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ABSTRAKT

Embryotoxicky vliv zmény tepové frekvence vyvolany podanim Iéku
s antiarytmickym ucéinkem u kurecich embryi

V souCasné dobé pozorujeme rychle narustajici trend potfeby kardiovaskularni
farmakologické 1éEby u téhotnych Zen, avSak chybi nam v8ak dostateCna evidence o
mozném nezadoucim vlivu této lécby na vyvijejici se plod. Predpokladame, Zze
antiarytmickymi léky navozena bradykardie je hlavnim mechanismem rozvoje
embryotoxicity. Na modelu kufeciho embrya jsme testovali embryotoxicitu
metoprololu, carvedilolu a ivabradinu a dale akutni ucinky téchto Iéki na embryo.
Pouzivali jsme ktomu videomikroskopii a ultrazvukového vySetieni. Signifikantni
embryotoxicita byla dokumentovana u carvedilolu a ivabradinu. U ED4 embryi
zpusobil metoprolol, carvedilol a ivabradin pokles tepové frekvence o 33%, 27% a
55% ve srovnani s kontrolni skupinou (6%). U ED8 embryi byl tento efekt vyjadfen
vice, doslo k poklesu o 71%, 54% a 53% ve srovnani s kontrolni skupinou (36%).
SrdeCni vydej poklesl ve vSech testovanych skupinach, ale statistické vyznamnosti
dosahl pouze ve skupiné ED8 s metoprololem. Ackoliv poCet beta-adrenergnich
receptort v prub&éhu embryonalniho vyvoje klesa, negativni chronotropni odpovéd na
podana farmaka s pokrocilosti vyvoje stoupa a vede k vyraznéjSimu poklesu
srde¢niho vydeje, ktery je pravdépodobné hlavnim mechanismem pfedCasného umrti
embrya. Metoprolol je pro plod v béznych davkach pravdépodobné bezpecény,

zatimco carvedilol a ivabradin maji na plod potencialné negativni vliv.

Adenylat-cyklazova signalizacni kaskada kureciho embrya v pribéhu vyvoje:
vliv podani antiarytmickych lék

Adenylat-cyklazova kaskada hraje hlavni roli v regulaci srdeCni kontraktility. Na
modelu kufeciho embrya jsme analyzovali mnozstvi jejich komponent (adenylat-
cyklaza 5, Gsa a Gia protein), v riznych stadiich embryonalniho vyvoje u kontrolni
skupiny a po podani metoprololu a carvedilolu v ED4, ED8 nebo ED4+EDS8. Aplikace
farmak ve stadiu ED8 vedla k signifikantni down-regulaci adenylat-cyklazy 5 (o 40%)
a také k poklesu Gsa proteinu a k poklesu aktivity adenylat-cyklazy stimulované
forskolinem. Zajimavé je, Ze aplikace farmak mladSim ebryim ve stadiu ED4 neméla

tak vyrazny efekt na expresi adenylat-cyklazy a jeji aktivitu a vedla jen



k signifikantnimu narustu exprese Gia proteinu. Vysledky nasi prace ukazuji na silny

vliv metoprololu a carvedilolu na adenylat-cyklazovy systém u kufecich embryi.

Pétileta retrospektivni analyza souboru pacienti dvou center s toxickou
sérovou koncentraci digoxinu

Digoxin patfi k nejstar§im |ékim uzivanym v kardiologii pfedevS§im pro Iécbu
pokrocilého srde¢niho selhani. Cilem prace bylo popsat charakteristiku pacientd
s toxickou sérovou koncentraci digoxinu a zaméfit se na mozné lékové interakce
v souvislosti s mortalitou. V databazi dvou fakultnich nemocnic jsme v letech 2001 az
2005 identifikovali 222 (0,2% ze vSech hospitalizovanych) pacientd s toxickou
sérovou hladinou digoxinu = 3,0 nmol/l. Primérny vék byl 78 let, 41% bylo muzq,
14% mélo kreatinin clearance 260 ml/min a 64% uzivalo sou€asné alespon jeden lék
se znamou interakci s digoxinem. Nemocni¢ni mortalita byla 8%. Statisticky
signifikantnimi prediktory mortality byly nizké hodnoty kreatinin clearance (P=0,01) a
nitroZilni aplikace digoxinu (P=0,02). Hrani¢ni statisticka vyznamnost byla zjisténa
pro snizenou ejek¢ni frakci levé komory (P=0,05) a pro malou télesnou hmotnost
(P=0,08). SoucCasna lécba ACEI/ARB méla protektivni uc€inek (P=0,01). Toxicka
sérova koncentrace digoxinu je v souCasné dobé relativné vzacna, ale je spojena
s vysokym rizikem mortality. Typicky se vyskytuje u jedinct pokrocilého veéku,
s malou télesnou hmotnosti, s renalni insuficienci a polypragmazii. Sou€asna lécba
ACE/ARB a BB ma pravdépodobné ochrannych efekt.

Ibutilidem navozena kardioverze fibrilace sini v téhotenstvi

Pfestavujeme dva pfipady uspédné medikamentézni kardioverze fibrilace sini u
téhotnych Zen navozené nitrozilni infazi ibutilid-fumaratu. U prvni pacientky byl
pozdéji prokazan Wolff-Parkinson-White syndrom, ktery se v prubéhu té€hotenstvi na
rozvoji fibrilace sini podilel. U druhé pacientky byla znama anamnéza hypertrofické
kardiomyopatie bez obstrukce jiz v obdobi pfed koncepci. Ani v jednom pfipadé
nebyly zaznamenany nezadouci ucinky podané |éCby na matku ¢i plod v pribéhu
téhotenstvi a ani po porodu.
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ABSTRACT

Heart rate changes mediate the embryotoxic effect of antiarrhythmic drugs in
the chick embryo

A significant increase in cardiovascular medication use during pregnancy has
occurred in recent years but only limited evidence on its safety profile is available.
We hypothesized that drug-induced bradycardia is the leading mechanism of
developmental toxicity. We tested metoprolol, carvedilol, or ivabradine for
embryotoxicity and their acute effect on chick embryonic model. We used video
microscopy and ultrasound biomicroscopy. Significant dose-dependent mortality was
achieved in embryos injected with carvedilol and ivabradine. In ED4 embryos,
metoprolol, carvedilol and ivabradine reduced the heart rate by 33%, 27%, and 55%,
respectively, compared to controls (6%). In ED8 embryos this effect was more
pronounced with a heart rate reduction by 71%, 54%, 53%, respectively (controls
36%). Cardiac output decreased in all tested groups but only proved significant in the
metoprolol group in ED8 embryos. The number of B-adrenergic receptors showed a
downward tendency during embryonic development but a negative chronotropic
effect of tested drugs was increasingly pronounced with embryonic maturity. This
effect was associated with reduced cardiac output in chick embryos, probably leading
to premature death. Metoprolol in usual doses appears to be relatively safe in
pregnancy whereas carvedilol and ivabradine have a potentially adverse effect on the
foetus.

Adenylyl cyclase signalling in the developing chick heart: The deranging effect
of antiarrhythmic drugs

We analysed the number of key components of myocardial adenylyl cyclase in the
developing chick embryo and assessed the impact of metoprolol and carvedilol on
this system. Application of these drugs at embryonic day (ED) 8 significantly
downregulated (40 %) expression of adenylyl cyclase 5 level, the amount of Gsa
protein and the activity of adenylyl cyclase stimulated by forskolin. Interestingly, when
administered at ED4, these drugs did not produce such as profound changes except
for markedly increased expression of Gia protein. These data indicate that 3-blocking
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agents can strongly derange adenylyl cyclase signalling during the early chick

embryonic heart development.

Five years two center retrospective analysis of patients with toxic digoxin
serum concentration

Digoxin is an old cardiovascular drug used for treatment of advanced chronic heart
failure. We aimed to determine main characteristics of patients with toxic digoxin
serum concentration with respect to drug interactions and mortality. Databases of two
teaching hospitals were retrospectively reviewed from 2001 till 2005 and 222 (0.2%
of all admissions) patients with serum digoxin level 23.0 nmol/ml were identified. The
average age was 78 years, 41% males, 14% had creatinine clearance =260ml/min,
and 64% of patients were prescribed at least one medication with known digoxin
interaction. Hospital mortality was 8%. Statistically significant predictors of mortality
were low creatinine clearance (p=0.01) and intravenous administration of digoxin
(p=0.02). Borderline association was between mortality and low ejection fraction of
the left ventricle (p=0.05) and with low body weight (p=0.08). Concomitant use of
ACEI/ARB was protective (p=0.01). Toxic serum digoxin concentration is uncommon
finding in modern medicine with relatively high mortality. Typical patient is an elderly
with low body weight, renal insufficiency and polypragmasia. Concomitant therapy
with ACEI/ARBs and beta-blocker appears to have a protective effect.

Ibutilide-Induced Cardioversion of Atrial Fibrillation During Pregnancy

We present two cases of successful cardioversion of atrial fibrillation using
intravenous ibutilide during pregnancy. One patient had atrial fibrillation, complicating
the Wolff-Parkinson-White syndrome and the other had a history of nonobstructive
hypertrophic cardiomyopathy. No adverse maternal or fetal effects were observed

during or after pregnancy in either case.
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SEZNAM ZKRATEK

ACC/AHA American College of Cardiology a American Heart Association
ATP Adenosintrifosfat

CAMP cyklicky adenosinmonofosfat

CCS cardiac conduction system

EC excitation-contraction coupling

ED embryonalni den

EF ejekeni frakce

EKG elektrokardiogram

FDA U.S. Food and Drug Administration
Gi inhibiéni podjednotka G proteinu
Gs stimulacni podjenotka G proteinu
HCI Kyselina chlorovodikova

HR tepova frekvence

It kanal Funny kanal

NHE Na*/H" pumpa

ROS reactive oxygen species (kyslikové radikaly)
SMOD smérodatna odchylka

SV tepovy objem

SVT Supraventrikularni arytmie

TBS Tris-buffered saline

TDI tissue doppler imaging

WPW Wolff-Parkinson-White syndrom
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1. UVOD

1.1 Srdecni arytmie v prabéhu fetalniho vyvoje kardiovaskularniho systému

SrdeCni arytmie se objevuji v prubéhu celého Zivota jedince, ale s pfibyvajicim
vékem roste i jejich prevalence. Jejich vyskyt v obdobi prenatalniho vyvoje neni
vysoky, avSak o to zavaznéjsi jsou dusledky, které z nich pro vyvoj jedince vyplyvaiji.
V souCasné dobé stale chybi dostatek védecky podloZenych informaci o zdroji
arytmii v obdobi ¢asného vyvoje srdce a prfedevsim informace o vlivu I€kové terapie,
ktera je uzivana pro jejich lécbu v klinické praxi pfevazné na zakladé empirickych

zkusSenosti.

111 Pivod a vyznam arytmii ve fetdlnim obdobi - zkuSenosti
z experimentalnich pokustl na zvifecich modelech

1.1.1.1 Vyznam srdec¢niho prevodniho systému pro pavod arytmii
V soucasnosti je vSeobecné uznavanou skute€nosti, Ze pfevodni systém srdce muze

prfedstavovat zdroj arytmogeneze (Braunwald et al., 2001). Tato oblast byla
z hlediska vyvoje Siroce prozkoumana autory Jongbloed a kol. (Jongbloed et al.,
2004) na modelu (CCS - cardiac conduction system) CCS-LacZ transgenni mysi. U
téchto mysi Ize diky genetické expresi lacZ spolehlivé identifikovat buriky CCS jiz ve
velmi Casném stadiu vyvoje bunék pfevodniho systému. To umoznilo detailni analyzu
vyvoje pfevodniho systému srdce jiz v 9,5 — 15,5 dni embryonalniho vyvoje. LacZ byl
detekovan v oblasti sinoatrialni uzlu, v levé a pravé Zzilni chlopni, septum spurium,
v pravém a levém atrioventrikularnim prstenci, v Hisové svazku a jeho vétveni,
v crista septomarginalis, v Bachmanové svazku, na zadni sténé levé siné v oblasti
usti plicnich zil a v pozdéjSim vyvoji také ve sténé plicnich Zil. Bylo tak jasné
prokazano, ze vyvoj pfevodniho systému je vysoce komplexnim déjem podl€hajicim
komplexni regulaci a vyZadujicim postupnou integraci bunék do funkéniho systému.
Alterace tohoto procesu pak muze byt potencialnim zdrojem arytmogeneze. Tuto
hypotézu podporuje studie, ktera zkoumala vyskyt sinové tachykardie vychazejici
s aorto-mitralni junkce u lidi. Jeji autofi prokazali pfitomnost specializované vodivé
tkané ve stejné oblasti u mySich embryi ve velmi Casné vyvojové fazi 11,5
embryonalniho dne (Gonzalez et al., 2004). Zvlastni pozornost byla vénovana vyvoji

myokardu, ktery je soucasti plicnich zil (Mommersteeg et al., 2007a) jehoz plvod je
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v druhém srde¢nim poli. Oblast usti plicnich Zil do levé siné je totiz velmi Castym
zdrojem arytmii u lidi, konktrétné se jedna o fibrilaci sini. Dosazenim elektrické
izolace této oblasti pomoci radiofrekvencni ablace umozriuje odstranéni tohoto typu
arytmie s vysokou uspésSnosti (Camm et al., 2012) a pocet téchto vykonu v klinické
praxi rychle roste.

Pro lepSi porozuméni podilu pfevodniho systému srdce na arytmogenezi je nutné
vzit také v uvahu mechanismy, které fidi jeho vyvojovou diferenciaci (Gourdie et al.,
2003). Skupiné nizozemskych autord (Mommersteeg et al., 2007b) se nedavno
podafilo odhalit genetickou kaskadu fFidici vyvoj pfevodniho systému. Napfiklad
omezeni exprese homeodomain transcription faktoru Shox2 v myokardu sinus
venosus a Vv oblastech atrioventrikularnino uzlu a Zilnich chlopni vede k

abnormalnimu vyvoji bunék vybavenych schopnosti bunécného pacemakeru.

1.1.1.2 Prevodni systém myokardu a moznosti hodnoceni jeho funkce
v experimentu na kurecich embryich

Zpusob prevodu elektrického vzruchu v myokardu byl velmi dobfe prozkouman na
modelu kufeciho embrya in ovo (Van Mierop, 1967; Rajala et al., 1984; Tazawa et
al., 1989; Sugiyama et al., 1996), in intaktnim embryu (Paff et al., 1964), izolovaném
srdci (Paff et al., 1968; Paff and Boucek, 1975; Hirota et al., 1987), na izolovanych
srdeCnich komorach (Boucek et al., 1959; Arguello et al., 1986) a nakonec také na
kulturach srdec¢nich kardiomyocytd (Shrier and Clay, 1982). EKG kufecich embryi
umozriuje detekovat vinu P, QRS komplex a vinu T, coz umoznuje méfeni PP a RR
intervalu. Dale |ze méfit délku atrioventrikularniho vedeni na zakladé PR intervalu a
dobu aktivace komor zintervalu QT, dale jesté délku intraventrikularniho vedeni
zjisténou z QRS komplexu. Vyhodou je také to, ze aktivace komor probiha typicky od
srdeCni baze k srdeCnimu hrotu a v rané vyvojové fazi neni jesté vyvinut pfevodni
systém (Gourdie et al., 2003).

1.1.1.3 Vyznam anoxie a reoxygenace na arytmogenezi u kurecich embryi
Hlavni typy arytmii pozorovanych u 4-denniho kufeciho embrya vyvolané

nejrizngjSimi podnéty (anoxie-reoxygenace, farmaka) byly nesetrvala sifiova
tachykardie (tepova frekvence vrozmezi 180-300/min) a bradykardie (tepova

frekvence vrozmezi 110-140/min), sinova ektopie, atrioventrikularni blokada
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1. stupné a 2. stupné (v poméru 2:1 az 8:1). Pozorovan byl téZ Wenckebachuv
fenomén (Mobitz 1), kompletni atrioventrikularni blokada s nahradnim komorovym
rytmem a paroxysmy nepravidelné tepoveé frekvence nasledované prechodnym
vypadkem sifového elektrického impulzu. Tyto arytmie byly dokumentovany Sarrem
a kol. (Sarre et al., 2006) a jsou zobrazeny na (Obrazek 1). Nékteré z téchto arytmii
pfipominaji ty, které byly pozorovany také u lidskych féta (Strasburger and Wakai,
2010).

Obrazek 1

Priklady hlavnich typG arytmii pozorovanych u ¢tyfdenniho kureciho embrya. EKG na
izolovaném srdci umoZriuje zobrazit viny P, T a QRS komplex. (a) Sifiova ektopie, (b)
2:1 atrioventrikularni blokada, (c) sifiova ektopie 3:1 atrioventrikularni blokada, (d)
komorovy nahradni rytmus (atrioventrikularni blokada 3.stupnée), (e) Wenckebachiv
fenomén (Mobitz 1), (f) epizoda srdecni blokady + Wenckebach, (g) 3.stupen
atrioventrikularni blokady + paroxysmus el. aktivity a (h) intermitentni sinoatrialni
blokada + paroxysmus el. aktivity. HvézdiCka ukazuje na prfedcasnou aktivaci sini.
Upraveno podle (Sedmera et al., 2014).
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Chronotropni, dromotropni a inotropni zmény vyvolané v experimentu na 4-dennim
kufecim embryu (Raddatz et al., 1997; Sarre et al., 2006) a také zmény
v ultrastruktufe napfiklad mitochondrii a edému jadra indukovaném 30 minut trvajici
anoxii nasledované 60 minutovou reoxygenaci jsou reverzibilni. Nasledné bylo
prokazano, ze mira této reverzibility je zavisla nepfimo umérné na stafi embrya,
star§i embrya se projevuji niZSi reverzibilitou (Sedmera et al., 2002). Anoxie
zpusobuje bradykardii, siflovou ektopickou aktivitu, v§echny stupné atrioventrikularni
blokady a pfechodnou sinoatrialni blokadu. Reoxygenace vede k Wenckebachovu
fenoménu a komorovému nahradnimu rytmu. Hned na zacatku procesu reoxygenace
dochazi k prodlouzeni PR a QT intervalu a prodlouzeni elektro-mechanické zavislosti
v oblasti komor, zatimco sinoatridini vedeni a elektro-mechanicka zavislost
(excitation-contraction coupling) zUstavaji neovlivnény. SniZzena je také kontraktilita
komor v oblasti hrotu a intra-ventrikularni vedeni vzruchu je vlivem pUsobeni anoxie-
reoxygenace prodlouzeno (Obrazek 2). Nedochazi vSak ani k fibrilaci komor ani k re-
entry a ani ke komorovym extrasystolam, nebot velikost embryonalniho srdce
neumoznuje vnik typickych re-entry okruht. V pribéhu reoxygenace jsou arytmie a

poruchy vedeni vzruchu provazeny nahlym uvolnénim kyslikovych radikald ROS
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(Sarre et al., 2005; Raddatz et al., 2011), které mohou byt snizeny vlivem kyseliny

askorbové jakozto znamé latky s antioxida¢nimi vlastnostmi (Obrazek 3).

Obrazek 2

Tepova frekvence, atrioventrikularni vedeni (PR interval), QT interval, sifiova a

komorova elektro-mechanicka asociace (excitation-contraction coupling — EC),

kontraktilita (apikalni komorové zkraceni) a nitrokomorové vedeni — QRS komplex

Jjsou znatelné alterovany v priabéhu hypoxie a reoxygenace, ale uplné se upravi za

30-40 minut. Primér £ SMOD; n=4, n=20 pro QRS. Upraveno podle (Sedmera et al.,

2014).
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Obrazek 3

Funkcni uprava 4-denniho kureciho embrya v pribéhu 30 minut reoxygenace po 30
minutové anoxii. (a) typicka ROS produkce prokazana Iucigenin indukovanou
chemiluminiscenci vrcholici v asi 8 minutach (Sipka), (b) frekvence sini vyjadfena
Jako procento jeji hodnoty pfed anoxii, (c) efekt atrioventrikularniho Sifeni vzruchu
vyjadiena jako pomér délky trvani aktivity komor a sini a vyjadfeno v procentech,
100% prestavuje 1:1 atrioventrikularni pfevod, (d) nejvy$$i incidence arytmii je
spojena s nahlym uvolnénim ROS, (e) kys.askorbova jakoZto antioxidant (vitamin C,
10 mMol) snizuje incidenci arytmii. Pramér £ SMOD; vodorovna prerusovana Cara
ukazuje preanoxickou hodnotu; b a c: n=3; d a e: n=6. Upraveno podle (Sedmera et
al., 2014).
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1.1.1.4 Vyznam ochlazeni a zahrati kureciho embrya na vyskyt arytmii
Postupné ochlazeni kufeciho embrya az k hodnotdm 4° Celsia na 30 minut a

opétovné zahfati k normalnim hodnotam 37° Celsia za souasné normoxémie je
vyrazné meéné arytmogenni nez vySe zminovana kombinace anoxie a reoxygenace
(Sarre et al., 2006). Preci jen v8ak v prabéhu 15. — 20. minuty procesu zahfivani,
kdyz teplota dosahuje 27 - 31° Celsia srdec¢ni frekvence prechodné vzroste, interval
PR se lehce prodlouzi a délka QT intervalu se mirné zkrati. Da se Fici, Ze tato teplota
je zfejmé kriticka pro upravu srdec¢nich rytmu zpét do normalnich poméra v prabéhu

zahfivani (Sarre et al., 2006).

1.1.1.5 Vyznam pH pro arytmogenezi u kureciho embrya
Aciddza, tedy hodnoty pH v rozmezi 7,4-6,5, se mUze objevit v pribéhu protrahované

anoxie a pusobi negativné chronotropné&, dromotropné a inotropné. Pfi hodnoté pH
6.5 je srde¢ni frekvence a rychlost pfevodu atrioventrikularnim uzlem vyrazné
snizena. Béhem acidézy pfi anoxii a nasledné reoxygenaci hraje zasadni roli
mechanismus presunu HCO3, ktery predevSim koriguje pH. Na+/H+ pumpa (NHE)
prestavuje proto ochranny mechanismus, ktery se uplatfiuje vyrazné v prubéhu
anoxie (Meiltz et al., 1998).

1.1.1.6 Adenylat-cyklazova kaskada a vyvoj nervového systému kureciho
embrya

Adenylat-cyklazova kaskada hraje kliCovou roli v regulaci kontraktility myokardu. U
kufeciho embrya, které predstavuje vyborny model pro studium této kaskady, zaCina
vyvoj sympatického nervovéeho systému teprve asi 9. den embryonalniho vyvoje a
plné funkéni zac¢ina byt tento nervovy systém asi az 16. den (Kirby, 2007). V prabéhu
dalSiho vyvoje roste pocet beta-adrenergnich receptori a dospélych hodnot dosahuje
az 7. den postnatalné (Higgins and Pappano, 1979). Pfitom autonomnimi receptory
fizeny efektorovy mechanismus je pfitomen v srdci jesté pfed zacatkem této funkéni
inervace. Napfriklad byla prokazana schopnost akcelerace srdec¢ni frekvence pomoci
podaného exogenniho noradrenalinu jiz v Casnych stadiich kufeciho embrya (Culver
and Fischman, 1977). Je zajimavé, Ze kufeci embryo je jiz v obdobi pfed vyvojem
inervace ovliviiovano vyznamnym mnozstvim katecholaminu, které jsou produkovany

ve velké mife dfeni nadledvin nebo sympatickymi ganglii (Stewart and Kirby, 1985;
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Mulder et al., 2000). Nékteré dfive publikované prace pfinesly poznatek, Ze kufeci
embrya jsou v €asnych vyvojovych stadiich méné citliva na vliv katecholamina ¢i
naopak beta-blokatort (Zamenhof, 1989). Pfitomnost beta-adrenergnich receptort a
jejich pocCet Ize zkoumat méfenim aktivity adenylat-cyklazy. Aktivované beta-
adrenergni receptory nasledné aktivuji celou adenylat-cyklazovou kaskadu cestou
aktivace G proteinu. Tento kaskadovy aktivaéni systém je zcela zasadni pro Fizeni
kontraktility myokardu (Vatner et al., 1999; Wachter and Gilbert, 2012)

1.1.2 Poruchy srdeé€niho rytmu v pribéhu fetalniho vyvoje v klinické praxi

1.1.2.1 Vyskyt arytmii ve fetalnim véku a moznosti jejich diagnostiky
Poruchy srdecniho rytmu u lidského fetu jsou relativné malo ¢asté. Z celkového poctu

rutinnich gynekologickych kontrol téhotnych Zen se objevuji asi v 2% (Copel et al.,
2000; Jaeggi and Nii, 2005). Tvofi asi 10-20% ze vSech vyzadanych
specializovanych kardiologickych vySetfeni v prenatalnim obdobi (Srinivasan and
Strasburger, 2008). Fetalni elektrokardiogram (kardiotokogram) predstavuje velmi
limitovany zplUsob hodnoceni arytmii vzhledem k jeho €etnym limitacim. Relativné
novéjSi metodou, ktera vSak zatim nedoznala velkého rozSifeni, je
magnetokardiografie, kterou lIze jiz od 20. tydne téhotenstvi velmi spolehlivé
zaznamenat srde¢ni akci plodu. V ¢asnéjSich fazich téhotenstvi vSak bohuzel neni
ani tato metoda dostate¢né spolehliva.

NejrozSifenéjSi a velmi spolehlivou metodou pro posouzeni srdeCni akce fetu je
ultrazvukova metoda - echokardiografie. Kromé detekce vlastni arytmie umoznuje
také posouzeni jednotlivych pfiznakl srde¢niho selhani, které provazi nékteré typy
perzistujicich arytmii ve fetalnim obdobi. Jedna se napfiklad o hydrops (pleuralni a
perikardialni vypotek, ascites), ktery Ize detekovat jiz ve velmi €asnych stadiich
onemocnéni. Huhta a kolektiv (Huhta, 2005) vytvofili skorovaci systém - “heart failure
score”, ktery je velmi uziteCny k posouzeni stupné srdecniho selhavani v klinické
praxi. Principy vyuziti echokardiografie (B-mode, M-mode, Doppler) spocivaji v
moznosti detekce systolické kontrakce obou srdecnich komor a jejich vzajemné
Casové provazanosti. Ekvivalentem viny P na EKG (aktivace sini) je vina A
hodnocena v pulznim dopplerovském zobrazeni toku pfes mitralni chlopen nebo to

mulze byt retrogradni vina v horni duté zile zobrazené pomoci pulzniho
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dopplerovského zpusobu. Také pomoci metody M-modu Ize velmi kvalitné posoudit
kontrakci obou sini a to ve vyborném ¢asovém rozliSeni. Echokardiograficky Ize také
hodnotit ekvivalenty QRS komplexu, kterymi jsou dopplerovska proudéni aortalni Ci
pulmonalni chlopni. Echokardiograficky Ize tedy zméfit tepovou frekvenci, PQ interval
a diagnostikovat celou fadu arytmii pomoci hodnoceni jejich mechanické odezvy na
srdeCnich oddilech. Nicméné zcela precizni diferenciace arytmii neni s pomoci
echokardiografie vzdy mozna. Velmi dobfe Ize napfiklad rozliSit supraventrikularni
tachykardii s pfevazné 1:1 atrioventrikularnim pfevodem od flutteru sini, kde
pfevazuje atrioventrikularni blokada 2:1 a to predevSim na zakladé moznosti
rozpoznat frekvenci sifiové kontrakce, ktera v pfipadé flutteru dosahuje az hodnot
440-480/min a vysledna tepova frekvence je pak pfi 2:1 atrioventrikularni blokadé asi
220-240/min. Jiz méné snadno lze odliSit atrioventrikularni re-entry tachykardii od
sinové arytmie vychazejici z ektopického loziska v sinich, a to na zakladé
zkraceného intervalu mezi kontrakci sini a komor v pfipadé re-entry tachykardie a
spiSe delSiho intervalu u fokalni sifiové tachykardie. Pro tachykardii puvodem
komorovou je typicka naprostd disociace mezi kontrakci sini a komor. Vyjimku
z tohoto pravidla prestavuje pomér kontrakce sini a komor 1:1 zpusobeny
retrogradnim pfevodem elektrického impulzu na myokard sini. Komorové arytmie
jsou ve fetalnim obdobi extrémné vzacné pravdépodobné proto, ze malé rozméry
srdce nedovoli vznik typickych re-entry okruh(, a Ize tedy Fici, Ze naprosta vétSina
arytmii ma puvod v srdecCnich sinich. Celkové Ize fici, ze diagnostika arytmii je
v obdobi fetalniho vyvoje velmi obtizna a vyzaduje velké mnozstvi zkuSenosti, které

Ize ziskat vylu€né na vysoce specializovanych pracovistich.

1.1.2.2. Souvislost mezi vyskytem fetalnich arytmii a strukturalnim
onemocnénim srdce

Vztah mezi vyskytem fetalnich arytmii a strukturalnim onemocnénim srdce stale neni
zcela objasnén. Napfiklad Steward a kol. ve své observacni studii nalezl pouze 2
pripady fetd z celkem 17, u kterych byla dokumentovana ektopicka aktivita a
souCasné u nich bylo dokumentovano také strukturalni postizeni srdce. U 5 plodu
s dokumentovanou tachykardii (tepova frekvence > 180/min) nebylo nalezeno zadné
strukturalni postiZzeni srdce. Naopak 4 plody zcelkem 8 s dokumentovanou

bradykardii mély diagnostikovano tézké strukturalni postizeni srdce. Copel a kol. v
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observacni studii zahrnujici celkem 614 plodld s nepravidelnostmi srde¢niho rytmu
dokumentovali pouze 2 plody se strukturalnim postizenim srdce z 10 plodd, u kterych
byla diagnostikovana zavazna forma arytmie (Stewart et al., 1983; Copel et al.,
2000). V dostupné literatufe vSak nachazime také prace, které poukazuji na silnou
korelaci mezi zavaznou arytmii a strukturalnim onemocnénim srdce. Patfi mezi né
prace Schmidt a kol. (Schmidt et al., 1991), ktera prezentuje soubor 55 fetu
s diagnostikovanou kompletni atrioventrikularni blokadou, z nichz 53% mélo
prokazanu tézkou strukturalni srdeéni vadu (izomerismus sini, diskordantni
atrioventrikularni spojeni atd.). DalSimi autory podporujicimi toto tvrzeni jsou Vergani
at al, ktefi prezentuji soubor 114 plodd s prokazanymi arytmiemi. U 6 plodd se
jednalo o bradykardii a u 5 z nich bylo diagnostikovano strukturalni onemocnéni
srdce. Pouze 2 ze 4 plodd s kompletnim atrioventrikularni blokadou pfezily (Vergani
et al., 2005) . V kohorté 125 plodu se zavaznymi arytmiemi prokazala Eronen a kol.
vyskyt 12 jedincu se sou€asnym tézkym strukturalnim onemocnénim srdce. Skupina
fetl bez toho postizeni srdce prezivala v 95%, zatimco ve skupiné se soucasnym
strukturalnim postizenim srdce a arytmii byla mortalita 75%. Ve skupiné plodu, které
mely pouze strukturalni onemocnéni srdce bez arytmie, byla mortalita také vysoka —
67% (Eronen, 1997). Na zakladé téchto observacéni studii Ize pfedpokladat, Ze jsou
bradyarytmie Castéji asociovany se zavaznymi strukturalnimi srdeénimi vadami a
prognéza téchto jedincl je vyznamné horSi. Naopak u jedincl s vyskytem
tachyarytmii Ci extrasystolii je progndza vyrazné lepSi. Tyto typy arytmii lze snaze
|&Cit a nékteré z nich mohou i spontanné vymizet jesté prenatalné Ci kratce po

porodu.

1.1.2.3 Druhy arytmii, které se vyskytuji ve fetalnim obdobi
Mirné zjednoduSené muzeme fetalni arytmie rozdélit na tfi zakladni skupiny:

ektopickou elektrickou aktivitu, ktera ma nejCastéji pavod v sinich, tachyarytmie
definované jako tepova frekvence pFesahujici hodnoty 180/min a bradyarytmie
s tepovou frekvence klesajici pod hodnoty 110/min (Jaeggi and Nii, 2005).
Z uvedenych tfi typa arytmii Ize za relativné bezpe¢nou formu oznacit ektopickou
aktivitu (Reed, 1989; Vergani et al., 2005). Vergani a kol. ve své observac¢ni studii
uvadi, Zze u 87 plodu s extrasystolickou aktivitou doSlo k uUpIné upravé srdecniho

rytmu ve 38% jesté prenatalné a u dalSi 49% se stav upravil v Casném poporodnim
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obdobi. Navic pfevazna vétSina jedincu nevyzZadovala medikament6zni ¢&i jinou
terapii. Pouze v jednom pfipadé byla po porodu zapoc€ata medikamentozni terapie a
u 9 jedincu s pretrvavajici arytmii do postnatalniho obdobi nebyla indikovana zadna
lé¢ba. Celkem u dvou plodd doslo prenatalné krozvoji supraventrikularni
tachykardie, ktera byla jeSté in utero léCena farmakologicky a nevedla k zadné
prokazatelné poruse jejich normalniho vyvoje a nebyla u nich dokumentovana ani
soucasna strukturalni srdecni vada.

Setrvala a dlouho trvajici bradykardie Ci tachykardie pFedstavuji Casto Kklinicky
zavazné arytmie, které mohou mit negativni vliv na dalSi vyvoj plodu a jejich
negativni efekt miaze pretrvavat i v poporodnim obdobi. V praci Jaeggiho a kol. je
uvedena fetalni tachykardie z klinicky zavaznych arytmii v tomto vyvojovém obdobi
jako nejCastéjSi. Z celkového poctu 66 plodd se signifikantni arytmii byla
dokumentovana u 57% z nich. Z toho 40% bylo pfedstavovano supraventrikularni
arytmii, u 11% se jednalo o flutter sini a u 6% o sinusovou tachykardii (Jaeggi and
Nii, 2005). Dlouhodoba setrvala tachykardie je vazny klinicky stav, ktery u plodu vede
Casto k rozvoji hydropsu a nékdy dokonce i k umrti plodu. Napfiklad Simpson a kol.
zaznamenali v observaéni studii u 127 plodld s diagnostikovou tachykardii vyskyt
hydropsu az u 41% jedincl. Ostatnich 75 plodl, u kterych hydrops nebyl zjistén,
reagovalo velmi dobfe na transplacentarni 1éCbu prevazné digoxinem a bylo
dokumentovano jejich vyborné preziti az v 96%. Oproti tomu u hydropickych plodu
doSlo k pfiznivé odpovédi na transplacentalni 1ébu jen u 66% a pouze 73% plodu

prezilo az do porodu (Simpson and Sharland, 1998).
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Obrazek 4
Viyskyt arytmii v priubéhu prenatalni vyvoje v neselektované populaci. Upraveno
podle (Sedmera et al., 2014).
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Obrazek 5
Vyskyt arytmii v prabéhu prenatalni vyvoje v selektované populaci. Upraveno podle
(Sedmera et al., 2014).
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1.1.2.3.1 Tachyarytmie ve fetalnim obdobi
Jak jiz bylo vySe feCeno, fetalni tachyarytmie jsou nejCastéjSi klinicky vyznamné

arytmie v obdobi prenatalniho vyvoje (Obrazek 4,5). K nejCastéji diagnostikovanym
arytmiim tohoto typu patfi supraventrikularni arytmie: atrioventrikularni re-entry
tachykardie, permanentni junkéni recipro¢ni tachykardie a siflova ektopicka
tachykardie. Na druhém misté z hlediska prevalence je flutter sini, ktery ma ptvod
v makro re-entry okruhu lokalizovaném v srdeCnich sinich. Definitivni diagnozu Ize
nejlépe stanovit az po narozeni v téch pfipadech, kdy arytmie pretrvava, nebo kdyz
se objevi znovu. EKG umozni napfiklad detekci viny delta, ktera je typicka pro
akcesorni pfevodni spojku sini a komor.

LécCebna strategie se u tohoto typu arytmie opira pfedevSim o transplacentarni
pfenos prevazné digoxinu u plodl, kde jesté nedoslo k rozvoji hydropsu. Sotalol,
flecainid €i amiodaron jsou vétSinou rezervovany jen pro pfipady |éCby ploda s jiz
rozvinutym hydropsem a nebo jsou indikovany u pfipadu rezistentnich tachyarytmii.
V pfipadé tachyarytmii, které jsou sekundarnim projevem jiného onemocnéni, jako je
napfiklad fetalni thyreotoxikdéza, anémie Ci stresova situace plodu atd., je Casto
mozna kauzalni lécba zakladniho onemocnéni, které vede Kk Ustupu arytmie.
V takovych situacich se zpravidla jedna o Cistou sinusovou tachykardii s typickou

tepovou frekvenci 180-200/min.

1.1.2.3.2 Bradyarytmie ve fetalnim obdobi
Setrvala bradykardie dlouhého trvani je podle dostupnych pramenu jen o néco méné

Casta nez je tomu u tachykardii. (Obrazek 4,5) Vjiz dfive zminéném souboru
Jaeggiho je udavan jeji vyskyt 43% (Jaeggi and Nii, 2005). Kompletni
atrioventrikularni blokada byla v jeho souboru zastoupena v 38% a pouhych 5% bylo
pfedstavovano jedinci se sinusovou bradykardii. Moznosti |éCby fetalni bradykardie
jsou velmi omezeny. Jednou z moznosti je léCba matky vySSimi davky preparatd,
které maji beta-adrenergni stimulacni vliv. Tato IéCba je vSak provazena fadou
nezadoucich uc€inkd pro matefsky organismus. V literatufe Ize nalézt extrémni a
jednotlivé pfipady implantace do€asné kardiostimulace plodu, jejichz vysledek neni
vzdy pfiznivy a je provazen fadou komplikaci (Eghtesady et al., 2011).

V pfipadech, kdy je pfiCinou rozvoje kompletni atrioventrikularni blokady
transplacentalni prfenos matefskych autoprotilatek, muze byt indikovana I|é¢ba

kortikosteroidy €i imunosupresivni terapii.
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Pfi vySetfeni pro podezieni na fetalni bradykardii musi byt vylou€ena moznost prosté
supraventrikalni bigeminie €i trigeminie s atrioventrikularni blokadou. Hlavni znamkou
této entity bude nepravidelna tepova frekvence a rychlejSi kontrakce sini nez komor.
Progndza supraventrikularni bigeminie a trigeminie je velmi dobra a zpravidla
nevyzaduje IéCbu.

Sinusova bradykardie s 1:1 atrioventrikularnim pfevodem a s pomalou frekvenci
kontrakce sini (méné nez 100/min) mize byt zpusobena fetalnim stresem napfiklad
v pribéhu epizod hypoxie €i redistribuce krve, kdy jsou mozek a srdce zasobeny krvi
preferencné. Sinusova bradykardie muze byt také manifestaci syndromu dlouhého
QT a vsichni novorozenci jejichz tepova frekvence odpovida < 3 percentilu by méli
byt v tomto smyslu vySetfeni ¢asné po narozeni (Mitchell et al., 2012). SpiSe vzacné

muze byt sinusova bradykardie manifestaci skute¢né dysfunkce sinusového uzlu.

1.1.2.3.3 Atrioventrikularni blokada ve fetalnim obdobi
Atrioventrikularni blokada 1. stupné je charakterizovana izolovanym prodlouzenim

atrioventrikularni vedeni, ale kontrakce sini a komor zlstava v poméru 1:1. P¥i
hodnoceni délky atrioventrikularniho intervalu je nezbytné si uvédomit, Ze se jeho
délka v prGbéhu prenatalniho vyvoje postupné meéni a to ve smyslu jeho
prodluZzovani. Normalni hodnoty pro délku atrioventrikularni pfevodu ve 30-34 tydnu
téhotenstvi jsou 122,7+11,1 ms méfeno echokardiograficky pomoci dopplerovské
modality v oblasti vtokové a vytokové Casti srdecniho komory, 116,5+8,8 ms méreno
dopplerovsky v horni duté zile a v aorté a nakonec 142,4+14,2 pfi méfeni kontrakce
siné a komory pomoci Tissue Doppler Imaging (TDI) metody (Nii et al., 2006).

U blokady atrioventrikularnino vedeni 2. stupné rozliSujeme Wenckebachovu blokadu
neboli Mobitz | a dalSim typem je Mobitz Il blokada atrioventrikularniho vedeni. Pro
Mobitz | je typické postupné prodluZzovani atrioventrikularniho intervalu az dojde
k uplnému nepfevedeni eklektického impulzu na komory a chybi tedy jejich
kontrakce. Mobitz typ Il prestavuje pokrocilejSi formu blokady vedeni
atrioventrikularnim uzlem. Pfevodni interval se neméni, ale dochazi nahle k uplnému
vypadku vedeni, kdy zcela chybi kontrakce komor. Tento vypadek se mize objevovat
v pravidelnych intervalech a pak hovofime o atrioventrikularni blokadé Mobitz Il
napfiklad 2:1. Atrioventrikularni blokada tfetiho stupné neboli kompletni
atrioventrikularni blokada pfedstavuje zpravidla zavaznou poruchu srde¢niho rytmu,

pro kterou je typickd uplna nezavislost kontrakce sini a komor. Atrioventrikularni
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blokada 3. stupné vede zpravidla k dlouhodobé bradykardii, kterd& ma za nasledek
rozvoj srdecniho selhani s projevy hydropsu plodu a velmi ¢asto vede k jeho umrti.
Srdecni frekvence je totiz v obdobi embryonalniho a fetalni vyvoje kliCovym faktorem
pro udrzeni stalého srdecniho vydeje (Dunnigan et al., 1987). Kompenzacni vliv lepSi
kontraktility pfi zvySené naplni srdeCnich komor, znamy jako Franklv-Starlingiv
zakon, je v pocateCnich vyvojovych stadiich limitovan prevazujici trabekulizaci
srde¢nich komor s jen malou tloustkou kompaktniho myokardu. Komora se tedy

nemuze naplnit natolik, aby dostatecné zvysila srdecni vydej (Sedmera, 2011).

1.1.2.3.4 Kompletni atrioventrikularni blokada ve fetalnim obdobi

NejCastéjSi bradyarytmii fetalniho véku je uplna atrioventrikularni blokada, ktera se
objevuje €asto v souvislosti s t€Zkym strukturalnim onemocnénim srdce. DalSi dobfe
popsanou pfi€inou rozvoje kompletni blokady vedeni jsou cirkulujici materské
autoprotilatky, které prostupuji transplacentalné do krevniho obéhu plodu. Nej¢astéji
je tento ndlez asociovan s autoimunitnim onemocnénim matky typu lupus
erytematosus, Sjogrentv syndrom, revmatoidni artritis ¢i neklasifikované systémové
revmatoidni onemocnéni. Zvysené hladiny protilatek Ro/SSA a anti — La/SSB jsou
v téchto pfipadech v séru postizenych matek identifikovany. Riziko rozvoje kompletni
atrioventrikularni blokady u plodu téchto Zen s pozitivitou anti-Ro/SSA protilatek je asi
2% (Brucato et al., 2001). Pfitomnost uvedenych autoprotilatek v cirkulaci plodu vede
k zanétu v myokardu preferencné v oblasti atrioventrikularniho uzlu a zpUsobuje tim
rozvoj ruzné€ pokrocilé atrioventrikularni blokady, ktera se nejCastéji projevuje
v obdobi 20-24 tydne téhotenstvi. Autoprotilatky mohou v§ak zpUsobovat také rozvoj
velmi tézké kardiomyopatie, tzv. endomyokardialni fibrézy, ktera se mize projevit jiz
prenatalné ¢i kratce po porodu. Jak jiz bylo dfive fe€eno, atrioventrikularni blokada u
plodu je provazena vyznamné zvySenou mortalitou. Proto je téhotnym Zenam
dlouhodobé sledovanym pro autoimunitni onemocnéni vénovana velka pozornost a
k pravidelnym vySetfenim patfi kontrolni odbéry krve ke stanoveni hladiny Ro/SSA,
anti — La/SSB. V pfipadé jejich zvySené hladiny je na nékterych pracovistich
indikovana lécba kortikosteroidnimi preparaty €i imunosupresivni terapie. Nazory
odbornikd na tuto agresivni farmakologickou lécbu se liSi, neexistuji randomizovana
data z klinickych studii, ale jsou dobfe znamy vedlejsi u€inky této |éCby, ke kterym

patfi oligohydramnion, snizena funkce nadledvin u plodu, rustova retardace, atd.
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(Huang et al., 1999; Kerzner et al., 2002). Néktera pracovisté doporucuji zahaijit Ié€bu
kortikosteroidy az v pfipadé rozvoje pokrocilé srdecni blokady s protrahovanou
bradykardii, ktera zvySuje riziko rozvoje hydropsu plodu. Podle tvrzeni Jaeggiho
nalez izolovaného prodlouzeni atrioventrikularniho vedeni progreduje do srdecni
blokady u téhotnych Zen s pozitivitou protilatek Ro/SSA, anti — La/SSB jen zfidka a

pausalni IéEba kortikosteroidy proto neni indikovana (Jaeggi et al., 2011).

1.1.2.4 LéEba maternalnich arytmii v pribéhu téhotenstvi a jeji nezadouci
ucinky na vyvoj plodu

Pokrok v oblasti détské chirurgie srdce v poslednich desetiletich dokazal nejen
zasadnim zpUsobem snizit mortalitu détskych pacientd s komplexnimi vrozenymi
bylo téhotenstvi u zen s vrozenou vadou srdce kontraindikovano, pfibyva téhotnych
zen, které maji anamnézu operace srdce vétSinou v raném détstvi. AvSak i po zcela
uspésnych chirurgickych vykonech zustavaji v srde€nich oddilech Cetna jizveni, ktera
jsou potencialnim zdrojem arytmii (Balaji and Harris, 2002). Téhotenstvi samotné, i
jakozto zcela fyziologicky stav, snizuje vlivem hormonalnich, metabolickych a
hemodynamickych zmén prah pro rozvoj arytmii (Ferrero et al., 2004). DalSim
faktorem vedoucim k narlstu poctu Zen léCenych v prub&hu téhotenstvi je jejich
narustajici pramérny vék, ktery je spojen s vysSi pravdépodobnosti vyskytu
pfidruzenych onemocnéni, jejichz |é€ba musi pokraCovat i v pribéhu téhotenstvi.
Toto jsou skuteCnosti, které vedou k relativné rychlému narastu poctu zen, které
v pribéhu téhotenstvi uzivaji antiarytmickou ¢i antihypertenzni medikaci. Vzhledem
k potencialné negativnim G&inkim téchto lékl na vyvijejici se plod je logické a
Zadouci se této otazce vénovat a zkoumat vliv antiarytmické |éCby na vyvijejici se
plod at jiz v experimentu ¢i v observacnich klinickych studiich.

Uginky antiarytmické lécby na vyvijeci se plod jsou &asto odlisné od Ggink(l na
dospély organismus. Néktera antiarytmika jako amiodaron ¢i atenolol jsou pro plod
vyslovené toxicka a jejich uziti v pribéhu téhotenstvi je kontraindikovano (Kategorie
U.S. FDA D - Existuje evidence rizika) (Joglar and Page, 2001). Muzeme se vSak
setkat také s niz§im efektem Iéku na nezraly plod, jehoZ receptory fizena signalizacni
kaskada neni jesté dostatecné vyzrala, a to i pfi béznych Iékovych koncentracich

v matefském organismu. U celé Fady I1éku v8ak Celime nedostatku informaci o jejich
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vlivu na vyvijeci se organismus plodu a v takovych pfipadech jsou klinicka
doporuceni pro podavani léku v pribéhu téhotenstvi velmi vagni a tyto léky Fadi do
kategorie C U.S. FDA (Nedostatek studii u té€hotnych Zzen a vyzkum na zvifecim
modelu bud' prokazuje toxicitu anebo také chybi). Takové léky mohou byt podle
doporuceni uzity pouze tehdy, jestlize pfiznivy uCinek na matefsky organismus
pfevazi miru rizika pro plod (Joglar and Page, 2001). Neda se tedy fici, Ze zafazeni
pfevazné vétsiny Iéku do kategorie C pfinaSi ulevu do klinické praxe, ale spiSe
dohady a zna¢nou miru nejistoty. Jen nékolik antiarytmickych Iékl je zafazeno do
kategorie U.S. FDA B (Neexistuje prokazatelné riziko pro téhotné Zeny). K témto
Iékam patfi lidokain a sotalol (Ferrero et al., 2004).

Toxicita katecholaminl a farmak zpUsobujicich blokadu beta-adrenergnich receptort
byla studovana na kufecich embryich. Zavéry téchto praci ostfe kontrastuji
s vysledky testovani fady jinych Iéka, které maji Casto silné teratogenni ucCinky.
Ukazalo se totiz, Ze v Casné fazi embryonalniho vyvoje existuje vyrazna rezistence k
ucinkim obou téchto latek, at' jiz k beta-stimulaénim ucinkiim nebo k beta-inhibiénim
ucinkim (Zamenhof, 1989). Prace Ostadala a kol. pfedstavuje vhled do patogeneze
katecholaminy indukované kardiomyopatie u kufeciho embrya (Ostadal et al., 1976;
Ostadal et al., 1982; Ostadal et al., 1987; Ostadal et al., 1995). Mnohem méné jsou
v8ak jiz znamé ucinky beta-blokatord a neni ani znam mechanismus, ktery vede
k umrti embryi vystavenych témto latkdm. Z provedenych studii vyplyva, Ze toxicita
beta-blokatoru roste s pokrocilosti vyvoje embrya. Lze proto predpokladat, ze svym
ucinkem beta-blokatory ovliviuji pfedevSim funkci kardiovaskularniho systému
namisto pfimého vlivu na rozvoj malformaci, které by nebyly sluCitelné s dalSim

Zivotem embryi.

1.1.2.5 Moznosti akutni |é€by fibrilace sini s rychlou odpovédi komor
v téhotenstvi pomoci nitrozilniho podani ibutilid fumaratu

Incidence fibrilace sini u téhotnych Zen neni vysoka, ale stoupa u Zen se
strukturalnim onemocnénim srdce. Pfesto vSak predstavuje zavazny problém a
terapeutické dilema, nebot’ v prabéhu gravidity je nutné dbat nejen o matku ale také o
bezpeénost plodu. Standardni Ié€bou persistujici fibrilace sini v dospélé populaci je
farmakologicky &i elektricky navozena verze na sinusovy rytmus. Jedna se o relativné

bezpecné vykony pro téhotnou zenu, ale obé metody pfedstavuji riziko pro plod.
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Vétsina léku uzivanych pro farmakologickou verzi je ve skupiné U.S.FDA C (ibutilid,
flecainid, propafenon) a ¢asto uzivany amiodaron je dokonce ve skupiné U.S.FDA D.
To znamena, Ze vliv téchto |ékU na plod je spiSe nezadouci nebo v ¢asnych fazich
téhotenstvi dokonce teratogenni. Elektricka kardioverze zase vyzaduje elektricky
vyboj a je provadéna vyhradné v silné analgosedaci.

Za téchto okolnosti se jednorazové pouziti antiarytmika ibutilid fumaratu k verzi
fibrilace Ci flutteru sini u téhotné Zeny jevi jako racionalni varianta. Ibutilid fumarat
patfi do lll. skupiny antiarytmickych pfipravkd a od roku 1995 ho U.S.FDA oznacuje
za lék indikovany k ukonceni kratce trvajici fibrilace ¢&i flutteru sini. Prodluzuje trvani
akéniho potencidlu a také refrakterni fazi v srdecCnich sinich a komorach,
v atrioventrikularnim uzlu a v pfevodnim Hisové svazku i Purkyniovych vlaknech
(Murray, 1998). Velmi vyhodny je tento preparat pro ukonceni fibrilace i flutteru sini
u pacientl s akcesorni prfevodni spojkou — Wolf-Parkinson-White syndrom. Jeho
velkou vyhodou, ktera se uplatiiuje pravé v obdobi téhotenstvi, je jeho velmi kratky
poloCas 2-4 hodin. Dostupna data z experimentu na embryich potkana sice hovofi
v jeho neprospéch vzhledem k vyskytu teratogennich uc€inkd na tato embrya, které
jsou nejspiSe duasledkem farmakologicky navozené bradykardie a nasledné
hypoxémie embryi (Marks and Terry, 1996; Danielsson et al., 2001). Musime vSak
vzit v uvahu, Ze se jednalo o protrahovany efekt ibutilid fumaratu, ktery byl navic
podavan v minimalné ctyfikrat vysSi davce, nez je tomu v klinické praxi. Protoze je
ibutilid fumarat pro ucely verze na sinusovy rytmus podavan v jedné ¢i maximalné
dvou 10-ti minutovych nitrozilné podanych infuzich, a jeho polo¢as je velmi kratky, |ze
ho nejspiSe uvazit jako jednu z moznych IéCebnych strategii pfi |éCbé fibrilace Ci

flutteru sini u t&€hotnych Zen.

1.2 Digoxin a jeho role v souéasné kardiologii

Digoxin je nejstarSim lIékem uzivanym v interni mediciné a v kardiologii, a to jiz vice
nez 200 let pfedevSim pro lIé€bu srdeCniho selhani. Srdeéni selhani nastava, kdyz
néjaka porucha srdec¢ni funkce zpusobi, Zze srdce neni schopno zabezpecit takovy
vydej krve, aby byly pokryty naroky tkanového metabolismu nebo kdyz je schopno to
Cinit pouze za cenu zvySeného plniciho tlaku. Srdeéni selhani se rozviji bud’ nahle, a

potom ho oznacujeme za akutni srde¢ni selhani, ¢i pozvolné v pribéhu mésicl a pak
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ho oznaCujeme za chronické srdecni selhani. V obou pfipadech je zpusobeno
poruchou funkce jednotlivych srdecnich oddil(. Nejlépe popsanou pfi¢inou je snizeni
systolické funkce levé srde¢ni komory, kterou vyjadifujeme ejekcni frakci levé komory
(EF). Hodnoty < 50% jiz pfestavuji snizeni systolické funkce. DalSi velkou
podskupinu nemocnych tvofi pacienti s tzv. srde¢nim selhanim se zachovalou
systolickou funkci levé komory, kdy ejekéni frakce zustava v mezich normy (EF
zpravidla nad 50%), avSak alterovano je plnéni komor. V literatufe je tato forma
nazyvana také diastolickym srde¢nim selhanim (Owan et al., 2006; Kuznetsova et
al., 2009). Je zpusobeno poruchou plnéni levé komory v diastolické fazi srdec¢ni
revoluce. V praxi se velmi Casto setkavame s pfipady, kdy se znamky systolické i
diastolické dysfunkce vyskytuji sou¢asné.

Mezi nejCastéjSi pfiCiny vedouci k rozvoji dysfunkce levé komory patfi ischemicka
choroba srdec€ni, arterialni hypertenze, chlopenni vady, skupina dilatacnich
kardiomyopatii a jiné vzacnéjsi pficiny.

Prevalence srde¢niho selhani v populaci je udavana 1-3% a stoupa s pfibyvajicim
vékem. Napfiklad v praci Rotterdamskych autori byla prevalence srde¢niho selhani
3,9% v celé kohorté. U jedincl ve véku 55 az 64 let byla prevalence srdecniho
selhani 1% a u jedincu starSich 85 let se jednalo dokonce az o prevalenci 10%
(Mosterd et al., 1999). Prognéza pacientl se srde€nim selhanim souvisi samoziejmé
s pokrocilosti onemocnéni, ale ve vSech pfipadech neni pfizniva. Je doloZzen
jednoznacné vzestupny trend mortality v zavislosti na délce trvani srdec¢niho selhani
od stanoveni diagnézy. Napfiklad podle Framingham Heart Study byla 30-denni
mortalita od stanoveni diagnézy asi 10%, jednoleta mortalita 20-30% a pétileta
mortalita dosahovala hodnot 45-60% (Levy et al., 2002).

Jak jiz bylo vy$e zminéno, srde¢ni selhani se muze rozvijet ¢ dekompenzovat nahle.
V nejtézSich pfipadech muze dochazet az k rozvoji kardiogenniho Soku, ktery je
zatizen vysokou mortalitou. Vyznam podavani digoxinu v prabéhu akutniho
srdec¢niho selhani spocCiva v jeho bradykardizujicim ucinku, ktery neni provazen
negativné inotropnim efektem jako je tomu u |éki ze skupiny beta-blokatora di
inhibitordl vapnikového kanalu, a nezpusobuje ani pokles krevniho tlaku. Digoxin ma
dokonce lehce pozitivné inotropni ucinek, to znamenda, Ze zlepSuje kontraktilitu
srdeCnich komor. Proto je vhodny napfiklad u pacientd s persistujici fibrilaci sini
S nepfiméfené rychlou odpovédi komor. Pfi vysoké tepové frekvenci dochazi ke
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zkraceni délky plnéni selhavajici srdeCni komory, coz jesté dale zhorSuje jejich funkci
a muze vést k dalSimu prohlubovani srdecniho selhani.

NejCastéji je vSak digoxin uzivan u pacientu s chronickou formou srde¢niho selhani.
Podle doporu€eni Evropské kardiologické spolecnosti pro diagnostiku a 1é¢bu
akutnino a chronického srde¢niho selhani je digoxin v peroralnim podani
doporucovan pro |é€bu pacientld se symptomatickym srde¢nim selhanim a s ejekéni
frakci levé komory < 40% Ci pro symptomatické pacienty s permanentni fibrilaci sini
s rychlejSi odpovédi komor pfi jiz zavedené 1éCbé beta-blokatory (McMurray et al.,
2012a). V nékterych pfipadech muaze byt pfidan k chronické lécbé beta-blokatory
také u pacientl s permanentni fibrilaci sini i bez souCasné diagnézy srdecniho
selhani pro dosazeni optimalni klidové odpovédi srdeCnich komor.

Digoxin ma sice jen slabé pozitivné inotropni ucinek, avSak napomaha také zlepseni
pInéni levé srdecni komory svym bradykardizujicim uc€inkem predevsim u fibrilace
sini. Digoxin také snizuje abnormalné zvySenou aktivaci sympatického nervového
systému u pacientl s chronickym srde¢nim selhanim. (Opie, 2005)

K farmakokinetickym ucinkim digoxinu Ize fici, Zze sérovy poloCas digoxinu je 36
hodin. Z celkového mnozstvi 75% vstfebaného digoxinu z gastrointestinalniho traktu
(zbytek je inaktivovan stfevni mikroflérou na neaktivni metabolit dyhydrodigoxin) je
asi 70% vylou¢eno ledvinami vétSinou v nezménéné formé. DalSich asi 30%
digoxinu je vylou€eno ve stolici nebo je metabolizovano v jatrech. Asi polovina
ucinného digoxinu je v téle vazana na bilkovinu kosterniho svalstva. (Opie, 2005)

Z téchto udaju vyplyva, ze predevSim pacienti s renalni insuficienci a snizenou

svalovou hmotnosti budou nachylnéjsi k rozvoji digoxinové toxicity.

1.2.1 Digoxin a jeho potencial pro rozvoj digoxinové toxicity
Hlavni nevyhodou digoxinu je nutnost udrzeni velmi uzkého terapeutické rozmezi

sérovych hodnot tak, aby byl U€inek Iéku dostateCny a souasné nedoslo k rozvoji
digoxinové toxicity. Evropska kardiologicka spole¢nost doporuCuje sérovou hladinu
digoxinu vrozmezi 0,8 — 1,5 nmol/l (0,6 — 1,2 ng/ml) jako optimalni pro |éCbu
chronického srde¢niho selhani (Pfister and Schneider, 2009). Jim odpovidajici
doporuceni American College of Cardiology a American Heart Association
(ACC/AHA) doporucuji jako optimalni sérovou hladinu digoxinu v rozmezi 0,64 — 1,2
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nmol/l (0,5 — 0,9 ng/ml) (Hunt, 2005). Sérova hladina digoxinu pfekracujici hodnotu =
3,0 nmol/l (2,5 ng/ml) je jiz povazovana za toxickou.

Na zakladé farmakokinetickych vlastnosti digoxinu, které jsou uvedeny v pfedchozi
kapitole, Ize fici, Ze pacienti s renalni insuficienci a snizenou svalovou hmotnosti
budou potencialné nachylnéjSi k rozvoji digoxinové toxicity. K jejim projevim patfi
klinické znamky, jako jsou gastrointestinalni obtiZe, poruchy visu, znamky postizeni
centralniho nervového systému, které mohou vyustit az ve zmatenost a bezvédomi.
DalSimi projevy, které mohou a nemusi byt symptomaticke, jsou nejriznéjSi formy
arytmii od blokady sinusového uzlu a atrioventrikularniho uzlu (diky excesivni vagové
stimulaci vedouci k bradykardii), az po zvySenou komorovou automacii. Ta se mize
projevovat vznikem akcelerovaného junkéniho €i akcelerovaného idioventrikularniho
rytmu, bidirekéni tachykardii, ¢astymi komorovymi ektopiemi atd. U mirnych forem
digoxinové toxicity Ize na EKG nalézt miskovité deprese useku ST, tzv. scooping
(Obrazek 6). (Braunwald et al., 2005)

Obrdzek 6
Elektrokardiogram s ndlezem typickym miskovity ST depresi u pacienta s toxickou sérovou

hladinou digoxinu 6,61 nmol/I.

1
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2. PUVODNI PRACE

2.1 Embryotoxicky vliv zmény tepové frekvence vyvolany podanim léku
s antiarytmickym uc€inkem u kurecich embryi

2.1.1 Cil
Cilem prace bylo dukladné prozkoumani vlivu rzné selektivnich beta-blokatord na

adrenergni signalizacni kaskadu v Casném vyvojovém obdobi kufeciho embrya. DalSi
zkoumanou latkou byl ivabradin, ktery v myokardu blokuje specificky I; kanaly,
odpovédné za srdeCni automacii. Pro tato farmaka je spoleCny jejich negativné
chronotropni ucinek na myokard, ktery nasledné vede k rozvoji vyrazné bradykardie.
Protoze srdec¢ni frekvence je v dobé embryonalniho a fetalniho vyvoje hlavnim
faktorem ovliviujicim srde¢ni vydej (Dunnigan et al., 1987), pfedpokladali jsme, Ze
témito tfemi Iéky navozena bradykardie povede k snizenému srdecnimu vydeji kvali
omezenému mechanismu kompenzace pomoci Frankova - Starlingova zakona.
Tento mechanismus je v €asnych stadiich embryonalniho vyvoje vyrazné limitovan
pfevaZzujici trabekulizaci myokardu, ktery je sou€asné vybaven jen tenkou vrstvou
kompaktniho myokardu. (Sedmera, 2011) Predpokladali jsme, Ze je to pravé
bradykardie, provazena poklesem srde¢niho vydeje, ktera plsobi negativné na vyvoj

embrya a plodu u matek IéEenych v téhotenstvi I€ky s bradykardizujicimi ucinky.

2.1.2 Metodika

2.1.2.1 Inkubace embrya a aplikaci Iéku
Oplodnéna slepiCi vejce bilé leghornky byla inkubovana ve specializovaném

inkubatoru pfi teploté 38°C a vlhkost byla udrzovana 75%, byla otaena pravidelné
ve 4 hodinovych intervalech. Takto byla vejce inkubovana az do 3-9 embryonalniho
dne vyvoje (ED) (Hamburger-Hamilton stadium 17-35) (Hamburger and Hamilton,
1951). Po dosazeni cilového dne vyvoje, byl do skofapky vejce vytvoren s nejvétsi
opatrnosti nizkami maly otvor a testovany Iék v cilové davce, nafedény ve
fyziologickém roztoku (metoprolol 1 mg/ml, a carvedilol 1,36 mg/ml) byl aplikovan do

amniotického vaku. (Obrazek 7)
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2.1.2.2 Testovani embryotoxicity
Embryotoxicky vliv byl testovan in ovo aplikaci rdznych davek metoprololu,

carvedilolu a ivabradinu do amniotického vaku ve stadiu ED4 a EDS8 (Tabulka 1,2). U
kontrolni skupiny byl intramnioticky aplikovan fyziologicky roztok. Embrya byla dale in
ovo inkubovana az do ED9. Nasledné byla embrya vynhata z vejce, byla pfesné
zmérfena jejich mokra a sucha vaha a také vaha embryonalnich srdci, ktera slouzila

jako jeden z ukazatel( kardiotoxicity. (Obrazek 7)

Obrazek 7
Morfologie ED4 a EDS8 (vyvojového stadia kufeciho embrya) a demonstrace

Jednotlivych metod pro ziskani dat a jejich analyzu

Usporadani experimentu

metoprolol metoprolol
-

carvedilol carvedilol " ¢
ivabradine ivabradine J

Vejce . ) ) Vylihnuté kufe
Srdce zaCina Trabekularizovaneé Septace Koronarni
bit srdce komor recisté
Zacina septace dokonéena  funkéni
komor

| | | | | /[ | )
| | | ! | | ! | I/ |
0 2 4 5 6 8 9 10 21
Embryonalni den
Embryotoxicita (mortalita, malformace,
vaha embrya, vaha srdce)
Akutni a sttednédoby Géinek AKutni Géinek Beta-adrenergni receptory
(videomikroskopie) (ultrazvuk)

2.1.2.3 Ex ovo videomikroskopie
Kufeci embrya stadia ED4, inkubovana ex ovo, byla vySetfena videomikroskopicky.

Srdec¢ni objemy téchto embryi byly hodnoceny pomoci rovnice pro elipsoid (Sedmera
et al., 1999a) (Obrazek 8). Tepovy objem levé komory (SV) byl kalkulovan odectenim
end-systolického objemu od end-diastolického objemu ve tfech po sobé jdoucich
srdecCnich cyklech. Zaznamenavany byly smycky dlouhé 10 sekund a byly nahravany
kazdou minutu po celkovou dobu 30 minut digitalnim fotoaparatem Canon G5
spojenym s disekénim mikroskopem Leica SMZ 16. Ztéchto zaznamu byla

hodnocena tepova frekvence (HR). Ex ovo inkubovana embrya byla umisténa ve
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specialni Sestiuhelnikové sklenéné misce (McQuinn et al., 2007) a po dobu vySetfeni
byla udrZzovana pfi teploté 37,5 °C s pouzitim kovového kontejneru vyplnéného
predehfatym Bath Armor suchym mediem umisténym na zahfivacim/chladicim
zarizeni ECHOTHERM.

2.1.2.4 Pouziti ultrazvuku pro ex ovo vysSetrovani
Ultrazvukova biomikroskopie byla provadéna vyhradné ex ovo (Obrazek 8)

s pfistrojem Vevo 760, upravenym pro kufeci embrya (McQuinn et al., 2007). Injekéni
jehlou a stfikaCkou byla aplikovana davka metoprololu — 200 ul, carvedilolu 50 pl a
ivabradinu 200 ul intraamnioticky. U kontrol bylo takto aplikovano 200 ul
fyziologického roztoku. U carvedilolu byla zvolena nizSi davka proto, Ze pfi pouziti
200 pl byla mortalita Casna a velmi vysoka. Touto metodou byla vySetfovana embrya
ve stadiu ED8. Ze zaznamu projekce srdce z parasternalni dlouhé osy byl s pomoci
Simpsonovy rovnice vypocten tepovy objem a srdecni vydej (srde¢ni vydej (pl/min) =

tepovy objem (ul) * tepova frekvence (n/min).
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Obrazek 8

Videomikroskopie u ED4 kufeciho embrya se zaznamem tepové frekvence (A-E)
zobrazujici negativni inotropni efekt ivabradinu. Mikrofotografie a ultrazvukové
vy8etifeni v B-modu a M-modu u EDS8 kureciho embryonalniho stadia (F-J)
dokumentujici negativné chronotropni a dromotropni efekt metoprololu. A — atrium
(sifi), FL — fore limb (horni koncetina), HL — hind limb (dolni koncetina), LA — left
atrium (leva siri), LV — left ventrikle (leva komora), OT — outflow tract (vytokovy trakt),
RA — right atrium (prava siri), RV — right ventricle (prava komora), V — ventrikle
(komora). Zluté tedky oznaduji bod zajmu, kde byl detekovan zéznam tepové

frekvence (D, E). Upraveno podle (Kockova et al., 2013).

klidovy zaznam (10-ti sekund)

508

___diastola

1 Slica 150

10 minut po aplikaci ivabradinu

UL

E' Skt 150

Mean

klidovy zdaznam (180/min)

M-ode

12 minut po aplikaci metoprololu
A-V blok 3:2

systole
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2.1.2.5 Davky antiarytmickych léku
Na jedno vejce (primérné 57g) bylo podano 200 pl (ug) metoprololu. Tato davka

prestavuje 16x vysSSi davku nez je maximalni doporuCena davka pro dospélého
Clovéka (70 kg) vzhledem k poméru vahy a farmakokinetice metoprololu. Davka 50 pl
(Mg) carvedilolu pfedstavuje 4x vySSi davku nezZ je maximalni doporu¢ena denni
davka pro dospélého Clovéka. Davka 200 pl (ug) ivabradinu je 7x vySSi nez
maximalni doporucena davka pro dospélého Clovéka. Maximalni okamzita efektivni
koncentrace farmaka v embryu samotném po jeho aplikaci do intraamniotického vaku

je asi 20x vysSi bereme-li v ivahu postupnou distribuci latky v celém objemu vejce.

2.1.2.6 Analyza beta-adrenergnich receptort
Pfiprava membran kardiomyocytu k detekci po¢tu beta-adrenergnich receptort byla

provedena nasledujicim zpUsobem. Srdce kufecich embryi byla rozmélnéna,
homogenizovana v TMES pufru (20 mM Tris-HCI, 3 mM MgCl,;, 1 mM EDTA a 250
mM sacharéze; pH 7,4) obsahujici kompletni spektrum proteazovych inhibitort
(Roche Diagnostics) ve sklo-teflonovém homogenizatoru Potter-Elvehjem. Smés
bunécnych fragmentl a jader byla izolovana pomoci nizko-rychlostni centrifugace
(600 x g, 10 minut) a membrany bunék byly izolovany centrifugaci pfi 50000 x g po
dobu 30 minut pfi 4 °C. Ty pak byly nasledné ponofeny do TMES bufferu a
uchovany v kontejneru pfi -80 °C.

Beta-adrenergni receptory byly nasledné uréeny pomoci single-point binding assay
obsahujici [H]JCGP12177 — neselektivni beta-adrenergni antagonista. Membrany
kardiomyocytt (60 ug) byly inkubovany s 3 nM [°*HJCGP12177 v inkubagnim pufru
(50 mM Tris-HCI, 10 mM MgCl, a 1 mM kyseliny askorbové; pH 7.4) po dobu 60
minut pfi 37 °C v celkovém objemu 0,5 ml. Tato reakce byla ukonéena pfidanim 3 mi
ledové chladného proplachového roztoku (50 mM Tris-HCI, 10 mM MgCly; pH 7,4).
Nasledovala okamzita filtrace pfes Whatman GF/C filtry nasycené 0,3% PEI
Nespecifické vazby byly identifikovany inkubaci s radioaktivné znacenym L-
propranololem (10 pM). Nasledné byla zméfena radioaktivita na filtrech pomoci
scintilaéni metody v5 ml CytoScint (ICN Biomedicals). Mnozstvi receptorli bylo
méfeno ve vSech vzorcich opakované ve 3-5 pokusech a z nich kazdy byl proveden
tfikrat. Vysledky jsou vyjadfeny jako primérné hodnoty s jednotlivymi smérodatnymi
odchylkami (SMOD).
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2.1.2.7 Statistické metody
Embryotoxicky efekt byl testovan uzitim Yatesova korigovaného Chi-kvadratového

testu. Embryonalni vahy a vahy srdci byly porovnavany s pouzitim neparového
Studentova T-testu (Microsoft Excel).

Longitudinalni srovnani funkénich parametri pfed a po aplikaci farmaka byly
provedeny s uzitim parového Studentova T-testu a analyzou variance (ANOVA).
Srovnani mezi kontrolami a IéCenymi skupinami bylo provedeno s pomoci
neparoveho Studentova T-testu a vysledna hodnota P méné nez 0.05 byla

povazovana za statisticky vyznamnou.

2.1.3 Vysledky
Mortalita kontrolni skupiny kufecich embryi, kterym byl podan pouze fyziologicky

roztok v davce 200 ul byla 14% pro embrya stadia ED4 a 6% pro stadium ED8.Ve
skupiné ED4 stadia embryi, kterym byl aplikovan metoprolol v riznych davkach,
nebyla zjiSténa statisticky odliSna mortalita oproti kontrolni skupiné. Ve skupiné ED8
embryi po aplikaci 200 pl metoprololu byla mortalita 39%. Velmi vyznamné zvySena
mortalita byla zjiSténa u ED4 embryi po aplikaci 200 yl carvedilolu — 86%. U stejné
davky carvedilolu byla u ED8 embryi mortalita jen 44%. Vyznamna zavislost
mortality (80%) na davce podaného ivabradinu byla zjisténa u ED4 embryi po
aplikaci 200 pl ivabradinu (Tabulka 1). U ED8 embryi byl tento efekt méné vyjadien
s mortalitou pouze 10% pfi stejné davce ivabradinu (Tabulka 2). Mokré a suché vahy
embryi a embryonalnich srdci se statisticky signifikantné neliSily mezi jednotlivymi
skupinami (Tabulka 1,2).



Tabulka 1 Vysledky u embryi po podani farmak ve 4-dennim stadiu
*p<0,05, Tpramér + SE, +pramér ziskany vypoctem z celkového objemu srdci
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ED4 z‘ég\;ka N Exitus  Mortalita (%) Vaha embrya (g) Vaha srdce (g)*
Metoprolol 0 11 1 9 1,425 +0,114 0,0127
2 21 0 0 1,652+0,157 0,0014
20 12 0 0 1,37520,162 0,0146
40 21 2 10 1,736+0,162 0,0164
200 16 0 0 1,388+0,120 0,0157
Carvedilol 0 5 0 0 1,317+0,085 0,0156
2 6 0 0 1,264+0,078 0,0145
20 13 1 8 1,350+0,149 0,0142
40 15 1 7 1,416+0,071 0,0156
200 14 12 86* 1,40540,152 0,0163
ivabradin 0 13 3 23 0,7910,056 0,0107
2 10 1 10 0,810+0,889 0,0093
20 10 10 0,814+0,079 0,0088
40 29 16 55 0,8210,103 0,0092
200 15 12 80* 0,694+0,164 0,0090
Tabulka 2 Vysledky u embryi po podani farmak v 8-dennim stadiu
*p<0,05, Tpramér + SE, +primér ziskany vypocétem z celkového objemu srdci
ED8 z,z‘;ka N Exitus  Mortalita (%) Vaha embrya (g)'r Vaha srdce (g)°
metoprolol 0 § 19 2 11 1,502 +0,179 0,0165
2 20 0 0 1,830+0,178 0,0184
20 20 1 5 1,717+0,146 0,0190
40 15 0 0 1,33240,163 0,0135
200 23 9 39 1,604+0,097 0,0135
carvedilol 0 0 0 1,257+0,064 n.d.
2 1 20 1,249+0,114 0,0138
20 16 0 25 1,33940,142 0,0137
40 15 4 0 1,366+0,129 0,0151
200 16 7 44 1,314+0,175 0,0105
ivabradin 0 12 0 0 1,592+0,147 0,0118
2 12 1 8 1,439+0,163 0,0109
20 12 2 17 1,573+0,147 0,0117
40 12 0 0 1,510%0,156 0,0150
200 20 2 10 1,444%0,191 0,0127
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2.1.3.1 Funkéni efekt v éasném embryonalnim stadiu ED4
Metoprolol je Iék se silné negativné chronotropnim uc€inkem, ktery ved| k poklesu

tepové frekvence az o 33% ve 30 minutdch méfeni po jeho podani ED4 ex ovo
embryim. Oproti tomu u ED4 embryi v kontrolni skupiné doS$lo ve 30 minutach méfeni
po aplikaci fyziologického roztoku k malému poklesu tepové frekvence o 6%
z puvodni 150+13 tepU/minutu (primértSMOD) (Obrazek 9). Tento rozdil byl
statisticky signifikantné odlidny s P=0,009%. Srde¢ni vydej u téchto ED4 embryi
poklesl 0 1% z pavodnich 2607217791 pl/min (primé&r+SMOD) u kontrolni skupiny,
zatimco ve skupiné po aplikaci metoprololu byl zaznamenan pokles o 16% (Obrazek
9). Ve skupiné metoprololu nebyly statisticky vyznamné odliSné hodnoty srdecniho
vydeje ani oproti kontrolni skupiné (P=0,503) ani oproti puvodnim hodnotam pfed
aplikaci (P=0,930). Pro nazornost byly trendy téchto sledovanych parametr(
vyjadfeny normalizovanymi hodnotami bez naznaceni chyb méfeni (Obrazek 9).
Maximalni negativné chronotropni ucinek carvedilolu u ED4 embryi byl dosazen jiz 6
minut po aplikaci, kdy doslo k poklesu o 27% (P=0,0003) a k dalSimu poklesu tepové
frekvence po dobu sledovani (30 minut) jizZ nedoS$lo (Obrazek 9). Rozdil mezi tepovou
frekvenci v této skupiné byl oproti kontrolni skupiné statisticky vyznamny v 6 i 30
minuté s P=0,001 a P=0,047. Statisticky vyznamny rozdil v srde¢nim vydeji mezi
skupinou carvedilolu ED4 a kontrolni skupinou zjistén nebyl (Obrazek 9).

Podani ivabradinu ED4 embryim vedlo k poklesu tepové frekvence po 30 minutach
sledovani az o 55%, zatimco u kontrol to bylo pouze o0 6% (Obrazek 9). Tento rozdil
byl vysoce statisticky vyznamny s P<0,001. Srde¢ni vydej ve skupiné ivabradinu
poklesl ve 30 minutach o 43% oproti pavodnim hodnotam (Obrazek 9), zatimco u
kontrolni skupiny nebyl tento pokles oproti pivodnim hodnotam ve 30 minutach

vyznamny (P=0,986).
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Obrazek 9
Srdecni frekvence a srdecni vydej, embryonalni stadium ED4.
Pokles tepové frekvence vede k poklesu srdecniho vydeje. * P<0,05 statisticky

vyznamny rozdil. Upraveno podle (Kockova et al., 2013).

Tepova frekvence ED4 stadium (% bazalni hodnoty) Srdecni vydej ED4 stadium (% bazalni hodnoty)
o, 100
80
—+ - Kontroly
60 - #- - Metoprolol
40 - #- -Carvedilol
—i— |vabradin
20
0 T T \ 0 T T )
2 6 3p ¢as (min) 2 6 30 Cas (min)

2.1.3.2 Funkéni efekt v embryonalnim stadiu ED8
U vyvojové pokrocilejSich ED8 embryi byl negativné chronotropni efekt metoprololu

jesté vice vyjadien nez tomu bylo u ED4 (Obrazek 10). Tepova frekvence poklesla
v pribéhu 30 minut sledovani o 71% (P<0,001) v porovnani s kontrolni ED8
skupinou, kde doslo k poklesu jen o 36% (P<0,001) oproti plvodni hodnoté 205+28
tepu/minutu (primér £ SMOD). Rozdil mezi skupinou metoprololu a kontrolni
skupinou byl statisticky vyznamny ve 30 minutach s P=0,011. V obou skupinach
doSlo k vyznamnému poklesu srde¢niho vydeje spole¢né s poklesem tepové
frekvence, 0 61% to bylo ve skupiné s metroprololem a o 36% v kontrolni skupiné
oproti puvodnim hodnotam 37442+12826 ul/min (primér + SMOD; Obrazek 10).
Rozdil mezi obéma skupinami byl statisticky vyznamny s P=0,001.

U ED8 embryi doslo po aplikaci 200 pl carvedilolu k velmi etnym epizodam asystolie
a kumrti (4 embrya z5 — P=0,004 hodnoceno Chi-kvadrat testem). Proto byla
testovana davka carvedilolu sniZzena na 50 pl.

Podani 50 ul Carvedilolu vedlo k negativné chronotropnimu ucinku projevujicimu se
poklesem tepové frekvence o 54% puvodnich hodnot (P<0,001) ve 30 minutach.
Srovnani s kontrolni skupinou ukazalo statisticky vyznamny rozdil s P=0,037
(Obrazek 10).
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Ve skupiné s carvedilolem byl také zaznamenan statisticky vyznamny vzestup
tepového objemu v 6 a 30 minutach, ktery vedl pouze k velmi pozvolnému poklesu
srde¢niho vydej s klesajici tepovou frekvenci. Tento kompenzacni vliv vedl k jen
mirnému poklesu srdec¢niho vydeje, ktery pak nedosahl statistické vyznamnosti oproti
kontrolni skupiné. U obou skupin doslo k poklesu srde¢niho vydeje o 36% a 33% ve
30 minutach (Obrazek 10).

Stejny negativné chronotroponi ucinek byl zjiStén u ED8 embryi ve skupiné
s ivabradinem. Srdec¢ni frekvence v této skupiné poklesla o 53% (P<0.001) ve 30
minutach. Porovnani skupiny s ivabradinem a kontrolni skupiny ukazalo statisticky
pouze hrani¢ni rozdil s P=0,052 (Obrazek 10). Nebyl zjistén statisticky vyznamny
rozdil v tepovém objemu mezi obéma skupinami. Srdecni vydej poklesl o 45% ve
skupiné s ivabradinem a o 36% v kontrolni skupiné (P=0,128), tento rozdil vSak

nebyl statisticky vyznamny (Obrazek 10).

Obrazek 10
Srdecéni frekvence a srdecni vydej, embryonalni stadium ED8.
Pokles tepové frekvence vede k poklesu srdecniho vydeje. * P<0,05 statisticky

vyznamny rozdil. Upraveno podle (Kockova et al., 2013).
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2.1.3.3 Beta-adrenergni receptory v prubéhu vyvoje
V experimentu byl zaznamenan jednoznacny klesajici trend v poctu beta-

adrenergnich receptort v prubéhu vyvoje kufeciho embrya. V €asnych vyvojovych
stadiich ED4 byl pocCet beta-adrenergnich receptorll vyrazné vyssi v porovnani
s ED18 (Obrazek 11). Mnozstvi beta-adrenergnich receptorl se mezi ED8 embryi
inkubovanych 24 hodin s metoprololem a kontrolni ED9 skupinou neliSilo (76 versus
78 fmol/mg bilkoviny). Pokud byla ED8 embrya stejnou dobu inkubovana
s carvedilolem, doSlo k redukci poctu beta-adrenergnich receptord ve srovnani
s kontrolni skupinou (56 versus 72 fmol/mg bilkoviny).

Dale je zajimavé, Zze embrya CasnéjSiho ED4 stadia inkubovana s metoprololem a
carvedilolem méla vyrazné nizSi pocCet beta-adrenergnich receptori ve srovnani
s kontrolni skupinou a také s vyvojové starSimi ED8 embryi. Primérna hustota beta-
adrenergnich receptori ve skupinach ED4 + ED8 embryi s metoprololem byla 55
fmol/mg bilkoviny; ED4 + ED8 embryi po aplikaci carvedilolu jen 37 fmol/mg bilkoviny
(Obrazek 12).

Obrazek 11
Viyvoj poctu beta-adrenergnich receptord u kufeciho embrya. Upraveno podle
(Kockova et al., 2013).
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Obrazek 12
Down-regulace beta-adrenergnich receptort u kufeciho embrya v dusledku podani

beta-blokatoru. * P<0,05 statisticky vyznamny rozdil. Upraveno podle (Kockova et al.,

2013).
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2.1.4 Diskuze

Studovany byly tfi rGzné Iéky s antiarytmickym uc€inkem a se silnym potencialem pro
snizeni tepoveé frekvence, s tzv.bradykardizujicim uc€inkem. Metoprolol je stfedné
silné selektivni beta-blokator (blokuje beta 1 adrenergni receptory) a s negativné
chronotropnim a také negativné inotropnim ucinkem (Opie, 2005). Carvedilol patfi
k neselektivnim beta-blokatoriim, které pfimo inhibuji beta-1 a beta-2 receptory
pfitomné v myokardu ale také v burikach cévni stény (Opie, 2005). Jeho Siroce
blokujici efekt na adrenergni receptory vede k negativné chronotropnimu efektu,
meéné vyjadienému negativné inotropnimu efektu (Brixius et al., 2001), a dale sniZuje
afterload (dotiZeni). Ivabradin je relativné novym lékem s pfimym ucinkem na tzv.

Sunny“ (l) kanaly pfitomné v sinusovém uzlu ve vysoké mife. Tento uCinek dava
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ivabradinu silny potencial pro snizeni tepové frekvence aniz by byl tento provazen
soucasné negativné inotropnim ucinkem (Sulfi and Timmis, 2006).

Uginky beta-blokatord byly studovany v retrospektivnich studiich u t&hotnych Zen se
syndromem dlouhého QT, ve kterych nebyl dokumentovan zvySeny vyskyt
malformaci u novorozencl (Rashba et al., 1998). Zadné malformace u plodd nebyly
prokazany ani analyzou souboru téhotnych zen |é€enych metoprololem pro arterialni
hypertenzi  (Sandstrom, 1978). Metoprolol je doporuc¢en pro 1éCbu
supraventrikularnich arytmii (SVT) v prubéhu téhotenstvi a je zafazen do tfidy |
s evidenci Level B s poznamkou, ze by tyto léky nemély byt podavany v prvnim
trimestru té€hotenstvi, jestlize je to mozné (Blomstrom-Lundqvist et al., 2003). Tyto
zkuSenosti z observacénich studii u téhotnych Zen koreluji s nasSimi nalezy, ve kterych
nebyly nalezeny malformace srdce, ale ani jiné malformace u kufecich embryi po
aplikaci metoprololu v kritické fazi jejich vyvoje. Vzhledem k nasim nalezim, které
ukazuji spiSe mensi citlivost mladSich ED4 embryi vuéi uc€inkim metoprololu,
nemuzeme potvrdit domnénku, Ze je uzivani metoprololu v prvnim trimestru
provazeno vysSim rizikem pro vyvoj plodu. Zjistili jsme, Ze embrya jsou v ¢asnéjSich
stadiich vyvoje méneé citliva k ucinku beta-blokatort a to pfestoze maiji relativné vyssi
mnozstvi pfitomnych beta-adrenergnich receptorl. Negativné chronotropni ucinek
beta-blokatorl na novorozence u lidi byl prokazan v placebem kontrolovanych
studiich s atenololem, kdy byly téhotné Zeny Ié€eny pro primomanifestaci arterialni
hypertenze v prubéhu téhotenstvi. U zen léCenych atenololem byla bradykardie u
novorozencl Castéjsi, ale nebyly zaznamenany zadné nezadouci ucinky na plod
(Rubin et al., 1982). Také my jsme prokazali silné negativné chronotropni ucinky
metoprololu u kufeciho embrya u vice vyspélych jedinctd ED8 ve srovnani s kontrolni
skupinou. Tento efekt byl provazen poklesem srdecniho vydeje, pravdépodobné
proto, Ze prevazujici procento myokardialni trabekulizace nad kompaktnim
myokardem levé komory fetalniho srdce neumozriuje plny efekt Frankova-Starlingova
mechanismu tak, jak se uplatiiuje u dospélych jedinct (Sedmera et al., 1999b).
Nedostateény srde¢ni vydej muize zpusobit umrti jedince, které bylo v nasem
experimentu pozorovano u ED8 kufecich embryi po aplikaci 200 uyl metoprololu. Jak
jiz bylo publikovano v dfivéjSich experimentech, hypoxie zplsobena lehkou az
stfedné vyznamnou bradykardii mize byt mechanismem umrti jedince (Danielsson et
al., 2001).
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Také v kontrolni skupiné jsme pozorovali pokles tepové frekvence, ktery viak nebyl
vyznamny u ED4 embryi, ale statistické vyznamnosti dosahl u vyvojové starSich ED8
embryi. Tento fenomén by bylo mozno vysvétlit osychanim amniotické membrany,
kterému se pfes naSe usili nepodafilo zcela zabranit. Na poklesu tepové frekvence
se mohl podilet CasteCné také tlak ultrazvukové sondy. Vliv vykonu ultrazvukového
pfistroje (power output) nemél na pokles tepové frekvence vliv. Kfivka poklesu
tepové frekvence se nijak nezménila po sniZeni vykonu na 50% puavodni hodnoty.
Velmi peclivé jsme také kontrolovali teplotu v nasich kultivaénich miskach, abychom
udrzeli konstantni podminky v pribé&hu celého experimentu.

Prozatim chybi zkuSenosti s vlivem carvedilolu na lidsky plod. Az do dneSniho dne
nebyly publikovany zadné studie provedené v lidské populaci téhotnych Zen. Na
zakladé naSeho experimentu mizeme prezentovat vyznamné nezadouci UCinky
vysokych davek carvedilolu (200 ul) u obou vyvojovych stadii (embryonalni a fetalni).
Tato davka je minimalné 16x vysSi, nez je davka bézné podavana u dospélych
jedincl. Vedla k rozvoji velmi signifikantnich epizod dlouhych asystolii a nakonec ke
vyznamna toxicita nebyla vibec prokazana. Negativné chronotropni ucinek
carvedilolu u ED8 embryi byl vyznamny, ale nedoSlo k vyznamnému poklesu
srdecniho vydeje.

Nejsou znamy informace o bezpeénostnim profilu ivabradinu v pribéhu téhotenstvi.
V dostupné literatufe lze nalézt jeden kazuisticky pfipad, u kterého nebyly prokazany
nezadouci ucinky na plod (Babic et al., 2011). Vyznamna embryotoxicita ivabradinu
v Casnych vyvojovych stadiich vyvolava potfebu dalSich studii. Specializované
~LJunny“ kanaly pacemakerovych bunék jsou pfitomny v myokardu jiz ve velmi
Casnych stadiich a postupné dochazi k jejich koncentraci do sinoatrialniho a
atrioventrikularniho uzlu (Aanhaanen et al., 2010; Sarre et al., 2010). Proto neni
prekvapenim, Ze ma ivabradin velmi silny negativné chronotropni ucinek na vyvijejici
se srdce, jak prokazal in vitro Sarre a kol. (Aanhaanen et al., 2010; Sarre et al., 2010)
a my tento vliv mizeme potvrdit ve studii in vivo.

Endogenni syntéza katecholaminu v oblasti srde¢niho pacemakeru byla prokazana
v Casnych vyvojovych stadiich savcu Ebertem a Thompsonem (Ebert and Thompson,
2001). Tento nalez je ve shodé s nasim nalezem CasteCné negativné chronotropni
odpovédi u embryi ED4. Také jsme prokazali pfitomnost funkCnich beta-
adrenergnich receptorl u ED4 embryi. V nezavislém experimentu, ve kterém byla
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izolovana srdce kufecich embryi kultivovana se vzrlstajici davkou adrenalinu 2-20-
72 yl (ug) ve 2 ml, doSlo k narlistu tepové frekvence o 60% ve srovnani s kontrolni
skupinou. Jiz v dfive publikovanych pracich je dokumentovana zvySena citlivost
srdce vuci beta-mimetickym Iékim (isoproterenol), a to tim vétsi, ¢im je jedinec
pokrocilejSiho vyvojového stadia, s maximalnim ucinkem na ED9 (Ostadal et al.,
1982). Tato dfive publikovana prace je zcela ve shodé s nasim pozorovanim vyssi
akutni citlivosti va&i beta-blokatoraim u ED8 embryi oproti ED4 embryonalnimu
stadiu. Tento fenomén v8ak nemuze byt pficten vySSimu poctu beta-adrenergnich
receptorl, protoze jsme dokumentovali naopak klesajici tendenci poc&tu receptoru
v prubéhu vyvoje od stadii ED4 az do ED18 stadia. Predpokladame, Ze lepSi
propojeni receptord a efektord (coupling) zvySuje jejich efektivitu v pozdéjSich
vyvojovych stadiich, coz by mohlo vysvétlit jejich vySSi citlivost vici ucinkim beta-
mimetickych latek. Navic jiz v pfechozich studiich bylo dokumentovano, ze
autonomni sympaticky systém dosahuje srdce v pribéhu vyvoje kufeciho embrya az
po parasympatickém nervstvu (vagovém) na ED9 (Verberne et al., 2000; Hildreth et
al., 2009). Dale jsme prokazali, Zze dlouho trvajici UCinek beta-blokatord vede
k poklesu poctu (down-regulaci) beta-adrenergnich receptort v ¢asnych vyvojovych
stadiich. Ze tfi testovanych latek byl tento efekt nejvice vyjadien u carvedilolu,
neselektivniho beta-blokatoru, oproti metoprololu, ktery patfi ke stfedné selektivnim

beta-blokatoram.

2.1.5 Zavér
Citlivost vuci negativné chronotropnimu ucinku metoprololu, carvedilolu a ivabradinu

stoupa umérné prenatalnimu vyvoiji jedince. V souladu s nasi hypotézou se ukazalo,
Ze kufeci embryonalni srdce maji nizS§i schopnost regulovat srdecni vydej a
vyznamna bradykardie zpUsobuje vyznamny pokles srdecniho vydeje, ktery se podili
na umrti embrya. Na zakladé nasi zkuSenosti z experimentu mizeme konstatovat, ze
metoprolol podavany téhotnym Zenam v béznych davkach pravdépodobné
nepfedstavuje zvySené riziko pro vyvoj plodu. V pfipadé ivabradinu a carvedilolu
vS8ak mame vazné podezfeni na mozny rozvoj potencialné nezadoucich ucinkl na

plod a to pravé v disledku ovlivnéni jeho tepové frekvence.
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2.2 Adenylat-cyklazova signalizaéni kaskada kureciho embrya v priibéhu
vyvoje: vliv podani antiarytmickych lék

2.2.1 Cil
Vzhledem k rostouci potfeb& medikamentozni IéCby téhotnych Zen, jejichz pramérny

vék stale stoupa a spolu s nim stoupa také incidence arterialni hypertenze, arytmii a
srde¢niho selhani, roste i potfeba prohloubit nasSe znalosti o moZnostech
nezadoucich UCinkh kardiologickych 1ékd na vyvijejici se plod. K nejCastéji
pfedepisovanym |ékim v prabéhu té&hotenstvi jsou v kardiologickych indikacich
pfedevSim beta-blokatory. Nékolik velmi recentnich praci uvadi zvySené riziko
podavani téchto Iéka pro vyvijejici se plod (Vasilakis-Scaramozza et al., 2013;
Yakoob et al.,, 2013). Je tedy zfejmé, Ze se musime vénovat studiu mechanismu
ucinkd téchto Iéka a v experimentu zkoumat jejich embryotoxicitu a teratogenicitu.
Kufeci embrya prestavuji velmi vhodny model pro studium vlivu beta-blokatorl a
katecholaminl (Ruijtenbeek et al., 2002) na vyvijejici se kardiovaskularni systém.
V naSem predchozim experimentu jsme prokazali silny negativné inotropni efekt
beta-blokatort na srdce kufeciho embrya, ktery ved| v rizné mife také ke snizenému
srde¢nimu vydeji. SouCasné jsme prokazali vysSi poCet beta-adrenergnich receptoru
u vyvojové mladSich jedincU, u kterych byl pfekvapivé negativné chronotropni ucinek
vyjadien slabéji, nez tomu bylo u jedincl vyvojové pokrocilejSich. Vysvétleni bylo
potfeba hledat v propojeni receptoru a adenylat-cyklazové kaskady vedouci ke
zvysSenim jejich efektu. Adenylat-cyklazova kaskada hraje zasadni roli v regulaci
funkce srdce, srdecni kontraktility. Cilem nasi prace bylo objasnit vliv podanych beta-
blokatord na vyvijejici se kufeci embryo a to specificky na adenylat-cyklazovou

signaliza¢ni kaskadu v myokardu.

2.2.2 Metodika

2.2.2.1 Pouzity material
[a-**P]ATP byl ziskan od Izotop (Budapest, Madarsko), [*H]cAMP od ARC (St. Louis,

MO, USA) a scintilani smés EcoLite od MP Biomedicals (Santa Ana, CA, USA).
Acrylamid a bis-acrylamid pochazely od SERVA (Heidelberg, Némecko), a aluminum

oxid 90 (neutralni aktivity 1) od Merck (Darmstadt, Némecko). Ostatni chemickeé
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pfipravky jsou od Sigma (St. Louis, MO, USA) a byly nejvy$si dosazitelné kvality.
AC5 protilatka od Abcam (Cambridge, UK) a Gsa protilatka od Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Pfiprava a uziti Gia (1,2) protilatky bylo
popsano drive (Novotny et al., 2001).

2.2.2.2 Kultivace kureciho embrya a aplikace testovanych latek
Oplodnéna vejce slepice bilych leghornek byla inkubovana ve specialnim inkubatoru

pfi 38 °C a 75% vlhkosti az do stadia vyvoje ED4-18. Vejce byla automaticky otacena
kazdé 4 hodiny. Na ED4 nebo ED8 nebo ED4+EDS8 bylo cestou malého otvoru ve
skofapce podano do amniotického vaku 200 pl (1 mg/ml) metoprololu nebo 50 ul (1
mg/ml) carvedilolu fedénych ve fyziologickém roztoku. U kontrolni skupiny byl
aplikovan jen fyziologicky roztok. Skofapky vejci byly zalepeny a dale inkubovany za

stejnych podminek az do ED9.

2.2.2.3 Priprava bunéénych membran
Kufeci srdce (normalni v riznych vyvojovych stadiich, dale ED9 bez i s podanim

beta-blokatorli na stadiich ED4, ED8 a ED4+ED8) byla homogenné rozmélnéna
v TMES pufru obsahujicim 20 mM Tris-HCI, 3 mM MgCl,, 1 mM EDTA a 250 mM
sacharozy (pH 7,4) doplnéném smési bilkovinnych inhibitord (Roche Diagnostics)
s pouzitim sklo-teflonového homogenizatoru Potter-Elvehjem na ledu. Bunééna a
jaderna drt byly izolovany pomalou centrifugaci (600 g, 10 minut pfi 4 °C), membrany
pak byly izolovany centrifugaci pfi 50,000 g po dobu 30 minut pii 4 °C. Pelety byly
resuspendovany v TME pufru (20 mM Tris-HCI, 3 mM MgCl, and 1 mM EDTA,; pH
7,4) a pak preneseny do zkumavek-eppendorfek a rychle zmrazeny tekutym dusikem

a uschovany pfi -80 °C.

2.2.2.4 Hodnoceni aktivity adenylat-cyklazy
Aktivitu adenylat-cyklazy na membranach kardiomyocytl Ize hodnotit mé&fenim miry

konverze [0-**PJATP na [**P]cAMP, tedy metodou podle Solomona a kol. (Salomon
et al., 1974). Membrany kardiomyocyt (20 ug bilkoviny) byly inkubovany s reakéni
smési (100 ul) obsahujici 48 mM Tris-HCI pufru (pH 7,4), 100 mM NaCl, 2 mM
MgCl,, 20 yM GTP, 0,8 mg/ml BSA, 5 mM phosphoenolpyruvatu, 3,2 U pyruvat
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kinazy, 40 pM 3-isobutyl-1-methylxanthinu, 0,1 mM cAMP a asi 10000 cpm
[PH]JcAMP jakozto znacky. Aktivita stimulované adenylat-cyklazy byla méfena po
pfidani 10 pM isoprenalinu nebo 10 uM forskolinu. Po jedné minuté inkubace bylo
pfidano 0,4 mM ATP spoleén& s 200,000 cpm [a-**PJATP a inkubace pokracovala
jesté dal8ich 20 minut pfi 30 °C. Reakce byla zastavena pfidanim 100 pl 0,5 M HCl a
zahfatim na 100 °C po dobu 5 minut. Vzorky byly neutralizovany pomoci 200 pl 1,5 M
imidazolu. Separace od nové vytvoreného [*’P]cAMP byla provedena s uZitim suché

chromatografie na aluminiovych sloupcich (White, 1974).

2.2.2.5 Elektroforéza a Western blot analyza
Vzorky membran kardiomyocytl byly nafedény Laemmliho pufrem a naplnény (30 ug

na fadek) standardné na 10% akrylamidovy gel na SDS-PAGE. Po elektroforéze byly
uvolnéné bilkoviny pfeneseny na nitrocelulézovou membranu (Shcelicher & Schuell),
blokovany 5% mlékem bez tuku v TBS pufru (10 mM Tris, 150 mM NaCl; pH 8,0) na
1 hodinu a dale byly inkubovany s relevantnimi primarnimi protilatkami pfes noc pfi 4
°C. Po tfikrat 10 minut trvajicim oplachovani v TBS obsahujicim 0,3% Tween 20, byly
aplikovany sekundarni protilatky proti krali¢imu imunoglobulinu znacené kfenovou
peroxidazou po dobu 1 hodiny pfi pokojové teploté. Po opétovném trojnasobném 10
minut trvajicim oplachovani v TBS-Tween, byly bloty znazornény pomoci zesilené
chemoluminiscenéni  techniky v souladu s doporu€enimi  vyrobce (Pierce
Biotechnology, Rockford, IL, USA). Tyto imunobloty byly digitalizovany a analyzovany

kvantitativné pomoci programu ImageQuantTM TL (Amersham Biosciences).

2.2.3 Vysledky

2.2.3.1 Aktivita adenylat-cyklazy
Aktivita adenylat-cyklazy v kardiomyocytech kufecich embryi nebyla vyznamné

odliSna mezi ED4 a ED18 vyvojového stadia (Obrazek 13). Isoprenalin, ktery je beta-
adrenergnim agonistou, zvySil hodnoty adenylat-cyklazy o 40-45% proti normalnim
hodnotam. Forskolin, pfimy aktivator adenylat-cyklazové katalytické subjednotky a

Gs proteinu, zvysil aktivitu enzymu az 10x. Lze fici, Zze se mira stimula¢niho ucinku
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téchto pfipravkl na aktivitu adenylat-cyklazy nelidila vyznamné mezi jednotlivymi
vyvojovymi stadii kufeciho embrya. Nicméné nelze nezminit, ze byla zaznamenana
mirna klesajici tendence u isoprenalinem stimulované aktivity adenylat-cyklazy
v pozdéjsich stadiich embryonalni vyvoje.

DalSi ¢asti experimentu bylo sledovani vlivu beta-blokatort aplikovanych v pribéhu
vyvoje embryi na aktivitu adenylat-cyklazy méfenou na ED9 stadiu. Ani metoprolol a
ani carvedilol aplikovany do amniotického vaku kufeciho embrya ve stadiu ED4 nebo
ED4+EDS8 neovlivnily aktivitu adenylat-cyklazy méfenou na ED9 stadiu. Obé tyto
latky vSak vyznamné snizily forskolinem stimulovanou aktivitu adenylat-cyklazy,
pokud byly aplikovany na ED8 stadiu vyvoje (Obrazek 14). Zajimavé bylo také
pozorovani potlaceni forskolinem ¢i isoprenalinem stimulované aktivity adenylat-
cyklazy u kufecich embryi s carvedilolem na ED4+EDS8 stadiu. Tento vliv vSak nebyl

statisticky vyznamny.



54

Obrazek 13

Aktivita adenylat-cyklazy u kureciho embrya v priabéhu ontogeneze

Bazalni hodnoty adenylat-cyklazy (plné sloupce), isoprenalinem stimulovana hodnota
adenylat-cyklazy (pficné pruhované sloupce), forskolinem stimulovana hodnota
adencylat-cyklazy (prazdné sloupce). Hladina adenylat-cyklazy byla mérena na
membranach kardiomyocytt riznych vyvojovych stadii. VSechny hodnoty jsou
uvadény jako pramér £ smérodatna odchylka (SMOD). Upraveno podle (Hejnova et
al., 2014).
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Obrazek 14

Ucinek beta-blokatort na aktivitu adenylét-cyklézy u kufeciho embrya

Metoprolol nebo carvedilol byly aplikovany do amniotického vaku na stadiu ED4, ED8
nebo ED4+ED8. Na ED9 stadiu byly stanoveny hodnoty adenylat-cyklazy membran
kardiomyocytt kurfecich embryi Ié¢enych beta-blokatory a kontrolni skupiny, kde byl
aplikovan pouze fyziologicky roztok. Bazalni aktivita adenylat-cyklazy (plné sloupce),
isoprenalinem stimulovana hladina adenylat-cyklazy (pricné pruhované sloupce),

*

forskolinem stimulovana hladina adenylat-cyklazy (prazdné sloupce). * oznacuje
statisticky vyznamny rozdil mezi skupinami embryi po aplikaci beta-blokatort versus

kontroly ve stadiu ED9 (P<0,05). Upraveno podle (Hejnova et al., 2014).
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2.2.3.2 Exprese adenylat-cyklazy a G proteinu v prabéhu vyvoje
Pomoci metody Western Blot bylo hodnoceno mnozZstvi adenylat-cyklazy 5 a a

podjednotky stimulaéniho (Gs) a inhibi¢niho (Gi) proteinu, které predstavuiji kliCové
komponenty adenylat-cyklazové signalizacni kaskady, na jednotlivych vyvojovych
stadiich kufeciho embrya (Obrazek 15). Vyskyt dominantni srdecni izoformy
adenylat-cyklazy - adenylat-cyklaza 5, byl stejny v pribéhu €¢asnych embryonalnich
stadii, ale v obdobi ED12 az ED18 doSlo jejimu poklesu o vice nez 30%. Zatimco
mnozstvi adenylat-cyklazy 5 nebylo v Casnych stadiich ED4 ovlivnéno ucinky
metoprololu a carvedilolu, jejich podani na ED8 stadiu vedlo k vyznamnému poklesu
(o cca 40-50%) adenylat-cyklazy 5 (Obrazek 16). Pokud byly beta-blokatory podany
soucCasné v ED4 a EDS8 stadiu, doslo k poklesu aktivity adenylat-cyklazy 5, ale pokles
byl mnohem méné vyrazny (cca o 20%).

Imunochemicka analyza vyvojového profilu subjednotek G proteinu ukazala, Ze jejich
mnozstvi je v Casnych stadiich vyvoje velmi malé, a to jak a podjednotky Gs tak Gi
bilkovin, ale dochazi k jejimu dramatickému narustu v obdobi mezi ED4 a EDS8
(Obrazek 15). Nasledné jiz mnozstvi a podjednotek G proteinu zlstalo relativné
nezménéno az do ED18. U embryi po aplikaci metoprololu a carvedilolu v ED4 stadiu
nedosSlo k vyznamnéjSimu ovlivnéni mnozstvi Gsa (Obrazek 16). OvSem aplikace
metoprololu v ED8 stadiu a ED4+ED8 vedla k poklesu (o cca 40%) exprese Gsa. Je
zajimavé, Ze v experimentu nebylo dosazeno stejného efektu na expresi Gsa u
embryi po podani carvedilolu ve stejném obdobi vyvoje.

Aplikace obou beta-blokatori ve stadiu ED4 a aplikace carvedilolu v ED8 nebo
ED4+EDS8 stadiu vyrazné zvysila (o cca 60%) mnozZstvi Gia hodnoceno v ED9
(Obrazek 16).

Aplikace metoprololu u kufecich embryi v ED8 nebo ED4+ED8 nevedla ke zménam

mnozstvi Gia proteinu.
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Obrazek 15

Exprese adenylat-cyklazy a podjednotek G proteinu u vyvijejiciho se kurfeciho
embrya. Bilkoviny ziskané z membran kardiomyocytl, z ruznych vyvojovych stadii
embryi, rozdéleny elektroforeticky, pfeneseny na nitrocelulézovou membranu a
oznaceny specifickymi protilatkami proti adenylat-cyklaze izoformé A a a podjednotce
Gs a Gi (1,2) bilkoviny. Reprezentativni priklad ze tfi provedenych méreni. Upraveno

podle (Hejnova et al., 2014).

ED4 ED8 ED12 ED18 M (kDa)

AC5 ~ 130

Gsa

Gia(1,2)
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Obrazek 16

Efekt beta-blokatord na expresi adenylat-cyklazy a podjednotek G proteinu u
kufeciho embryonalniho srdce. Vzorky bilkovin membrany kardiomyocyti ziskané
z ED9 stadia u embryi s metoprololem (Met) nebo carvedilolem (Car) v ED4, ED8 a
ED4+EDS8 stadiu a u kontrolni skupiny. Bilkoviny ziskané z membrany kardiomyocytt
byly elektroforeticky rozdéleny, pfeneseny na nitrocelulbzovou membranu a
oznaceny specifickymi protilatkami proti 5 izoformé adenylat-cyklazy a a podjednotek
Gs a Gi (1,2) bilkoviny. Reprezentativni pfiklad ze tfi provedenych méreni. Upraveno

podle (Hejnova et al., 2014).

ED4 ED4 ED8 ED8 ED4+ED8 ED4+ED8 ED9 M, {kDa)
Car Met Car Met Car Met

AC ~ 130

Gsa

Gia(1,2)

2.2.4 Diskuze

Za patologickych stavii muze byt funkce srdce pfiznivé ovliviiovana podanim Iéku ze
skupiny beta-blokatort. Existuji vS8ak prace, dokazujici potencialné negativni ucinek
beta-blokatorll na embryonalni a fetalni vyvoj, pokud jsou podavany téhotnym zenam
(Lydakis et al., 1999). V nasi praci jsme hodnotili vliv dvou €asto uzivanych beta-
blokatorti, metoprololu a carvedilolu, na kliCové komponenty a funkci adenylat-
cyklazové signaliza¢ni kaskady v pribéhu vyvoje kufeciho embrya. Cilem bylo rozliSit
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vliv jednotlivych komponent a objasnit jejich role vedouci ke zvysSeni citlivosti
kufeciho embryonalni srdce k vlivu beta-blokatort v pozdéjSich stadiich jejich vyvoje,
jak jsme pozorovali v naSem pfedchozim experimentu (Kockova et al., 2013).

NasSe souCasna experimentalni data ukazuji, ze ackoliv dochazi k poklesu
predominantni srdecni izoformy adenylat-cyklazy (adenylat-cyklaza 5) v prlibéhu
vyvojového obdobi embrya mezi ED12 az ED18, aktivita enzymu zUstava stabilni
v pribéhu celého prenatalnino vyvoje kufeciho embrya, coz je ve shodé
s pfedchozimi pracemi (Alexander et al., 1982; Halvorsen and Nathanson, 1984).
Paralelné témto nalezim jsme zjistili vzestup Gs a Gi proteinu v obdobi mezi ED4 a
ED8 embryonalniho vyvoje. Podobny vzestup srde¢niho Gi v pribéhu ¢asného
vyvoje kufeciho embrya prokazali také ostatni autofi (Halvorsen and Nathanson,
1984). Vysledky naSich pfedchozich praci a také praci jinych autorl ukazuji jasny
pokles poctu beta-adrenergnich receptord v myokardu v prabéhu prenatalni
ontogeneze (Phillips et al., 1986; Stewart et al., 1986; Kockova et al., 2013). Na
zakladé v8ech téchto poznatkll se domnivame, Ze vyvoj poctu beta-adrenergnich
receptorli, G proteind a adenylat-cyklazy neni v pribé&hu vyvoje zcela jednoduse
koordinovan. Je také dulezité zminit, Zze CasteCny pokles beta-adrenergnich
receptorl v pozdéjSich stadiich vyvoje embrya byl nasledovan jen ¢astecné snizenou
aktivitou isoprenalinem indukované aktivity adenylat-cyklazy. Tento udaj nuti
pomyslet na moznost tzv. receptorové rezervy (nadbyteény pocet receptoru), takze
ne vSechny beta-adrenergni receptory musi byt nezbytné spojeny s adenylat-
cyklazovou signaliza¢ni kaskadou a byt schopny prenosu signalu na efektorovy
mechanismus. Jiz dfive bylo prokazano, Ze receptorova rezerva beta-adrenergnich
receptorl vyrazné kolisa v raznych tkanich a také mezidruhové (Brown et al., 1992;
Jackson and Nathanson, 1995; Dhein et al., 2000). Na zakladé téchto informaci Ize
tedy predpokladat, ze se na zvySené citlivosti vuci Iékim s beta-mimetickymi ucinky
v pozdéjSich fazich vyvoje podili kvalitnéjsi propojeni beta-adrenergnich receptort se
signaliza¢ni adenylat-cyklazovou kaskadou. Jiz v pfedchozi praci jsme pozorovali
vyznamny pokles v poCtu beta-adrenergnich receptort u kufecich embryi po podani
beta-blokatorl na stadiu ED4 nebo ED8 nebo ED4+ED8 (Kockova et al., 2013).
Vysledky souCasného vyzkumu ukazuji, Ze aplikace metoprololu a carvedilolu ve
stadiu EDS8, ale nikoliv ve stadiich ED4 nebo ED4+EDS8, vyznamné snizuji aktivitu
adenylat-cyklazy stimulované forskolinem. Bazalni hodnoty Ci hodnoty adenylat-

cyklazové aktivity stimulované isoprenalinem se vSak za téchto podminek
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signifikantné neliSily. Tato diskrepance muze byt alespori Caste¢né vysvétlena
poklesem mnozstvi G proteinu, ktery byl zaznamenan u kufecich embryi po podani
beta-blokatorli ve ED8 stadiu. Forskolin zvySuje aktivitu adenylat-cyklazy nejen
pfimym ucinkem, ale také cestou aktivace Gs proteinu (Alousi et al., 1991) a proto i
nizs§i mnozstvi G proteinu mize odpovidat za nizSi u€inek tohoto preparatu na
stimulaci adenylat-cyklazy.

SoucCasné poznatky ukazuji, ze se regulacni mechanismy zapojené do beta-
adrenergni signalizacni kaskady mohou zasadné liSit nejen v prabéhu dozravani
jedince, ale také v pribéhu prenatalniho vyvoje jedince (Slotkin et al., 2003). Zatimco
v dospélosti je receptorova signalizace fizena cestou procesu desenzitizace a down-
regulace, agonisty-indukovana stimulace beta-adrenergnich receptorli embryonalni
tkané nedokaze snizit jejich citlivost a naopak jejich odpovéd na stimulaci zesiluje.
Tyto specifické mechanismy, které zahrnuji adaptacni zmény na urovni receptoru, G
proteinl a adenylat-cyklazy jsou nezbytné pro fyziologické zmény v prubéhu
prenatalniho Zivota a v pfipravé na dalSi vyvoj post partum. Jak jiz bylo zminéno,
néktera vyvojova stadia jsou citlivéjSi k potencialné Skodlivym uc€inkim beta-
blokatort, které mohou nasledné negativné ovliviiovat vyvoj srdce a jeho funkci
(Venturini and Sparber, 2001; Garofolo et al., 2003; Portbury et al., 2003; Drake et
al., 2006).

2.2.5 Zaver
Tato naSe prace prokazuje, ze aplikace beta-blokatori metoprololu a carvedilolu

v prvni poloviné embryonalniho vyvoje kufete, vyznamné ovliviuje beta-receptorovou
— adenylat-cyklazovou signalizacni kaskadu. Pozorovali jsme, Ze beta-blokatory
uzivané predevSim pro jejich antiarytmicky efekt, mohou v nékterych pfipadech
negativné ovlivnit expresi beta-adrenergnich receptord, G proteinu a adenylat-
cyklazy kardiomyocytu u vyvijejiciho se organismu, a pfitom tyto komponenty
predstavuji klicovou signalizaéni kaskadu potfebnou pro normaini embryonalni vyvoj.
Predepisuji-li 1ékafi téhotnym Zenam tyto preparaty, méli by se o jejich potencialné

nezadoucich uéincich fadné informovat.



61

2.3 Pétileta retrospektivni analyza souboru pacientii dvou center s toxickou
sérovou koncentraci digoxinu

2.3.1 Cil
Digoxin je nejstarSim Iékem uzivanym v kardiologii jiz vice nez 200 let a to

pfedevsim pro lécbu srde¢niho selhani. Podle doporuceni American College of
Cardiology - ACC a American Heart Association - AHA z roku 2005 (Hunt, 2005) a
Doporuceni Evropské kardiologické spole¢nosti (European Society of Cardiology -
ESC) z roku 2012 (McMurray et al., 2012b) pro lé¢bu akutniho a chronického
srde¢niho selhani, je digoxin doporu€ovan pro ulevu symptomatologie a sniZeni
poCtu hospitalizaci u pacientd se srde¢nim selhanim. Evropska kardiologicka
spole¢nost doporucuje udrzovat sérovou hladinu digoxinu v rozmezi 0,8 — 1,5 nmol/I
(0,6 — 1,2 ng/ml) jako optimalni pro Ié€bu chronického srde¢niho selhani (Pfister and
Schneider, 2009). Jim odpovidajici doporu¢eni ACC/AHA doporucuji jako optimalni
sérovou hladinu digoxinu rozmezi 0,64 — 1,2 nmol/l (0,5 — 0,9 ng/ml)(Hunt, 2005).
Sérova hladina digoxinu pFekracujici hodnotu = 3,0 nmol/l (2,5 ng/ml) je jiz
povazovana za toxickou. Digoxin mize byt také vhodnym Iékem pro kontrolu tepové
frekvence u pacientl s persistujici fibrilaci sini. Cilem na$i studie byla analyza
souboru pacientl s toxickou sérovou hladinou digoxinu. Pozornost byla vénovana
pfedevSim Iékovym interakcim a rozboru zakladnich charakteristik pacientu
v souboru, které maji potencialni vliv na rozvoj digoxinové toxicity, a to pfedevsim ve

vztahu k mortalité.

2.3.2 Metodika

Na zakladé udaju z databaze centralniho oddéleni biochemie dvou fakultnich
nemocnic v Praze (V3eobecna fakultni nemocnice a Ustfedni vojenska nemocnice)
jsme ziskali soubor 222 pacientd internich oddéleni v pétiletém Casovém obdobi od
roku 2001 az 2005 vc¢etné. VSech téchto 222 pacienti mélo toxickou sérovou hladinu
digoxinu v hodnotach > 3.0 nmol/ml. Ve stejném pétiletém obdobi bylo na tato interni
oddéleni postupné pfijato celkem 116,276 pacientl. VeSkeré medicinské zaznamy

téchto 222 pacientll byly dusledné analyzovany zkuSenym kardiologem. Pro
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statistické hodnoceni byl pouzit Fisherlv exaktni test a metoda logistické regrese
k posouzeni souvislosti toxické hladiny digoxinu s jednotlivymi charakteristikami
jednotlivet v souboru. Studie vyhovéla pozadavkum Helsinské deklarace pro studie s

pacienty.

2.3.3 Vysledky a diskuze

Zakladni charakteristika naseho souboru 222 pacientd s toxickou sérovou hladinou
digoxinu pFesahujici hodnoty = 3,0 nmol/ml je vyjadfena v Tabulce 3. Celkova
mortalita byla hodnocena v pribéhu trvani hospitalizace pacienta, to znamena do
jeho propusténi z nemocnice, a byla celkem 8,1%. Z toho kardiovaskularni mortalita,
ktera byla prokazatelné v souvislosti s toxicitou digoxinu, dosahla v celém souboru
1,8%. PFi studiu dalSich pfidruzenych onemocnéni jednotlivych pacientd v nasem
souboru Ize z relevantnich Uudaju zminit, Ze jen 14% pacientli mélo normailni funkci
ledvin vyjadfeno hodnotou clearance kreatininu = 60 ml/min. Statisticky signifikantnim
prediktorem mortality v naSem souboru byla nizka hodnota clearance kreatininu
s P=0,02 (Odds Ratio 0,95), ale nikoliv sérova koncentrace kreatininu s P=0,15
(Odds Ratio 1,00) jak je vyjadfeno v Tabulce 4. Toto naSe zjisténi jednoznacné
podporuje rutinni kalkulaci clearance kreatininu s pomoci Cockroftovy-Gaultovy
rovnice namisto posuzovani funkce ledvin pouze na zakladé sérové koncentrace
kreatininu (Cockcroft and Gault, 1976). Pozitivni prediktivni hodnota nizké clearance
kreatininu ve vztahu k mortalit¢ pacientd v naSem souboru muze byt vysvétlena
znamymi farmakodynamickymi charakteristikami digoxinu. Asi 70% digoxinu je
z lidského organizmu vylu€ovano v puvodni formé& pomoci aktivni funkce ledvin. To

plati jen u téch pacientl, kde je zachovana normalni funkce ledvin (Opie, 2005).
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Tabulka 3 Charakteristika souboru

Charakteristika spgfgf)ru np:);t;i;ntﬁ v
Vék (roky) 77,6 (9,3)
Zenské pohlavi n (%) 130 (59)
Vaha (kg) 72,8 (16,3)
K+ v séru (mmol/l) 4,6 (0,8)
Kreatinin v séru (umol/l) 199,4 (139,2)
Clearance kreatininu (ml/min) 35,9 (22,6)
Denni davka digoxinu (mg) 0,195 (0,100)
Podani digoxinu per os n (%) 184 (73)
Hladina digoxinu v séru (nmol/l) 4,5 (2,2)
Ejekeni frakce levé komory (%) 42,4 (13,7)

Data jsou uvadéna jako primérné hodnoty +/- SMODCH pfipadné jako pocet a

percentualné zastoupeni nemocnych.

Tabulka 4

Tabulka 4 Riziko mortality v celém souboru

95% confidence

Charakteristika Odds Ratio p value interval

Vék 1,02 0,61 (0,948-1,096)
Pohlavi 2,35 0,16 (0,709-7,820)
Télesna hmotnost 0,97 0,22 (0,932-1,017)
Sérova hladina K+ 1,17 0,63 (0,616-2,217)
Clearance kreatininu 0,95 0,02 (0,916-0,992)
Denni davka digoxinu 0,24 0,60 (0,001-46,781)
Nitrozilni podani digoxinu 3,60 0,187 (0,573-24,119)
Hladina digoxinu v séru 0,90 0,52 (0,656-1,236)
Ejek&ni frakce levé komory 0,97 0,07 (0,929-1,003)
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Analyza soucasné podavané medikace v naSem souboru ukazala, Zze 64% pacientu
uzivalo alespon jeden preparat se znamou lékovou interakci s digoxinem, ktera vede
ke zvySeni jeho sérové hladiny. Dokonce 7% pacientt uzivalo tfi a vice takovychto
lékl souCasné. VSechny potencialni Iékové interakce v naSem souboru jsme detailné
analyzovali také ve vztahu k mortalité i pfezivani. Zjistili jsme statisticky signifikantni
pozitivni korelaci mezi uzivanim Iéku ze skupiny angiotenzin konvertujiciho enzymu a
blokatoru angiotenzinového receptoru (ACEI/ARB) a pfezivanim. Tyto dvé lékoveé
skupiny mély v naSem souboru protektivni u€inek, nebot mortalita u pacientt bez této
medikace byla 13,46% a mortalita ve skupiné pacientu léCenych preparaty ze
skupiny ACEI/ARB byla 3,37%. Tento rozdil je statisticky vyznamny (p=0,01) viz
Tabulka 5. Tyto dvé skupiny pacientt at jiz s €i bez |éCby preparaty ACEI/ARB se od
sebe jinak ni¢im statistiky vyznamné neliSily. Rozdil nebyl ve véku (77 primérny vék
versus 78 let), v ejekéni frakci levé komory (s l1éEbou 41% versus bez IéCby 45%),
sérové hladiné drasliku (4,7 mmol/l u ACEI/ARB ¢&i 4,5 mmol/l bez ACEI/ARB),
v hodnoté clearance kreatininu (34,8 ml/min u ACEI/ARB a 34,1 ml/min bez
ACEI/ARB). Zaznamenali jsme vy8Si pocCet pacientd |éCenych intravendzné
aplikovanym digoxinem u skupiny pacientt l1é€enych soucasné ACEI/ARB preparaty
— 27% versus 8% u pacientl bez sou€asné 1é¢by ACEI/ARB.

Ochranny ucinek ACEI/ARB muze byt vysvétlen také jejich schopnosti mirné
zadrzovat v lidském organismu draslik, ackoliv v naSem souboru rozdil v sérové
koncentraci drasliku nebyl statisticky signifikantné rozdilny a jeho hodnotu tedy
nemUzeme povazovat za prediktor dalSiho vyvoje stavu. Dale pfichazi v uvahu
potencialné antiarytmicky efekt ACEI/ARB.

Zaznamenali jsme také statisticky trend nizSi mortality u pacientll souc¢asné Ié€enych
medikamenty ze skupiny beta-blokatord. Mortalita ve skupiné pacientu IéCenych
témito preparaty byla 3,03% zatimco ve skupiné neléCené beta-blokatory byla
mortalita 10,67%, coz pfedstavuje staticky trend s P=0,07 viz Tabulka 3. Pro ostatni
léky bézné uzivané v moderni kardiologii jako jsou kyselina acetylsalicylova,
furosemid, hydrochlorothiazid, statinové preparaty, warfarin, které se vyskytly
v analyzovaném souboru, jsme Zzadnou dalSi statisticky signifikantni zavislost

nenalezli, viz Tabulka 5.
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Tabulka 5

Tabulka 5 Analyza sou¢asné podavanych 1ékt bez znamé interakce s digoxinem

_Léky bez  znamé Pocet lé¢enych Mortalita s Mortalita bez p=
interakce pacienti (n) % (n) % (n)

Kys. acetylsalicylova 70 7,14 (5) 8,84 (13) 0,80
Hydrochlorothiazid 30 3,33 (1) 9,14 (17) 0,48
Furosemid 132 8,33 (11) 8,33 (7) 1,00
ACEI/ARB 112 3,57 (4) 13,46 (14) 0,01
Beta-blokatory 66 3,03 (2) 10,67 (16) 0,07
Statiny 31 6,45 (2) 8,65 (16) 1,00
Warfarin 36 5,56 (2) 8,89 (16) 0,74

Dale jsme neprokazali Zadnou statisticky signifikantni zavislost mezi Iéky, které maji
znamou pfimou Iékovou interakci s digoxinem, napfiklad amiodaron, carvedilol,
verapamil, spironolacton, omeprazol, makrolidova antibiotika, a mortalitou viz
Tabulka 6.

Tabulka 6

Tabulka 6 Analyza Iékli se znamou pfimou interakci s digoxinem

Léky s interakci Pocet Iééenych Mortalitas Mortalita bez

s digoxinem pacientti (n) % (n) % (n) P=

Amiodaron 49 6,12 (3) 8,98 (15) 0,77
Carvedilol 29 6,90 (2) 8,56 (16) 1,00
Makrofcova 2 0,00 (0) 8,41(18) 1,00
Verapamil 22 0,00 (0) 9,28 (18) 0,23
Spironolacton 59 8,47 (5) 8,28 (13) 1,00

Omeprazol 59 6,78 (4) 8,92 (14) 0,79
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2.3.4 Zaver
Digoxinova toxicita je v souCasné kardiologii relativné vzacna, ale za to je spojena

s vysokou mortalitou. Na zakladé naSich dat je typickym pacientem s digoxinovou
toxicitou jedinec pokrocCilého véku, s nizkou télesnou hmotnosti (CastéjSi u zen),
s renalni insuficienci a s mnohocetnou medikamentozni [éCbou. Pacienti se snizenou
hodnotou kreatinin clearance, s niz8i systolickou funkci levé komory a ti, ktefi jsou
IéCeni nitrozilni aplikaci digoxinu, maji vysSi riziko mortality. Lékove interakce Ci
soubéZna medikamentdzni IéCba riziko mortality u pacientd s digoxinovou toxicitou
dale nezvySuji a souCasna léCba ACEI/ARB a beta-blokatory muze mit naopak
protektivni efekt.

Hlavni limitaci naSi studie je jeji retrospektivni charakter a soucasné také absence
kontrolni skupiny. Protoze je vSak pocCet analyzovanych zaznam( s kompletnimi daty
pacientl vysoky, a to zvlasté predevSim z hlediska soubézné medikamentozni

terapie, domnivame se, Ze je nase analyza pfinosem pro dalsi klinickou praxi.

2.4 Ibutilidem navozena kardioverze fibrilace sini v téhotenstvi

2.4.1 Uvod
Ackoliv je incidence fibrilace sini v téhotenstvi velmi nizka, pfestavuje jeji trvani a

|éCba riziko ohrozeni matky i plodu. Elektricka kardioverze, ktera je bezpecnou
metodou |éCby u dospélych, prestavuje v téhotenstvi zatéz pro plod v dusledku
pusobeni elektrického vyboje a hluboké analgosedaci, ktera je pro vykon nezbytna.
Stale je tedy nutno hledat dalSi alternativy feSeni fibrilace sini u té€hotnych Zen.
Jednou z moznych vhodnych metod muize byt kardioverze navozena ibutilidem
fumaratem. Jedna se o lék v této indikaci velmi ucinny a s velmi kratkym polo¢asem
ucinku 2-4 hodin. Jedina dostupna data tykajici se studia nezadoucich vlivu ibutilid
fumaratu na plod pochazeji z experimentu na potkannich embryich a hovofi v jeho
neprospéch. Pfi dlouhodobém plsobeni vice nez &tyfnasobku bézné davky uzivané
v klinické praxi mél ibutilid fumarat teratogenni uc€inky (Marks and Terry, 1996;
Danielsson et al., 2001). Ibutilid fumarat je pro ucely farmakologické kardioverze
podavan maximalné dvakrat, vzdy v 10 minutové nitrozilni infuzi, a jeho polocas je 2-
4 hodiny. Domnivame se proto, ze jeho uziti v t€hotenstvi pfestavuje racionalni a

relativné bezpecnou metodu akutni |éCby fibrilace Ci flutteru sini.
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2.4.2 Kazuistika 1

27 leta zena, bez anamnézy kardiologického onemocnéni, byla urgentné vySetfovana
pro nahle vzniklé palpitace ve 30. tydnu téhotenstvi. Jeji pfedchozi t&€hotenstvi
probéhlo zcela bez komplikaci. Pfi fyzikalnim vySetfeni byla jeji tepova frekvence v
rozmezi 180-200/min, krevni tlak byl 90/50 mmHg. Gynekologické vysSetfeni potvrdilo
30. tyden normalni téhotenstvi a tepova frekvence plodu byla 152/min. Na
elektrokardiogramu byla diagnostikovana fibrilace sini s rychlou komorovou odpovédi
(Obrazek 17). Echokardiografické vySetfeni ukazalo normalni nalez na srdec¢nich
oddilech a normalni funkci chlopni. Byl podan 1 gram magnesium sulfatu nitrozilné a
ten byl nasledovan 10-ti minutovou infuzi 0,87 mg ibutilidu nitroZilné a stejna davka
ibutilidu byla aplikovana opétovné za 30 minut. Po nékolika minutach doslo k verzi
fibrilace sini na sinusovy rytmus a klidovy elektrokardiogram pacientky ukazal kratky
PQ interval a delta vinu typického Wolff-Parkinson-Whitova (WPW) syndromu. Do
domaci péce byla propusténa s IéCbou flecainidem v malé davce 100 mg dvakrat
denné a s malou davkou atenololu 50 mg per oralné. Zadné daldi arytmie se po
zbytek téhotenstvi neobjevily a porod probéhl v terminu a bez komplikaci. Narozené
dité bylo zcela zdravé. O dva mésice pozdéji postoupila tato Zena uspésnou
radiofrekvencni ablaci dvou pravostrannych akcesornich spojek inferoseptalné a
medikace byla zcela vysazena. 13 mésicu po vykonu byla pacientka asymptomaticka

i bez medikamentozni terapie.
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Obrazek 17

12-ti svodové EKG s fibrilaci sini s velmi rychlym pfevodem na komory cestou

akcesorni drahy. Upraveno podle (Kockova et al., 2007).
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2.4.3 Kazuistika 2

34 letd Zena byla vySetfena pro 38 hodin trvajici anamnézu palpitaci provazenych
slabosti a epizodou presynkopy. Byla ve 23. tydnu téhotenstvi komplikovaném pouze
pfechodnym vaginalnim krvacenim. Pacientka jiz méla anamnézu hypertrofické
kardiomyopatie bez obstrukce vytokového traktu a v minulosti jiz byla Ié€ena pro
nesetrvalou komorovou tachykardii pfed dvéma lety. Proto byla [éCena 5 mg
bisoprololu denné per o0s. V pribéhu elektrofyziologické studie prfed dvéma lety
nebyla sice vyvolana komorova tachykardie, ale objevila se setrvala fibrilace sini,
ktera vyZadovala kardioverzi ibutilidem. Kratce prfed pocCetim preruSila pacientka
IéCbu bisoprololem. Fyzikalni vySetfeni ukazalo nepravidelny tep s frekveci komorové
odpovédi 180/min a krevni tlak byl 105/85 mmHg, neméla zadné znamky srdecniho
selhavani. Déloha byla zvétSena a gynekologicky nalez odpovidal 23. tydnu
téhotenstvi a tepova frekvence plodu byla 160/min. Na elektrokardiogramu byla

zaznamenana fibrilace sini s komorovou odpovédi 183/min bez dalSich patologickych
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nalez (Obrazek 18). Byla pfijata na jednotku intenzivni péCe a nitrozilné byla
aplikovana davka 1 g ibutilidu po pfedchozim podani 1 g magnesium sulfatu také
nitrozilné. Kverzi na sinusovy rytmus doSlo jiz po aplikaci 0.25 mg ibutilidu a
sinusovy rytmus pretrvaval i po propusténi do domaci péce, které probéhlo
nasledujici den po kardioverzi. Pfedepsana ji byla davka 50 mg atenololu/den. Po
zbytek téhotenstvi se jiz arytmie neobjevily a pacientka porodila zdravé dité

v terminu.
Obrazek 18

EKG s nalezem fibrilace sini s rychlou komorovou odpovédi. Upraveno podle
(Kockova et al., 2007).

2.4.4 Diskuze

Ibutilid patfi do lll. tfidy antiarytmickych lékd a byl schvalen FDA v roce 1995 jako Iék
vhodny pro akutni verzi fibrilace Ci flutteru sini pfi nitroZilni aplikaci. Prodluzuje akéni
potencial a refrakterni periodu v sinovém i komorové myokardu, v atrioventrikularnim

uzlu a Hisové-Purkynové systéemu (Murray, 1998). lbutilid je zvlasté vhodny pro
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terminaci fibrilace a flutteru sini u pacientd s WPW syndromem, nebot’ prodluzuje
refrakterni fazi v akcesorni draze. Doporucena davka je 1 mg pro 60 kg jedince
aplikovany béhem 10 ti minutové nitrozilni infuze. Druha davka muaze byt podana za
10 minut. Po dobu nasledujicich 4 hodin je nutna monitorace srde¢niho rytmu,
protoZze se mohou objevit arytmie typu torsades de pointes, které vyzaduje
elektrickou kardioverzi (asi < 4% pacientt). Pfedchozi nitrozilni aplikace magnesium
sulfatu snizuje proarytmické riziko ibutilidu a muze zvySit pravdépodobnost uspésné

verze.

V nasi praci uvadime dva pfipady téhotnych Zen se symptomatickou fibrilaci sini
s rychlou komorovou odpovédi. U Zen ve fertilnim véku je incidence fibrilace sini
velmi nizka a spiSe se objevuje u Zen s jiz pfedchozim onemocnénim srdce. LécCba
této arytmie je v téhotenstvi problematicka, nebot je zde riziko potencialnich
nezadoucich ucinkt na plod. Bézny zplsob IéCby je provedeni elektrické kardioverze
v hluboké analgosedaci nasledované farmakoterapii, ktera predchazi recidivé
arytmie a antikoagulacni terapii jako prevenci embolizaéni pfihody. Ackoliv se
elektricka kardioverze jevi jako relativné bezpeéna v prabéhu téhotenstvi, jeji
provedeni nezustava bez rizika a pro rodinu prestavuje i zvySenou psychologickou
zatéz. Ze zhruba 60 dokumentovanych elektrickych kardioverzi u t&€hotnych Zen, byl
dokumentovan jeden pfipad umrti plodu, jeden pfipad téZké kontrakce délozniho
svalu a jeden pfipad ztraty variability srdecni frekvence plodu (Barnes et al., 2002).
Ve vSech tfech pfipadech bylo téhotenstvi ukonCeno urgentné provedenym
cisafskym fezem a zminéné komplikace byly pfisuzovany vyhradné provedené
elektrické kardioverzi. Z téchto dlivodu by elektricka kardioverze méla byt provadéna
pouze Vv zafizenich s moznosti monitorace Zzivotnich projevi plodu a s moznosti

neodkladného provedeni cisaiského fezu (Barnes et al., 2002).

Farmakologicka kardioverze fibrilace sini je bézné provadéna v dospélé populaci
s pouzitim rlznych lékul, jako jsou amiodaron, ibutilid, flecainid a propafenon (Fuster
et al., 2001). Procainamid a chinidin jsou také Casto uzivany v této indikaci, ale jejich
efekt je vyrazné nizsi (Fuster et al., 2001) a zadné pokusy na zvifatech slouzici
k hodnoceni teratogenicity ani u prokainamidu ani u chinidinu provedeny nebyly. Uziti
téchto antiarytmickych preparatd nebylo v t&€hotenstvi systematicky studovano a
S vyjimkou amiodaronu, ktery je ve skupiné D, byly tyto léky zafazeny do kategorie C
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FDA. Léky jsou do této kategorie C zafazeny, pokud nebyly provedeny reprodukéni
studie na zvifatech &i pokud nebyly provedeny adekvatni kontrolované studie u lidi.
Tyto léky mohou byt uzity jen tehdy, pokud riziko z jejich podani plynouci pro plod
bude vyvazeno pfiznivym uCinkem pro matku (labeling, September 2, 2006).
ZkuSenost s uzitim téchto preparatl je limitovana malym poc¢tem kazuistickych
pfipadd (Doig et al., 1992; Mozo de Rosales et al., 1994; Carson et al., 2002). Vétsi
zkuSenosti jsou v oblasti farmakologické verze fetalnich arytmii (Simpson and
Sharland, 1998). Nedavno publikovana doporuceni pro IéCbu arytmii oznacuji
chinidin jako Iék vhodny pro farmakologickou verzi fibrilace sini u t€hotnych zen,
protozZe narUstajici zkuSenosti hovofi pro jeho malé nezadouci u€inky na plod (Fuster
et al., 2001).

Uziti ibutilidu v téhotenstvi nebylo prozatim publikovano a jeho potencialni
teratogenni ucinky u lidského plodu nejsou znamy. Ve studii NOAEL (no observed
adverse effect level), jejimz cilem bylo posouzeni miry teratogenicity ibutilidu na
modelu potkant, byl ibutilid podavan dlouhodobé a v relativné vysokych davkach
téhotnym potkanim samicim (Marks and Terry, 1996). Mechanismus teratogenniho
ucinku byl vysvétlovan blokadou rychlé komponenty draslikovych kanald (IKr) u
embryonalniho srdce, které zpUsobilo bradykardii a arytmie a ve svém konecném
disledku vedla k rozvoji hypoxie (Danielsson et al., 2001). Teratogenicita spocivala
s rozvoji orofacialnich rozstépu a abnormalitach kardiovaskularniho systému, které
byly spole¢né u blokady IKr kanall a hypoxického vlivu v jiném experimentu. Protoze
je ibulitid v pfipadé farmakologické kardioverze u lidi podavan jen velmi kratkodobé a
ma velmi kratky polo€as ucinku (2-4 hodiny), a jeho davka je navic Ctyfikrat niz8i nez
v NOAEL, je velmi nepravdépodobné, Zze by mohla mit zavazné nezadouci u€inky na
plod. Tento prfedpoklad je zvlasté pravdépodobny u zen IéCenych ibutilidem az po
ukonéeni prvniho trimestru, kdy uz se teratogenicita projevuje spiSe vzacné. Podani
magnesium sulfatu v davce 1 g nitrozilné se jevi jako zcela bezpecné v prubéhu
téhotenstvi, nebot’ je bézné podavan ve vyrazné vysSich davkach napfiklad pfi
preeklamptickém stavu a jako Iék s tokolytickymi uCinky. Pfitom jeho nezadouci vliv

na plod zatim nebyl dokumentovan.

U téhotnych Zen bychom méli Iéky pfedepisovat vzdy jen po peclivé rozvaze a pouze
v pfipadech, kdy je to opravdu nezbytné. Vzhledem k velmi pfiznivému ucinku
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ibutilidu na kardioverzi fibrilace ¢i flutter sini a jeho malému riziku teratogenicity jsme
v pfipadé naSich dvou pacientek, které obé prekrocili hranici prvniho trimestru,
vyhodnotili uziti ibutilidu jako vyhodnéjSi nez uziti bézné pouzivané lécby. Zvlasté
v pfipadé prvni pacientky, kde byl rychly uc€inek ibutilidu vyhodnéjSi, nez vyrazné
pomalejsi nastup ucinku chinidinu. Navic ibutilid nezplasobuje hypotenzi, jako je tomu
v pfipadé prokainamidu, nebot' tato pacientka byla hypotenzni jiz v uvodu. Ibutilid ma
navic mnohem vysSi pravdépodobnost uspésnosti verze fibrilace sini, nez je tomu u
s ohledem na diagnézu hypetrofické kardiomyopatie, nebot antiarytmika 1. tfidy jsou
nevhodna u pacientl se strukturalni srdeéni vadou pro jejich proarytmicky vliv. Navic
méla tato pacientka anamnézu uspésné kardioverze fibrilace sini s pomoci ibutilidu

pfed dvéma lety v pribéhu elektrofyziologické studie.

2.4.5 Zaveér

Ibutilid mél v pfipadé nasich dvou pacientek pfiznivy efekt na fibrilaci sini ve smyslu
kardioverze na sinusovy rytmus, a jeho podani nebylo spojeno s vyskytem
nezadoucich ucinkd na matku ¢&i plod. Vzhledem ktomu, ze je ibutilid vysoce
efektivni pro verzi kratkodobé persistujici fibrilace ¢&i flutteru sini, a riziko
teratogenicity je velmi nizké, muze prestavovat alternativu elektrické kardioverze u

téhotnych zen s timto typem arytmie kratkého trvani.

3. ZAVER

V naSem experimentu na kufecich embryich jsme prokazali, ze v prabéhu
vyvojového obdobi kufeciho embrya dochazi postupné k poklesu poctu beta-
adrenergnich receptori v myokardu a také k poklesu predominantni srdec¢ni izoformy
adenylat-cyklazy (adenylat-cyklaza 5) a souCasné k vzestupu mnozstvi Gs a Gi
proteinu. Pfes uvedené zmény jsme pfitom prokazali jen CasteCné snizeny efekt
podani isoprenalinu v pozdéjSich stadiich vyvoje. Toto pozorovani si vysvétlujeme
dvéma mechanismy, tzv. receptorovou rezervou a kvalitnéjSim spojeni mezi
receptorem a efektorem — excitation-contraction coupling. Receptorovou rezervou

myslime nadbyte¢ny pocet beta-adrenergnich receptort v myokardu, z nichz jen ¢ast
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je spojena s adenylat-cyklazovou signaliza¢ni kaskadou umoznujici pfenos signalu

na efektorovy mechanismus.

V dalSi ¢asti naSeho experimentu, ve kterém jsme se zaméfili na vliv antiarytmickeé
|éCby v obdobi prenatalni vyvoje srdce a kardiovaskularniho systému v experimentu
na kufecich embryich, jsme prokazali, Ze citlivost viu¢i negativhé chronotropnimu
ucinku v experimentu zkoumanych preparatli metoprololu, carvedilolu a ivabradinu
stoupa pfimo-umérné se stupném embryonalniho vyvoje jedince. Podafilo se nam
potvrdit nasi hypotézu, ve které jsme prfedpokladali, Ze srdce kufeciho embrya nema
dostateCné kompenzacCni mechanismy, kterymi by dokazalo zachovat dostateCny
srde¢ni vydej i pfi farmaky navozené bradykardii. V nasem experimentu jsme
prokazali pokles srde¢niho vydeje odpovidajiciho stupni farmaky navozené
bradykardie, ktery se podilel na umrti embryi.

Dale se nam podafilo prokazat, Ze dlouhodobé podavané beta-blokatory
v experimentu na kufecich embryich mohou v nékterych pfipadech negativné ovlivnit
expresi beta-adrenergnich receptorti, G proteinu a adenylat-cyklazy kardiomyocytu.
Tyto komponenty predstavuji kliCovou signalizacni kaskadu potfebnou pro normalni

embryonalni vyvoj jedince.

Zavérem nasi experimentalni prace bychom chtéli zdaraznit, aby lékafi, ktefi jsou
stale Castéji nuceni prfedepisovat léky t€hotnym Zzenam, byli maximalné obeznameni
s jejich potencialné negativnimi uc€inky na vyvijejici se plod. Na zakladé naSich
zkuSenosti z experimentu se domnivame, Ze je metoprolol v béznych davkach
pravdépodobné bezpecny u téhotnych Zen. Ilvabradine a carvedilol vS8ak mohou vést
potencialné k nezadoucim ucinkim na plod a to pravé na zakladé ovlivnéni jeho

tepové frekvence.

V klinické Casti nasi prace referujeme uziti ibutilid fumaratu pouzitého pro akutni
farmakologickou kardioverzi fibrilace sini u dvou t&€hotnych pacientek. Ibutilid fumarat
mél v obou pfipadech pfiznivy efekt na fibrilaci sini ve smyslu kardioverze na
sinusovy rytmus, a jeho podani nebylo spojeno s vyskytem nezadoucich U¢inkd na
matku Ci plod. ProtoZe je ibutilid fumarat vysoce efektivni v této indikaci a riziko
teratogenicity je velmi nizké, domnivame se, Ze prestavuje dobrou alternativu

elektrické kardioverze u téhotnych zen s timto typem arytmie kratkého trvani.
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V dalSi klinické Casti naSeho vyzkumu jsme se snazili objasnit jednotlivé pfiCiny a
miru jejich podilu na rozvoji digoxinové toxicity u pacientt pokrocilého véku. Ackoliv
se digoxinova toxicita i v nasem souboru ukazala byt vzacnou, byla spojena
s vysokou mortalitou. Jedinci s digoxinovou toxicitou byli typicky pokrocilého véku,
méli nizkou télesnou hmotnost (Castéji Zeny), méli renalni insuficienci a byli sou¢asné
IéCeni fadou IéCebnych preparatu. Na zakladé nasi prace, mizeme referovat vyssi
riziko mortality v souvislosti s digoxinovou toxicitou u pacientl se snizenou hodnotou
clearance kreatininu, s niz8i systolickou funkci levé komory a u pacientu lé€enych
digoxinem nitrozilné. SouCasna léCba preparaty s jiz dfive prokazanou interakci
s digoxinem neméla na mortalitu pacientl signifikantni vliv. Lé¢ba ACEI/ARB a beta-
blokatory méla v naSem souboru spiSe protektivni efekt z hlediska mortality. Limitaci
nasi prace je predevSim jeji retrospektivni charakter a souCasné také absence
kontrolni skupiny. Domnivame se vSak, Ze pocCet analyzovanych zaznamu
s kompletnimi daty pacientl je dostateCné vysoky, a to predevSim z hlediska
soubézné medikamentdzni terapie, a proto nase analyza predstavuje pfinos pro dalsi

klinickou praxi.
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Abstract
Prevalence of cardiac arrhythmias increases gradually with age; however,
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Disturbances of cardiac rhythm in the human
foetus

During routine obstetric examination, foetal rhythm
disturbances may be detected in at least 2% of preg-
nancies (Copel ez al. 2000, Jaeggi & Nii 2005). Foetal
arrhythmias account for about 10-20% of referrals
for foetal cardiology assessment (Srinivasan & Stras-
burger 2008). Due to a number of limitations, a foetal
electrocardiogram (cardiotocogram) is not the ideal
method for assessment of arrhythmias. A relatively
novel and efficient method for foetal heart electrical
activity recording is foetal magnetocardiography
(Strasburger et al. 2008, Strasburger & Wakai 2010).
However, this method is not widely available and is
preferred only after the 20th week of gestation
because it is less reliable in the earlier stages of preg-
nancy. Thus, echocardiography remains the principal
method in evaluation of heart rhythm disturbance in
the foetus. In addition to heart rhythm analysis, echo-
cardiography may reveal other signs associated with
prolonged or persistent foetal rhythm disturbances,
such as hydrops (pleural or pericardial effusion, asci-
tes) in its early as well as more advanced stages. The
severity of foetal heart failure can be then monitored

using the ‘heart failure score’ presented by Huhta
(20095).

Using all three standard echocardiographic modali-
ties (B-mode, M-mode and Doppler), we can assess
atrial and ventricular contraction frequencies and their
time relations. An equivalent for P wave on electrocar-
diogram is the A wave detected by pulse wave Dopp-
ler in mitral inflow or atrial wall motion detected by
M-mode. Similarly, the beginning of retrograde flow
in the superior vena cava indicates the beginning of
atrial systole. Atrioventricular (AV) valve closure,
semilunar valve opening and positive Doppler flow in
the aorta are equivalents of the beginning of QRS
complex. Simultaneous Doppler recording in the supe-
rior vena cava and the aorta shows the time correla-
tion between the atrial and ventricular systole — times
corresponding to the P wave and QRS complex on the
ECG. These parameters allow us to calculate the
heart rate, AV delay and diagnose different types of
arrhythmias by measuring the mechanical response of
the heart chambers to the electrical stimulus.

The relationship between foetal arrhythmia and
structural heart disease is not clearly established.
Stewart and Copel found no clear relationship
between foetal arrhythmia and structural heart disease
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(Stewart et al. 1983, Copel et al. 2000). In the obser-
vational study published by Stewart and associates,
only two foetuses from 17 with documented ectopic
beats had structural heart disease. No structural heart
disease was found in five foetuses with tachycardia
(heart rate over 180 bpm), but four of eight foetuses
with documented bradycardia had severe structural
heart disease. Copel and colleagues reported only two
of 10 foetuses diagnosed with significant arrhythmia —
one with supraventricular tachycardia and one with a
second-degree AV block — associated with structural
heart disease of all 614 foetuses with irregular heart
rhythm. On the other hand, there is evidence that foe-
tal arrhythmia may be associated with structural heart
disease. Schmidt e al. (1991) reported that 53% of
foetuses (of a total of 55) with complete AV block
had concomitant structural heart disease (left atrial
isomerism, discordant AV connection). Vergani et al.
(2005) reported structural heart anomalies in five of
six foetuses with bradycardia from a total cohort of
114 infants with foetal arrhythmias. Only two of four
foetuses with AV block survived. Eronen reported 12
foetuses (three supraventricular and three ventricular
ectopic activities, four AV blocks and two sinus
bradycardias) with significant arrhythmia associated
with structural heart disease from a total of 125 foe-
tuses with significant arrhythmia (Eronen 1997). She
also found 95% survival in foetuses with sole signifi-
cant arrhythmia compared to a 75% mortality in
those with arrhythmia associated with structural heart
disease. Interestingly, the total mortality in the group
of foetuses with structural heart disease was only
67%. Based on these two observational studies, it
could be speculated that bradyarrhythmias are more
frequently associated with structural heart disease
and have a worse outcome than tachyarrhythmias
or irregular heart rhythm, which are frequently cur-
able or might resolve spontaneously during develop-
ment.

For simplicity, we may divide foetal arrhythmias
into the three groups (Fig. 1): ectopic beats, mostly
originating in atrial ectopic foci; tachyarrhythmias,
which are defined as heart rates over 180 bpm; and
bradyarrhythmias, defined as
110 bpm (Jaeggi & Nii 2005).

Of these three types, extrasystoles typically have the
best outcomes (Reed 1989). Vergani et al. (2005)
reported that 38% of cases with extrasystoles (in 87

heart rates below

foetuses) resolved in utero and 49% at birth. Only one
neonate required postnatal therapy, and in nine neo-
nates, the arrhythmia was still present at 1-year fol-
low-up without need for therapy. Two foetuses with
extrasystoles converted to supraventricular tachycardia
in utero and were successfully treated pharmacologi-
cally with no impact on their further development.
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Figure | Epidemiology of foetal arrhythmias in humans. (a)
Incidence of various types of arrhythmias in non-selected
population (N = 406, collated from references (Copel et al.
2000), (Vergani et al. 2005)). (b) Incidence in highly selected
population (N = 591, collated from references (Stewart et al.
1983), (Reed et al. 1990), (Eronen 1997), (Vergani et al.
2005), (Zhao et al. 2006)).

None of these were associated with structural heart
disease.

Prolonged foetal tachycardia is usually a serious
condition often leading to foetal hydrops or even
death. Simpson & Sharland (1998) reported hydrops
occurrence in 41% of 127 foetuses diagnosed with
tachycardia. Seventy-five non-hydropic foetuses from
this cohort responded well to transplacental treatment
(mostly with digoxin) with an excellent survival to
birth (96%). Conversely, only two-thirds of hydropic
foetuses with tachycardia responded to transplacental
treatment, and of these, only 73% survived till birth.
Thus, foetal hydrops is a negative prognostic sign sug-
gesting severe hemodynamic consequences from the
underlying causes — for example, arrhythmia and/or
structural heart disease.

Sustained or prolonged bradycardia (heart rates
<100 bpm) or tachycardia (heart rates over 180 bpm)
are of clinical significance and might have a significant
impact on further foetal development in utero; even
later postnatal development might be affected. Jaeggi
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and Nii reported foetal tachycardia as the most fre-
quent arrhythmia in the foetus and was present in
57% of 66 foetuses examined with proven serious
arrhythmia (Jaeggi & Nii 2005). Supraventricular
tachycardia was present in 40% of cases, atrial flutter
accounted for 11%, and sinus tachycardia was present
in 6%.

Diagnosis, classification and management of
foetal arrhythmias

The 12-lead ECG that is so useful in newborn or adult
cardiology suffers from major limitations in the foe-
tus. Echocardiography is typically the only way to
diagnose tachyarrhythmia in the foetus, and it is not
easy to differentiate between different types of tach-
yarrhythmias.  Supraventricular  tachycardia  with
mostly 1 : 1 AV conduction can be distinguished from
atrial flutter, with mostly 2 : 1 AV conduction block,
due to excessive atrial frequency in flutter (about 440—
480 bpm) translating into a 220-240 bpm ventricular
rate. In AV re-entry, the time interval between the
ventricular and atrial activity would be short, while in
atrial tachycardia originating from ectopic foci, this
time interval is usually prolonged. Ventricular
tachycardia with typical dissociation of ventricular
and atrial rhythm or conducted 1 : 1 from ventricles
to atria is extremely rare in the foetus as most
tachyarrhythmias originate in the atria. In such
cases, it is clear that only an experienced physician
trained in echocardiography can make the correct
diagnosis.

The most frequent foetal tachyarrhythmia is supra-
ventricular tachycardia represented by three different
types: AV re-entrant tachycardia, permanent junctional
reciprocating tachycardia and atrial ectopic tachycar-
dia. The second most frequent foetal tachyarrhythmia
is atrial flutter caused by a macro-re-entry circuit
located in the atria. The final differentiation is often
made only after birth when the arrhythmia persists or
reoccurs, or a delta wave typical for the accessory
pathway is present on the 12-lead ECG. The treatment
strategy for most types of tachyarrhythmias is based on
transplacental digoxin administration in non-hydropic
foetuses. Sotalol, flecainide or amiodarone is mostly
reserved for hydropic foetuses or more resistant
tachyarrhythmias. Treatment is required for pure sinus
tachycardia with typical heart rates of 180-200 bpm
usually caused by foetal distress, foetal thyrotoxicosis,
anaemia etc.

Sustained or prolonged bradycardia is present in
43% of significant foetal arrhythmia cases, as pre-
sented by Jaeggi & Nii (2005). Complete AV block
accounts for 38%, and only 5% manifest as sinus bra-
dycardia cases. The treatment of foetal bradycardia is
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limited. For significant number of foetuses with
complete heart block caused by maternal autoantibod-
ies, transplacental treatment with beta-receptor-stimu-
lating agents, corticosteroids or immunosuppressives is
recommended. In principle, foetal pacemaker implan-
tation (Liddicoat et al. 1997) should be considered
using minimally invasive techniques (Sydorak et al.
2001, Eghtesady et al. 2011, Nicholson et al. 2012).

During sinus bradycardia, there is 1:1 AV cou-
pling with a slow frequency of atrial contractions
(<100 bpm). Simple sinus bradycardia may be caused
by foetal distress with episodes of hypoxia and blood
flow redistribution, while brain and heart are sup-
plied preferentially. Sinus bradycardia can be a mani-
festation of foetal long QT syndrome, and all
newborns with a history of foetal heart rate below
the 3rd percentile should be assessed for this entity
early after birth (Mitchell ef al. 2012). Sinus brady-
cardia may be a rare manifestation of sinus node dys-
function. Supraventricular bigeminy or trigeminy with
AV block must always be excluded when assessing
the foetus for bradycardia. The telltale sign would be
an atrial frequency above that of the ventricle and an
irregular heart rhythm. The outcome is usually
benign and this arrhythmia mostly does not require
treatment.

Foetal AV block

The most frequent cause of bradycardia is congenital
AV block. First-degree AV block is characterized by
prolonged AV conduction with 1: 1 AV coupling. It
is necessary to realize that AV conduction time
increases during gestation and the exact numbers
also differ for various ECHO modalities. Normal
values for 30-34 weeks of gestational stage are
122.7 £ 11.1 ms by left ventricle inflow/outflow
Doppler method, 116.5 + 8.8 ms by Doppler method
in the superior vena cava/aorta, 142.4 £ 14.2 by
atrial contraction/ventricular systole as measured via
Tissue Doppler Imaging (TDI) of the basal right ven-
tricular free wall (Nii et al. 2006).

We distinguish two types of second-degree AV
block. Wenckebach type (Mobitz I) second-degree AV
block is characterized by the gradual lengthening of
AV conduction time terminated by a dropped ventric-
ular contraction. Mobitz type (Mobitz II) of second-
degree AV block is typified by sudden loss of ventricu-
lar contraction, while AV conduction time remains
unchanged. A specific type of Mobitz II AV block is
2 : 1 conduction when every second atrial beat is not
conducted to the ventricles.

The third-degree AV block (complete heart block)
has the most serious impact on further foetal develop-
ment leading frequently to foetal demise. Atrial and
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ventricular electrical and mechanical activities are
completely independent in this type of AV block. This
always leads to significant and prolonged bradycar-
dia. The only physiological pathway to compensate
the decrease in cardiac output caused by bradycardia
is the Frank-Starling mechanism which might be lim-
ited at early stages according to data from animal
experiments (Kockova et al. 2013). When increased
stroke volume fails to compensate severe foetal bra-
dycardia, heart failure occurs leading to foetal
hydrops.

Foetal complete heart block occurs more frequently
in conjunction with various congenital structural heart
diseases (Stewart et al. 1983, Jaeggi & Nii 2005, Ver-
gani et al. 2005). Schmidt reported that 53% of foe-
tuses diagnosed with complete heart block had
associated complex congenital heart disease (Schmidt
et al. 1991). Another major reason for congenital
complete heart block is maternal autoimmune disease
such as lupus erythematosus, Sjogren syndrome, rheu-
matoid arthritis or unclassified systemic rheumatoid
disease. Elevated titres of anti — Ro/SSA and anti —
La/SSB antibodies are typically found in mothers
affected by the above-mentioned autoimmune dis-
eases. The risk of developing foetal complete heart
block in pregnant women with positive anti-Ro/SSA
antibodies is about 2% (Brucato et al. 2001). These
antibodies cause myocardial inflammation specifically
affecting the AV node leading to various degrees of
AV conduction impairment, which usually occurs
around 20-24 gestational weeks. This might also pres-
ent as endomyocardial fibrosis in the foetus or new-
born. Because complete heart block has been shown
to be associated with very high mortality rates ranging
between 18% and 43% (Jaeggi & Nii 2005), there
has been a major effort to prevent this autoimmune
disease. Corticosteroids were administrated to preg-
nant women with positive titres of autoantibodies
intravenously or orally (Reinisch et al. 1978, Fried-
man et al. 2009), but major side effects were noticed
afterwards including oligohydramnion, foetal adrenal
suppression, intrauterine grow retardation and so on.
Corticosteroid treatment is recommended only for
advanced heart block with significant and prolonged
bradycardia with a high risk of hydrops development.
Isolated prolongation of AV conduction only rarely
leads to progressive AV block, as shown by Jaeggi
et al. (2011) in anti-Ro and anti-La positive mothers,
and corticosteroid treatment is therefore not recom-
mended. Recently, current recommendations of the
American Heart Association regarding diagnosis and
management of foetal heart disease, including prenatal
arrhythmias, were summarized in a form of Scientific
Statement (Donofrio et al. 2014).
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Importance of the cardiac conduction system
for the origin of arrhythmias

It is widely recognized in clinical practice that the car-
diac conduction system (CCS) can be a focal point of
arrhythmogenesis (Braunwald et al. 2001). This pro-
pensity was extensively analysed from developmental
perspective by Jongbloed and associates (Jongbloed
et al. 2004) using CCS-LacZ transgenic mouse model.
Detailed analysis of the developing CCS was per-
formed on hearts at embryonic day (ED) 9.5-15.5
stained for beta-galactosidase activity and co-stained
with the myocardial marker HHF35 followed by
three-dimensional reconstruction. CCS-lacZ expres-
sion detected by X-gal staining was observed in the
sinoatrial node, left and right venous valves, septum
spurium, right and left AV ring, His bundle, bundle
branches, moderator band, Bachmann’s bundle, left
surrounding the pulmonary
venous orifice and later on in the pulmonary vein

atrial posterior wall

wall. These data supported the idea that areas derived
from the developing CCS may form the arrhythmo-
genic substrate in adult hearts.

A comparative study between patients with left
atrial tachycardia originating from the junction of
mitral annulus and aortic ring and mouse embryos
demonstrated the presence of the developing special-
ized conduction system in this region starting at
embryonic age 11.5 (Gonzalez et al. 2004).

Particular attention was focused on the develop-
mental origin of pulmonary vein myocardium (Mom-
mersteeg et al. 2007a), which is derived from the
second heart field. The area around the pulmonary
veins entrance is in humans a frequent site of origin of
atrial fibrillation, so its electrical insulation by cathe-
ter intervention is a frequent procedure during clinical
intervention for ablation of this increasingly prevalent
human arrhythmia. A recent study based on HCN4-
Cre mouse line with LacZ or eGFP reporter (Liang
et al. 2013) precisely delineated relative contributions
of first and second heart lineages to the CCS and pro-
vided a time line of developmental expression of this
CCS marker in concert with other markers during its
formation.

Genetic and epigenetic determination of the
CCs

To better appreciate the developmental potential of
CCS to generate arrhythmias, one needs to consider
the mechanisms governing its induction and patterning
(reviewed in (Gourdie et al. 2003), (Christoffels et al.
2010). Lineage tracing experiments performed by the
Mikawa lab have shown that cardiac pacemaker cells
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are physically segregated and molecularly pro-
grammed in a tertiary heart field prior to the onset of
cardiac morphogenesis, and this process depends on
Wnt signalling (Bressan et al. 2013). Recently, the
genetic cascade governing specification of cardiac
pacemaking tissues was elucidated by the Amsterdam
group (Mommersteeg et al. 2007b). Restricted expres-
sion pattern of the homeodomain transcription factor
Shox2 in the sinus venosus myocardium, including the
sinoatrial nodal region and the venous valves, was
found to be important for the recruitment of these
cells to the pacemaking fate (Blaschke et al. 2007).
The authors
expression of gap junction proteins connexin 40 and
43 as well as the transcription factor Nkx2.5 specifi-
cally within the sinoatrial nodal region, leading to
embryonic lethality between ED11.5 and ED13.5 in
Shox2~'~ mice. Finally, they showed that Shox2 defi-
ciency interferes with pacemaking function in embry-
onic zebrafish in vivo. Particular attention was also

furthermore demonstrated aberrant

devoted to specification of pulmonary venous myocar-
dium (Mommersteeg et al. 2007a), which is a signifi-
cant source of atrial fibrillation. Genetic labelling
reveals that atrial cells do not contribute to this spe-
cific population, characterized by Nkx2.5 expression
distinguishing it from the systemic venous return.
Maintenance of this phenotype is dependent on Pitx2c,
which prevents it from adopting the Cx40-negative,
Hcn4-positive pacemaking phenotype of the right-
sided sinoatrial node.

Embryonic pacemaking differs in details from the
mechanisms operating in the adult sinoatrial node.
The early stages are crucially dependent on the cal-
cium clock, as demonstrated by Wakimoto et al.
(2000) who studied the functional importance of
sodium-calcium exchanger (NCX) for heartbeat initia-
tion and maintenance. To address this question, they
generated Ncx1-deficient mice by gene targeting to
determine the iz vivo function of the exchanger. The
hearts of Nex /™
embryos did not beat, and cardiomyocytes frequently
underwent apoptosis leading to embryonic lethality
between ED9 and ED10.

To study cardiac physiology near the onset of the

embryonic deficiency in Ncx,

heartbeat in embryonic mouse hearts, Chen and asso-
ciates performed dual optical mapping of membrane
voltage and intracellular calcium (Chen ez al. 2010).
Action potentials and calcium transients were detected
in approx. 50% of mouse embryo hearts at EDS8.5
and 100% at E9.0, indicating that the heartbeat starts
between ED8 and ED9. Cardiac activity was abol-
ished by calcium channel blocker nifedipine and the I
(f) blocker ZD7288, suggesting that both HCN4 and
voltage-dependent calcium channels are important for
embryonic pacemaking. The role of sodium channels
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and intracellular calcium cycling is of lesser impor-
tance at this early stage.

From the functional side, endothelin signalling was
shown to be necessary not for specification like in
birds (Gourdie et al. 1998), but normal function of
the embryonic pacemaker in mammals (Karppinen
et al. 2013). Stimulation with endothelin-1 increased
beating frequency of ED9-ED11 cardiomyocytes. Inhi-
bition by receptor antagonist tezosentan led to dose-
dependent bradycardia in vitro as well as in utero, but
only during the early (ED12.5) and not late (ED18.5)
embryonic stages. Irregular rhythm was also observed,
and use of specific antagonists indicated that the
effects are mediated via endothelin receptor B.

Location of the first activation site in the rat embry-
onic heart was investigated by the Kamino group (Hi-
rota et al. 1985). At the time of heartbeat initiation,
the first pacemaking activity was located in the left
side of the sinus venosus, but within a few hours
migrated to the right side, where the definitive pace-
maker is located. A similar situation was reported also
in avian embryos; remnants of this initial left-sided
activity were reported in a small proportion of normal
avian hearts at later stages of development (Sedmera
et al. 2006); under normal conditions, no such left-
sided activity was reported in a large series of embry-
onic mice (Leaf et al. 2008, Ammirabile et al. 2012,
Benes et al. 2014).

Considerably less is known about the mechanisms
regulating specification of the remaining components
of the CCS. Neuregulin was proposed as a factor
influencing differentiation of the ventricular myocytes
towards the conduction phenotype (Rentschler et al.
2002), but this secreted molecule has many important
functions in the embryonic cardiomyocytes, such as
their survival (Liu et al. 2010). The neuregulin/Erb
signalling cascade could function in concert with
endothelin signalling, which was shown to be impor-
tant in Purkinje fibre differentiation in the chick
(Gourdie et al. 1998, 2003, Takebayashi-Suzuki ef al.
2000, Sedmera et al. 2008). Other important factors
participating in formation of the His bundle and its
branches include Nkx2.5 (Jay efal. 2004), Irx3
(Zhang et al. 2011) and T-box transcription factors
(Jerome & Papaioannou 2001, Moskowitz et al.
2004, Hoogaars et al. 2007, Aanhaanen et al. 2009,
Frank et al. 2012).

Differentiation of embryonic myocytes into the con-
ducting phenotype is governed also by the epigenetic
factors, of which mechanical loading is of the most
critical importance. In vitro unloading of chick embry-
onic hearts (Sankova et al. 2010) led to de-differentia-
tion of the ventricular conduction system that could
be rescued by ventricular stretching using a droplet of
silicone oil. These experiments resolved the issue

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12418 5



Foetal cardiac arrhythmias * D Sedmera et dl.

arising from previous in vivo studies using altered hae-
modynamics models (Reckova et al. 2003, Hall et al.
2004) that showed that increased hemodynamic load-
ing accelerated, while reduced ventricular preload
inhibited ventricular CCS differentiation by attributing
the stimulus to myocyte stretching, rather than to
shear stress-induced signalling from the endocardium.

Studies on chick embryos in vivo showed that
hypoxia can accelerate maturation of the AV junction
and lead to earlier appearance of mature (apex-to-base)
ventricular activation patterns (Nanka et al. 2008),
possibly through increased apoptosis of the AV myo-
cardium. Another player in developing proper fibrous
insulation of the AV junction is the developing epicar-
dium (Kolditz et al. 2007, 2008), and perturbations of
this process may lead to ventricular pre-excitation.
Electrical insulation of the His bundle is also dependent
on immigrating cardiac neural crest cells (Gurjarpadhye
et al. 2007).

Spontaneously occurring arrhythmias in
embryos

This area of embryonic arrhythmias is not well inves-
tigated for numerous reasons. First, there are the
methodological difficulties inherent to all observa-
tional studies of mammalian embryos that are shielded
in utero by maternal tissues. The most significant
breakthrough in this respect was availability of high-
resolution ultrasound (Phoon et al. 2002, Phoon
2006, Nomura-Kitabayashi et al. 2009, Lo et al.
2010), paralleling the advances in human embryonic
echocardiography (Maeno et al. 1999, Pedra et al.
2002). The second obstacle is the relative rarity of
such events (compare with the situation in clinical set-
tings, discussed above) necessitating the examination
of large numbers of embryos. Therefore, most ar-
rhythmias detected in the embryonic hearts could be
at least in part be due to ‘gentle’ alterations of physio-
logical conditions, as it is close to impossible to moni-
tor the embryonic mammalian heart in a completely
non-invasive manner.

Various arrhythmias in the isolated mouse embry-
onic heart were revealed using simultaneous voltage
and calcium optical mapping (Valderrabano et al.
2006). The focus of this study was on AV conduction
during transition from immature base-to-apex to
mature apex-to-base ventricular activation pattern.
The authors hypothesized that after this transition, the
remnants of the myocardial AV ring remain tran-
siently able to conduct, providing a possible substrate
for arrhythmias. They noted that arrhythmias were
rare under normal conditions, with only occasional
AV blocks (4%) and junctional rhythms in four of
309 embryonic hearts analysed. The frequency notably
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increased after isoproterenol stimulation with 6%
incidence of ventricular ectopic rhythms. Addition of
carbachol after isoproterenol caused dissociated ante-
grade and retrograde AV ring conduction in almost
10% of ED10.5-ED11.5 hearts. Re-entry persisting
for multiple beats was also observed, but none
occurred at ED9.5. Rare cases of irregular rhythm
(sinoatrial and AV block, alternating patterns of ven-
tricular activation) were also observed in our large
mouse series (Sankova et al. 2012), while ectopics
originating from the outflow tract myocardium were
seen exclusively in ED10.5-ED11.5 hearts cultured
for 24 h (Vostarek et al. 2014). AV re-entry was
observed as a rarity in one ED4 chick heart (Fig. 2).

Genetic mouse models of arrhythmias

As noted above, spontaneous arrhythmias are very
rare in normal embryonic hearts, thus facilitating
analysis of results in experimental perturbation mod-
els. The importance of catecholaminergic signalling in
development and function of the CCS was recently
reported by Steve Ebert’s group (Baker er al. 2012).
These results are in good agreement with previous
studies showing lethality of mouse embryos deficient
in a component of adrenergic signalling, beta-adrener-
gic receptor kinase (Jaber et al. 1996).

Studies by Collin Phoon validated ultrasound biomi-
croscopy as a prime tool for iz vivo identification of
abnormal mouse embryonic heart function, including
arrhythmias. Using this technique, they studied longitu-
dinally ~ embryonic ED10.5-ED14.5 NFATcl1 /"~
embryos and control littermates (Phoon et al. 2004).
The null embryos, lacking the outflow valves, die prior
to completion of ventricular septation from presumed
heart failure. The authors showed that abnormal blood
flow was present at E12.5 when outflow valves normally
first develop. Reduced cardiac output and diastolic dys-
function contributed to heart failure, but contractile
function remained unexpectedly normal. The only
arrhythmia detected prior to embryonic demise was pro-
gressive bradycardia, indicating that embryonic heart
failure occurs rapidly in this mouse model.

Mutations in TBX3 cause congenital anomalies in
patients with ulnar-mammary syndrome (Frank et al.
2012). Data from both mice and humans suggest mul-
tiple roles of this transcription factor in morphogene-
sis and function of the CCS. Disruption of Tbx3
function in different regions of the developing heart
caused discrete phenotypes and lethal arrhythmias.
Sinus pauses (normally present at low frequency in
adult mice) and bradycardia indicated sinoatrial node
dysfunction; pre-excitation and AV block revealed
problems in the AV junction. These arrhythmias were
accompanied by perturbed expression of several ion
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Figure 2 Atrioventricular re-entry in ED4 chick embryonic heart. Top panels show the embryonic heart from the back and time

course of calcium transients. The first derivative panel shows both prograde activation (from the atrium to the ventricle to the

outflow tract, orange arrow) and retrograde activation from the ventricle back to the AV canal and atrium (grey arrow). Activa-

tion maps in the bottom depict this phenomenon at different temporal scales. Note that the activation pattern of the atrium dif-

fers between prograde and retrograde activation. A, atrium; AV, atrioventricular canal; V, ventricle; OT, outflow tract. For

better visualization of the activation sequence, see the Movie S1.

channel components (e.g. upregulation of Kcne3,
Chacl, Kcnj4 and downregulation of Scn7a), despite
normal expression of previously identified CCS mark-
ers, raising the possibility of functional disturbances in
apparently morphologically normal CCS.

The Notch signalling cascade was found to be
important in regulation of AV conduction in the
mouse (Rentschler et al. 2011), and activation of
Notch signalling during development consistently led
to accessory AV pathways and pre-excitation. On the
other hand, inhibition of this cascade led to AV node
hypoplasia and loss of expression of slowly conduct-
ing connexin 30.2 gap junction channels, resulting in
shortened AV delay.

Drug-induced arrhythmias in mammalian
models

A significant worry of every clinician taking care of
women of childbearing age is the teratogenic potential

of prescribed medicines. This does not only impact
overt morphological anomalies, but also more subtle
functional alterations, such as mild neurological
defects, or indeed, embryonic arrhythmias that in
extreme cases can lead to embryonic or foetal death.
As mentioned above, propensity to arrhythmia
depends considerably on developmental stage. At the
earliest stages, where the heart is small and conduc-
tion generally slow, the only ‘allowed’ arrhythmias
are alterations of heart rate of which bradycardia is
the most dangerous as it can lead to reduced cardiac
output and embryonic death. Once the cardiac cham-
bers are formed (Moorman et al. 2010), alternating
regions of fast and slow conduction develop, creating
a heterogeneity in conduction that can lead to unidi-
rectional or bidirectional blocks, re-entry and more
complex arrhythmias (Valderrabano er al. 2006).
With further development, the heart becomes more
complex with the establishment of the coronary vascu-
lar network and autonomic innervation (Hildreth
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et al. 2009). In humans, sensitivity to bradycardia in
premature infants suggests that the heart rate response
to cholinergic stimulation may change during develop-
ment (Maurer 1979). This hypothesis was tested on
isolated intact foetal mouse hearts (ED13-ED22).
Acetylcholine led to a marked (—50%) heart rate
decrease in the micromolar range in ED13-ED14
hearts, but the decrease was progressively blunted
with increasing age with a mere 3% drop at ED21-
ED22 with the same dose. Physostigmine significantly
enhanced the cholinergic response in older hearts, sug-
gesting that the effect is at least in part due to increas-
ing intrinsic cholinesterase activity with gestational
age.

Unlike the adult heart, whose energy needs are
mostly met by fatty acid oxidation, the developing
myocardium relies mostly on glycolysis. Chen et al.
(2007) investigated how inhibition of glycolysis affects
membrane voltage and calcium transients in embry-
onic mouse hearts. Glycolysis inhibition by 10 mm
2-deoxyglucose or 0.1 mMm iodoacetate decreased sig-
nificantly heart rate and induced (unspecified) arrhyth-
mias in over 50% of the treated hearts. Similar effects
were noted when oxidative phosphorylation was
blocked by 500 nm p-(trifluoromethoxy)phenylhydraz-
one. During experiments aimed at elucidation of pace-
making mechanisms in early mouse heart (Chen et al.
2010), the investigators observed various arrhythmias,
including AV re-entry induced by adenosine (ADO).
This occurred at stages that had already differentiated
fast-conducting atrial and ventricular chamber myo-
cardium and slowly conducting AV canal.

Anti-epileptic drugs frequently act on ion channels
regulating membrane potential in excitable tissues;
some of these channels are present also in the develop-
ing heart. This could be one explanation for the known
teratogenic potential of these substances. Danielsson
et al. (1997) investigated the capacity of phenytoin, a
hERG channel blocker inhibiting the IKr that is critical
for embryonic heart function, to induce embryonic
hypoxia via adverse effects on the embryonic heart
using a whole embryo culture model. In these mouse
embryo studies, phenytoin caused a concentration-
dependent decrease in embryonic heart rate, with
temporary or permanent cardiac arrest at the highest
dosage. The exact concentration, as well as incidence
of other arrhythmias, was strain-dependent. Similar
results were obtained in rat embryos.

Arrhythmogenic properties of phenytoin were exam-
ined in mouse (Azarbayjani & Danielsson 2002).
Between ED9 and ED13, a dose-dependent bradycar-
dia and other unspecified arrhythmias such as AV
block were observed at maternal plasma concentra-
tions in the micromolar range. Patch-clamp recording

on HERG-transfected cells demonstrated that
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phenytoin inhibits the inward rectifier potassium cur-
rent. The authors attributed these effects to reactive
oxygen species (ROS) generated at reoxygenation
after resumption of normal rhythm, as an antioxidant
agent alpha-phenyl-N-tert-butyl-nitrone showed pro-
tective effects. A similar mechanism was proposed for
another teratogenic anti-epileptic drug, trimethadione
and its pharmacologically active metabolite dimethadi-
one. The same group of investigators then followed up
by showing that these effects were exacerbated in
combination with several anti-epileptics (phenytoin,
phenobarbital, dimethadione and carbamazepine), sup-
porting the idea that the increased risk for malforma-
tions following polytherapy is linked to an increased
risk for cardiac rhythm disturbance (Danielsson et al.
2007).

Almokalant, a class III anti-arrhythmic drug, caused
embryotoxicity in the mouse (Skold & Danielsson
2000), most likely secondary to its adverse effects on
the embryonic heart, as dose-dependent bradycardia
and periods of cardiac arrest were observed in whole
embryo culture at ED10. Thus, all drugs capable of
causing embryonic bradycardia should be regarded as
potentially embryotoxic and used during pregnancy
with extreme caution.

Chick embryonic model

The cardiac electrical activity in the chick embryo has
been investigated in pioneering works, in wvivo
(Van Mierop 1967, Rajala et al. 1984, Tazawa et al.
1989, Sugiyama ef al. 1996), in the intact embryo
(Hoff & Kramer 1939, Paff et al. 1964), the dissected
heart (Paff et al. 1968, Paff & Boucek 1975, Kasuya
et al. 1977, Hirota et al. 1987), isolated cardiac
chambers (Boucek e al. 1959, Arguello et al. 1986)
and in cultured cardiomyocytes (Shrier & Clay 1982).
In particular, ECG of the whole heart displays
characteristic P, QRS and T components which allows
assessment of the beating rate from PP or RR interval,
AV conduction from PR interval, duration of the ven-
tricular activation from QT interval and intraventricu-
lar conduction from of the QRS complex width. The
spatio-temporal interpretation of the ECG is facili-
tated by the fact that ventricular activation occurs in
a ‘base-to-apex’ fashion, and there is no differentiated
conduction system at early developmental stages
(Chuck et al. 1997, Reckova et al. 2003).

The principal types of arrhythmias observed in the
validated 4-day-old embryonic chick heart model
under various stresses (e.g. anoxia-reoxygenation) or
exposed to pharmacological agents are transient atrial
tachycardia (range 180-300 bpm) and bradycardia
(range 110-140 bpm), atrial ectopy, first-degree atrio-
ventricular blocks (AVB), second-degree AVB (2 : 1 to

8 © 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12418
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8 : 1),
third-degree AVB (ventricular escape beats) and bursts

Wenckebach phenomenon (Mobitz type 1),

of irregular activity followed by intermittent atrial
arrest (cardioplegia) as previously documented (Sarre
et al. 2006) and presented in Figure 3. Some of these
arrhythmias resemble those observed in the human
foetus (Strasburger & Wakai 2010).

Effects of drugs inducing arrhythmias can be conve-
niently studied in the chick embryo in vivo. Paff and

D Sedmera et al. * Foetal cardiac arrhythmias
collaborators described heart blocks after digoxin
treatment (Paff ef al. 1964), defining the stage of
chamber formation as critical for induction of conal
(40 h of incubation) and AV block (42 h). Before
these stages, the only reaction of the embryonic heart
to drug treatment was complete cardiac arrest. The
authors noted similarity between this AV block and
the situation in humans, including the Wenckebach
phenomenon. The Rochester group studied effects of
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various cardiac drugs on the developing cardiovascu-
lar system. Isoproterenol at a teratogenic dose induced
increased vascular resistance and reduced cardiac
output (Clark er al. 1985), suggesting the presence
of a functional adrenergic signalling system in the
On the other hand,
antagonist)

4-day-old embryonic heart.

chronic verapamil (calcium infusion
decreased both cardiac and embryonic growth through
decreased cardiac performance (Clark ef al. 1991,
Sedmera et al. 1998) and led to delayed ventricular
morphogenesis (increased trabeculation, decreased
compact layer thickness). Recently, Kockova and
colleagues studied the effects of beta blockers and
ivabradine on cardiac function and embryonic survival
(Kockova et al. 2013). High doses led to mortality
through decreased cardiac output, based upon brady-
cardia and insufficient Frank-Starling compensation.
Partial AV blocks were also observed in both early

(day 4) and later (day 8) embryos.

Arrhythmias during anoxia—reoxygenation

In the 4-day-old embryonic chick heart model (Raddatz
et al. 1997, Sarre et al. 2006), the chrono-, dromo-
and inotropic disturbances and the ultrastructural
modifications (e.g. mitochondrial and nuclear swelling)
induced by 30-min anoxia followed by 60-min reoxy-
genation are reversible within a period of time depend-
ing on the developmental stage; the older the embryo,
the lower the reversibility (Sedmera et al. 2002).
Anoxia induces bradycardia, atrial ectopy, first-, sec-
ond-, and third-degree AVB and transient cardioplegia.
Reoxygenation provokes also the Wenckebach phe-
nomenon and ventricular escape beats. At the onset of
PR, QT and ventricular

reoxygenation, electro-
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mechanical delay (reflecting excitation-contraction
(EC) coupling) significantly increase, whereas atrial EC
coupling remains unchanged. Ventricular contractility
at the apex and intraventricular conduction are also
significantly reduced by anoxia-reoxygenation (Fig. 4),
but no fibrillations, no re-entry and no ventricular ecto-
pic beats are observed. At reoxygenation, arrhythmias
and conduction disturbances are associated with a
burst of ROS production (Sarre et al. 2005, Raddatz
et al. 2011) and reduced by the antioxidant ascorbic
acid (Fig. 5). Although the presence of glucose at the
physiological concentration of 8 mm prolongs cardiac
activity during anoxia, it enhances the reoxygenation-
induced ROS production and arrhythmias relative to
glucose-free conditions (Tran et al. 1996, Raddatz
et al. 2011). This observation underscores the role
that alterations of glycolytic activity may play in ar-
rhythmogenesis associated with ROS. Nitric oxide
(NO) at supraphysiological concentration delays post-
anoxic recovery of AV propagation, and sinoatrial
pacemaker cells are less responsive to NO (Terrand
et al. 2003). An NO synthase inhibitor (L-NAME) pro-
longs the ventricular electromechanical delay during
anoxia and delays its recovery during reoxygenation,
while an NO donor (DETA-NONOate) has opposite
effects (Maury et al. 2004). Thus, a NO-dependent
pathway appears to contribute to regulation of ventric-
ular excitation—contraction coupling in the anoxic—
reoxygenated embryonic heart.

It should also be mentioned that a cycle of cooling
(4 °C, 30 min)/rewarming (37 °C, 60 min) under
normoxia is less arrhythmogenic than anoxia (30 min)
followed by (60 min).
between 15 and 20 min of rewarming, when tempera-

reoxygenation However,

ture rises from 27 to 31°C, the beating rate
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tion-contraction (EC) coupling, contrac-
tility (apical ventricular shortening) and
* intraventricular conduction (QRS width)
are markedly altered during anoxia and
reoxygenation, but fully recover after
30-40 min. Mean + SEM; n = 4;
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beats per minute. *P < 0.05 vs. prea-

Reoxygenation noxic values.
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transiently accelerates, the PR interval is prolonged,
and the rate of recovery of QT decreased, clearly indi-
cating that this range of temperature is critical for the
return to normal rhythmicity (Sarre ez al. 2006).
Acidosis (transition from pH 7.4 to 6.5), which can
occur under prolonged anoxia, has negative chrono-,
dromo- and inotropic effects, essentially characterized
by intermittent atrial and ventricular activity (bursts).
At pH 6.5, heart rate and AV conduction velocity
remain significantly decreased, whereas ventricular
shortening and contractility recover after 5 min.
Under acidotic anoxia and during reoxygenation,
inactivation of HCOj3-dependent mechanisms increases
the incidence of arrhythmias. This indicates that in
heart pH

the anoxic-reoxygenated embryonic
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regulation appears to depend predominantly on HCOj;
availability and transport. The Na*/H* exchange
(NHE) appears to be protective only under anoxia
(Meiltz et al. 1998).

Under normoxia, H,O, differentially modulates
ERK, p38 and JNK pathways in atria, ventricle and
outflow tract (Gardier et al. 2010). Only exposure to a
rather high concentration of H,O, (>500 um) leads to
cardioplegia and markedly increased phosphorylation
of ERK2 and p38 specifically in atria and outflow tract,
without modifying the level of JNK phosphorylation.
Moreover, during the post-anoxic reoxygenation, the
phosphorylation level of ERK2 and p38 is altered
specifically in the ventricle. During the early phase of
post-anoxic reoxygenation, the Janus Kinase 2/Signal
Transducer and Activator of Transcription 3 (JAK2/
STAT3) pathway is activated by ROS, interacts with
Reperfusion Injury Salvage Kinase (RISK) proteins
[(PI3K, Akt, Glycogen Synthase Kinase 3beta
(GSK3beta)), Extracellular signal-Regulated Kinase 2
(ERK2)] and reduces arrhythmias (Pedretti & Raddatz
2011).

The hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels are expressed very early during
cardiogenesis and play an important role in the con-
trol of the rate of diastolic depolarization in pace-
maker cells of atria, ventricle and outflow tract (Sarre
et al. 2010). Inhibition of the HCN channels by ivabr-
adine has a negative chronotropic effect in all these
cardiac regions (characterized by a decreasing AVco-
notruncal gradient of intrinsic beating rate) and stabi-
lizes the PR interval under normoxia but does not
alter the types and duration of arrhythmias during
anoxia-reoxygenation.

Pharmacological opening of the mitochondrial
KATP channel by diazoxide selectively improves
recovery of the PR interval and ventricular E-C cou-
pling during reoxygenation, via NO-, ROS- and PKC-
dependent pathways (Sarre et al. 2005) and reduces
reoxygenation-induced JNK activity in the ventricle
(Sarre et al. 2008). Furthermore, the open-state of the
sarcolemmal L-Type Ca®* channel, mitochondrial
Ca®* uniporter and mitochondrial KATP channel can
be a major determinant of JNK activity and anoxia—
reoxygenation-induced arrhythmias.

The TRPC1, 3, 4, 5, 6 and 7 isoforms of the volt-
age-insensitive cationic transient receptor potential
canonical (TRPC) channels are expressed in the heart
of 4-day-old chick embryos and can form a macromo-
lecular complex with the alphalC subunit of the L-
type voltage-gated calcium channel (Cav1.2). Under
normoxia, inhibition of TRPCs by SKF96365 leads to
negative chrono-, dromo- and inotropic effects, pro-
longs QT interval and triggers Wenckebach phenome-
non, clearly indicating that inactivation of these
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channels is implicated in arrhythmias. Blockade of
the TRPC3 isoform by Pyr3 affects AV conduction
specifically, whereas inhibition of all TRPCs by SKF
combined with that of Cav1.2 by nifedipine results in
severe arrhythmias and finally in cardioplegia (Sabou-
rin et al. 2011).

Proarrhythmic Ca®* overload can result from Ca**
entry through sarcolemmal voltage-dependent L-type
and T-type Ca®* channels (Cav1.2 and Cav3.1, respec-
tively) and voltage-independent cation channels
(TRPC), as well as Ca®* release from the sarcoplasmic
reticulum after anomalous activation of ryanodine
receptor (RyR2) channels by ryanodine (Tenthorey
et al. 1998) and/or inhibition of sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) by thapsigargin
(Sabourin et al. 2012). The L-type Ca** channel ago-
nist Bay-K-8644 induces atrial tachycardia and tends
to prolong arrhythmias during reoxygenation (Bruchez
et al. 2008). ROS and reactive nitrogen species (RNS)
are known to alter the redox state and increase activ-
ity of RyR2 leading to a potentially proarrhythmic
Ca®* release. Pharmacological opening of RyR chan-
nels with ryanodine (10 nMm) triggers severe arrhyth-
mias (mainly bursting activity) under normoxia and
during anoxia and reoxygenation, whereas verapamil
(10 nM), an antagonist of L-type Ca®* channel at this
concentration, affords protection against reoxygen-
ation-induced arrhythmias (Tenthorey et al. 1998).
Furthermore, relative to the Cav3.1 channel (T-type),
the Cav1.2 channel (L-type) plays a major role in
spontaneous electrical activity of the embryonic chick
heart. Indeed, inhibition of Cav1.2 with nifedipine
induces a progressive and significant shortening of QT
and prolongs the ventricular electromechanical delay,
whereas specific inhibition of Cav3.1 with mibefradil
has only a slight effect (Sabourin et al. 2011).

Adenosine is a crucial regulator of the developing
cardiovascular system, derives from intra- and extra-
cellular ATP degradation and accumulates in the myo-
cardial interstitial fluid under hypoxia or ischaemia. In
the embryonic heart, developing normally in an envi-
ronment poor in oxygen, the physiological concentra-
tion of ADO is much higher than in the adult
normoxic heart and ADO metabolism relies on ecto-
nucleoside triphosphate diphosphohydrolase (CD39),
ecto-5'-nucleotidase (CD73), adenosine kinase (AdK)
and ADO deaminase (ADA). CD39 and CD73
sequentially convert ATP to ADO and ADA convert
ADO into inosine (INO). ADO is transported by
equilibrative (ENT1,3,4) or concentrative (CNT3)
transporters and interacts with the four subtypes of
ADO receptors (AR), A;AR, A;5AR, A;zAR and
AsAR (Robin et al. 2011, 2013). ADO or A,AR
activation transiently provokes bradycardia, second-
degree AVB and Mobitz type I second-degree AVB
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(Wenckebach phenomenon). These transient pacemak-
ing and AV conduction disturbances are induced by
A1AR activation through concomitant stimulation of
NADPH oxidase and phospholipase C (PLC), fol-
lowed by downstream ROS-dependent activation of
ERK2 and ROS-independent activation of PKC with
Cav1.2 channel as a possible target (Robin ez al.
2011). Furthermore, A{AR activation mediates also a
proarrhythmic Ca** entry through the TRPC3 channel
functioning as a receptor-operated channel, via the
stimulation of the PLC/DAG/PKC cascade in atrial
and ventricular cardiomyocytes (Sabourin et al. 2012).
Inactivation of ENTs (i) increases myocardial ADO
level, (ii) provokes atrial ectopy and AVB, (iii) pro-
longs P wave and QT interval and (iv) increases ERK2
phosphorylation. Inhibition of CD73, MEK/ERK
pathway or A;AR prevents these arrhythmias. Expo-
sure to INO also causes arrhythmias associated with
AVB and ERK2 phosphorylation, which are prevented
by AjAR or A, AR antagonists exclusively or by
MEK/ERK inhibitor. Thus, disturbances of nucleoside
metabolism and transport can lead to interstitial accu-
mulation of ADO and INO and provoke arrhythmias
in an autocrine/paracrine manner through A;AR and
A, AAR stimulation and ERK2 activation (Robin et al.
2013).

Pathogenesis of autoimmunity-caused
congenital heart block

It is well recognized that maternal antibodies causing
lupus pass the placenta and can induce prenatal or
congenital heart block (CHB, reviewed in (Buyon &
Clancy 2003)). Current understanding of its pathogen-
esis was obtained from animal models that were
instrumental in revealing its mechanisms. It is believed
that the foetal cardiomyocytes undergoing apoptosis
such as those in the AV canal (Cheng et al. 2002)
expose the originally intracellular Ro and La antigens
to their surface, where they can be bound by circulat-
ing maternal autoantibodies (anti-SSA/Ro-SSB/La).
The macrophages then phagocytose these ‘opsonized’
cells, leading to the secretion of pro-inflammatory and
pro-fibrotic cytokines, leading to fibrosis (which does
not normally occur during prenatal tissue healing),
differentiation of myofibroblasts and scarring. This
overshoots the normal process of reduction of the
originally broad myocardial connection between the
atria and ventricles to His bundle and leads in
extreme cases to a complete ventricular block. More
recent studies (Kamel et al. 2007) linked the AV bun-
dle and sinoatrial node dysplasia in autoimmune lupus
to antiserotonin (5-HT4) receptor antibodies in mice.
One of the problems with analysing this human dis-
ease is its incomplete penetrance and far from 100%
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recurrence rate in the same mother. Some of these
features also complicate the murine models of lupus
erythematosus, where the frequency of CHB is low as
well (Suzuki et al. 2005). The authors’ assessment of
heart block incidence in murine maternal lupus models
by measuring AV conduction in neonatal offspring is
potentially confounded by loss by death in utero of the
most severely affected foetuses. However, prenatal
embryonic Doppler echocardiography employed in
mice immunized with 60 kDa Ro, 48 kDa La or
recombinant calreticulin autoantigens revealed a signif-
icant decrease in foetal heart rate and 18% incidence
of lower degrees of AV block in all groups relative to
controls from ED13. However, the number of pups
born with an overt block was lower. This shows that a
lot of potentially significant events that may even lead
to foetal demise, such as foetal bradycardia and tem-
porary conduction deficits, could be missed if one con-
centrates only on postnatal stages.

Qu et al. (2001) identified L-type calcium channel
as a potential target for maternal antibodies inducing
CHB in the foetus. In vitro studies showed the binding
of these antibodies to the sarcolemma and in vivo
demonstrated lower channel density in myocytes iso-
lated from neonatal mice born to immunized dams.
Deletion of the neuroendocrine alphalD Ca channel
in mice resulted in significant sinus bradycardia and
AV block, a phenotype reminiscent to that seen in
CHB. Another study by this group (Qu et al. 2005)
confirmed expression of the alphalD Ca channel in
human foetal heart, showed the inhibitory effect of
anti-Ro/La antibodies on this channel and direct
cross-reactivity with this protein. This inhibition was
rescued by a Ca channel activator, Bay K8644, open-
ing a potential therapeutic avenue in this disease.

Conclusions

Despite recent advances in developmental cardiology,
foetal medicine and genomics, little is known regard-
ing the dysfunction of the developing human heart.
This review shows the importance of the correct
detection, characterization and diagnosis of cardiac
rhythm disturbances as early as possible during in ute-
ro life. Experimental and transgenic animal models
(e.g. sheep, mouse, chick and zebrafish) can help to
decipher the cellular and molecular mechanisms
underlying embryonic and foetal arrhythmias and
assist in the identification of novel therapeutic targets.
Such approaches also allow the investigation of the
potentially deleterious short- and long-term effects of
early intra-uterine stress-, drug- and mutation-induced
cardiac dysrhythmias. Research in this field provides
complementary scientific data to make possible the
treatment of the « foetal patient » before their birth,
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limiting possible detrimental consequences in adult-
hood.
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Kockova R, Svatunkova J, Novotny J, Hejnova L, Ostadal B,
Sedmera D. Heart rate changes mediate the embryotoxic effect of
antiarrhythmic drugs in the chick embryo. Am J Physiol Heart Circ
Physiol 304: H895-H902, 2013. First published January 11, 2013;
doi:10.1152/ajpheart.00679.2012.—A significant increase in cardio-
vascular medication use during pregnancy occurred in recent years.
Only limited evidence on safety profiles is available, and little is
known about the mechanisms of adverse effect on the fetus. We
hypothesized that drug-induced bradycardia is the leading mechanism
of developmental toxicity. Embryotoxicity was tested in ovo after
administration of various doses of metoprolol, carvedilol, or ivabra-
dine. Embryonic day (ED) 4 and 8 chick embryos were studied by
video microscopy and ultrasound biomicroscopy ex ovo after intra-
amniotic injection of the drug for a period of 30 min. Stroke volume
was calculated by the Simpson method and prolate ellipsoid formula.
Significant dose-dependent mortality was achieved in embryos in-
jected with carvedilol and ivabradine. In ED4 embryos, metoprolol,
carvedilol, and ivabradine reduced the heart rate by 33%, 27%, and
55%, respectively, compared with controls (6%). In ED8 embryos this
effect was more pronounced with a heart rate reduction by 71%, 54%,
and 53%, respectively (controls, 36%). Cardiac output decreased in all
tested groups but only proved significant in the metoprolol group in
ED8 embryos. The number of [-adrenergic receptors showed a
downward tendency during embryonic development. A negative chro-
notropic effect of metoprolol, carvedilol, and ivabradine was increas-
ingly pronounced with embryonic maturity despite a downward trend
in the number of (-adrenergic receptors. This effect was associated
with reduced cardiac output in chick embryos, probably leading to
premature death. Although standard doses of these drugs appear
relatively safe, high doses have a potentially adverse effect on the
fetus through reduced heart rate.

3-blocking agents; embryonic heart; embryotoxicity; pregnancy; bra-
dycardia

ADVANCES IN PEDIATRIC CARDIAC surgery have resulted in im-
proved survival of children with congenital heart disease, as
well as improved quality of their life, which allows some
mothers in whom pregnancy was previously strictly contrain-
dicated to have their own offspring. However, surgical scars in
operated hearts predispose to the development and mainte-
nance of arrhythmias (3) that are often managed medically. In
addition, as the average age of pregnant women increases, we
face the need of drug treatment during pregnancy more fre-
quently. Furthermore, there is a documented increase in ma-
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ternal cardiac arrhythmias during pregnancy, secondary to
metabolic, hormonal, and hemodynamic changes (9).

The effects of antiarrhythmic drugs on the developing car-
diovascular system are often different from the effects on the
adult heart. Some (e.g., amiodarone or atenolol) are too toxic
for the developing embryo, so their use in pregnancy is con-
traindicated (Category U.S. FDA D-positive evidence risk)
(13). More often, the response to clinically relevant concen-
trations is blunted due to the immaturity of receptor-mediated
signal transduction systems. Generally, the effects of the drugs
are not fully characterized, and the recommendations for their
use in pregnancy are vague (Category C: Studies in pregnant
women are lacking, and animal studies are either positive for
fetal risk or lacking as well; use only when benefits clearly
outweigh risks) (13) and, therefore, of limited value for daily
clinical practice. Only very few antiarrhythmic drugs (such as
lidocaine or sotalol) are labeled as safe (Category B: No
evidence of risk in pregnant women) (9). The human placental
model was developed as an experimental model to test trans-
placental perfusion of different drugs (12). There were only
four drugs with the antiarrhythmic potential (atenolol, propran-
olol, digoxin, labetalol) tested and the ratio of transplacental
transfer mother to fetus was in the range of 0.1-1 both in the
experimental model and in vivo.

The developmental toxicity of catecholamines and (3-block-
ers was studied in the chick embryo. In sharp contrast with the
most teratogenic drugs, these studies showed that the early
embryos are significantly more resistant to both 3-mimetic and
B-blocking drugs than the fetal stages (29). We have some
insight into the pathogenesis of catecholamine-induced cardio-
myopathy in the chick embryo (16-19), but little is known
about the mechanisms by which B-blocking drugs cause em-
bryolethality. Because the toxicity is more pronounced at
advanced embryonic stages, it is likely that the impact is on
function, rather than causing malformations incompatible with
embryonic survival.

For our experiments we specifically chose three drugs that
are frequently used in cardiology daily practice. A negative
chronotropic effect is typical for B-blocking agents and ivabra-
dine, although they present two different groups of cardiovas-
cular drugs. The indications for 3-blocking agents (metoprolol,
carvedilol) include the treatment of arrhythmias, arterial hy-
pertension, heart failure, ischemic heart disease, and thyrotox-
icosis. Ivabradine is mainly used for the treatment of ischemic
heart disease and arrhythmias. Metoprolol does cross the pla-
cental barrier, whereas carvedilol shows only low transfer
(http://polaros.com/carvedilol-pharmacokinetics.html). Ivabra-
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dine, the newest of the drugs tested, is not recommended in
pregnancy, since embryotoxicity was observed in rats even
in standard clinical dosing (European Medicine Agency;
http://www.ema.europa.eu/docs/en_GB/document_library/
EPAR_-_Scientific_Discussion/human/000598/WC500035338.pdf).

We focused our investigations on the effects of commonly
used anti-arrhythmic drugs on the function of the developing
chick heart as a determinant of embryonic survival. Because
the heart rate is the most important determinant of cardiac
output in the embryonic heart (7), we hypothesized that drug-
induced bradycardia is the leading mechanism of heart failure.
We found that B-blockers caused stage-dependent reduction of
heart rate, translating in decreased cardiac output despite some
Frank-Starling compensation (24). Similar findings were ob-
tained with ivabradine, a new drug supposed to decrease heart
rate without any direct effect on the working myocardium.
These results suggest that any drug causing significant brady-
cardia in the embryo or fetus has considerable embryolethal
potential.

MATERIAL AND METHODS

Embryo incubation and drug application. Fertilized white Leghorn
chicken eggs were incubated blunt end up in a forced draft incubator
at 38°C and 75% humidity up to embryonic day (ED) 4-14 (Ham-
burger-Hamilton stage 20 to 38) (10). The eggs were turned automat-
ically every 4 h. A small opening was then made carefully in the egg
shell, and the tested drug dissolved in normal saline (I mg/ml for
metoprolol and carvedilol and 1.36 mg/ml for ivabradine) was admin-
istered intraamniotically through the air space after removal of the
papyraceous membrane.

Embryotoxicity evaluation. Embryotoxicity was tested in ovo after
intraamniotic administration of various doses of metoprolol, carve-
dilol, or ivabradine at ED4 or ED§ (Tables 1 and 2) and compared
with controls that received normal saline. Subsequently, the eggs were
incubated until ED9 when the wet and dry weight of the embryo and
embryonic heart was measured as a marker of embryotoxicity. In
addition, the surviving embryos were thoroughly screened for external
and internal malformations (limb defects, orofacial anomalies, body
wall closure defects, gut defects, and microdissection of the heart).

Table 1. Results from treatment at ED4

ED4 and dose, Embryo Heart HBWR,
ng N Dead Mortality, % weight, g weight+, g glg
Metoprolol
0 11 1 9 1.425 = 0.114 0.0127 0.0089
2 21 0 0 1.652 = 0.157 0.0140 0.0085
20 12 0 0 1.375 = 0.162 0.0146 0.0106
40 21 2 10 1.736 £ 0.162 0.0164 0.0094
200 16 0 0 1.388 = 0.120 0.0157 0.0113
Carvedilol
0 5 0 0 1.317 = 0.085 0.0156 0.0118
2 6 0 0 1.264 = 0.078 0.0145 0.0115
20 13 1 8 1.350 = 0.149 0.0142 0.0105
40 15 1 7 1.416 = 0.071 0.0156 0.0110
200 14 12 86* 1.405 = 0.152 0.0163 0.0116
Ivabradine
0 13 3 23 0.791 = 0.056 0.0107 0.0135
2 10 1 10 0.810 = 0.889 0.0093 0.0115
20 10 1 10 0.814 = 0.079 0.0088 0.0108
40 29 16 55% 0.821 = 0.103 0.0092 0.0110
200 15 12 80%* 0.694 = 0.164 0.0090 0.0130

Values are means * SE. ED, embryonic day; HBWR, heart-to-body weight
ratio. *P < 0.05; +average calculated from pooled hearts.

EMBRYOTOXICITY OF ANTIARRHYTHMIC DRUGS

Table 2. Results from treatment at EDS

EDS and dose, Embryo Heart HBWR,
ng N Dead Mortality, % weight, g weight+, g gl/g
Metoprolol
0 19 2 11 1.502 = 0.179 0.0165 0.0110
2 20 0 1.830 £ 0.178 0.0184 0.0101
20 20 1 5 1.717 = 0.146 0.0190 0.0111
40 15 0 0 1.332 £ 0.163 0.0135 0.0101
200 23 9 39% 1.604 = 0.097 0.0135 0.0084
Carvedilol
0 3 0 0 1.257 = 0.064 ND ND
2 5 1 20 1.249 £ 0.114 0.0138 0.0110
20 16 4 25 1.339 = 0.142 0.0137 0.0102
40 15 0 0 1.366 = 0.129 0.0151 0.0111
200 16 7 44* 1.314 = 0.175 0.0105 0.0080
Ivabradine
0 12 0 0 1.592 = 0.147 0.0118 0.0074
2 12 1 8 1.439 £0.163 0.0109 0.0076
20 12 2 17 1.573 = 0.147 0.0117 0.0074
40 12 0 0 1.510 £ 0.156 0.0150 0.0099
200 20 2 10 1.444 = 0.191 0.0127 0.0088

Values are means = SE. ND, not determined. *P < 0.05; +average
calculated from pooled hearts.

Ex ovo videomicroscopy. ED4 chick embryos cultured ex ovo were
studied by video microscopy to calculate cardiac volumes using
prolate ellipsoid formula (25) (Fig. 1). Ten-second loops were re-
corded every minute for 30 min with a Canon G5 CCD camera
mounted on a Leica SMZ16 dissecting microscope. The embryos in ex
ovo culture dishes (14) were maintained at 37.5°C using a metal
container filled with preheated Bath Armor dry medium placed on an
ECHOTHERM chilling/heating plate.

Additional group of embryos was studied at ED5 in ovo 24 h after
injection of the drugs (Fig. 1). Because of less clear view of the heart
due to more advanced stage of development and turning of the
embryo, only heart rate and regularity were evaluated.

Ex ovo ultrasound investigation. Ultrasound biomicroscopy ex ovo
(Fig. 1) was performed on a Vevo 760 setup, adapted for chick
embryos (14), after acute intraamniotic injection of 200 pl of meto-
prolol, 50 pl of carvedilol, or 200 wl of ivabradine or 200 wl of
normal saline for a period of 30 min. A lower dose of carvedilol was
used because acute mortality was too high with the 200 pl dose. In the
ED8 embryos, stroke volume was calculated from the long parasternal
short-axis view, using the Simpson method in ED8 embryos. Cardiac
output was then calculated from the following equation: cardiac
output (in pl/min) = stroke volume (in wl) * heart rate (in beats/min).

Doses of antiarrhythmic drugs. For the functional studies, we used
200 wl of metoprolol per egg (57 g on average), which represents a
dose 16 times higher than the maximum recommended dose for
human (70 kg) with respect to the body weight and its pharmacoki-
netics. Administration of 50 pl of carvedilol represents a dose four
times higher than the maximum recommended dose for human; 200
wl of ivabradine is seven times higher. The maximal acute effective
concentration in the embryo itself with the intraamniotic application is
~20 times higher considering the gradual distribution to the entire
volume of one egg. We chose these high doses of the three drugs for
our experiment because there was no effect noticed on chick embry-
onic heart rate at the lower doses recommended for humans. We tested
different drug doses in the increasing fashion, and finally we chose
doses with obvious effect on embryonic heart rate. The results thus
reflect potential toxic effect of accidental overdose, rather than the
effects occurring in the usual clinical setting.

B-Adrenergic receptors analysis. The preparation of myocardial
membranes and determination of (3-adrenergic receptors was per-
formed as follows. The chick hearts (normal at various developmental
stages, and ED9 with and without treatment with (3-blockers at ED4
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Experimental design

metoprolol metoprolol

carvedilol carvedilol e -
’ ivabradine ivabradine
egg hatched chick
heart trabeculated heart ventricular coronary
beat ventricular septation septation  arteries
starts starts completed functional
| | ] ] | / | )
| | | ! | | ! | I/ |
0 2 4 5 6 8 9 10 21
Embryonic day
Embryotoxicity (mortality, malformations,
acute/intermediate effect acute effect body weight, heart weight)
(video microscopy) (ultrasound) Beta-adrenergic receptors

diastole baseline (10 s trace)
50.8

Mean

D 1 slice 150
after 10 minutes of ivabradine

Slice 150

baseline (180 bpm)

diastole

Mode

after 12 min of metoprolol, 150 bpm
AV block 3:2

systole

Fig. 1. Experimental outline, morphology of embryonic day (ED)4 and ED8 embryos, and demonstration of methods for data acquisition and analysis. Top:
schematically the experimental design of treatment and sampling with evaluation using various methods. Videomicroscopy at ED4 chick embryonic stage with
the heart rate recordings (A-E) shows a negative inotropic effect of ivabradine. Microphotograph and ultrasound B mode and M mode in ED8 chick embryonic
stage (F—J) show a negative chronotropic and dromotropic effect of metoprolol. A, atrium; FL, fore limb; HL, hind limb; LA, left atrium; LV, left ventricle; OT,
outflow tract; RA, right atrium; RV, right ventricle; V, ventricle. The yellow dot shows the region of interest from which the rhythm strip (D and E) was generated.
Bpm, beats/min.
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and/or ED8) were homogenized in TMES buffer containing (in mM)
20 Tris-HCl, 3 MgCl,, 1 EDTA, a 250 sucrose (pH 7.4) containing a
complete protease inhibitor cocktail (Roche Diagnostics), using a
Potter-Elvehjem glass-teflon homogenizer. Coarse cell debris and
nuclei were removed by low-speed centrifugation (600 g, 10 min), and
membranes were then pelleted by centrifugation at 50,000 g for 30
min at 4°C. The pellets were suspended in TMES buffer and stored in
aliquots at —80°C.

[3-Adrenergic receptors were determined by a single-point binding
assay using [*’H]JCGP12177, a nonselective B-adrenergic antagonist.
Myocardial membranes (60 wg) were incubated with 3 nM
[*H]CGP12177 in incubation buffer containing (in mM) 50 Tris-HClI,
10 MgCl,, and 1 ascorbic acid (pH 7.4) for 60 min at 37°C in a total
volume of 0.5 ml. The reaction was terminated by the addition of 3 ml
of ice-cold washing buffer containing 50 mM Tris-HCI and 10 mM
MgCL, (pH 7.4) and immediate filtration through Whatman GF/C
filters presoaked with 0.3% PEI. Nonspecific binding was assessed by
incubating the samples with radioligand in the presence of 10 uM
L-propranolol. The radioactivity retained on filters was measured by
scintillation counting in 5 ml of CytoScint (ICN Biomedicals). Re-
ceptors in all samples were determined in 3-5 independent experi-
ments, each done in triplicate. The results are expressed as the mean,
with error bars denoting standard deviations.

Statistics. The embryotoxic effect was tested using a Yates cor-
rected x>-test. Embryo and heart weights were compared using an
unpaired Student’s #-test.

Longitudinal comparisons of functional parameters before and after
drug administration were performed using both a paired Student’s
t-test (for changes in time within group) and the ANOVA and
Scheffe’ test for multiple comparisons between the saline and drugs
groups. P value below 0.05 was considered as significant in all tests.

RESULTS

Embryotoxic effects. In the control group injected with 200
pl of normal saline the background mortality was 14% for ED4
embryos and 6% for ED8 embryos. No significant increase in
mortality was observed in ED4 embryos injected with different
doses of metoprolol, and 39% mortality was achieved in ED8
embryos injected with 200 wl of metoprolol. A significant
mortality of 86% was observed in ED4 embryos injected with
200 pl of carvedilol; this effect was less pronounced in ED8
embryos with a mortality of 44%. Significant dose-dependent
mortality (80%) was achieved in ED4 embryos injected with
200 pl of ivabradine (Table 1). In ED8 embryos this effect was

Heart rate ED4 (% baseline)

o, 100 % 140 -
120 4

80 4
100
60 4 80
40 - 601
40 A

20 A
20 1

0 T ] 0
-2 6 30Time (min)
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less pronounced with only 10% mortality at the same dose
(Table 2). Wet and dry embryo and embryonic heart weights
were not significantly different among the groups (Tables 1 and 2).
No external or internal malformations, growth retardation, or
edema were noted in the survivors.

Functional effects at the early embryonic stage. Metoprolol
is a drug with a strong negative chronotropic effect leading to
a 33% decrease of heart rate measured 30 min after adminis-
tration in ED4 ex ovo embryos compared with a nonsignificant
6% reduction from the baseline of 150 = 13 beats/min (mean *
SD) in the normal saline group (Fig. 2). The difference was
statistically significant with P = 0.009. Cardiac output in ED4
embryos decreased by 1% from the baseline of 26,072 =
17,791 pl/min (mean * SD) in the control group and by 16%
in the metoprolol group (Fig. 2). Within the metoprolol group
there was no statistically significant difference compared with
the baseline values (P = 0.930) as well as compared with the
controls (P = 0.503). In more complex figures showing the
time trends of normalized values, error bars were omitted for
clarity of presentation.

The maximum negative chronotropic effect of 50 .l carve-
dilol dose injected to ED4 ex ovo embryos was achieved
already after 6 min, when the heart rate significantly decreased
by 27% (P = 0.003), with no further change after 30 min (Fig. 2).
The difference in heart rate between the control and carvedilol
groups was statistically significant at 6 and 30 min, with P =
0.001 and P = 0.047, respectively. There was no statistically
significant difference in cardiac output between the groups
(Fig. 2).

Ivabradine injection to ED4 embryos resulted in a decrease
of heart rate after 30 min by 55%, whereas in the controls there
was only a 6% decrease (Fig. 2). This difference was highly
statistically significant with P < 0.001. In the ivabradine group
cardiac output decreased significantly against the baseline by
43% at 30 min (Fig. 2), whereas in the controls the difference
at 30 min did not reach statistical significance (P = 0.986).

To obtain further insight into the durability of these effects,
a separate group of embryos injected with the highest doses
tested was studied by in ovo videomicroscopy 24 h after
injection at EDS5. No effect on heart rate and regularity was
noticed with the (3-blockers (controls: heart rate 161 = 12,

Cardiac output ED4 (% baseline)

—+- Controls
—@— Metoprolol
—— Carvedilol

—a— lvabradine

30 Time (min)

Fig. 2. Heart rate (HR) and cardiac output (CO) at ED4 embryonic stage. Decrease in HR translates into reduced CO. *P < 0.05, statistically significant difference vs.

control.
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Fig. 3. HR and CO at ED8 embryonic stage. * P < 0.05, statistically significant difference vs. control.

mean * SD, N = 14; metoprolol 155 = 9, N = §; carvedilol
160 = 11, N = 13). However, there was a significant reduction
in baseline heart rate in the ivabradine group (141 * 18, N =
15, P = 0.003), where we also observed in the majority of
embryos periods of even more profound bradycardia and brief
asystole over the 30-min recording period, during which 2 of
15 embryos actually died.

Functional changes at the fetal stage. In more mature ED8
embryos, the negative chronotropic effect of metoprolol was
even more pronounced (Fig. 3), with the heart rate decreasing
by 71% (P < 0.001) compared with the controls where the
heart rate decreased only by 36% (P < 0.001) from the
baseline of 205 = 28 beats/min (mean * SD). The difference
between the metoprolol group and the controls was significant
at 30 min with P = 0.011. In both groups the cardiac output
decreased significantly concomitantly with the heart rate by
61% in the metoprolol group and by 36% in the control group
from the baseline of 37,442 = 12,826 pl/min (means * SD;
Fig. 3). The difference between the control and metoprolol
groups was statistically significant (P = 0.001).

In EDS embryos injected with 200 pl of carvedilol, we
observed pronounced periods of asystole and embryonic death
(4 embryos out of 5; P = 0.004 in a xz—test). Therefore, a
reduced dose of 50 .l was used afterward. Administration of
50 wl of carvedilol caused a negative chronotropic response
resulting in a decrease of heart rate by 54% from the base line
(P < 0.001) at 30 min. When compared with that of the
controls, the difference was statistically significant with P =
0.037 (Fig. 3). In the carvedilol group we also noticed a
statistically significant increase in stroke volume at 6 and 30
min that was sufficient to keep the cardiac output decreasing
only slowly with the decreasing heart rate. This compensatory
effect resulted in no difference in cardiac output between the
carvedilol and control groups. In both groups, cardiac output
decreased by 36% and 33% in 30 min (Fig. 3).

The same, more pronounced, negative chronotropic effect in
more mature embryos was also observed after ivabradine
treatment. The heart rate decreased significantly by 53% in the
ivabradine group (P < 0.001). There was a borderline differ-
ence between the ivabradine group and the controls with P =
0.052 (Fig. 3). There was no significant difference in stroke
volume between the two groups. Cardiac output decreased
by 45% in the ivabradine group and by 36% in the controls

(P = 0.128) with no significant difference between the
groups (Fig. 3).

Developmental profiling of B-adrenergic receptors. We ob-
served a clear downward trend in the number of (3-adrenergic
receptors (3-ARs) during chick embryonic development. The
early embryonic stages ED4 had a considerably higher number
of B-ARs compared with the more mature ED18 (Fig. 4). The
density of 3-ARs was not significantly different between ED8
embryos incubated for 24 h with metoprolol compared with
ED9 controls (76 vs. 78 fmol/mg protein). However, adminis-
tration of carvedilol reduced the number of (-ARs in EDS8
embryos compared with the controls (56 vs. 72 fmol/mg
protein). Interestingly, early stage ED4 chick embryos ex-
pressed a significantly lower number of 3-ARs when incubated
with metoprolol and carvedilol compared with the more ma-
tured ED8 embryos or controls. The mean myocardial 3-AR
density in the group of ED4 + EDS8 embryos treated with
metoprolol was 55 fmol/mg protein; in ED4 + ED8 embryos
treated with carvedilol it fell to 37 fmol/mg protein (Fig. 5).

DISCUSSION

We studied three different antiarrhythmic drugs with a
strong potential to slow down the heart rate. Metoprolol is a
moderately selective 3;-blocking agent with a negative chro-
notropic and inotropic effect (15). Carvedilol is a nonselective
B-blocker directly inhibiting both (3;- and (>-ARs as well as
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Fig. 4. Developmental profiling of B-adrenergic receptors in the chick embry-
onic heart.
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Fig. 5. B-Adrenergic receptors in the chick embryonic heart are downregu-
lated after treatment with B-blockers. *P < 0.05, statistically significant
difference.

B-ARs present in blood vessel walls (15). This wide blocking
effect of adrenergic receptors results in a negative chronotropic
effect, a less pronounced negative inotropic effect (5), and
decreased afterload. Ivabradine is a relatively new drug with a
direct effect on the funny (If) channels expressed in the sinus
node in high concentration. This effect gives ivabradine a
strong potential to slow down the heart rate without negative
effects on myocardial contractility (27).

The effects of B-blocking agents were studied retrospec-
tively in pregnant women with hereditary long QT syndrome,
and there were no reported fetal malformations (20). Meto-
prolol use for the treatment of arterial hypertension during
pregnancy exhibited no abnormal effect on the fetus (22).
Metoprolol is recommended for the treatment of supraventric-
ular tachycardias during pregnancy as class I, level of evidence
B, with a note that -blocking agents should not be taken in the
first trimester, if possible (4). Metoprolol has nearly a 100%
effectiveness in crossing the placental barrier as its concentra-
tions determined in blood serum were found to be close to
equal in both mother and fetus according to manufacturer’s
data. Although this corresponds well with our findings of no
cardiac or other malformations in the chick embryos treated
during the critical period for induction of developmental de-
fects (ED4) even with the highest doses of these agents, we
could not support the statement about not using these drugs in
the first trimester. We found that early embryos are much less
sensitive to (3-blockers than older ones, despite the presence of
relatively high levels of B-ARs. A negative chronotropic effect
of a B-blocking agent on human newborns was also proven in
a placebo-controlled trial of atenolol for the treatment of
hypertension associated with pregnancy. Neonatal bradycardia
was more common after atenolol, but no adverse effect on the
fetus was noticed (21). We also noticed a significant negative
chronotropic effect of metoprolol in chick embryos at more
mature fetal stages (ED8), compared with controls. This effect
was followed by a significant decrease in cardiac output be-
cause the trabecular structure and volume of the fetal left
ventricle (26) are not able to increase stroke volume with the
Frank-Starling mechanism as effectively as described in the
adult heart. Insufficient cardiac output might be the cause of
fetal death, which we observed during our experiment with
EDS8 chick embryos injected with 200 wl of metoprolol. As
reported earlier, prolonged hypoxia as a consequence of mild

EMBRYOTOXICITY OF ANTIARRHYTHMIC DRUGS

to moderate bradycardia may be a mechanism for embryonic
death (6).

We observed a decrease in heart rate in the control group,
which was not significant in the early embryonic ED4 stage but
became significant in the more mature ED8-fetal stage group.
This phenomenon can be explained by the amniotic membrane
drying up despite our effort to stop this process. The pressure
of the ultrasound probe on the embryo might influence heart
rate. The ultrasound power output itself had no influence on
embryonic heart rate. The heart rate remained unchanged when
we reduced the ultrasound power output by 50%. We also
monitored closely the temperature in the culture dishes, which
remained constant during the experiments.

Clinical evidence of the adverse effect of carvedilol on the
human fetus is lacking. To date, no human studies or case
reports have been published. No data are available regarding
the tranplacental transfer of carvedilol in humans. Low placen-
tal transfer was demonstrated in animal studies (http:/polaros.
com/carvedilol-pharmacokinetics.html). Based on our results
we can report a significant adverse effect of high carvedilol
dose (200 wl) on both (embryonic and fetal) stages. This dose,
at least 16X times higher than the one used routinely in
humans, led to highly significant periods of prolonged asystole
and embryonic death when acute effects of this drug were
tested. A reduced dose of 50 pl of carvedilol showed a much
better safety profile with no significant embryotoxicity. The
negative chronotropic effect of carvedilol in ED8 embryos was
significant but led to a nonsignificant decrease of cardiac
output.

The safety of ivabradine during pregnancy in humans is
unknown; only one case report has been published, showing no
adverse effect on the fetus (2). No data are available to specify
how much ivabradine crosses the placental barrier. Ivabradine
was found in amniotic fluid of pregnant rats and was excreted
into maternal milk of rats in experiments (http://www.ema.europa.
eu/docs/en_GB/document_library/EPAR_-_Scientific_Discussion/
human/000598/WC500035338.pdf). Furthermore, teratogenic-
ity (ectrodactylia) and increased intrauterine demise was no-
ticed in the rabbits. The significant embryotoxicity of ivabra-
dine in early embryonic stages should warrant further investi-
gations, to discern whether they represent direct teratogenic
effects, or consequences of abnormal cardiac function. The
pacemaking funny current is present in the developing heart
from the earliest stages and becomes gradually restricted to the
sinoatrial and atrioventricular nodes (1, 23). It is therefore not
surprising that ivabradine has a negative chronotropic effect on
the developing heart, as was shown in vitro by Sarre et al. (1,
23) and confirmed in vivo by our data.

Endogenous synthesis of catecholamines in the pacemaking
area reported in the early mammalian heart by Ebert and
Thompson (8) supports our findings of moderate negative
chronotropic response even at ED4. We have further proved
the presence of functional 3-ARs in the chick embryo at ED4.
In this independent experiment performed on isolated chick
hearts incubated with a ramped dose of 2-20-72 ul (ng)
adrenaline per 2 ml, there was a 60% increase of heart rate,
compared with saline controls. It was also shown previously
that the sensitivity of the heart to 3-mimetic agents (isoproter-
enol) increases during chick development, with a peak at ED9
(17). We have confirmed these observations by finding rela-
tively higher acute sensitivity to the same dose of B-blocker at
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the fetal stage (ED8) compared with the pre-innervation em-
bryonic stage (ED4). This cannot be attributed to a greater
number of B-ARs because we found a significant downward
trend in the expression of these receptors during the develop-
mental stages from ED4 to ED18. We hypothesize that more
efficient coupling of the receptors to their downstream effec-
tors in the later developmental stages may well explain the
increased sensitivity to (3-mimetics, and we plan to perform
systematic evaluation of downstream effectors (adenylate cy-
clase activity measurements) in future research focused on this
experimental model. Moreover, it has been reported that sym-
pathetic autonomic innervation reaches the developing chick
heart after the parasympathetic (vagal) nerves at ED9 (11, 28).
We also observed that long-lasting effect of B-blocking agents
lead to the downregulation of (-ARs specifically in early
embryonic stages. This effect is more pronounced in carve-
dilol, a nonselective (-blocking agent, rather than in meto-
prolol, which is a moderately selective [3;-blocking agent.

Conclusions

Sensitivity to the negative chronotropic effect of metoprolol,
carvedilol, and ivabradine increases with development. In
agreement with our hypothesis, the embryonic heart has a
limited potential to regulate stroke volume, and significant
bradycardia is therefore followed by a significant decrease in
cardiac output, likely leading to embryonic death. According
to our animal data, metoprolol in standard doses appears to
be relatively safe in pregnancy, which complies with the
clinical experience. However, any bradycardia-inducing drugs
at high enough dose might lead to a potentially adverse effect
on the fetus through their influence on fetal heart rate, and
clinical experience with carvedilol and ivabradine is still lack-
ing.
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The adenylyl cyclase (AC) signaling system plays a crucial role in the regulation of cardiac contractility. Here we analyzed the key
components of myocardial AC signaling in the developing chick embryo and assessed the impact of selected -blocking agents
on this system. Application of metoprolol and carvedilol, two commonly used 3-blockers, at embryonic day (ED) 8 significantly
downregulated (by about 40%) expression levels of AC5, the dominant cardiac AC isoform, and the amount of Gsa protein at ED9.
Activity of AC stimulated by forskolin was also significantly reduced under these conditions. Interestingly, when administered at
ED4, these drugs did not produce such profound changes in the myocardial AC signaling system, except for markedly increased
expression of Gix protein. These data indicate that S-blocking agents can strongly derange AC signaling during the first half of

embryonic heart development.

1. Introduction

Cardiovascular diseases represent frequent life-threatening
health problems in the western society and they can also be
encountered during pregnancy [1, 2]. It is evident that the
need of expanded use of cardiac medication goes hand in
hand with the increasing age of pregnant women. Nowadays,
B-blockers are the most commonly used agents for treat-
ment of arrhythmias, ischemic heart disease, heart failure,
and hypertension [3]. Nevertheless, there is only sparse
information concerning potential harmful effects of the f3-
blockers on fetal development and child health when used
in pregnancy. Some recent findings indicate that children of
mothers treated with S-blockers during pregnancy may be
at higher risk for cardiovascular defects [4-6]. However, the
embryotoxic mechanisms of these compounds are still not
well understood.

The chick embryonic heart has proven to be a good model
for studying developmental physiology of the cardiovascular
system and it can also be useful for exploring cardiotoxicity

of catecholamines and f3-blocking agents [7]. In the chick
embryo, the onset of sympathetic cardiac innervation occurs
at about embryonic day (ED) 9 and this system is functional
by EDI6 [8]. During subsequent stages of development,
the number of myocardial 3-adrenergic receptors increases,
reaching adult values on postnatal day 7 [9]. However,
autonomic receptor-mediated effector mechanisms seem to
be present in the heart before there is functional innervation.
The ability of exogenous noradrenaline to elicit acceleration
of heart rate has been observed already in the early stages of
chick embryo development [10]. Interestingly, the preneural
period of heart development is characterized by the presence
of relatively high levels of catecholamines, which may be
secreted by the developing adrenal medulla or sympathetic
chain ganglia [11, 12].

Some early experiments with catecholamines and f-
blockers revealed that the chick heart is more resistant to
these drugs in early embryonic stages than in later stages
of prenatal development [13]. Our previous study focused
on determining the effect of metoprolol and carvedilol, two
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B-blockers frequently used in clinical practice, indicated
that administration of these drugs at ED8 may cause much
more pronounced decrease in heart rate when compared to
treatment at ED4 [14]. Interestingly, this effect was mediated
by lower number of $-adrenergic receptors (3-ARs) in older
chick embryos. In contrast to metoprolol, carvedilol lowered
the number of myocardial 3-ARs, but metoprolol reduced
heart rate more effectively than carvedilol [14].

It is well known that 3-ARs receptors transfer informa-
tion through their cognate G proteins to adenylyl cyclase
(AC), and this signaling system is crucially involved in the
regulation of cardiac function [15, 16]. The main aim of our
present work was to characterize the major components of
the chick myocardial AC signaling system during embryonic
development and to assess the potential impact of 8-blockers
on its function.

2. Materials and Methods

2.1. Materials. [a->*P]ATP was purchased from Izotop
(Budapest, Hungary), [PH]cAMP from ARC (St. Louis, MO,
USA), and scintillation cocktail EcoLite from MP Biomed-
icals (Santa Ana, CA, USA). Acrylamide and bisacrylamide
were from SERVA (Heidelberg, Germany), and aluminum
oxide 90 (neutral, activity I) was from Merck (Darmstadt,
Germany). All other chemicals were from Sigma (St. Louis,
MO, USA) and they were of the highest purity available.
ACS5 antibody was from Abcam (Cambridge, UK) and Gsa
and actin antibodies were from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). Preparation and characterization of
Giw(1,2) antibody were described previously [17].

2.2. Chick Embryo Incubation and Drug Application. Fertil-
ized white Leghorn chicken eggs were incubated with their
blunt end up in forced draft incubator at 38°C and 75%
humidity up to embryonic days (ED) 4-18. The eggs were
turned automatically every 4h. At ED4 or ED8 or ED4
+ EDS, 200 uL metoprolol (1mg/mL) or 50 uL carvedilol
(1mg/mL) dissolved in normal saline was administered intra-
amniotically through a small opening made in the egg shell.
More specifically, the eggs were divided into seven groups.
Whereas the first group received metoprolol and the second
group carvedilol at ED4, the third and fourth group received,
respectively, metoprolol and carvedilol only at ED8. The fifth
group received metoprolol at both ED4 and ED8 (ED4 +
ED8), and the sixth group received carvedilol at both ED4
and ED8 (ED4 + EDS8). Normal saline was administered to
the seventh group (control, ED9) at both ED4 and EDS.
After finishing injecting, all the eggs were sealed and further
incubated until ED9.

2.3. Preparation of Crude Membranes. Chick hearts (normal
at various developmental stages and ED9 with and without
treatment with beta-blockers at ED4, ED8, and ED4 + ED8)
were homogenized in TMES buffer containing 20 mM Tris-
HCI, 3mM MgCl,, ImM EDTA, and 250 mM sucrose (pH
7.4) supplemented with protease inhibitor cocktail (Roche
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Diagnostics), using Potter-Elvehjem glass-teflon homoge-
nizer on ice. Coarse cell debris and nuclei were removed
by low-speed centrifugation (600 g, 10 min, 4°C), and mem-
branes were then pelleted by centrifugation at 50,000 g
for 30min at 4°C. The pellets were resuspended in TME
buffer (20 mM Tris-HCI, 3 mM MgCl,, and 1 mM EDTA; pH
7.4), aliquoted into Eppendorf tubes, snap-frozen in liquid
nitrogen, and stored at —80°C.

2.4. Assessment of Adenylyl Cyclase Activity. Adenylyl cyclase
(AC) activity in myocardial membranes was determined
by measuring the conversion of [a-**P]ATP to [**P]cAMP
according to the method of Salomon et al. [18]. Myocar-
dial membranes (20 ug of proteins) were incubated in
the reaction mixture (100uL) containing 48 mM Tris-
HCI buffer (pH 7.4), 100mM NaCl, 2mM MgCl,, 20 uM
GTP, 0.8 mg/mL BSA, 5 mM phosphoenolpyruvate, 3.2 U of
pyruvate kinase, 40 uM 3-isobutyl-1-methylxanthine, 0.1 mM
cAMP, and about 10 000 cpm [*H]cAMP as a tracer. Stim-
ulated AC activity was measured after addition of 10 uM
isoprenaline or 10 uM forskolin. After 1 minute preincubation
0.4 mM ATP was added along with 200,000 cpm [->*P]ATP
and incubation proceeded for 20 min at 30°C. The reaction
was stopped by addition of 200 L 0.5M HCI and heating
at 100°C for 5min. Samples were neutralized by 200 uL
1.5 M imidazole. Separation of newly formed [*P]cAMP was
performed by using dry alumina column chromatography as
described by White [19]. Column recovery was usually about
70-75%.

2.5. Electrophoresis and Western Blotting. Samples of myocar-
dial membranes were solubilized in Laemmli buffer and
loaded (30 ug per lane) on standard 10% acrylamide gels
for SDS-PAGE. After electrophoresis, the resolved proteins
were transferred to nitrocellulose membrane (Schleicher &
Schuell), blocked with 5% nonfat dry milk in TBS buffer
(10mM Tris and 150 mM NaCl; pH 8.0) for 1h, and then
incubated with relevant primary antibodies overnight at 4°C.
After three 10 min washes in TBS containing 0.3% Tween
20, the secondary anti-rabbit IgG labeled with horseradish
peroxidase was applied for 1h at room temperature. After
another three 10min washes in TBS-Tween, the blots
were visualized by enhanced chemiluminescence technique
according to the manufacturer’s instructions (Pierce Biotech-
nology, Rockford, IL, USA). To ensure equal protein loading
on the gel, the membranes were stripped and reprobed with
actin antibody. The immunoblots were scanned and quan-
titatively analyzed by ImageQuant TL software (Amersham
Biosciences). Relative expression levels of AC5, Gsa, and Gix
were always normalized to the corresponding expression of
actin.

3. Results

3.1. Adenylyl Cyclase Activity. Activity of AC in myocardial
preparations from chick embryos did not significantly differ
between ED4 and EDIS8 (Figure 1). Whereas the -adrenergic
agonist isoprenaline increased the basal AC activity by about
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FIGURE 1: Adenylyl cyclase activity in the chick embryonic heart
during ontogenesis. Basal (solid bars), isoprenaline-stimulated
(hatched bars), and forskolin-stimulated (open bars) AC activity was
monitored in myocardial membrane preparations from different
stages of embryonic development. All values represent the mean +
SEM of three determinations measured in triplicate.

40-45%, forskolin, a direct activator of the AC catalytic
subunit and Gs protein, augmented the enzyme activity up to
10-fold. However, the extent of the stimulatory effects of both
of these activators did not significantly differ between samples
prepared from different developmental stages of the chick
embryo. It is worth noting that there was a slight downward
tendency in isoprenaline-stimulated AC activity in the later
stages of embryonic development.

In the next series of experiments we investigated the
impact of S-blockers applied during early developmental
stages on myocardial AC activity assessed at ED9. Neither
metoprolol nor carvedilol injected into the developing chick
embryos at ED4 or ED4 + EDS8 altered AC activity at ED9
but both of these drugs significantly suppressed forskolin-
stimulated AC activity when administered at ED8 (Figure 2).

3.2. Developmental Expression of Adenylyl Cyclase and G
Proteins. The distribution of AC5 and « subunits of the
stimulatory (Gs) and inhibitory (Gi) G proteins as the key
components of the AC signaling system was determined
in myocardial preparations from different developmental
stages of the chick embryo by western blotting (Figure 3).
The expression level of the dominant cardiac AC isoform,
ACS5, slightly increased during early stages of embryonic
development, but it fell by over 30% between ED12 and ED18.
Whereas AC5 expression was not affected by metoprolol
or carvedilol at ED4, administration of these drugs at ED8
resulted in a marked decrease (by about 50%) in cardiac AC5
(Figure 4). When applied at ED4 + EDS, the 3-blockers also
reduced AC5 levels, but to a much lesser extent (by about
20%).

Immunochemical assessment of the developmental pro-
file of selected G protein subunits indicated relatively very
low expression levels of the « subunits of Gs and Gi proteins
in the earliest stages of heart development and these levels
increased dramatically between ED4 and EDS8 (Figure 3).
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FIGURE 2: Effect of f3-blockers on adenylyl cyclase activity in the
chick embryonic heart. A dose of metoprolol or carvedilol was
injected into chick embryos either at ED4 (ED4 Met or ED4 Car)
or at ED8 (ED8 Met or ED8 Car) or at both ED4 and ED8 (ED4
+ ED8 Met or ED4 + ED8 Car). Control embryos (CON) received
normal saline at ED4 and EDS8. All the embryos were incubated
until ED9. Subsequently, all ED9 embryos (both control and those
affected by S-blockers) were used for preparation of myocardial
membranes and determination of basal (solid bars), isoprenaline-
stimulated (hatched bars), and forskolin-stimulated (open bars) AC
activity. Data shown are means + SEM of triplicate measurements. *
Indicates a statistically significant difference between the indicated
group affected by -blockers and control (P < 0.05).

Thereafter, the expression of G protein & subunits remained
relatively unchanged until ED18. When applied on ED4,
metoprolol and carvedilol did not significantly affect Gsa
levels in the developing chick heart (Figure 4). However,
injection of metoprolol at ED8 and ED4 + EDS led to a
decline (by about 40-60%) in Gsa expression. Interestingly,
no such effects were observed after treatment with carvedilol.
By contrast, carvedilol applied at ED4 + EDS8 increased Gs«
expression by about 30%. Application of both p-blockers at
ED4 and application of carvedilol at ED8 or ED4 + EDS8
markedly increased (by about 60%) the amount of Giex at ED9
(Figure 4). Treatment of chick embryos with metoprolol at
ED8 or ED4 + ED8 did not elicit such profound changes in
the content of myocardial Gie protein.

4. Discussion

Heart function can be favorably modulated by f3-blocking
agents under some pathological conditions. However, there
is also some evidence that these drugs may be potentially
harmful to embryonic or fetal development when adminis-
tered during pregnancy. In the present work we set to evaluate
the impact of two widely used 3-blockers, namely, metoprolol
and carvedilol, on the key components and function of
the myocardial adenylyl cyclase signaling system in the
developing chick embryo.
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FIGURE 3: Expression of adenylyl cyclase and G protein subunits in the developing chick heart. Proteins from myocardial membrane
preparations derived from different developmental stages of the chick embryo were resolved by SDS-PAGE, transferred to nitrocellulose
membranes, and probed with specific antibodies to AC5 isoform and « subunits of Gs and Gi(1,2) proteins. After stripping, the membranes
were reprobed with actin antibody to control for differences in protein loading. Representative blots are shown, each of three independently
performed experiments (a) and the graphical representation of relative expression levels (means + SEM) of AC5, Gsa, and Gia normalized
to the corresponding expression of actin (b). * Indicates significantly different expression of the individual proteins in samples from EDS,
EDI12, and EDI2 as compared to ED4 (P < 0.05).
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FIGURE 4: Effect of 3-blockers on expression of adenylyl cyclase and G protein subunits in the chick embryonic heart. Samples of myocardial
membrane proteins prepared from ED9 chick embryos, both control (CON) and previously treated with metoprolol (Met) or carvedilol (Car)
at ED4, EDS, or ED4 + ED8, were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and probed with specific antibodies to
ACS5 isoform and « subunits of Gs and Gi(1,2) proteins. After stripping, the membranes were reprobed with actin antibody to control for
differences in protein loading. Representative blots are shown, each of three independently performed experiments (a) and the graphical
representation of relative expression levels (means + SEM) of AC5, Gs«, and Gix normalized to the corresponding expression of actin (b). *
Indicates a statistically significant difference between the indicated group affected by 3-blockers and control (P < 0.05).
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Our current experimental results have indicated that,
despite a perceptible decrease in the amount of the pre-
dominant isoform of cardiac adenylyl cyclase (AC5) between
ED12 and EDI18, the enzyme activity of AC is relatively
stable in the course of chick embryo development, which
is in line with some earlier findings [20, 21]. In parallel,
rather incongruently, there was a marked increase in Gs
and Gi protein levels between ED4 and ED8. However, a
similar rise in myocardial Gi during the early development
of the chick embryo was reported also by others [21]. Results
of our previous study and some other studies indicated
a clear drop in the number of myocardial -adrenergic
receptors during prenatal ontogenesis [14, 22, 23]. Together,
these data suggest that -ARs, G proteins, and AC are
not coordinately regulated during development. It is also
important to notice that partial loss of myocardial -ARs
in the later stages of embryonic development was reflected
only by moderate insignificant diminution of isoprenaline-
stimulated AC activity. This implies that there might have
been sufficient receptor reserve (spare receptors) and that
apparently not all the 3-ARs must be necessarily coupled to
AC to ensure the effective and reliable signal transmission. It
has been reported previously that the amount of spare 3-ARs
may vary greatly between different tissues and species [24-
26]. Furthermore, these findings can lead to the assumption
that increased sensitivity to 3-mimetics detected in the later
stages of chick heart development is substantiated by a more
efficient coupling of the 3-ARs to their downstream effector
AC.

We have previously observed that injection of S-blockers
into the developing chick embryos at ED4, EDS8, or ED4
+ ED8 considerably reduced the number of myocardial f3-
ARs [14]. Results of our current research have shown that
application of metoprolol and carvedilol at EDS8, but not at
ED4 or ED4 + EDS, can noticeably suppress AC activity
stimulated by forskolin. However, basal and isoprenaline-
stimulated AC activity was not significantly changed under
these conditions. This seeming discrepancy can be at least
partially explained by the decreased levels of G proteins,
which were found in myocardial preparations from chick
embryos affected with f-blockers at ED8. Forskolin can
increase AC activity not only through direct interaction with
the enzyme but also via Gs protein [27] and therefore lower
amount of this G protein may well lie behind the diminished
capacity of this agent to stimulate AC.

There is ample evidence to show that the regulatory
mechanisms engaged in 8-ARs-mediated signaling may sub-
stantially differ in the mature organism and during the pre-
natal period of development [28]. Whereas receptor signaling
is controlled through the processes of desensitization and
downregulation in adulthood, agonist-induced stimulation
of f-ARs in the embryonic tissues fails to produce desensi-
tization, and instead responsiveness increases. The peculiar
regulatory mechanisms, which may include adaptive changes
at the level of the receptors, G proteins, and AC, are instru-
mental for the necessary physiological adjustments during
prenatal life and preparation for the postpartum period. It
has become clear that there are unique developmental stages
of susceptibility between species and embryonic exposure

to harmful substances may lead to impairment of cardiac
development and function [13, 29-32]. Our current research
has revealed that application of the f-blockers metoprolol
and carvedilol to the chick embryo during the first half
of prenatal development can markedly derange myocardial
B-ARs-mediated AC signaling. We have observed that f3-
blockers, which are used for their antiarrhythmic effects,
may not always be beneficial but they can also affect the
expression of myocardial 5-ARs, G proteins, and AC as well
as the function of this important signaling system during
embryonic development. Therefore, physicians should be
aware of potentially harmful side effects when prescribing
these drugs during pregnancy.
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Digoxin is the oldest cardiovascular drug and it has been used over the
past 200 years for the treatment of heart failure. American College of
Cardiology/American Heart Association (ACC/AHA) guidelines from 2005
[1] and European Society of Cardiology (ESC) guidelines from 2008 [2], on
the management of acute and chronic heart failure, recommend digoxin
for symptom relief and reducing hospital admissions. The ESC-recom-
mended serum digoxin levels used for treating of chronic heart failure are
0.8-1.5 nmol/l (0.6-1.2 ng/ml) [2] and equivalent ACC/AHA guidelines
recommend 0.64-1.2 nmol/l (0.5-0.9 ng/ml) [1]. A serum digoxin level
>3.0 nmol/I (2.5 ng/ml) is considered to be toxic. Digoxin is also used in
frequency control strategies in atrial fibrillation patients. The aim of our
study was to analyze a patient population with toxic serum digoxin levels,
paying particular attention to drug interactions and characteristics
associated with patient mortality.

Central biochemistry databases from two teaching hospitals in
Prague, Czech Republic (General University Hospital and Central
Military Hospital), were reviewed retrospectively over a period of five
years between 2001 and 2005. The studies identified 222 medical
patients with a serum digoxin level >3.0 nmol/ml. The total number
of consecutive hospital admissions to all medical departments during

* Corresponding author. Tel.: +420 606 483 586; fax: +420 973203073.
E-mail address: radka.kockova@centrum.cz (R. Kockova).

this period was 116,276. Medical records for these patients were
analyzed in detail by a qualified cardiologist. Fisher's exact test and
logistic regression were used to test the significance of associations.
The study complied with the Declaration of Helsinki.

Baseline characteristics of our cohort of 222 patients with a serum
digoxin level >3.0 nmol/ml are shown in Table 1. Total mortality until
discharge was 8.1%. Cardiac mortality directly attributable to digoxin
toxicity was reported in 1.8% of cases. Regarding co-morbid conditions
of relevance, only 14% of patients had creatinine clearance in the
normal range of >60 ml/min. Statistically significant predictors of
mortality included low creatinine clearance with p=0.02 (Odds Ratio
0.95) but not serum creatinine level with p=0.15 (Odds Ratio 1.00)
on the total cohort of patients (Table 2). Our data support routine
calculations of creatinine clearance (Cockroft-Gault equation) [3]. The
positive predictive value of lower creatinine clearance on mortality
can be explained by digoxin pharmacokinetics — 70% of digoxin
content is eliminated from the human body unchanged by active
kidney processes in those with normal renal function [4].

Concomitant medication analysis has shown that 64% of patients were
prescribed at least one drug with a known interaction that directly
increases the serum digoxin level. Seven percent of patients were taking
three or more drugs with known drug interaction. Drug interactions were

Table 1
Patient characteristics.

Characteristic Total population n=222

Age (years) Mean (SD) 77.6 (9.3)
Female gender n (%) 130 (59)
Weight (kg) Mean (SD) 72 8 (16.3)
Serum K+ (mmol/1) Mean (SD) 6 (0.8)
Serum creatinine (pmol/I) Mean (SD) 199 4 (139.2)
Creatinine clearance (ml/min) Mean (SD) 35.9 (22.6)
Digoxin daily dose (mg) Mean (SD) 0.195 (0.100)
Oral digoxin administration n (%) 184 (73)

Serum digoxin level (nmol/l)
LV ejection fraction (%)

Mean (SD)

5(22)
Mean (SD) 424 (13.7)
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Table 2
Mortality risk in total cohort of patients.

Patient characteristic 0Odds Ratio p value 95% confidence interval
Age 1.02 0.61 (0.948-1.096)

Gender 2.35 0.16 (0.709-7.820)

Weight 0.97 0.22 (0.932-1.017)

Serum K+ level 1.17 0.63 (0.616-2.217)
Creatinine clearance 0.95 0.02 (0.916-0.992)

Digoxin daily dose 0.24 0.60 (0.001-46.781)

Lv. digoxin administration 3.60 0.187 (0.573-24.119)

Serum digoxin level 0.90 0.52 (0.656-1.236)

LV ejection fraction 0.97 0.07 (0.929-1.003)

Table 3
Analysis of concomitant medication without digoxin interaction.

Concomitant drugs Number of patients  Mortality Mortality p
without interaction on medication n with % (n)  without % (n) value
Acetylsalicylic acid 70 7.14 (5) 8.84 (13) 0.80
Hydrochlorothiazide 30 3.33 (1) 9.14 (17) 0.48
Frusemide 132 8.33 (11) 833 (7) 1.00
ACEI/ARBs 112 3.57 (4) 13.46 (14) 0.01
Betablocker 66 3.03 (2) 10.67 (16) 0.07
Statin 31 6.45 (2) 8.65(16)  1.00
Warfarin 36 5.56 (2) 8.89 (16) 0.74

analyzed in detail and every single drug was analyzed in relation to
survival. The only statistically significant difference was identified with the
concomitant use of angiotensin-converting enzyme inhibitor/angiotensin
receptor blocker (ACEI/ARB), which seems to have a protective effect
(13.46% mortality without concomitant ACEI/ARB and 3.57% mortality in
patients on ACEI/ARB treatment, p=0.01) (Table 3). Groups of patients
with/without ACEI/ARB treatment were not different with respect to their
average age (77 years as opposed to 78 years), left ventricle ejection
fraction (41% with treatment, 45% without), serum potassium (4.7 mmol/
1 in the treated group as opposed to 4.5 mmol/l) or creatinine clearance
(34.8 ml/min with treatment, 34.1 ml/min without treatment). There
were more patients treated by intravenous (i.v.) digoxin in the ACEI/ARB-
treated group (27% as opposed to 8%). A protective effect of ACEI/ARB
might be explained by the potassium-sparing effects of ACEI/ARB,
however, potassium levels were not different in treated patients and the
potassium level could not be used to predict an outcome. Therefore, a
direct antiarrhythmic effect of ACEI/ARB can be hypothesized.

There was a statistical trend toward lower mortality in patients with
concomitant use of betablockers (10.67% mortality without concomitant
betablocker treatment and 3.03% mortality in betablocker-treated
patients, p=0.07) (Table 3). No significant difference between survival
and nonsurvival groups was identified for other concomitant medications
frequently used in modern cardiology (for example, acetylsalicylic acid,
hydrochlorothiazide, frusemide, statins, and warfarin) (Table 3). There
was no statistically significant relationship between drugs with known
direct digoxin interaction (for example, amiodarone, carvedilol, verapamil,
spironolactone, omeprazole, and macrolide antibiotic) and patient
mortality (Table 4).

Other characteristics (such as gender, digoxin dose, serum
potassium level, age, and serum digoxin level) had no statistically
significant effect on mortality in our patient cohort. This might be
influenced by the small number of patient who died. A borderline
association between mortality and low ejection fraction of the left
ventricle was noticed with p=0.07 (Odds Ratio 0.97) (Table 2).

After adjustment for the group of patients where all data were
available (141 patients), i.v. administration of digoxin appeared to be
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Table 4

Analysis of drugs with known direct digoxin interaction.
Drugs with known Number of patients on Mortality Mortality p
interaction medication n with % (n)  without % (n) value
Amiodarone 49 6.12 (3) 8.98 (15) 0.77
Carvedilol 29 6.90 (2) 8.56 (16) 1.00
Macrolide 2 0.00 (0) 8.41(18) 1.00

antibiotics

Verapamil 22 0.00 (0) 9.28 (18) 023
Spironolactone 59 8.47 (5) 8.28 (13) 1.00
Omeprazole 59 6.78 (4) 8.92 (14) 0.79

a statistically significant predictor of mortality with p=0.02 (Odds
Ratio 32.56). This finding should be interpreted with caution because
sicker patients were treated by the i.v. route. Association between
mortality and low ejection fraction of the left ventricle was even more
marked than in the total cohort with p=0.05 (Odds Ratio 0.95).
Systolic function of the left ventricle is generally one of the strongest
predictors of patient mortality in many clinical situations [5-7].

A borderline association between mortality and low body weight
was noticed with p=0.08 (Odds Ratio 0.94) in the group of patients
where all data were available. This can be explained by the
distribution volume of digoxin. Approximately half of the digoxin
body content is bound to skeletal muscle receptors [4]. Thus, our
finding is in good accordance with previous studies that demonstrat-
ed that elderly patients [8] and women [9] are at higher risk of digoxin
toxicity with potentially worse outcomes.

The main limitation of our study is its retrospective character with
the absence of a control group. The number of records analyzed with
high data completeness regarding the concomitant medication does,
however, make our analysis of high clinical relevance.

This study was partially supported by research grant MSM0021620817.

The authors of this manuscript have certified that they comply
with the Principles of Ethical Publishing in the International Journal of
Cardiology [10,11].

References

[1] Hunt SA. ACC/AHA 2005 guidelines for the diagnosis and management of chronic
heart failure in the adult: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines(Writing Committee to Update
the 2001 Guidelines for the Evaluation and Management of Heart Failure). ] Am
Coll Cardiol 2005;46:el-82 [Published correction appears in J Am Coll Car-
diol2006;47:1503-5].

[2] ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure.
Eur Heart ] 2008;29:2388-442.

[3] Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine.
Nephron 1976;16:31-41.

[4] Opie LH, Gersh BJ. Drugs for the heart 6th edition. Philadelphia: Elsevier; 2005.

[5] Bigger Jr JT, Fleiss JL, Kleiger R, Miller JP, Rolnitzky LM. The relationships among
ventricular arrhythmias, left ventricular dysfunction, and mortality in the 2 years
after myocardial infarction. Circulation 1984;69:250-8.

[6] The Multicenter Postinfarction Research Group Risk stratification and survival
after myocardial infarction. N Engl ] Med 1983;309:331-6.

[7] Volpi A, De Vita C, Franzosi MG, Geraci E, Maggioni AP, Mauri F, et al. Determinants
of 6-month mortality in survivors of myocardial infarction after thrombolysis:
results of the GISSI-2 data base: the Ad hoc Working Group of the Gruppo Italiano
per lo Studio della Sopravvivenza nell'Infarto Miocardico (GISSI)-2 Data Base.
Circulation 1993;88:416-29.

[8] Hanratty CG, McGlinchey P, Johnson GD, Passmore AP. Differential pharmacoki-
netics of digoxin in elderly patients. Drugs Aging 2000;17(5):353-62 Nov.

[9] Rathore SS, Wang Y, Krumholz HM. Sex-based differences in the effect of digoxin
for the treatment of heart failure. N Engl ] Med 2002;347(18):1403-11.

[10] Shewan LG, Coats AJ. Ethics in the authorship and publishing of scientific articles.
Int ] Cardiol 2010;144:1-2.
[11] Coats AJ. Ethical authorship and publishing. Int J Cardiol 2009;131:149-50.




Ibutilide-Induced Cardioversion
of Atrial Fibrillation During Pregnancy

RADKA KOCKOVA, M.D., VIKTOR KOCKA, M.D., THOMAS KIERNAN, M.B., M.R.C.P1,
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From the Department of Cardiology, South-Infirmary Victoria Hospital, Cork, Ireland

Ibutilide-Induced Cardioversion of Atrial Fibrillation. We present two cases of successful car-
dioversion of atrial fibrillation using intravenous ibutilide during pregnancy. One patient had atrial fibril-
lation, complicating the Wolff-Parkinson-White syndrome and the other had a history of nonobstructive
hypertrophic cardiomyopathy. No adverse maternal or fetal effects were observed during or after pregnancy
in either case. (J Cardiovasc Electrophysiol, Vol. 18, pp. 1-3, May 2007 )

atrial fibrillation, cardioversion, ibutilide, pregnancy, teratogenicity

Introduction

The incidence of atrial fibrillation during pregnancy is low
and usually occurs in those with underlying heart disease.
When it occurs, it presents more of a therapeutic challenge
because of the extra potential to harm the fetus. Conven-
tional management during pregnancy consists of electrical
cardioversion during a short period of general anesthesia.
Although this is relatively safe, it does involve a stressful
intervention with the potential for complications.! Although
the use of antiarrhythmic drugs is well described during preg-
nancy to terminate fetal arrhythmias, there is scant experience
in their use in pharmacologic conversion of maternal atrial
fibrillation. The use of ibutilide has not been previously de-
scribed during pregnancy. We present two cases of atrial fib-
rillation during pregnancy, both of which were treated suc-
cessfully with ibutilide.

Case Report 1

A 27-year-old woman presented emergently with sudden on-
set palpitation without other symptoms. She was 30 weeks preg-
nant and had no previous cardiac history. A previous pregnancy
was uneventful. Her heart rate was 180-200/minute and blood
pressure was 90/50 mmHg. Gynecological assessment was con-
sistent with a normal gestation of 30 weeks and fetal heart rate
was 152/minute on admission. ECG showed atrial fibrillation
with arapid preexcited ventricular response (Fig. 1). A transtho-
racic echocardiogram was normal. One gram of magnesium sul-
phate was administrated intravenously. This was followed by
ibutilide 0.87 mg intravenously over 10 minutes and repeated
at the same dosage after 30 minutes. A few minutes later she
reverted to sinus rhythm. Her ECG showed a short P-R interval
and a delta wave typical of Wolff-Parkinson-White (WPW) syn-
drome. She was discharged home the following day on flecainide
100 mg bd and atenolol 50 mg od. No further arrhythmias oc-
curred. A healthy baby was delivered normally at term; two
months later she underwent successful radiofrequency ablation
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of two right-sided manifest inferoseptal accessory bypass tracts
and her medication was discontinued. She is asymptomatic 13
months later without medication.

Case Report 2

A 34-year-old woman presented with a 38-hour history of
palpitation, weakness, and an episode of near syncope. She was
23 weeks pregnant with no complications during pregnancy ex-
cept transient vaginal bleeding. She was diagnosed with hyper-
trophic nonobstructive cardiomyopathy and symptomatic non-
sustained ventricular tachycardia two years previously and was
treated with bisoprolol 5 mg/day. An electrophysiology study
at that time failed to induce ventricular tachycardia, but sus-
tained atrial fibrillation was induced and required pharmaco-
logic cardioversion with ibutilide. The patient had stopped biso-
prolol herself shortly before pregnancy. Physical examination
revealed an irregularly irregular pulse and ventricular rate of
180/minute. The blood pressure was 105/85 mmHg and she had
no signs of cardiac failure. The uterus was enlarged, consistent
with 23 weeks of gestation, and fetal heart rate was 160/minute.
The ECG showed atrial fibrillation with ventricular response
of 183/minute with no other abnormalities (Fig. 2). She was ad-
mitted to the intensive care unit and ibutilide was commenced
intravenously after 1 g of magnesium sulphate was given intra-
venously. She reverted to sinus rhythm after 0.25 mg of ibu-
tilide was administered and remained in sinus rhythm during
hospitalization. She was discharged home the following day on
atenolol 50 mg/day and has remained asymptomatic since. A
healthy baby was delivered at term.

Discussion

Ibutilide is a class III antiarrhythmic agent approved by
the FDA in 1995 for intravenous termination of atrial fib-
rillation and flutter. It prolongs the action potential duration
and refractory period in atrial and ventricular myocardium,
atrioventricular node, and His-Purkinje system.? Ibutilide is
particularly useful for termination of atrial fibrillation and
flutter in WPW syndrome, as it also prolongs refractoriness
in accessory pathways. The recommended dose is 1 mg over
10 minutes for a patient over 60 kg and, if there is no re-
sponse, a second dose of 1 mg over 10 minutes can be given 10
minutes after completion of the first dose. Continuous cardiac
monitoring is recommended for at least 4 hours after admin-
istration, as torsades des pointes may occur, requiring car-
dioversion in <4% of patients. Pretreatment with magnesium
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Figure 1. The 12-lead ECG shows atrial fibrillation with a rapid ventricular response over an accessory bypass tract.

sulphate is recommended to reduce the risk of proarryhthmia
and may result in increased cardioversion rates.

We describe the use of ibutilide in two patients who pre-
sented with symptomatic atrial fibrillation during pregnancy.
Atrial fibrillation in women of childbearing age is uncom-
mon and usually occurs in those with underlying heart dis-
ease. Its management is more challenging because of the
extra potential for the arrhythmia and its treatment to harm
the fetus. The usual treatment consists of electrical cardiover-
sion under general anesthesia followed by pharmacotherapy
to prevent recurrence and thromboembolic events. Although
electrical cardioversion during pregnancy appears to be rea-
sonably safe, it is not without risk and is often psychologi-
cally upsetting for the patient and family. There was one fetal
death, one case of a tightly contracted uterus, and one loss of
fetal heart rate variability documented in about 60 previously
reported cases of electrical cardioversion in pregnancy.' In all
three cases, an urgent caesarean section was performed and
all complications were thought to be related to cardioversion.

Thus electrical cardioversion should be performed only if fa-
cilities are available for fetal heart rate monitoring and urgent
caesarean section.!

Pharmacological cardioversion of atrial fibrillation is rou-
tinely used in nonpregnant patients using various agents of
proven efficacy, such as amiodarone, ibutilide, flecainide,
and propafenone.’? Procainamide and quinidine are also com-
monly used, but are considered to be less effective and incom-
pletely studied.> No animal studies have been carried out to
determine the teratogenic potential of either procainamide or
quinidine. The use of these antiarrhythmic agents has not been
systematically studied during pregnancy and all are labeled as
category C by the FDA except amiodarone, which is category
D. Drugs are included in category C “if animal reproduction
studies have shown an adverse effect on the fetus, if there
are no adequate and well-controlled studies in humans, and
if the benefits from the use of the drug in pregnant women
may be acceptable despite its potential risks.”* Experience of
these agents for cardioversion of maternal atrial arrhythmias

Figure 2. The 12-lead ECG shows atrial fibrillation with a rapid ventricular response.
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is limited to a small number of case reports.>”’ More experi-
ence has accumulated with pharmacological cardioversion of
fetal atrial arrhythmias.® Recently published guidelines rec-
ommend the use of quinidine for pharmacological conversion
of atrial fibrillation during pregnancy as most experience has
accumulated with use of this agent in pregnancy and it ap-
pears to be relatively safe.?

The use of ibutilide during pregnancy in humans has not
been previously reported and therefore, its teratogenic po-
tential in humans is unknown. In a study used to establish
the NOAEL (no observed adverse effect level) in rats, ter-
atogenic effects of ibutilide were only seen using relatively
high doses of ibutilide for prolonged periods of rat gesta-
tion.? The mechanism of teratogenic effects is thought to be
caused by selectively blocking the rapid component of the
delayed rectified potassium channel (IKr) in the embryonic
heart causing fetal bradycardia and arrhythmias, which in
turn causes hypoxia.!” The teratogenic effects of orofacial
clefts skeletal malformations and cardiovascular abnormal-
ities are very similar to those caused by other Ik, blockers
and also very similar to those caused by hypoxia. As ibu-
tilide is prescribed for very short-term use and has a very
short half-life of 2—4 hours and its dose is four times lower
than the NOAEL, it is very unlikely to have any significant
adverse effect on the fetus. This is particularly true in our
patients, both of whom were treated after the first trimester
when teratogenesis is unlikely to occur. Pretreatment using
1 g of magnesium sulphate appears to be safe during preg-
nancy, as this agent is used routinely in much higher doses to
prevent seizures during preeclampsia and as a tocolytic agent
without adverse maternal or fetal effects.

The use of new drugs during pregnancy should be discour-
aged and administered only if absolutely necessary. However,
given the available evidence for the efficacy of ibutilide in car-
dioversion of recent-onset atrial fibrillation and its low chance
of teratogenicity and that both of our patients presented af-
ter the first trimester, we felt that the risk/benefit profile of
ibutilide was as favorable, if not better than, conventional
treatment in each case. The use of ibutilide could be further
justified in patient 1 as ibutilide offered the advantage over
quinidine of a more rapid onset of action, and ibutilide does
not cause hypotension, which made it a more suitable agent
than intravenous procainamide in this patient who was al-
ready hypotensive. Furthermore, ibutilide is more likely to
cardiovert atrial fibrillation than intravenous procainamide.
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In Patient 2, ibutilide could be justified as class 1 antiarrhyth-
mic drugs could not be used safely because of the presence of
hypertrophic cardiomyopathy, and ibutilide had successfully
cardioverted this patient from atrial fibrillation two years pre-
viously at the time of electrophysiology study.

Ibutilide was effective in our patients with atrial fibrilla-
tion and was not associated with any adverse maternal or
fetal effects. As the efficacy of ibutilide for cardioversion
of recent onset atrial fibrillation has been rigorously demon-
strated and as it has a low chance of teratogenicity, it may be a
reasonable alternative to electrical cardioversion in pregnant
patients presenting with atrial fibrillation of recent onset.
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