200 mmHg perfuzniho tlaku (tj. systémového
arterialniho tlaku) pomaha udrzet normalni koronarni pratok nezavisle na
zmeénach aortalniho tlaku

— rezistencni koronarni arterie (100-400 pm diametr) — hamodynamicka regulace

* shear-stress (flow-induced) zprostfedkovana intralumindlni kontrola — dilatace pomoci
endotelidlniho NO

* myogenni regulace jako odpovéd na transmuralni tlak v cévach pomoci stretch-activated L-
type Ca channels (Ca%* in influx)
— arterioly - metabolicka regulace
* adenosin jako nejdllezitéjsi mediator aktivni hyperemie
— metabolicky ,,coupler” spotreby kysliku a koronarniho pritoku = tvofen z AMP pomoci 5'-nucleotidasy

— AMP je tvofen hydrolyzou intracelularniho ATP a ADP
Adenosine Receptor Coupling
Adenosine

T 1 —

Cutside Cel
EB EA
Ingice Coll

@ @@

K J u"/” Adenylata ‘u

|
Inhlhlt Silbinnadg Stimulate
Protein S
Kinase | ¢— Cyclic AMP ATP

Vasodilation

— nervova regulace — zanedbatelna v klidu
* béhem sympatické aktivace (zejm. B-adrenergni) dochdzi k vazodilataci

* adalsim efektim (inotropie, chronotropie apod.)
— a-1 vazokonstrikéni efekt na korondrni arterie je nevyznamny resp. pfekonan

* + Ach indukovana vazodilatace (ackoliv role parasympatiku je obecné méné jasna)

Coronary blood flow (mL/min)

Maximal vasodilation

/
!
|

Coronary flow reserve

/ |
o =
Autbregulation mechanism at re;l/

! A ® 1

1/ :

Y :
|

50mmHG 150 mmHG

Coronary artery gradient pressure (mmHg)

Small
arterioles
Intermediate ‘
arterioles Metabolite
Small arteries ‘ sensitive

Large arterioles

Pressure
‘ sensitive

Flow
sensitive

,//

ARTERIOLES
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Control of Coronary Microvascular Tone

Platelets
EMhFUC}'TESKN o .4 shear stress

0O,
Endothelium ECE eNOS | -1 || cYP450
— —F~ 7= 0.
CE e ET-1 L-Arg  NO PG, AA EDHF ™2

l

ANG | ANG I

cCiIV.I.P G'TP
K Ca \
3 / A‘I’PT

ETP April 23-25, 2015 Laughlin et al Compr Physiol 2012
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Shrnuti kontrolnich mechanizmu koronarni rezistence

Neurohumoral influences Extravascular influences
compression
NE Endo- en Paracrine influences
ACh ANG Il
histamine
i’?;.l,f-.._
PCO, H*, K* i bradykinin
adenosine Endothelial influences

PO, /
Metabolic influences /

—

ETP April 23-25, 2015 Duncker & Bache Physiol Reviews 2008
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Faktory ovlivnujici spotrebu O, myokardem

* (1) srdecni frekvence

— vice srdecnich cykll = vice energie (ATP)

— opeéet sympatikus, zvlasté dlouhodoba aktivace 100
* (2) kontraktilita Heart Rate

— efekt sympatiku méni (1) i (2) - pozitivnhé chrono- a A motropy
inotropni - a tim zvySuje spotfebu O, (MVO,)

— nevyhodné zejména u dlouhodobé hyperaktivity
* (3) napéti ve sténé

Stroke Volume

MVO,
(Yo Increase)

v

— to je divodem MVO, roste pfi tlakovém nebo 0 100
o s v rv V4 (1]
objemovém pretizeni T o Poy sl
° lna |1l ° A Effects of changes in heart rate, aortic pressure,
ale rozdilne ! (LaPIaceuv Zak') T o P.W inotropic state, and stroke volume on myocardial oxygen
: : consumption (MV0.). Changes in stroke volume have a
° (4) ObJem Sva|OV|ny mVOka rdu much smaller influence on M0 . than changes in heart

rate, inotropy, or aortic pressure.

— proto MVO, roste u srdecni hypertrofie, zvlasté
maladaptivni (= bez adekvatni angiogeneze)

* hrubym odhadem energetickych narokl srdce je
tension - time index (TTI)

— STK x frekvence
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Napeti ve stene x tlakové a objemovée pretizeni x spotreba O,

°* napéti ve sténé (o) = tenze generovana myocyty, ktera ma za
vysledek urcity intraventrikularni tlak pri daném primeéru komory

Po
l, Pi-Po=Transmural Pressure

* tlakové a volumové pretiZzeni maji velmi rozdilny efekt na MVO, A

— 7T afterload = T tlak J: .

— 7T preload = T volum (plnéni ~ end-diastolicky objem) Pin rac:lius Tension
* V=4/31xr3 »
e r=3v La Place law: |

c=Px*/V/d

radius G=PXF/d
/_P

Pressure

viz
predchozi
slide

* 100% zvyseni objemu komory (V) zvysi napéti ve sténé (o)
jen o0 26%

* zatimco zvyseni tlaku v komore (P) o 100% zvySi napéti ve
sténé (o) 0 100%!

Pin-Pout=Driving Pressure

100

MVO,
(% Increase)

0

Heart Rate
A ortic Pressure
Inotropy

Stroke Volume

%lIncrease

100

Effects of changes in heart rate, aortic pressure,
inotropic state, and stroke volume on myocardial oxygen
consumption (MVYO0.). Changes in stroke volume have a
much smaller influence on MVO  than changes in heart
rate, inotropy, or aortic pressure.
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Proc hypertrofie nakonec nesnizuje spotrebu O, myokardem

* hypertrofie (= T tlouétky stény (d)) je
kompenzacni reakci pretizeného myokardu
(tlakové Ci objemové), ktera chce normalizovat
napéti ve sténé (o na gram svaloviny)

* ddavodem pro snahu o snizeni G je sniZeni spotfeby O,
- o=Pxr/d
— kdyZ napéti ve sténé (tj. potfeba generovat
vetsi tlak branici rozpéti svaloviny pfi pretizeni)
a tim i MVO, vzroste, hypertrofie inicialné
kompenzuje a snizuje MVO,

* ale jak se dale celkova masa myokardu zvétsuje,

MVO, dale rovnéz roste

— patologicka hypertrofie neni provazena
adekvatnim “zhusténim” koronarniho reciste







Funkce endotelovych bb.

* Emdotel je vystaven 2 typum mechanického
zatizeni (deformaci)
— cirkumferencni stress (rozpinani) — generuje napéti ve
sténé (La Place)
— frikéni — shear stress — méni transkripci genll a garantuje
fyziologické vlastnosti endotelu
* (1) vazodilatace
— hl. sval. bb. (SMC) medie cév — zvlasté arteriol —
pracuji v tésném spojeni s endoteliemi

— Ucinkem hormon(, neurotransmiterd (ACh) a shear
stresu dochazi k reakcim ovliviujicim SMC
prostrednictvim druhych posli

* fosfolipazy A2 (PLA2), ktera aktivuje cyklooxygenazu
(COX) a prostacyclin syntazu (PCS) k produkci
prostaglandint (PGl,). Ty snadno difunduji k SMC

* syntaza oxidu dusnatého (L-arginaza, NOS) produkuje
vysoce difuzibilni plynny "neurotransmiter" NO, ktery
ucinkuje na SMC skrze G-proteinovou signalizaci a
primo pres iontové kanaly
. #2) antiadhezivni /protizanétlivy ucinek
yziologicky endotel netvori VCAM, ICAM, selektiny, ...
. #3) antitromboticky, antiagregacni a
ibrinolyticky ucinek
— heparansulfat
— thrombomodulin

— tPA

Steady shear stress

=

NO

Plasminogen activator
Prostacyclin
thr ommbom odulin

At thrombic
Endothelium
N = N § N §F IS F G F O F O F O - .

NO - Wﬁ Smoath
Transforming — muscle cells
gowthfactor
i

Anti Atherosclerotic |
Vascular Lumen
e — >
- e —_— e
Shear Stress Shear Stress Shear Stress
o — D
. 1Ca* ENDOTHEUAL CELLs
R > 1o,
eNOS — —>tEDHF
L-arginine +0O; —X 5 NO
CGMP €— GTP<— 5GC l K+ Channels Open
cAMP ATP l ;
< i ypohnuuon
j /'— SMOOTH MUSCLE CELLS M U N I
pro zajemce: Acta Physiol 2016; Effects of shear stress on endothelial cells: go with the flow M E D



NO zprostredkovana vazodilatace

* Biosynthesis of the key endogenous vasodilator NO is
principally performed by the calcium-dependent .
endothelial isoform of eNOS. This is triggered by the Agonls@ @
binding of agonists or by shear stress (1) and i
facilitated by a variety of cofactors and the molecular .
chaperone HSP90. The amino acid L-Arg is converted Endothelial
by eNOS into NO (2), with L-Cit as a byproduct. NO cell
diffuses into adjacent smooth muscle cells (3) where it
activates its effector enzyme, GC. GC (4) converts GTP
into the second messenger cGMP, which activates PKG

Shear stress

(5), leading to modulation of myosin light chain kinase 00 0 @ NO

and smooth muscle relaxation. PKG also modulates

the activity of potassium channels (IK; 6), thereby @

increasing cell membrane hyperpolarization and Smooth
causing relaxation. As shown, NO can also modulate muscle cell

potassium channels in a direct, cGMP-independent _
manner (Bolotina et al., 1994). NO, nitric oxide; eNQOS, Hyper!)olar
nitric oxide synthase; HSP90, heat-shock protein 90; L- ization
Arg, L-arginine; L-Cit, L-citrulline; GC, guanylate

cyclase; GTP, guanosine triphospate; cGMP, cyclic

guanosine monophosphate; PKG, protein kinase G.
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Endotelova (dys)funkce

* endotel ma zasadni regulacni vliv na funkci a morfologii cévy

* muze byt porusen mnoha rtiznymi mechanickymi, chemickymi i biologickymi inzulty, zejm. v disledku:
— zvySeného tlaku na cévni sténu (hypertenze)
— nepfiméreny mechanicky shear stres (turbulentni proudéni - bifurkace)

— biochemickych abnormalit
* oxidativné a glukézou modifikované proteiny
— napf. LDL
* zvyS. homocystein
— oxidacniho stresu
* volné kyslikové radikaly tvorené pfi koureni Ci zanétu
— zanétovych markert

Anti-thrombotic t-PA .I Plasminogen Plasmin o
endothelium @ . B ® < lThrombin

* napf. CRP =
— nékterych infekci / patogent b o P
* Chlamydia pneumoniae oo
. HeIico\t/)act:r pylori = e i &
* endotelova dysfunkce je vyznamny a inicialni pro- m
aterogenni faktor zvysujici Prothromboic I s momivosse g rowin gl L o O
— konstrik¢ni potencial ‘ W

PAI-1
Fibrin/platelet
thrombus

Selectins

— adhezivitu a permeabilitu
— protromboticky potencial
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Funkcni

Dysfunkcni

konstantni vazodilatace v
dusledku mechanickych stimuld
(shear stress) a medidtord (Ach,
bradykinin) zprostredkovana NO,
PGI, (popf. adenosinem)

vetsi citlivost k syst. a
parakrinnim vazokonstrikénim
medidtorim (adrenalin,
noradrenalin, AT II, serotonin) a
aktivni tvorba vazokonstriktord
(ET-1)

antiadhezivni / protizanétlivy stav
(NO, PGI,), inhibice exprese
adhezivnich proteind

exprese adhezivnich molekul
(ICAM, VCAM, selektiny),
produkce cytokinG (napf. MCP-1)
vedouci k atrakci a migraci
prozanétlivych bunék do
subendotelialniho prostoru

staly mistni antikoagulacni,
(heparansulfat, trombomodulin)
antiagregacni resp. trombolyticky
stav (tPA)

protromboticky fenotyp (vWf, TF,
PAI-1)
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KORONARNI ATEROSKLEROZA
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Tepny postizené aterosklerdzou (A




AS — zakladni fakta

* AS je nejcastéjSim typem arteriosklerozy
— tj. jakékoliv snizeni elasticity cévy, napr. AS, kalcifikace medie aj.
— 3 formy
* Monckebergerova — depozice kalcia v tunica media u starych osob Innominate artery

* hyalinni arterioloskleréza u hypertoniki Aortic:arch
* aklasickd AS s ateromy (athero = porridge + sklerosis = ztrvrdnuti) A di :
scenaing aorta ——

* AS predstavuje degenerativni proces ve sténé cév (na zacatku zejm.
intima) na podkladé chronického zanétu

* je dusledkem multifaktorialniho plsobeni endogennich faktor(
(velmi ¢asto s urcitou genetickou komponentou) a faktor( zevniho

R Carotid bifurcation L Carotid bifurcation

D— L Subclavian artery

4 ——Thoracic aorta

prostredi R Renal artery

o . o v . . . , . v . —L Renal artery
teoreticky muze postihnout jakoukoliv cévu, prakticky hlavné arterie
(= arteriosklerdza) Kbdsuiinal.aonia

— coz podtrhuje velkou roli krevniho tlaku a obecné hemodynamickych faktort
— z arterii ale zase ne vSechny, ale zejména ty v predilekcnich lokalizacich (tj.

bifurkace a nelamindrni proudéni) a zde zase typicky segmentarné) R lliac artery — L lliac artery
* napft. koronarni feciste, .
* bifurkace karotid, il _ o
* mozkova cirkulace, iddle corebra )/ 7}} X :n:erforcom:u?'catmg
ra s nterior cerepral
* odstup a. renalis, ( \ Vel
* bifurkace tepen DKK - /l/\ \ . Q/" )\ ; .
P Ophthalmic 7 . : : ‘ Posterior communicating
* hrudni aorta (riziko disekce) A7 ( § e
.. ’ . . . . s Internal carotid p/%}\ @ ‘\ A
— naopak jiné lokalizace jsou typicky rezistentnik AS """ Mg = A ’

® napf. a. thoracica int. (pouzivana jako Stép pro by-pass) ertebra ! ”m‘ﬁ}f‘wﬁ'é' !
* a. hepatica - \\&W@ﬁ}})}/

* a.radialis \‘/CJ/ ED
. radial %/\\‘__;/%—7//‘/// MED



AS — zakladni fakta

* v patogenezi se uplatnuji zejm. Fatty streaks

O s TN

— (1) modifikované lipoproteiny (LDL)

. 3 -4‘\’ -‘0\‘? ':‘.T.‘-
s v 7 _ s 7 . . .« . ope 3 3 ~ N ),';-‘ P
— (2) endotelové bb. ménici své vlastnosti (zejm. adhezivitu a permeabilitu, M S la e N e
sekrece chemokinU) PR, QR CET. A S A
— (3) makrofagy odvozené z monocytq, které migruji do intimy a tvoti ,, pénové P R 3" X
bb.“ ¥ :
. .. i
— (4) normalni bb. stény cév (zejm. hl. sval. bb. intimy)
— (5) dalSi imunitni bb. (zejm. T lymfocyty a pop¥. Zirné bb.) 100 pm
* zCasového hlediska rozliSujeme nékolik patogenetickych fazi a :
morfologicky nékolik stadii (resp. mikroskopickych ndlez(l) pfi rozvoiji
AS procesu: . : :
e e e R 4o o .gvA: "".
— (1) iniciace i :
* endotelova dysfunkce
* stadium tukového prouzku — velmi ¢asné jiZ v détstvi (ojedinélé sekcni ndlezy) S S ) o
— (2) progrese e S, . el |
* difuzni ztlusténi intimy (diffuse intimal thickening, DIT) na vrub akumulace pénovych bb., mgirace hl. '-‘().. &5 o N E 3 A VLY ..' ¥
sval. bb. z medie a expanze extraceluldrni matrix S i Yot SOt R R
* fibrézni plat (atherom s fibrézni éepickou O P R o S R A i 2
I""Lﬂo‘,;.. . zove NS CONA e M D .
* kalcifikace R e R R s B et el

— (3) komplikace
* remodelace — plat zpocatku expanduje abluminalné, pozdéji redukuje lumen — stendza, klin. projevy
ischemie v daném povodi
* eroze platu (ndsténny trombus, hojeni, re-endotelizace)
* fisura, ruptura platu a nasl. trombdza, okluze, kriticka ischemie a nekréza tkané
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(cit. Atherosclerosis: Known and unknown. https://doi.org/10.1111/pin.13202)
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Rizikové faktory CVD/AS

* jdentifikace rizikovych faktort AS pomoci
prospektivnich studii

* Framinghamska studie — identifikace hl. KV rizikovych
faktor: T TK, T cholesterol, T triglyceridy, 4 HDL,
koureni, obezita, diabetes, fyzicka inaktivita, T vék,
pohlavi (muzské) a psychosocialni faktory

— originalni kohorta (od r. 1948)

» 5,209 osob (32 — 60 let) z Framingham,
Massachusetts, USA

» detailni vySetreni kazdé 2 roky
— Il. kohorta (od r. 1971)
» 5,124 dospélych potomkd
— Ill. kohorta
» 3,500 déti (vnukd plvodnich participant()
— pozdni klin. manifestace dlouhodobé
nekompenzované hypertenze
* |IM, mozkova mrtvice (— aterosklerdza)
* srdecniselhani (— levostranna srd. hypertrofie)
* selhaniledvin (— hyperfiltrace, nefrosklerdza)
* retinopatie

Rizika AS

uzny

AuwieuzAn

V4

P99 Ljpnauab

Hlavni

dyslipidemie (T LDL a VLDL, 4 HDL) ~

hypertenze

diabetes mellitus -

metabolicky

syndrom
potencovany

obezitou

muzské pohlavi

VEdlEjéi (cca 20% KV stavil u lidé bez hlavnich rizikovych faktor()

T plasma homocystein

T hemostatické faktory (fibrinogen, PAI, ..)

T Lipoprotein (a) - Lp(a)

chronicky zanét v¢. low-grade (hsCRP jako surogatni

marker) napf. u visceralni obezity

klonalni hematopoeza (CHIP)

strevni mikrobiom

onLuab-au

Environmentalni

koureni (major risk!) — ROS a zanét v dych. cestach

fyzicka inaktivita

dieta

infekce ?

|
W E N




Metabolismus lipoproteint / transport lipidt

CH
‘ CH
burika
> periferni
prebytky [e) L5
° ¥ upL tkanového CH CH
MK
SRB-I (apoAI) <
- apo.
HDL receptor N N

MK

apos-:oo \
4 apo v
MK
K IDL
// vice detailti o roli LDL-C, HDL-C a TG-
— MK bohatych c¢astic pfi vzniku AS a cilech
) R i pro farmakologické ovlivnéni pro-
”:.‘ = aterogenni dyslipidemie viz pozdsji
;/, __ : AL e P behem PS dedikovana separatni
/ tvorba z'ésobtﬁcﬁ" TAG pe:'jifefni prednaska

.

~ LDL receptor

)) X R thane apoB-100 WUNI
MED




(1) iniciace AS - tvorba tuk. prouzku

LDL je oxidativné (a jinak) modifikovan (v cirkulaciiv
subendotelidlnim prostoru} na zpocatku minimalné
modifikované LDL (mmLDL) a poté extenzivné
oxidované LDL (oxLDL)

mmLDL a oxLDL pdsobi cytotoxicky a prozanétlive a
zvysuji expresi adhezivnich molekul na endotelu

— VCAM, ICAM, selektiny

— omezené spektrum cytokin(? — MCP-1 (monocyte
chemotactic protein) — exprimované endotelovymi

monocyty (a T lymf) adheruji k endotel. bb. a migruji
do subendotelidlniho prostoru, monocyty zde
diferencuji na makrofagy
— neutrofily, které jsou normalné hlavnim typem bb. v
zanétl. lézich, zde chybi, coz neni doposud uplné
vysvétleno
makrofagy pohlcuji oxLDL prostfednictvim tzv.
scavengerovych receptorl (SR-A a CD36) a vytvari tak
“pénové” bb.
— makroskopicky patrné jako ploché Zlutavé tecky Ci
prouzky v subendoteliu, odtud “tukové prouzky”
—  krom monocytt/makrofagt z cirkulace jsou moznym zdrojem
pénovych bb. asi i metaplazované hl. sval. bb. z intimy
volny cholesterol z oxLDL v makrofazich je znovu
esterifikovan prostrednictvim ACAT-1 (acyl-CoA
cholesterol acyltransferazy) a skladovan spolu s lipidy,
naopak, miZe byt rovnéz znovu preveden do solubilni
formy pomoci hormon senzitivni lipazy, zabudovan do
membrany a exportovan z bunky (pomoci
transporteru ABCA1 a HDL)
— reverzni transport CH prostrednictvim HDL je dulezity
anti-aterogenni mechanizmus
— e podrobnéji viz Poruchy metabolizmu lipidG !!!

Adhesion Vascular
VCAM-1 jumen
Monocyte P-selectin
- E-selectin
( ) cer | Migration Endothelial
= g cells
ol — CCR-2

oxlLDL

Extracellular L
o matrix Homeostatic
responses
= ‘\D -
— LDL oxidation
= Differentiati mmLDL 16 LO
e M-CS5F INOS
= /nternal elastic
——,__lamina ;
; T e ox LDL uptake
M. 9==-.. Macrophage cnss =
E. e __________ i .-'-'.f-"':"'.f n

—-."; T e




Patogeneze AS - role rizikovych faktoru - cholesterol

Hypercholesterolemia

Risk factors, such as hypercholesterolemia (yellow dots), may upregulate the adhesion molecules of endothelial cells (EC),
which leads to the adherence of monocytes (Mon) and T lymphocytes (Lym) on the surface of intima (left). Furthermore,
these inflammatory cells migrate into the subintimal space under the induction of chemoattractancts, where monocytes
differentiate into macrophages (M) and uptake accumulated lipids and transform into foam cells (middle). As the lesions
progress, the medial smooth muscle cells (SMC) migrate into the subintima and proliferate (right). Some smooth muscle
cells can take lipids and transfer into foam cells. T lymphocytes may mediate the entire process of the lesion formation
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(cit. Atherosclerosis: Known and unknown. https://doi.org/10.1111/pin.13202)




Patogeneze AS - role rizikovych faktori — modifikace

LDL a role makrofagu v iniciaci AS

* scavengerové receptory makrofagl pro modifikované
makromolekuly hraji fyziologicky dulezitou roli pfi obrané
bunék proti jejich cytotoxickému plsobeni, ale zaroven to Cholesterol
mUZze byt patogenni mechanizmus za podminek: influx

— vysoké hladiny CH SR-A " 1?111%[1);
— vysoké intenzity jeho modifikace

* oxidace, glykace
— poruse reverzniho transportu CH

* napf. Tangierska choroba (mutace ABCA1)
— abnormalni stimulace monocyt(

Macrophage

ABCALI
transporter

, . o, . o Self Altered Self PAMPs Innate Immunity Cholesterol
® scavengerové receptory jsou soucasti mechanizmi i o cfflux
nespecifické imunity - pfirozené protilatky a nékteré L% @
receptory — které se vyselektovaly v priibéhu evoluce na %
zaklade cetnosti vy§I§ytu antigenu o L?L ) ~[E /' T
— (1) ptirozené protilatky (nej¢. IgM) proti nékterym epitopim I MDA e )
* nejc¢. bakteridlnich, tzv. pathogen- associated molecular patterns ALE D faﬁg ' O’
[PAMPs] & / AGEs? i
— (2) receptory, které se podle své funkce nazyvaji pattern- Q 2 \ xR
recognition receptors (PPRs) Viable Cell Apoptotic Cel ‘ - -
®* napr. SR-A, CD36, TLR (Toll-like receptor) aj. g
y »\/\ -Otheré

* oxidované molekuly (t.j. konkrétni epitopy) maji velmi -
¢asto charakter PAMP 2 ¢

Infectious Pathogens
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(2) progrese AS — tvorba platu

* imunologicka interakce mezi makrofagy a Vascular E"dmhena_l :
T lymf. (Th1 a Th2 subpopulace) udrzuje lumen cells -

lokalné chron. zanét \
— produkce jak proaterogennich Thl \
cytokind (MCP-1, IL-6, TNF-q, ...)

— aleiantiaterogennich Th2 (IL-4)

— na konkrétnim posunu rovnovahy se
podili mnohé faktory

* makrofagy jako antigen prezentujici bb.
rovnéz napomahaji aktivaci B lymf. a
produkci autoprotilatek napr. proti oxLDL
— imunokomplexy — zanét

* cytokiny stimuluji dalsi bb., zejm. hladké
svalové bunky medie k migraci do
intimy, proliferaci (ztlusténi stény) a
sekreci proteinl extraceluldrni matrix
(kolagen) — vytvoreni fibrézniho platu

* patologicka kalcifikace ateroskleroticky
Zzmeénéné stény cév neni pasivni dusledek
ukladani kalcia, ale je dlisledkem zmény
genové exprese makrofagl (osteopontin)




Makrofagy u pokrocilé AS — role pri jeji progresi

* My casné lézi =
— vétsSina Ch ve formé estert (enzym ACAT) N Lumen

Chemokinesis
Adhesion
Diapedesis

— e =Y . =3 —

Monocyte

———————____ Endothelium

* netrombogenni
— HDL reverzni transport funguje ———

Differentiation Cholesterol > _\
Ve /7 7 . ) d "/_\ /‘ ester vl 5 . .
* Myv pokrocilé |ézi i o R e *
) ~ ) iCholesterol | - |
’, // = J/  efflux [ |
— kumulace volného Ch (FCH) (e o QRN Dyt
, o % 2INLEH B S @
* vysoce trombogenni J o ( \\.‘ /l
— navic produkce TF makrofagy a hl. sval. bb. v intimé ‘-\ 4 sy e
I*.'iac_ro/wlage\\_/‘ macrophage
foam cell Ingestion of FC accumulated
I;?D;ro?;:s in imr:cet}hjar ER stress

— FCH v membrané endoplasmatického retikula - K
B membranes

meéni jeho permeabilitu a konc. Ca uvnitf —> y= -
”, s O s \__‘-_;_74 P> o : f 'm -
Stres ER ap0ptoza makrOfagu Vlce _/\—}QQ@LQ‘— DQYP(‘T-'JQPhARO("NI(V

volného extracelularniho Ch — zvyseni - Modied sod sggreghved ipoprotens
. e V4 v . . sRR T ; retained on extracellular matrix Post-apoptotic necrosis
trombogenicity a prozanétlivosti atheromu B e

— produkce MMPs

clearance

Endoplasmic
reticulum ‘Stiffening’ of
ER membrane
bilayer, leading to ER
protein dysfunction (e.g.
SERCA inhibition)
ER stress

_2ERCAInnibition); =
Unfolded
protein — SRA and JNK

response _~ signalling
va #)0)40) -

Late endosome b &
S ot
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3) pokrocily plat a komplikace

plak muze rist pozvolna a postupné
obturovat lumen a nebo se stane ak.
nestabilni

trombotizaci a ak. obstrukci (tzv.
“komplikovany plat”)

zanikem makrofagl a hlad. sval. bb.
(nekrdza a cytokiny indukovana
apoptdza)se vytvari nekrotické jadro plaku
s akumulovanym cholesterolem
stimulované a hypoxické makrofagy
produkuji proteolytické enzymy
degradujici slozky extracelularni matrix
(MMPs, matrix metaloproteinazy,), které
zodpovidaji za oslabovani fibrézniho plaku

ruptura plaku (nejc¢. excentrického a
bohatého na cholesterol, ke které dojde v
misté prechodu v normalni stény cévy)
exponuje akumulované Iiloidy a tkanovy
faktor destickam a koagula¢nim faktorum
a vede k trombodze

velmi Casto se vySe uvedené déje
déledobéji, opakuji se cykly ruptury,
mikrotrombotizace, nasl. fibrinolyzy a
hojeni — “nestabilni plat”

Vascular
lumen

Platelets __

O ¥
(] L] i -
i



Osud pokrocileho AS platu a prisl. klinicky korelat

* Mozné patofyziologické scénare
— (1) progresivni rust platu — viz nasl. obrazek g T—— _—
* napfr. stabilni angina pectoris

(2) povrchova eroze/exulcerace platu R m:gsclerot.c

* vdusledku Bovrchove denudace nebo poskozeni (apoptoza) endotelu prekryvajiciho plat je C?x?a?ENF?YRY

odkryto subendotelové pojivo, dochazi k adhezi desticek a vzniku nasténného trombu _
* nasténny trombus se bud hoji a integruje se do platu — dalSi redukce lumen a g

progrese — napr. nestabilni angina pectoris — anebo dojde k progresi

trombotizace, okluzi cévy a nasl. nekrdze — infarkt myokardu

B

* ukazuje se (studie), Ze eroze u platu jsou asi béZné pri pokrocilé AS a vétsSina se R T
hoji a resorbuje

(3) ruptura platu, trombotizace a okluze cévy /\
* pokud dojde k natrzeni Ci prasknuti platu, krev se dostane do kontaktu s S —
trombogennim volnym cholesterolem a tkanovym faktorem
* trombus vznikajici v rupture platu zvétsuje jeho volum a uzavird lumen cévy @ ‘
* klinicky maze vést k akutnimu koronarnimu syndromu nebo nahlé smrti C D

* nemusi se jednat o hemodynamicky vyznamnou stendzu G SHERETIE
* zasadnije slozeni platu ne jeho velikost! oot ML b
* k ruptufe muazZe dojit na vrcholu plaku nebo v ,,rameni* | o del |
— nerovnovaha mechanickych sil ACUTE CORONARY SYNDROMES
®* nicméné i zde je asi Castéjsi situace, Zze dojde k hojeni a resorpci bez klinické
symptomatologie MUNI

MED



(ad 2) Mechanisms of AS plaque healing

A
Atherosclerotic plaque Thrombus formation and lysis
W oW Platelets Fibrin Elast
and fibrin breakdown Cat::piis: G
TTIPe 1 Fibrous cap
collagen
Endothelial ; o monocytes
ndothelia PA g
cell Smooth-muscle - Fibrousicap .and ne‘?%hlls
cells rupture or erosion N
LUMEN _ Lipid
i - core ‘ ] ‘ '
MEDIA
Thrombus organization and plaque healing Healed plaque re-endothelialization
PDGF-BB =
Homing of Broteogheans chI?:glellln MTGF'B N Collagen isoform conversion
— ) itogens ew I
smooth-muscle P-selectin \ 5 tﬁombin) e . type 11l — type |
cell progenitors SCDF;lar y ﬁ
S ~- Smooth-muscle
S cell proliferation Plaque
Lipid and migration growth lipid
COIE | core

 § ¢ ¢
. r

e

r

o

» "

Plaque instability Plaque healing

Decreased Increased Calcium Increased
collagen production collagen degradation deposition collagen production
I ®_ e .
o[ t F
MMP-1 , [o Tlssue-fa?tor
Mmp-g© | © procoagulant Osteoblast Smooth-muscle cell
MMP-13 oo differentiation maturation and proliferation
o 'S ®
“ =
Smooth-muscle cells ] " . A . ) i =
3 / M1 Ce
S ° Interleukin-10
* »
N\ole TGF-B
N\°*?  Fibronectin
_IGF-1
L] & o o
Scavenger B & Mannose and
receptor\!, % galactose
e % receptors
2 macrophages «
We'.

Fibrous cap
rupture with
thrombosis

Lipid :
A core ; ‘ ;
- - 2,

y o P D)

MEDIA

pro zajemce: N Engl J Med 2020; 383:846-857
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(ad 3) Vulnerabilni/nestabilni plat (,,thin cap

fibroatheroma®“)

* typické znaky
— tenka fibrézni vrstva
— znacnd zanétova infiltrace (makrofagy a T lymfocyty)
— velké lipidové jadro (aterom)
— malé mnozstvi SMCs
— hemoragie do platu (z lumen nebo z vasa vasorum)
* z34nét je nejdllezitéjSim lokalnim faktorem destabilizace
platu a okluze cévy

— tvorba pro.zanétovych cytokinl a matrix metalloproteinaz pfispiva
k degradaci kolagenu a dalSich ECM protein(

— apoptdza a kolagen syntetizujicich SMCs
— produkce tkanového faktoru zanétovymi bb. v platu

* ale zasadni z hlediska rizika rozvoje akutnich koronarnich
syndromU a mortality se zda byt ne jednotlivy plat, ale
celkovy rozsah CHD (pocet stendz a jejich metabolicka a
imunitni aktivita) a systémové parametry (zanét, pro-

Stable plaque

Vulnerable plaque

Thin fibrous
cap

Necrotic

Calcification

Intraplaque

Thick fibrous haemorrahge

cap Lipid

Foam cells Foam cells

Infiammations

koagulaéni aktivita, stres, spanek, pohyb, dieta, Iéky, akutni
infekce, ...)

Decreased interstitial
collagen synthesis
Increased interstitial
collagen breakdown

Smooth muscle
apoptosis

Plaque rupture

Superficial
Erosion

Increased expression
of tissue factor,
fibrinogen, and
plasminogen
activator inhibitor

Thrombus
Accumulation
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Zvireci modely AS — problematicke !

® ve zvireci risi témer neexistuje ekvivalent
humanni AS

— hlodavci sice nejvice studovany model ale ne
Uplné podobny clovéku

— u VvétsSich zvirat (kralik, prase) je vyvolani AS snazsi

* exp. model AS

— indukovana
* dietné + denudace endotelu + hypertenze :

— spontanni (knock-out) 4 \V/ D 4 b / Te,emetric1
° ApOE -/- my§ e Exerfise Monict;c;sri';!g
* LDL-R-/- mys Eetio S;LSi't‘;a Testing EC

, . . cardiac Lab
— restenoza po angloplastlce

* exp. model spontanniho IM

— indukovany
* ligace koronarni tepny
— spontanni

* komb. apoE/LDL-R -/-
+ mentalni stres + hypoxie

3"_31 <
‘\'_ ) caiiak
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