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RHYTHM AND CONDUCTION DISORDERS AS A MANIFESTATION
OF CARDIOTOXICITY IN CANCER TREATMENT
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Pestome. KapauooHkonorusita e HOBO HanpasrieHle B MeauLmMHaTa, 06eauHABALLO JBETE KMMHUYHM AMCLMNIMHY Kapauonoris 1
OHkororusi. C yCbBbPLIEHCTBaHE Ha NMPOTUBOPAKOBUTE TEpanuy MPeXMBSEMOCTTa Ha NaLMeHTUTE Ce YBENuYaBa, KOeTo
€ MpeanocTaBka 3a NposiBa Ha CbpLeYHO-ChA0BN 3a00MNABaHNs, B TOBA YMCIO W Ha PUTHMHO-NPOBOAHM HapyLerus. OT
Apyra cTpaHa, CamuTe MeaukaMeHTH, U3MON3BaHm 3a NEYEHNETO Ha pak, Ca CBbP3aHi C YBPEXAaHe Ha CbpAeYHO-Cbao-
BaTa cuctema. Lienta Ha HacTosiaTta nybnukauus e fja ce Hanpaey kpaTbk 0630p Ha PUTBMHO-NIPOBOAHNTE HAPYLLEHNS,
Bb3HUKBALLM B PE3yNTaT OT NIEYEHNETO C aHTUPaKOBY NEKAPCTBA, f1a Ce NPEeACTaBAT MeANKAMEHTUTE C Hal-BUCOK PUCK OT

KapAMOTOKCUYHOCT M MEXaHU3MUTE 1 hakTopuTe, Mpeapasnonaratiy KbM Hesl.
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Abstract. Cardio-oncology is a new field in medicine, uniting the two clinical disciplines of cardiology and oncology. With the
improvement of anticancer therapies, patient survival has increased, creating conditions for the development of
cardiovascular diseases, including rhythm and conduction disorders. Furthermore, the medications used for cancer
treatment are themselves associated with cardiovascular system damage. The aim of this publication is to provide a brief
overview of rhythm and conduction disorders resulting from treatment with anticancer drugs, to present the medications
with the highest cardiotoxicity risk, and the mechanisms and factors that predispose to it.
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BbBEOQEHME INTRODUCTION

3a KapOnOTOKCUYHOCT Ce npuemMa BCAKa yBpea Ha
CbpAe4yHO-CbaoBaTa cucrtemMa, Ablikalla ce Ha npmuem
Ha MeONKaMeHTU, eKCNo3nunAa Ha TOKCUHU unn opyru
yBpexaalin areHTu. B KapaAnOOHKOoorndaTa ce npue-
Ma, Ye Ta3u yBpena ce AbJDKN Ha NpueM Ha aHTUpaKko-

Cardiotoxicity is defined as any damage to the car-
diovascular system due to medication intake, exposure
to toxins, or other harmful agents. In cardio-oncology,
it is accepted that this damage results from anti-cancer

BN MeOUKaMeHTU, UMyHoTepanua nnmn nb4yeneyvyeHne.
3a npbB NbT NposiBaTa Ha KapaAMOTOKCUYHOCT e 3a-
GensizaHa npes 70-Te roguHn Ha XX BEK Npuy Nie4eHNETo

medications, immunotherapy, or radiotherapy.
The manifestation of cardiotoxicity was first ob-
served in the 1970s during treatment with anthracy-
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¢ aHTpauuknuHm [1]. C BbBeXadaHEToO Ha TepanusTa C
TpaHCTy3ymab npu pak Ha repaara, KapanoTOKCUYHOCT-
Ta OTHOBO € Ha ¢hokyc. OT TO31 MOMEHT HacaM Kapamo-
OHKonorusata npugobusa Bce no-ronam oT3BykK. [1pes
2022 r. EBponerickoto OpyXecTBO MO KapAavonorns
nybnukyBa nmbpBUTE MPENOPBKA B KapOUOOHKOMOrns-
Ta, B KOUTO KapAMOTOKCUYHOCT ce AedunHMpa KaTo Kap-
aviomMuonaTtus, cbpgedHa HeoCTaTbyYHOCT, MUOKapauT,
CcbOoBa yBpea, apTepuanHa XWNepToHWsi, CbpAaevyHa
apuTmusa n/vnn yabmkeH QT-nHTepBan. BaxHo e aa ce
YTOYHM, Ye ce M3Mon3Ba kopurmpaHusaT QT-MHTepBan no
dopmynata Ha Fridericia — QTcF (npuuynHaTta 3a ToBa
€, Yye Tasu opMyrna € Mo-To4yHa B YCroBusATa Ha Taxu-
unun 6pagukapauns). KnanHute n nepukapgHute yBpex-
AaHus He ce pasnuyasaT OT Te3n B obLiaTa nonynaums
[2]. PuTbMHUTE M NpOBOAHWUTE HapyLleHus B Xoda Ha
neyeHmneto Ha kapumHomuTe (CTIA — cancer treatment
induced arrhythmia) ycnosHo moraT ga ce pasgensar Ha
ABa Buaa. [Npv egnHus ce kacae 3a AMPEKTHO BAMSIHME
Ha MefuKaMeHTa 1 aucperyrnaumsi Ha MOMeKyrHO HUBO
[3]. ToBa ce HabntogaBa npu ynoTpebata Ha MOpyTU-
HWO (TMPO3UH-KMHA3eH MHXMOMTOP Ha BpyToH), nanons-
BaH 3a fe4yeHre Ha XpPOoHWYHa numdounTHa NeBKkeMus
(XJUT). Opyruat Bug apytMum ca BTOPUYHW, Bb3HUKBA-
LM B XOAa Ha eHOokapaHa, MroKapaHa unu nepukapa-
Ha yBpeda B pesyntaTr OT UCXeMWsi, Bb3nareHue unm
pagnaums. Taka HanpyMep Npu NeYeHNEeTo C aHTpaum-
KMWHW MoraT Aa ce HabnogasaTt kamepHa Taxvmkapaus,
NpeacbpaHO MbXAeHe, yabikaBaHe Ha QT-uHTepBa-
na, cuHycoBa 6pagunkapgms n AV 6ok [3].

Bogewmte HapylieHnsi, CBbp3aHM C MPOTUBOPAaKo-
Ba Tepanus, ca npeacbpaHo MbxaeHe (MNM), meguka-
MEHTO3HO WHAyUMpaHO yabikeHwe Ha QT-uHTepBa-
na (diLQT) n kamepHa aputmusa (KA), BKNOYUTENHO
torsade de pointes (TdP) [1].

PUCKOBU ®AKTOPU

PuckoBuTe dhaktopu, npegpasnonaraiy Kbm pas3su-
TUETO Ha PUTBMHO-NPOBOAHM HapyLieHus (PMH) B xoga
Ha NpOTMBOpaKoBa Tepanwusi, ca CBbp3aHW OCHOBHO C
BMAa Ha neveHueto. [o-rongma 4yectoTa Ha apuTMUnTE
Ce perucTpuvpa npu fibyeneyeHne 1 npu Xmmmorepanus
C aHTPaUMKITMHW, UMYHOMOIMYHa Tepanms u HaKou Tap-
reTHn Tepanuu [4]. ima 1 npunokprBaHe C pUCKOBUTE
dakTopu npu obLiata nonynawuus, Kato OCHOBHMW MPO-
apuTMOreHu ca apTepuanHa xuneptoHus (AX), avaber,
XPOHMYHO GBOpeYHO 3abonsiBaHe (XB3), cbpaeyHa He-
OOCTaTbyHOCT M HanpeaHana Bb3pacT (> 60 r.) [4].

ApTepuanHaTta XvMNepToHUsi € Han-4ecToTo npu-
OpYyXaBaLlo 3abonsiBaHe. VM13BecTHO e, 4e AX yBenuyasa
p1cKa OT KapOMOTOKCUYHOCT nopaawv TapreTHata yBpeaa
Ha opraHu — cbpue, 6bopeun, KPbBOHOCHU CbAOBe-
Te. [5] AX Boau [0 rmomepyrnockrneposa, a naumeHTuTe
¢ XB3 umar B mbTn NO-BUCOK PUCK OT pa3BUTUE Ha apu-

clines [1]. With the introduction of trastuzumab therapy
for breast cancer, cardiotoxicity came into focus once
again. From that point onwards, cardio-oncology has
gained increasing recognition. In 2022, the European
Society of Cardiology published the first guidelines on
cardio-oncology, in which cardiotoxicity is defined as
cardiomyopathy, heart failure, myocarditis, vascular
damage, arterial hypertension, cardiac arrhythmia,
and/or prolonged QT interval. It is important to note
that the corrected QT interval using Fridericia’s formu-
la — QTcF is used (the reason being that this formula
is more accurate under conditions of tachycardia or
bradycardia). Valvular and pericardial injuries do not
differ from those in the general population [2]. Rhythm
and conduction disorders during cancer treatment
(CTIA — cancer treatment induced arrhythmia) can be
conditionally divided into two types. The first involves
direct drug effects and dysregulation at the molecu-
lar level [3]. This is observed with the use of ibrutinib
(a Bruton tyrosine kinase inhibitor) used for treating
chronic lymphocytic leukemia (CLL). The second type
of arrhythmias are secondary, occurring during endo-
cardial, myocardial, or pericardial damage resulting
from ischaemia, inflammation, or radiation. For exam-
ple, treatment with anthracyclines may cause ventric-
ular tachycardia, atrial fibrillation, QT interval prolon-
gation, sinus bradycardia, and AV block [3].

The leading disorders associated with anti-cancer
therapy are atrial fibrillation (AF), drug-induced QT in-
terval prolongation (diLQT), and ventricular arrhythmia
(VA), including Torsade de pointes (TdP) [1].

RISK FACTORS

Risk factors predisposing to the development of
rhythm and conduction disorders during cancer thera-
py are primarily associated with the type of treatment. A
higher incidence of arrhythmias is observed with radia-
tion therapy and chemotherapy using anthracyclines, im-
munological therapy, and certain targeted therapies [4].
There is also overlap with risk factors in the general pop-
ulation, with the main proarrhythmogenic factors being
arterial hypertension, diabetes, chronic kidney disease
(CKD), heart failure, and advanced age (> 60 years) [4].

Arterial hypertension (AH) is the most common
comorbidity. It is known that AH increases the risk of
cardiotoxicity due to targeted organ damage affecting
the heart, kidneys, and blood vessels [5]. AH leads
to glomerulosclerosis, and patients with CKD have
a significantly higher risk of developing arrhythmias
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TMUM B XO4a Ha NPOTUBOPAKOBO reyeHue [4]. AX Boam u
00 OVPEKTHO 3acsraHe Ha CcbpAeyHaTa TbKaH ypes pas-
BUTUETO Ha Xuneptpodus, pmubposa n pemogenupaHe,
KOWTO ca NpPeanocTaBka 3a KapaAMoTOKCUYHa mnssaBea. MNpu-
€T e [ABYKOMIMOHEHTEH MOAeN Kato 0bsiCHEHNE Ha BPb3-
kata mexay AX n kapguoTokcuyHoctTa. AX Moxe fa e
MbPBUAT KOMMOHEHT, @ EKCNOo3nNUMsiTa Ha XMM1oTepanms
— BTOPMIAAT, UNN anTepHaTVBEH BapuaHT — NauWeHTbT
npemyHaBa npe3 XMM1o- Ui ibYeTepanus 1 B nocnes-
cTBUe pa3smBa AX, a NO-KbCHO ce uaasasat u PINH [4].

EnnaEmMuonorus HA PUTbMHUTE
U NPOBOAHUTE HAPYLWUEHUSA

nPn KAPLULMUHOM B BABUCUMOCT
OT TUNA HA NMPUNATAHUA ATEHT

AHTpaUMKNUHK

AHTPaALMKNIMHUTE Ca rpyna MeaukameHTw, Grnoku-
pawy pennukaumsata n cuHtesa Ha OHK Ha TymopHuTe
KMNeTKkv Ypes yBpeaa Ha Tornov3omMepasa-2a. Te ce CBbp3-
BaT 1 C Tonom3omMepasa-2f3, ekcrnpecmpaHa B CbpaeyHarta
TbkaH. TOBa BOAW 4O aKTUBMpaHe Ha anonTo3arta 1 aBTo-
darmpaHeTo [6]. OcBeH TOBa aHTPAUMKITMHUTE BOAST A0
ocBoboXaBaHe Ha cBODOOHM paguKkany 1 oKCuaaTMBeH
CTpec B MuoKapga, yBpexaaTr MUTOXOHAPWUMTE U Hapy-
LIaBaT eHeprunHusa GanaHc Ha kneTkarta. JucbanaHceT
B Kanuuesara peryrnauus Ha capkornnasmMaTtnyHus petu-
KyrnyM, HaTPynBaHETO Ha Xens30, heponTosara n Npeok-
CUOMPAHETO Ha NUMUAW, KOUTO HACTBNBAT, CbLUO B3eMat
yyacTue B TOKCUYHOTO UM AencTtame [6]. Tean mexaHu3mum
ca UnrcTpupaHmn Ha gur. 1.

during anticancer treatment [4]. AH also directly affects
cardiac tissue through the development of hypertrophy,
fibrosis, and remodeling, which predispose to cardio-
toxic manifestations. A two-component model has been
accepted as an explanation for the relationship between
AH and cardiotoxicity. AH may be the first component,
with chemotherapy exposure being the second, or al-
ternatively, the patient undergoes chemotherapy or ra-
diotherapy and subsequently develops AH, with rhythm
and conduction disorders manifesting later [4].

EPIDEMIOLOGY OF RHYTHM

AND CONDUCTION DISORDERS

IN CARCINOMA DEPENDING ON THE TYPE
OF SPECIFIC AGENT

Anthracyclines

Anthracyclines are a group of medications that
block DNA replication and synthesis in tumor cells by
damaging Topoisomerase 2a. They also bind to To-
poisomerase 2f3, which is expressed in cardiac tissue.
This leads to activation of apoptosis and autophagy
[6]. In addition, anthracyclines lead to the release of
free radicals and oxidative stress in the myocardium,
damage the mitochondria, and disrupt the cellular en-
ergy balance. The imbalance in calcium regulation of
the sarcoplasmic reticulum, iron accumulation, ferro-
ptosis, and lipid peroxidation which also occur contrib-
ute to their toxic effects [6]. These mechanisms are
illustrated in Fig. 1.

A Oxidative stress

Inhibition of DNA Top2p | B

N ®ur. 1. MexaHnsbMm Ha Kapguo-
TOKCUYHOCTTa MNpU  aHTPaLMKINHK
(M3TOYHMK [7]): A — aHTPALMKITUHUTE
notuckar ekcnpecusata Ha FNDC5
reHa, npu KoeTo ce yBenv4yasa npo-
OyKumsiTa Ha cBOOOOHU KUCIOPOAHU
pagukanu. Cb3naneHUaT okcmaaTu-
BEH CTpec BOAW A0 MUTOXoHApuan-
Ha OUCHYHKUMSA, HamarneH CUHTEe3
Ha KIOYOBU MPOTEUHU U HapyLue-
HVe BbB BbTpeKneTbyHaTa Kanuu-
eBa xomeocTasa; B — gvpektHoTO

Mitochondrial
dysfunction

it

Intracellular
calcium
homeostasis
imbalance

Protein
synthesis
decreased

" """ Iron metabolism

o)

CBbp3BaHe Ha aHTPaLUUKIMHUTE C
Top2B B S4pOTO Ha kneTkata Boau
no yBpeparta; C — aHTpauuKnMHuTe
ce cBbp3Bar ¢ Fe®* n opmumpar ceo-
6oaHW pagvkany B MUTOXOHOPUUTE
C rocrnefgalla anonTto3a Ha Krert-
kata. FNDC5 — reH 3a npoteuH 5,
cbabpxaly pmbpoHekTnH Tun Il go-
MeviH; Top2p — Tonousomepasa 23;
Tf — TpaHcdepuH
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Fig. 1. Mechanism of cardiotoxicity

.

in anthracyclines (source [7]): A —

anthracyclines suppress the expression of the FNDC5 gene, which increases the production of free oxygen radicals. The resulting oxidative
stress leads to mitochondrial dysfunction, reduces key protein synthesis, and disrupts intrinsic calcium homeostasis. B — direct binding of
anthracyclines to Top2f in the cell nucleus leads to its damage; C — anthracyclines bind to Fe®** and form free radicals in the mitochondria with
subsequent apoptosis of the cell. FNDC5 — gene for fibronectin type Il domain-containing protein 5; Top2 — topoisomerase 23; Tf — transferrin
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PuTbMHO-NpoBOAHMTE HapyLUeHUs, B YacTHOCT M,
MoXe Aa gocTturHe yectota Ao 10%, kaTo Tesn naumeH-
T/ ca ¢ 1.58 nbTK No-ronsm LaHc 3a pa3BuTUe Ha apu-
TMUS B cpaBHeHue ¢ obwara nonynaums. EKI™ npomenn
ca gokymeHTupanu npu 38.6% OT nekyBaHuUTe C aHTpa-
umknuHm [8]. MNpu TO3M TMN Tepanus MHOrO OT apUTMu-
nTe ca BTOPMYHM Ha KapgnomuonatusaTa. TOKCMYHoCTTa
e nososaBucuma (450 mg/m? kymynaTuBHa [o3a), Ho ce
cpeLla 1 Npv NO-HUCKM O03U 1 KaTo MbpBUYHa NpPosiBa
Ha TOKCMYHOCT nopg cphopmara Ha npuctsbn ot M, ka-
MepHa apuTMust Unu GpagvapuTMus. YobrmkaBaHe Ha
QT-nHTepBana ce cpeta npu 11.5% [3].

Mazur n cbTp. npoBexaar uscneaBaHe, OT KOETO
CTaBa $ICHO, Ye NnaLuMeHTUTe C nieBokaMepHa ANCHYHK-
UUs M MMNNaHTUPaH enekTpoCTUMYnaTop BCNeacTBMeE
Ha aHTpaUMKIMHOBA TOKCUYHOCT CTpagaT OT Henpo-
abrkutenHa kamepHa Taxukapaua (KT) (73.9%), MM
(56.6%) n npogbrmkmtenHa KT (30.4%), kaTo gaHHUTE
He ce pasnuyaBsaT OT Te3W Ha NaumMeHTu C ieBokamep-
Ha ancdyHKums B obiarta nonynauus [9].

Ankunupaium areHTu

AnkunupawmuTe areHT MHXMbmnpaT TpaHCcKpUnuus-
Ta Ha [JHK upe3 3amecTtBaHe Ha BOOOPOAHM aTOMU C
arnkunoBu rpynu, KaTo no To3u1 Ha4YMH BOASAT A0 anonTo-
3a [10]. ToBa 3acsra kakTo 6bp3ogensawmTe ce TyMop-
HW KNeTKW, Taka 1 kapguommoumTute. HatpyneaHe Ha
akponeuH (mMetabonut Ha umknodochammaa u nsod-
ocdammnaa) Bogn 0O OKCUAATUBEH CTPEC, Bb3narneHne
n yBpena Ha mutoxoHapumte [10].

LinknodochammabT € MegukameHT, U3nonssaH
3a flevyeHne Ha pak Ha rbpgara, pak Ha SnvHuKa, nes-
Kemud, numdom n myntunneH mmenom. MendanaH ce
n3nons3ea 3a fevyeHne Ha MyNTUMIeH MUEeNnomMm, JNeKo-
BEPWXKHa amunongosa 1 pak Ha sandHuka. Ul npy gea-
Ta megukameHTta CTIA e nobpe AOKYMEHTMpaHa, KaTto
NposiBUTE ca OT Lienunsl CNeKTbp Ha PUTbMHM U NMPOBOA-
HY HapyweHus. MNpu mendanaH MM e onncaHo B 1%
oT nekyBaHuTe. Lo ce kacae go umknodgocthammaa —
npomerHn no EKIN n puTbMHU HapylweHns ce cpeluar
npu 33% ot nacnegsanuTte [3]. 3a cbxaneHune, HaAMaA
npoy4YBaHns, KOUTO Aa AudepeHumpaT pasnunyHuTe
OpMM Ha PUTBMHO-MPOBOAHM HApYLUEHUS U TAXHaTa
yecToTa.

AHTUMeTabONUTH

HewnctBneto Ha aHTUMeTabonuTuTe ce m3passiBa
B GriokMpaHe Ha Kr4yoBM €H3UMK B cuHTe3a Ha OHK
n PHK n nHkopnopupaHeTo UM B CTPyKTypaTa Ha Hyk-
NEVHOBUTE KUCENWHM Nopagn UMuTaums Ha a3oTHUTE
6a3n [11]. ToBa BOOM OO CMBLPT HA TYMOPHUTE KIETKM
M 0O MOTUCKaHe Ha pennukaumsaTa uMm. OcBeH 4e Bo-
OST 0O OKCMAATUMBEH CTpec, Bb3narneHune un deponTto-
3a, aHTMMeTabonuTUTe akTUBMpaT NPoTenH kuHasa C
(PKC) n npenm3BurKBaT OUPEKTHA yBpeaa Ha CbaoBUS

Rhythm and conduction disorders, particularly AF,
can reach a frequency of up to 10%, with these pa-
tients having a 1.58 times greater chance of developing
arrhythmia compared to the general population. ECG
changes were documented in 38.6% of those treated
with anthracyclines [8]. With this type of therapy, many
of the arrhythmias are secondary to cardiomyopathy.
Toxicity is dose-dependent (450 mg/m? cumulative
dose) but also occurs at lower doses and as a primary
manifestation of toxicity in the form of an episode of AF,
ventricular arrhythmia, or bradyarrhythmia. QT interval
prolongation occurs in 11.5% [3].

Mazur et al. conducted a study which showed that
patients with left ventricular dysfunction and an im-
planted pacemaker, as a consequence of anthracy-
cline toxicity, suffered from non-sustained VT (73.9%),
AF (56.6%) and sustained VT (30.4%), with the data
not differing from those of patients with left ventricular
dysfunction in the general population [9].

Alkylating agents

Alkylating agents inhibit DNA transcription by re-
placing hydrogen atoms with alkyl groups, thus leading
to apoptosis [10]. This affects both rapidly dividing tu-
mor cells and cardiomyocytes. Accumulation of acrole-
in (a metabolite of cyclophosphamide and ifosfamide)
leads to oxidative stress, inflammation and mitochon-
drial damage [10].

Cyclophosphamide is a medication used to treat
breast cancer, ovarian cancer, leukemia, lymphoma,
and multiple myeloma. Melphalan is used for the
treatment of multiple myeloma, light-chain amyloido-
sis and ovarian cancer. For both medications, CTIA
is well documented, with manifestations spanning
the full spectrum of rhythm and conduction disor-
ders. With melphalan, AF has been described in 11%
of treated patients. Regarding cyclophosphamide,
ECG changes and rhythm disturbances occur in 33%
of studied patients [3]. Unfortunately, there are no
studies that differentiate between the various forms
of rhythm and conduction disorders (RCDs) and their
frequency.

Antimetabolites

The action of antimetabolites is expressed through
blocking key enzymes in DNA and RNA synthesis
and their incorporation into nucleic acid structures by
mimicking nitrogenous bases [11]. This leads to tumor
cell death and suppression of their replication. In ad-
dition to causing oxidative stress, inflammation, and
ferroptosis, antimetabolites activate protein kinase C
(PKC) and cause direct damage to the vascular endo-
thelium, leading to vasospasm and microthrombosis
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eHJoTen, KOeTo BoAu A0 Ba3ocnasbM U MUKPOTPOMOBO-
31 B KOPOHApHOTO KpbBOOOpaLlyeHue [11]. JleueHneTo
¢ 5-cpnyopoypauun (5-FU) — nmpummnanHOB aHanor,
MHXMOMTOP Ha TUMMAUNAT CuHTasaTta, BOAM OO0 aKTu-
B/YpaHe Ha uHdnamatopHu UMTokMHu kato TNF-a, uH-
TepneBkuH-1B, nHTepneBkMH 6 1 kacnasa 3. Rafaie u
CbTp. OTKpmBaT, Ye nedveHueto ¢ 5-FU npegussukea
KapaMOTOKCUYHOCT Ype3 Bb3gencTteme Bbpxy PPAR-a
(peroxisome proliferator-activated receptor alpha) n
IL-6/STAT (interleukin-6/signal transducer and activator
of transcription) curHaneH NbT, a Te OT CBOSI CTpaHa ca
NOBMUSIHW OT NPUIOXEeHNETO Ha dpeHodmbpat [11].

5-FU e yecTo n3nonssaHO nekapcTBo B Tepanus-
Ta 3a pak Ha rbpaarta W raCTPOMHTECTMHAIHUSA TPaKT.
lMopagm Basocnasbma, KOWTO NPeav3BrKBa, Ce OMnuc-
BaT BTOpNYHN CTIA nog cdopmata Ha KT (7.4%), Haa-
KamepHn apuTmum (NO-pagKo cpeluann), bpagmkapams
ce Habrogaea npu 0o 12% ot naumeHTtuTe [3].

B npoydBaHe npu 49 naumeHTM Ha rneyeHue cC
reMuntabuH n BuHopenbuH 8.2% passusat M [12].
KnogapabuH e mMeguMkaMeHT, KOMTO ce M3Mnons3ea 3a
neyeHne Ha octpa numdobnactHa neskemus. MM ce
cpewa npu 7.4 n 19% oT naumMeHTUTe crnopen ToBa
Aann e MoHo- Unu1 KombuHupaHa Tepanusi. Taka Faderl
1 cbTp. npe3 2008 r. aeMoHCTpUpaT, Ye KoMOUHaLMATa
Ha knodgapabuH ¢ H1Ucka gosa umtapabun sogm o MMV
npu 17% OT NnauneHTuTe, a KAMEepHU apuTMUK ce cpe-
wat npu okorno 3% ot nekyeaHuTe [13].

AHTUMUKPOTYOYITHM areHTu

Tasn rpyna MeguKamMeHTU BKMKYBA TakCaHW W
BMHKa-ankanonan. TAXHOTO AeNCTBME Ce M3passiBa B
cTabunuavpaHe vnu gectabunuanpaHe Ha MUKPOTY-
Oynute, HeobOXo4MMM 3a pennukaumsTa Ha pakoBUTE
knetku. Korato BNUAHMETO UM 3acerHe KapamoMmoLum-
TUTe, B CbYeTaHWe C OKCUOATMBHUSA CTpec, Bbanane-
HMETO N Ba3OKOHCTPUKLNS, KOUTO NPEean3BUKBAT, € Bb3-
MoXHa ussisata Ha PITH [14].

MaknutakcensT, NpeacTaBUTeN Ha Tasu rpyna, ce
M3Mon3Ba 3a JIe4eHMETO Ha pak Ha Benusa apob, Ha ma-
TOYHaTa LWKWIKa, Ha ANYHMKa U Ha rbpaaTta, a BUHKPUC-
TUHBT — B Tepanusita Ha NIeBKeEMUU, MMMEOMU U HAKOU
conuaHn Tymopm [3].

ToBa ca megukameHTM ¢ Jobbp npodwun no or-
HoweHne CTIA. OCHOBHUTE HapyLUEHMS Ca CUHYCOBa
Opagukapauns u nbpea crteneH AV 6nok [3]. B nutepa-
TypaTa uma OonucaHu €OMHUYHWU Crydan Ha MapoKCu-
3MariHo NpeacbpaHO MbXAEHE U KaMepHU apuTMuK,

MHXMGMTOPM Ha XUCTOH gnauetTunasuTte

NHxmbutopute Ha XWCTOH Auauetunasuvte wumar
enureHeTn4eH eekT, NoCTUrHaT Ypes mognduumpaHe
Ha XUCTOHWUTE, N NMO-TOYHO CTUMYINMPAHE Ha aueTunu-
paHeToO UM, KOETO BOAM OO pemogenupaHe Ha Xxpoma-
TWUHa 1 NOBMMSBA reHHaTa ekcnpecus. 1o To3n HaumH

in the coronary circulation.[11] Treatment with 5-Flu-
orouracil (5-FU) — a pyrimidine analogue and thymi-
dylate synthase inhibitor — leads to activation of in-
flammatory cytokines such as TNF-q, interleukin-13,
interleukin-6, and caspase-3. Rafaie et al. found that
treatment with 5-FU induces cardiotoxicity by affect-
ing the PPAR-a (peroxisome proliferator-activated
receptor alpha) and IL-6/STAT (interleukin-6/signal
transducer and activator of transcription) signalling
pathways, which in turn are influenced by fenofibrate
administration [11].

5-FU is a commonly used drug in the treatment of
breast and gastrointestinal tract cancers. Due to the
vasospasm it causes, secondary CTIA is described in
the form of coronary thrombosis (7.4%), supraventricu-
lar arrhythmias (less commonly encountered), and bra-
dycardia is observed in up to 12% of patients [3].

In a study of 49 patients treated with gemcitabine
and vinorelbine, 8.2% developed myocardial infarction
[12]. Clofarabine is a medication used for treating acute
lymphoblastic leukemia. Myocardial infarction occurs in
7.4 and 19% of patients, depending on whether mono-
therapy or combination therapy is used. Thus, Faderl et
al. demonstrated in 2008 that the combination of clofar-
abine with low dose cytarabine led to myocardial infarc-
tion in 17% of patients, whilst ventricular arrhythmias
occurred in approximately 3% of those treated [13].

Antimicrotubule agents

This group of medications includes taxanes and
vinca alkaloids. Their action involves stabilizing or
destabilizing microtubules, which are necessary for
the replication of cancer cells. When their influence
affects cardiomyocytes, in combination with the oxi-
dative stress, inflammation and vasoconstriction that
they cause, the manifestation of cardiotoxicity is pos-
sible [14].

Paclitaxel, a representative of this group, is used
for the treatment of lung, cervical, ovarian and breast
cancer, whilst vincristine is used in the therapy of leu-
kemia, lymphoma and some solid tumors [3].

These are medications with a good profile regard-
ing cardiotoxicity. The main disturbances are sinus bra-
dycardia and first-degree AV block [3]. The literature
describes isolated cases of paroxysmal atrial fibrillation
and ventricular arrhythmias.

Histone deacetylase inhibitors

Histone deacetylase inhibitors have an epigene-
tic effect, achieved by modifying histones, and more
precisely stimulating their acetylation, which leads to
chromatin remodeling and affects gene expression.
This enhances the transcription of tumor suppressor
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Ce 3acunBa TpaHCKpUNUUATa Ha TYMOP-CynpecopHU
reHu, kogupawwm 6entbum kato p21 n p53, kouto nmat
KntoyoBa pong 3a pakosaTta cynpecus [43]. EnvreHe-
TUYHUAT edekT obaye 3acara u CbpOeYHUTE KIETKU
ypes NoBMMsiIBaHE Ha EKCNpecusiTa Ha reHu, acoummpa-
HN CbC CbpOEYHO-CbAO0BM 3abonsaBannsa. XUCTOH ana-
ueTunasuTe NoBnmMsBaT reHHaTa ekcrnpecus B nHdna-
MaTOPHWTE MbTWLLA M Ca acouMMpaHn C OKCUOATMBEH
CTpec, MUTOXOHAPMAanNHa ANCQYHKUNS 1 HapyLLeHus B
kanuuesaTa perynauus [15]. M3nonsBat ce 3a nedve-
HWEe Ha MyNTUNIEH MUenom n Ha numdom. OT Tasm
rpyna, CTIA ce Habniogaea npu naHobuHocTart. lMpu
rnedyeHne Ha pak Ha npocTtata ¢ naHobuHocTaT yabn-
»eH QT-untepsan ¢ 30-60 ms ce cpewa npu 31.4% ot
naumeHTuTe, ¢ Hag 60 ms — npu 5.7%, QTcF > 500 ms
npu 3% un > 480 ms npu 8.6% [16]. Mpun neyeHne c Ha-
KOu OT ApyruTe NpeacTaBuTenu oT rpynarta ca onvcaHu
HecneunguyHn n HecurHudukaHTHU EKIM npomenn.

7 MyHOMoOA4ynupalliu nekapcrea

B Tasu rpyna Bnu3at MegvKameHTW 3a fieyeHue
Ha MyNTUMMeH MWeNoMm — TanuaomMug, neHanuaoMug
n nomanugomng. Te notTuckat ekcnpecusaTa Ha NpounH-
driaMmaTopHU LIMTOKUHU N eH3umun kaTto TNFa, uHtep-
neskuHK, kacnasa 1 n NF-kB (HykneapeH chakTop kana
B), noTuckaT aHrmoreHesaTa 4pes3 Bb3OenCcTBUE BbpPXy
BacKynapHus engoteneH pactexeH dgaktop (VEGF)
N MOAynMpaT aKTMBHOCTTA Ha Bb3ManuTerHU KAeTKM
kato T-knetkn n NK(natural killers) [18].

lMpun TepanusaTa ¢ TanuaoMua ce Habnogasa OCHOB-
HO CMHycOBa Bpaavikapams, KOSTO OOUKHOBEHO He Hanara
cneumuyHO NeYeHne 1 ce cMsTa, Ye Bb3HKKBA B pesyr-
TaT Ha 3aryba Ha MHxmMbrumsa Ha TNFa Bbpxy napacuvna-
Tukyca. Ta e obpaTvma 1 HopMarneH pUTbM ce Bb3CTaHO-
BSiBa Crief, NpeKkbeBaHe Ha neveHneTo. [Npun cpaBHeHWe Ha
Tanugomug ¢ nnaue6o MM ce peructpupa npu 11 ot 234
(4.7%) naumeHTn cpelly cboTBeTHO 8 oT 232 (3.4%) [17].
B KMUHWYHW M3NUTBaHWS MPUY NeYeHne C NeHannaommg ce
onucaa M npu 7% ot nekysaHwuTe [18].

MnatMHoBM CbeauHeHUsA

MexaHnamMbT Ha OEeVCTBUE Ha Tasu rpyna meauka-
MEHTU ce u3passBa 4pe3 obpasyBaHe Ha KOBaNeHTHU
Bpb3ky ¢ AHK 1 dhopmmpaHe Ha KpbCTOCaHW BPB3KM, Npuy
KOETO ce NoTUCKa CUHTE3LT U pennukaumnara Ha OHK. Ye-
penata Ha HyKnemHoBaTa KMCcenuHa Boau A0 akTvBaums
Ha NPOTEMHW OT rpynara Ha p53, p73 N MUTOreH-akTUBM-
paHa npoTeunH knHasa (MAPK), KouTo akTuBmMpar anonTo-
3ara, aBToharudara u Apyru popmm Ha KneTbyHa CMbPT
[19]. MexaHu3muTe, MO KOUTO NNATUHOBUTE CbEOVUHEHUS]
BOOAT 00 KapAMOTOKCUMYHOCT, Ca: AMPEKTHA KIeTbyHa
yBpeda no OnucaHus MeXaHU3bM, NMPOAYKUMS Ha peak-
TUBHMW KNCMOPOQHW pamnKanu, eHgoTenHa QNCcqyHKUNS 1
cbaoBa TokcuvHocT (Ype3 PKC 1 NF-kB), enektponutHu
HapyLLeHnsi 1 Har-Bede xunomarHesvemus [20].

genes, coding for proteins such as p21 and p53, which
have a key role in cancer suppression [43]. Howev-
er, the epigenetic effect also affects cardiac cells by
influencing the expression of genes associated with
cardiovascular diseases. Histone deacetylases af-
fect gene expression in inflammatory pathways and
are associated with oxidative stress, mitochondrial
dysfunction, and disorders in calcium regulation [15].
They are used for treatment of multiple myeloma and
lymphoma. From this group, CTIA is observed with
panobinostat. In the treatment of prostate cancer with
panobinostat, prolonged QT interval of 30-60 ms oc-
curs in 31.4% of patients, over 60 ms in 5.7%, QTcF >
500 msec in 3% and > 480 ms in 8.6% [16]. Treatment
with some of the other representatives from this group
has been associated with non-specific and non-signif-
icant ECG changes.

Immunomodulatory drugs

This group includes medications for the treatment
of multiple myeloma — thalidomide, lenalidomide and
pomalidomide. They suppress the expression of proin-
flammatory cytokines and enzymes such as TNFa, in-
terleukins, caspase 1 and NF-kB (nuclear factor kappa
B), suppress angiogenesis through effects on vascu-
lar endothelial growth factor (VEGF) and modulate the
activity of inflammatory cells such as T-cells and NK
(natural killer) [18].

During thalidomide therapy, sinus bradycardia is
primarily observed, which usually does not require spe-
cific treatment and is thought to arise as a result of loss
of TNFa inhibition on the parasympathetic system. It is
reversible and normal rhythm is restored after discon-
tinuation of treatment. When comparing thalidomide
with placebo, AF was recorded in 11 of 234 (4.7%)
patients versus 8 of 232 (3.4%) respectively [17]. In
clinical trials with lenalidomide treatment, AF was de-
scribed in 7% of treated patients [18].

Platinum compounds

The mechanism of action of this group of drugs
involves the formation of covalent bonds with DNA
and cross-linking, which inhibits DNA synthesis and
replication. Nucleic acid damage leads to activation
of proteins from the p53, p73, and mitogen-activated
protein kinase (MAPK) groups, which activate apopto-
sis, autophagy, and other forms of cell death [19]. The
mechanisms by which platinum compounds lead to
cardiotoxicity are: direct cellular damage through the
mechanism described above, production of reactive
oxygen radicals, endothelial dysfunction and vascular
toxicity (via PKC and NF-kB), electrolyte disturbances,
and most notably hypomagnesaemia [20].
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LincnnatnHaTa e nekapcTBo C LUIMPOK TepaneBTU4eH
CMEeKTbP, HO U3MON3BaHETO My € OrpaHU4eHo nopaau
n3paseHa TOKCUYHOCT [OpY B TepaneBTUYHM rpaHuLN.
Ta Moxe fa npeamsBrka Lenust CNnekTbp OT PUTBMHU U
NPOBOAHM HapyLUEHWUs!, KaTo TsIXHaTa YecToTa JocTura
00 66.7%, Bkn. 1 noa coopmarta Ha 6e3CMMNTOMHM apu-
T™Mun. CrnHycoBa Gpagukapams Moxe Aa ce Habnogaea
OlLle Mo Bpeme Ha MHy3usiTa Ha MegnkameHTa, a ekc-
TpacucTonusiTa ce cpewa npu 2/3 ot naumeHTute [21].
HapkamepHuTe Taxvkapgum ca psgko cpellaHn 1 uma
ONUCaHN €OUHUYHU KITMHWYHK criydan. XvunomarHesve-
MUSITa N XUMOKanuemusaTa, NnpeansBrkaHn o1 MeLuKa-
MEHTa, ca efjHa OT XUMNOTe3nTe 3a PUTbMHUTE HapyLle-
HU4, a gpyraTta e QupeKTHaTa My TOKCUYHOCT [22].

Mpun MHTpaneprkapaHO NPUITOXKEHME Ha uucnnaTn-
Ha M ce cpewa npu ot 12 go 18.8% ot naumeHTuTte,
a KaMmepHa Taxukapgus e onucaHa B 8% ot criyvauTe.
Mpn m3BbpwBaHe Ha abgoMuHaneH unu nneBpaneH
nasax MM e onucaHo ga goctura Yectota oT 66% [23].

MpoTeazoMHU UHXMGUTOPU

[MpoTeasomnTe ca OTIOBOPHWU 3a [OerpagvpaHeTo
Ha CTPYKTYPHO M (pyHKUMOHANHO abHopMHM 6enTbuw,
MapKMpaHu ¢ YOUKBUTUH, NOCPEACTBOM YOUKBUTUH-NPO-
TesomeH nbT (UPP). BriokmpaHe Ha B-npoteonutuyHata
cybeamHuua Ha npoTeasomMuTe BOAM OO HATPYMNBaHETO
M. Te BOAAT OO CTPeC B KreTkarta, a korato bentbuute
B3eMaT yyacTue B CUrHarmHuTe MbTUlla, MoraT fa ak-
TuBMpAT anonTto3ata [24]. [MpoTeasoMHNUTE MHXNMBUTOPYU
morat ga geaktnsupat NF-kB 1 Taka nosnusasaTt Bb3na-
nuTeENHUTE Npouecn n ctabunuaunpat p53, Koeto Boan
00 anonto3a. B ocHoBaTa Ha KapAMOTOKCMYHOCTTA UM
ca gucperynauusita B Kanuvesata obMsiHa, HaTpynea-
HETO Ha abHOPMHM GeNnTbLUU B KAPANOMUOLUTUTE, WH-
AyLMpaHeTo Ha anonTto3a 1 0cBOOOXAaBaHETO Ha Bb3-
nanutenHu yutoknHn (TNFa, IL -6) [24].

BopTesomnb, kapchunaommd n MbPBUAT nepopa-
neH MeguKaMeHT — nkcasoMmb, ce nsnonaeart npu ne-
YEHMETO Ha MynTUNneH mnenom. boptesomunb ce npu-
nara u 3a nevyeHne Ha MaHTENHOKMNEeTbYeH NMMAOM.
KapgunoTtokcuyHocTTa npu kapgpmn3ommb € OCHOBHO
nog cpopmarta Ha cbpgeyHa HegocTaTbyHOCT (14% oT
NnauMeHTUTe), MbPBUYHM PUTBMHU HapyLUeHUs B OO
7% OT naumMeHTUTEe N BTOPUYHU apuTmum [25]. B npo-
y4yBaHe npu 526 naumeHTn, nekyBaHun ¢ kapgunsommo,
aputmMus ce Habntogasa npu 13.3% oT T8X, KaTo Nno-ro-
namarta 4acT BepOSITHO ca BTOPUYHU U HE Hanarar cre-
undmyHo neyvenue [26]. MNpu Tepanusta c bopteaomnod
CTIA ca onucaHn B €AUHNYHW KNMHWUYHK CryYaun 1 no-
BEYETO MbTU CE Kacae 3a BTOPUYHM apuUTMuu.

MHxnbutopun Ha TMpo3uH kuHasa (UTK)

NTK ca Gnokepn Ha cneundunyHn TMPO3WH K1Ha3n 3a
JafdeH kapuuHoM. Te morat Aa MHXMbVpaTt eguH Unu Hs-
korko Buaa TK n ca B ocHoBata Ha TapreTHaTa Tepanus [3].

Cisplatin is a drug with a broad therapeutic spec-
trum, but its use is limited due to significant toxicity
even within therapeutic ranges. It can cause the en-
tire spectrum of rhythm and conduction disorders, with
their frequency reaching up to 66.7%, including in the
form of asymptomatic arrhythmias. Sinus bradycardia
may be observed during drug infusion, and premature
ventricular contractions (PVCs) occur in 2/3 of patients
[21]. Supraventricular tachycardias are rare, with only
isolated clinical cases described. Drug-induced hypo-
magnesaemia and hypokalaemia are one hypothesis
for the rhythm disturbances, whilst the other is its direct
toxicity [22].

With intrapericardial administration of cisplatin, atri-
al fibrillation occurs in 12% to 18.8% of patients, and
ventricular tachycardia is described in 8% of cases.
When performing abdominal or pleural lavage, atrial
fibrillation has been described to reach a frequency of
66% [23].

Proteasome inhibitors

Proteasomes are responsible for the degrada-
tion of structurally and functionally abnormal proteins
marked with ubiquitin via the ubiquitin-proteasome
pathway (UPP). Blocking the B-proteolytic subunit of
proteasomes leads to their accumulation. This leads to
cellular stress, and when proteins participate in signal-
ing pathways, they can activate apoptosis [24]. Prote-
asome inhibitors can deactivate NF-kB and thus affect
inflammatory processes and stabilize p53, leading to
apoptosis. The basis of their cardiotoxicity lies in dys-
regulation of calcium metabolism, accumulation of ab-
normal proteins in cardiomyocytes, induction of apop-
tosis, and release of inflammatory cytokines (TNFa,
IL-6) [24].

Bortezomib, carfilzomib and the first oral medica-
tion — ixazomib — are used in the treatment of multiple
myeloma. Bortezomib is also used for the treatment of
mantle cell lymphoma. Cardiotoxicity with carfilzomib
is mainly in the form of heart failure (14% of patients),
primary rhythm disturbances in up to 7% of patients,
and secondary arrhythmias [25]. In a study of 526
patients treated with carfilzomib, arrhythmia was ob-
served in 13.3% of them, with the majority likely being
secondary and not requiring specific treatment [26].
In bortezomib therapy, CTIA has been described in
isolated clinical cases, and most often involves sec-
ondary arrhythmias.

Tyrosine kinase inhibitors (TKils)

TKils are blockers of specific tyrosine kinases for a
given carcinoma. They can inhibit one or several types
of TK and form the basis of targeted therapy [3].
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BaHgetaHub, nsnonseaH 3a feveHve Ha pak Ha
LUMTOBMAHATA XNes3a, € C MynTUTapreTHo JencTeBne —
notnucka VEGFR-2 (vascular endothelial growth factor
receptor 2), EGFR (epidermal growth factor) n TK [28].
OT usnaTa rpyna BaHOeTaHub e ¢ Han-ronsiMa 4ecTo-
Ta Ha yobimkaeBaHe Ha QT-uHTepBana. B npoyyBaHe
¢ 4204 naumeHTn ygbimkeH QTcF ce Habnogasa npwm
23.9%, a MM — npun 1.79% [27]. BaHgeTtaHunb ygobrmka-
Ba aKUMOHHMSA NOTEeHUMan Ypes MHXmbnumsa Ha MoHHUSA
NPUTOK Mpes uanpassawmTe Kanuesun kaHamm (I ., 1.,),
BonTax-3aBucummus kanves kaHan KCNH2 (hERG-
human ether-a-go-go-related gene), kanuuesure (I ) n
HatpueswuTe (l,,,) kKaHanu [28].

MoHaTnHMG e Tpeta reHepaumsa TKI, nsnonssaH
Npu NeYeHNETO Ha XPOHUYHA MUenongHa neBkeMusi ¢
T315i myTaumsa [29]. Ton noTUCKa AENCTBMETO Ha My-
Tupanusa BCR-ABL (breakpoint cluster region-Abelson)
GenTbK, KOWTO MMa KIoYOoBa pons B Mporpecusta Ha
3abonaeaHeTo [3]. CuuTa ce, Yye KaApAMOTOKCUYHUAT
ebeKkT ce Ab/MKM Ha eHaoTenHa OMCMYHKUUSA, OKCU-
AaTvBeH cTpec, TpoMOboumUTHA akTMBaumsa 1 NpoMsiHa
B KapAMoMMouMUTHaTa XoMmeocTa3a megunpana ot “off-
target effect” Bbpxy AKT (npoteuH knHasa B) n ERK
(extracellular signal-regulated kinase) curHanHu nbTu-
wa (cour. 2) [29].

BbB hasa 2 npoy4yBaHe Ha MeauKameHTa, npu npo-
cnepssaHe Ha 449 nauneHtn — 25 (5%) passuBaTt Hag-
KaMepHW Taxvkapauu, KaTto no-ronsmMara 4yact OT TaX
ca nNpeacbpaHO MbXAeHe, a npu 3-ma oT nauueHTuTe
Ce € HarnoXuno NMnraHTMpaHe Ha nerncMerkbp nopa-
an cumntomHa 6pagunaputmug [30].

Ponatinib N‘

‘Contractility

\ﬁ
s

Carglomyscyte loss

Cardisc

CML Progenitor cell

Vandetanib, used for treating thyroid cancer, has
multi-target action — it suppresses VEGFR-2 (vascular
endothelial growth factor receptor 2), EGFR (epider-
mal growth factor receptor) and TK [28]. Of the en-
tire group, vandetanib has the highest frequency of
QT-interval prolongation. In a study of 4,204 patients,
prolonged QTcF was observed in 23.9%, and TdP in
1.79% [27]. Vandetanib prolongs the action poten-
tial through inhibition of ionic influx through rectifying
potassium channels (I, I.,), the voltage-dependent
potassium channel KCNH2 (hERG - human ether-
a-go-go-related gene), calcium (I_,) and sodium (1)
channels [28].

Ponatinib is a third-generation TKI used in treat-
ing chronic myeloid leukemia with T315i mutation
[29]. It suppresses the action of the mutated BCR-
ABL (breakpoint cluster region-Abelson) protein,
which plays a key role in disease progression [3]. The
cardiotoxic effect is thought to be due to endothelial
dysfunction, oxidative stress, platelet activation and
changes in cardiomyocyte homeostasis mediated by
off-target effects on AKT (protein kinase B) and ERK
(extracellular signal-regulated kinase) signaling path-
ways (Fig. 2) [29].

In a phase 2 study of the drug, following 449 pa-
tients, 25 (5%) developed supraventricular tachycardia,
most of which was atrial fibrillation, and three patients
required pacemaker implantation due to symptomatic
bradyarrhythmia [30].

®dur. 2. [lericTBre Ha NOHATUHNO BBbPXY CUTHaNHUTE MbTULLA
npu XMI1 n kapamomumoumnTuTe (M3TOYHMK [29]): A — npu XMIJ1
NoHaTMHWG NoTUCKa CUrHaNMHWUTE Npouecu 1 occopunupaHe-
TO, kouTo 3aBucsT oT BCR-ABL npoTtenHa, Taka MexaHuaMmmTe
3a ouensiBaHe Ha KINeTkuTe oTnagaTt U HacTblBa anonTo3a Ha
neBKeMUYHUTE KNeTku; B — noHatnHnb nHayumpa anontosa B
KapguomuoumuTa Ypes antepauusi Ha CUrHamnHuM nbTua KaTto
ERK v AKT n noenusBea dyHkumata Ha BCL-XL n BAX — npo-
TEVHW, y4YacTBaly B perynauusta Ha anontosata. STATS —
CUTHaneH TPaHCAYKTOp M akTUMBATOp Ha TpaHckpunuusata 5;
BCL-XL, BAX — npoTenHu oT cemeincteoTo Ha Bcl2; FOXO3a
(forkhead box O3A) — TpaHCKpUNUMOHEH hakTop, yyacTsaly B
kneTbyHata perynauus; ERK — ekctpaknerbyHa curHanHope-
rynupaHa knHasa; AKT — npoTenH kmHa3a B

Fig. 2. Effect of ponatinib on signaling pathways in CML and
cardiomyocytes (source [29]): A — in CML, ponatinib inhibits
signaling processes and phosphorylation that depend on
the BCR-ABL protein; thus, cell survival mechanisms are
eliminated, and apoptosis of leukemia cells occurs; B —
ponatinib induces apoptosis in cardiomyocytes by altering
signaling pathways such as ERK and AKT and affects the
function of BCL-XL and BAX - proteins involved in the
regulation of apoptosis. STAT5 — signal transducer and
activator of transcription 5; BCL-XL, BAX — proteins of the
Bcl2 family; FOXO3a (forkhead box O3A) — transcription
factor involved in cellular regulation; ERK — extracellular
signal-regulated kinase; AKT — protein kinase B
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Mpn HUNOTMHUO, KOWTO Ce U3nonaea npu nedvexHve
Ha pedppakTepHa XpOHMYHA MUenouaHa NEBKEMUS C
nosmtneHa dunapendumncka xpomosoma, nma onmca-
HO yabrkaBaHe Ha QT-uHTepBana ¢ > 30 ms npu 26%
oT naumeHTuTe u ¢ > 60 ms npu 0.4 o 2.1%. QTcF >
500 ms e onucaH npu no-manko ot 1% oT neKkyBaHu-
Te [3]. ToBa yobmkaBaHe ce ObIKN Ha eNekTPOoSIMTHU
HapyLleHns — XWMomarHeanemMuss U Xunokanmemus,
notuckaHe Ha hERG kanueBuTe kaHanu u OUCAYHK-
LM Ha BereTaTuBHaTa HepBHa cuctema [31].

Kpr3oTnHMG, n3nonasaH B TepanusaTa 3a KapuyHOM
Ha 6enusa opob, oericTBa KaTo Cnvpa KNeTbYHUS LMK
BbB pasza G1-S v uHayumpa anonTtosa B KIETKW, Mo-
3utnBHKM 3a ALK (anaplastic lymphoma kinase) myTa-
una. Ton ce cebp3Ba 1 ¢ gpyrn TK kato ROS1 (c-ros
oncogene 1) n MET (hepatocyte growth factor receptor
— HGFR), a gupektHoTo My cBbp3BaHe ¢ hERG kaHana
npeoTBpaTsBa NPEMMHABAHETO Ha KanMeBM NOHW Mpes3
Hero 1 Taka yabikaBa NPOABbIMKUTENHOCTTa Ha aKLMOH-
Husa noteHuman [32]. Kpu3otuHnb Bogn o Gpagukap-
avsa v fo yobmkasaHe Ha QT-uHTepsana. CbpaedHaTa
YyecToTa HamansBea cpegHo ¢ 25 ya./min, a nauneHTuTe
¢ nync < 50 yg./min ca go 31% [32]. QTcF > 500 ms ce
cpewa npu 1.3% oOT naumeHTUTe, a yBenuyasaHe ¢ > 60
ms npu 3.5% [33]. BpagukapaHUAT edhekT ce ObImKU Ha
MHXnbupaHe Ha akTmBHocTTa HAa HCN4 kaHana — ocHOB-
HWUs MorneKynspeH aetepmunHaHT Ha If. MHxunbuumusara un
Ha [BaTa BMAa kaHanu e gososasBucuma. OcBeH ToBa
KpM30TMHUG yBenuyaBa npoaykumsiTa Ha cBobogHN pa-
AVIKanu 1 akTMBMpa KacnasHaTa akTUBHOCT [34].

MHxnbutopu Ha kKMHa3aTa Ha Bruton (BTKi)

NBpyTMHMO, n3nonsBaH 3a JleYeHne Ha XPOHWUYHA
numMdoumnTHa neBkemMusa/manbK NMMAOUUTEH NTMMEOM
1 MakpornobynuHemusi Ha Waldenstrom, e megukameH-
TbT C Han-ronsima yectota Ha M. Ta e B gnanasoHa
5-16%, kato nauneHtuTe Mmat o 15 nbTM no-ronsm
LLIAHC 3a pa3BUTME Ha apUTMUATa B CpaBHeEHWE ¢ 00LLla-
Ta nonynauus. lNpu MHO3MHCTBOTO NPEACHPAHOTO MBbXK-
OEHE KaTo n3siBa Ha KapAMOTOKCMYHOCT Ce NposiBsiBa 4O
LIeCTNs MeceLl, OT HavanoTo Ha TepanusaTa [35].

NBpyTnHMOBbT Gnoknpa BTK 4pes3 koBaneHTHO U
HeoOpaTMO CBbp3BaHe C LUUCTEMHOB OCTATHK B aKTUB-
HUa My LeHTbp (C481), KaTo No TO3M HaYUMH UHXMOU-
pa HeroBaTa aKTMBHOCT M MO-HATaTblUHATA CUrHanHa
TpaHcaykuna. ToBa Boau 40 HamaneHa nponundepaums
1 aKTMBaLMs, KakTo 1 OO MOBULLEHA YecToTa Ha anon-
To3a Ha CLL kneTkuTte. [MpoapuTMOreHHnaT edekT Ha
MedVKaMeHTa Ce ObIDKM Ha AencTBMeTo My Bbpxy CSK
(C-terminal Src kinase), unsito MHXMOUUMS BOaM LO
yBenudyeHa NLRP3 (NOD-like receptor protein 3) uH-
¢riaMo30MHa aKTMBHOCT C NOCMeABallo Bb3naneHue,
¢Gubposa 1 gunarauus Ha nsaBOTO npeacvpauve [36].
CnegBawute reHepauun BTKi HsamaTr Bb3gencrteue
Bbpxy CSK 1 ca cbc 3HaUMTENHO No-Marka nposiea Ha

Nilotinib, which is used in the treatment of refrac-
tory chronic myeloid leukemia with positive Philadel-
phia chromosome, has been described as prolonging
the QT interval by > 30 ms in 26% of patients and by
> 60 ms in 0.4 to 2.1%. QTcF > 500 ms is described
in less than 1% of treated patients [3]. This prolonga-
tion is due to electrolyte disturbances — hypomagne-
saemia and hypokalemia, suppression of hERG po-
tassium channels and dysfunction of the autonomic
nervous system [31].

Crizotinib, used in lung carcinoma therapy, acts by
stopping the cell cycle in the G1-S phase and induces
apoptosis in cells positive for ALK (Anaplastic lympho-
ma kinase) mutation. It also binds to other TKs such
as ROS1(c-ros oncogene 1) and MET (hepatocyte
growth factor receptor (HGFR), and its direct binding
to the hERG channel prevents the passage of potassi-
um ions through it, thus prolonging the duration of the
action potential [32]. Crizotinib leads to bradycardia
and QT interval prolongation. Heart rate decreases by
an average of 25 beats per minute, and patients with
pulse < 50 bpm account for up to 31% [32]. QTcF >
500 ms occurs in 1.3% of patients, and an increase
of > 60 ms in 3.5% [33]. The bradycardic effect is due
to inhibition of HCN4 channel activity, the main mo-
lecular determinant of If. The inhibition of both types
of channels is dose dependent. Furthermore, crizo-
tinib increases free radical production and activates
caspase activity [34].

Bruton’s tyrosine kinase (BTK) inhibitors

Ibrutinib, used for the treatment of chronic lym-
phocytic leukemia/small lymphocytic lymphoma and
Waldenstrom’s macroglobulinaemia, is the medication
with the highest frequency of AF [3]. It is in the range
of 5-16%, with patients having up to 15 times greater
chance of developing the arrhythmia compared to the
general population. In the majority of cases, atrial fibril-
lation as a manifestation of cardiotoxicity occurs within
six months of therapy initiation [35].

Ibrutinib blocks BTK through covalent and irre-
versible binding to a cysteine residue in its active
centre (C481), thereby inhibiting its activity and fur-
ther signal transduction. This leads to reduced prolif-
eration and activation, as well as increased frequen-
cy of apoptosis in CLL cells. The proarrhythmogenic
effect of the medication is due to its action on CSK
(C-terminal Src kinase), whose inhibition leads to
increased NLRP3 (NOD-like receptor protein 3) in-
flammasome activity with subsequent inflammation,
fibrosis and dilatation of the left atrium [36]. The next
generations of BTKi have no impact on CSK and
show significantly less manifestation of CTIA (Fig. 3).
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CTIA (dpur. 3). B npoyuBaHe ¢ 268 nauueHTu, nekysa-
HWU ¢ akanybpaTtnHnb, n 265, TpetnpaHu ¢ népyTnHuo,
yectoTata Ha M e 3HauuTenHo no-manka B rpynata
Ha akanybpatnHmb (9.4 cpelty 16%) [38].

MUMyHHN 4eKnoMHT nHxmnéutopwm (ICI)

ICl HamupaT npunoxeHve Npu nevyeHne Ha Geno-
OpobeH, KoxkeH 1 6bOpeyeH KapUuuMHOM, a CbLLIO U MpK
XomkkoHOB numdom. TakmBa ca nembpynmadymab,
HMBonymab u ununumymab, opgobpeHn 3a ynoTpeba
npe3 2011 r. Te ca MOHOKIIOHANHU aHTUTENa cpeLly
LUMTOTOKCHMYHUA T-numdpounT, acoummpaH npotenH 4
(CTLA-4), peuenTtopa 3a nporpamupaHa cmbpTt (PD-
1) n nuraHa-1 Ha peuenTtopa 3a nporpamupaHa CMbpPT
(PD-L1) [39]. MoTuckaHeTo MM npemaxea UHXMBUTOpP-
HUs edbeKT Bbpxy T-numdouutnte 1 Te npugobusat
“killing effect” cpewy TymopHuTe knetkn. OcBeH TsX
obave T-numdounTnTe atakyBaT U KapAMOMUOLIUTU-
Te, B KOETO Ce M3passBa M KapAMOTOKCMYHOCTTa Ha
ICI [8]. CbLo Taka ce cmsTa, Ye PD-L1 nma npoTek-
TMBHA QYHKLMSA BbPXY MUOKapAa, KaTo ce CBbp3Ba C
T-numdounTITe N NPpesoTBpaTsaBa Bb3naneHNeTo Tam.
JlevenuneTo c ICl Bogun fo 3aryba Ha To3n ecdbekT. Tasu
rpyna MeavkameHTn yrnpakHSABaT KapOMOTOKCUYHOCT-
Ta CW 4Ypes nosuLIeHa T-KneTbyHa aKTUBHOCT, OUPEK-
TEeH LUMTOTOKCUYEH edeKT, LMTOKMHOBO OCBOBOXOaBa-
He (IL-6, TNFa), noBuweHa B-kneTbyHa akTMBHOCT C
npogyuupaHe Ha aHTuTena, akTUBMpaHe Ha Kommne-

In a study of 268 patients treated with acalabrutinib
and 265 treated with ibrutinib, the frequency of AF
was significantly lower in the acalabrutinib group (9.4
versus 16%) [38].

Immune checkpoint inhibitors (ICl)

ICls find application in the treatment of lung, skin,
and kidney carcinoma, as well as Hodgkin’s lympho-
ma. These include pembrolizumab, nivolumab, and
ipilimumab, approved for use in 2011. They are mono-
clonal antibodies against cytotoxic T-lymphocyte-asso-
ciated protein 4 (CTLA-4), programmed death receptor
(PD-1), and programmed death receptor ligand-1 (PD-
L1) [39]. Their inhibition removes the inhibitory effect
on T-lymphocytes, which then acquire a “killing effect”
against tumor cells. However, T-lymphocytes also at-
tack cardiomyocytes, which accounts for the cardio-
toxicity of ICls [8]. It is also believed that PD-L1 has
a protective function on the myocardium by binding
to T-lymphocytes and preventing inflammation there.
Treatment with ICls leads to the loss of this effect. This
group of medications exerts its cardiotoxicity through
increased T-cell activity, direct cytotoxic effects, cy-
tokine release (IL-6, TNFa), increased B-cell activity
with antibody production, complement activation, and
macrophage activation. ICl-induced myocarditis is a
relatively rare manifestation of cardiotoxicity but has
high mortality. Rhythm and conduction disorders are

™ f/‘ \‘-. ®dur. 3. MexaHn3bM Ha Kapauo-
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Fig. 3. Mechanism of cardiotoxicity in ibrutinib and new generation BTKi (source [37]): ibrutinib affects CSK and SRC with subsequent activation
of the NLRP3 inflammasome and induction of inflammation, fibrosis, and left atrial remodeling (green); Acalabrutinib and zanubrutinib do not
affect the CSK—SRC axis (blue); All drugs affect intraventricular calcium homeostasis with subsequent late depolarizations and ectopic activity
through effects on CaMKIl and RyR (orange). CSK — c-terminal Src kinase; SRC — a family of kinases responsible for cellular regulation; NLRP3
inflammasome — a protein complex that initiates inflammation through caspase-1. CaMKII — calcium-calmodulin-dependent protein kinase |I;

RyR - ryanodine receptor. DaDs — delayed afterdepolarizations
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MeHTa 1 akTuBaums Ha makpodparu. ICl nHayuupaHmat
MUOKapAUT € CPaBHUTENHO psaKka u3siBa Ha Kapamo-
TOKCUYHOCT, HO € C BMCOKa CMbPTHOCT. PUTbMHUTE U
NPOBOOHUTE HapyLUEHUSA ca YeCTO CpeLlaHn caTtenuTt-
HW 3ab0nsBaHMsA B X04a Ha MMOKapauT, HO YyecToTarta
Ha ICI-CTIA, 6e3 ga nma Hanuume Ha |ICl-munokapgut
ce yBenu4yaBsa MOCTOSAHHO. Hain-yectute HapylieHus
ca HagkamepHu aputmum, KA n npoBoAHN HapyLLeHUs
(Bkn. n AV 6nok Ill ctenen). MNMpu npocnegsBaHe Ha
5518 naumeHTn, nekysanu c ICl, Han-yectaTta opma
Ha KapAnoTokcuyHOCT e aputmusaTa (9.3%). MNpu aHa-
nn3 Ha 26 NpoyYBaHWsi OTHOBO CE BWXKAA, Ye apUTMU-
sTa nog opmara Ha MM e Han-yecTaTa nsaea Ha ICl
KapAnoToKCUMYHOCT — 4.6%. nnpu ¢ [39]. Bbnpekun Ha-
NUYHUTE AaHHU BCE OLLEe HE Ca HAaMbfHO U3ACHEHU Me-
XaHU3MUTE 3a HACTbMBAHETO HA KAapOUOTOKCUYHOCT U
ObArocpovHuTE edPekTn Npu To3n Bug neveHme. Hama
OOCTaTbYHO MNPOCMNEKTMBHU M3CNeABaHuUs, KOUTO Aa
nokaxar kopenauusta mexay ICl n CTIA.

CAR-T Tepanusa

CAR-T TepanusaTa e BUA MMyHOTEpanus, U3nons3sa-
Ha 3a neveHve Ha neBkeMuun, NMMMAPOMU U MYNTUNSIEH
muernom. CbCcTom ce B M3BMMYaHe Ha T-KNeTkute OT
naumeHTa n MoamduLMpaHeTo UM Taka, Ye da ekcrpe-
cupat xumepHu aHtureHHn peuentopu (CAR), kouTo
Ca HaCo4YeHn cneumguyHO KbM aHTUIEHN Ha pakoBuTe
knetkn. Cnen ToBa Te3n T-numdoumnTn Gmusat MHpy3n-
paHu 06paTHO B NaumeHTa. Te pasno3HaBaT 1 ce CBbp3-
BaT KbM pPakoBUTE KITETKW, aKTUBMPAT CE U MM YHULLIOXa-
BaT 4Ype3 MexaHM3MUTE Ha MMYHHUS oTroBop [40].

KaponoTokCUYHMAT edpekT ce ObIMKU Ha AMPEKTHO
yBpeXOaHe Ha KIeTKUTe Ha CbpAeYHUS MYCKyIl, Bb3-
naneHne unm ocsoboXxaaBaHe Ha LUTOKUHKM KaTo |L-6.
MbpBuAT ogobpeH 3a ynorpeba (2017 r.) MeaMkameHT
OT Tasu rpyna e TusareHrnekneyuer, U3nonssaH 3a ne-
YeHne Ha ocTpa numdobnactHa neskemus (ALL). MNpu
peTpocnekTuBeH aHanu3 Ha 137 naumeHTn npu 17 ot
TAX ce HabngaBa CbpAeYHO-CbA0BO cbbutne (12%) —
MM npu 5-ma naumerTn (4%). 95% oT 17-e goknagsaHun
CcbbUTUSA ca NpeaLwecTBaHy OT 3aBULLEHN CTOVMHOCTM Ha
TponoHuH [40]. MNMpwn aHanu3 Ha 17 479 naumeHTn c an-
dy3eH B-egpoknerbyeH kapumHom (DLBCL) n 28 803
¢ (ALL), nekyBaHu C Tu3areHnekneyLen, akcmkabdTareH
uunoneyuen unmn 6nuHatymomab (apyr BUA4 MMyHOTEpa-
nuns) Karthikeyan n ceTp. cturat go ussoga, ye CAR-T
TepanusTa e o6Bbp3aHa CbC CEPVO3HN apUTMUM KaTo
NpeacbpaHO MbXAEeHe, KaMepHa Taxukapams/kamepHo
MBXAEHe 1 cbpaeveH apect [41].

MUHTepneBKNH-2

WHTepneBkMH-2 akTmBmMpa W CcTumynupa aude-
peHunaumnsaTa Ha eqeKTopHU T-KNeTku, perynaTopHu
T-kneTkn, unmtoTokcnyHu T-knetkm n NK knetku. ToBa
MMa 3a NocneacTBue MMyHHA peakumsi KbM pakoBUTE

common satellite conditions during myocarditis, but the
frequency of ICI-CTIA without the presence of ICI-myo-
carditis is constantly increasing. The most common
disorders are supraventricular arrhythmias, ventricu-
lar arrhythmias, and conduction disorders (including
third-degree AV block). In follow-up of 5,518 patients
treated with ICls, the most common form of cardiotoxic-
ity was arrhythmia (9.3%). Analysis of 26 studies again
shows that arrhythmia in the form of atrial fibrillation
is the most frequent manifestation of ICI cardiotoxic-
ity — 4.6%. In an analysis of 30 patients with ICI car-
diotoxicity, atrial fibrillation was observed in 30%, ven-
tricular tachycardia in 27%, and 17% had conduction
disorders [39]. Despite available data, the mechanisms
underlying cardiotoxicity onset and long-term effects of
this type of treatment are not yet fully elucidated. There
are insufficient prospective studies to demonstrate the
correlation between ICls and CTIA.

CAR-T therapy

CAR-T therapy is a type of immunotherapy used
for treating leukemia, lymphoma and multiple myelo-
ma. It involves extracting T-cells from the patient and
modifying them to express chimeric antigen receptors
(CAR), which specifically target antigens on cancer
cells. These T-lymphocytes are then infused back into
the patient. They recognize and bind to cancer cells,
become activated and destroy them through immune
response mechanisms [40].

The cardiotoxic effect is due to direct damage to
heart muscle cells, inflammation or release of cyto-
kines such as IL-6. The first approved drug from this
group (2017) was tisagenlecleucel, used for treating
acute lymphoblastic leukemia (ALL). In a retrospec-
tive analysis of 137 patients, 17 experienced a cardio-
vascular event (12%) — myocardial infarction in five
patients (4%). 95% of the 17 reported events were
preceded by elevated troponin levels. [40] In an anal-
ysis of 17,479 patients with diffuse large B-cell lym-
phoma (DLBCL) and 28,803 with ALL, treated with
tisagenlecleucel, axicabtagene ciloleucel or blinatum-
omab (another type of immunotherapy), Karthikeyan
et al. concluded that CAR-T therapy is associated with
serious arrhythmias such as atrial fibrillation, ventric-
ular tachycardia/ventricular fibrillation and cardiac ar-
rest [41].

Interleukin-2

Interleukin-2 activates and stimulates the differen-
tiation of effector T cells, regulatory T cells, cytotoxic
T cells and NK (natural killer) cells. This results in an
immune response against cancer cells. Activation of
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KNneTkn. AKTMBMPAHETO Ha Bb3MNanuTerHn KNeTkn okas-
Ba AMpEeKTHa yBpeda M BOAM OO OCBOOOXOaBaHe Ha
unTokMHM KaTo IL-1, IL-6, TNFa, kKouTo Mmar ToKkcudeH
edekT Bbpxy CCC 1 BoOAT 00 Bb3naneHne 1 enexkTpo-
NUTHW HapyLleHuns [43].

VHTepneBkuH-2 € 13nona3eaH 3a fiedeHne Ha Me-
TacTaTMyeH pak Ha 6bbpeka u menaHom. Ton Moxe
Oa Josede 00 TeXKM popMM Ha KapAMOTOKCUYHOCT,
egHa ot kouto e CTIA — HagkamepHU TaxumapuTMum
UNN NPEeACHPAHO MbXAEHE U KaMepHU aputmun. Mpu
npocnegsBaHe Ha 92-ma nNaLMeHTun, NeKyBaHn C UHTep-
neskuH-2, 19.5% passueat CTIA, kato TM n Hagka-
mMepHa Taxukapans (HKT) ca nopaBHoO, npeacTaBeHn ¢
no 8.7%, a npy gBama ot nauueHtute (0.2%) e yctaHo-
BEHa kaMepHa Taxukapaus [42].

3AKNIOYEHUE

KapanotokcmyHocTTa, B YactHocT CTIA, e deHo-
MEH, KOWTO 3acry)XaBa BHMMaHMETO B OHKOMOrM4Hara
n kapguonormyHata cgepu. OT nsrotBeHaTa crnpaBka
cTaBa fICHO, Ye rornsiMa 4yacT OT MeaukaMeHTuTe, us-
rMon3BaHu 3a fiedeHne Ha OHKONorM4yH1Te 3abonsiBaHus,
ca CBbp3aHM C MPOBOKAUUS HaA PUTBMHU U NPOBOAHM
HapylweHusi. MexaHn3MuTe 3a TOBa BCe Olle ocTaear
HEOOM3ACHEHN, a puUcKoBuTe (aKTOpPKU, CBbP3aAHU C
TsIXHaTa n3sBa, He ca TOYHO obocobeHn. Hama obLuo-
NpVeTH anropuTMm, No KOUTO Aa Ce NPELEHN PUCKLT OT
passute Ha CTIA. KbM MOMeHTa npenopbk1MTe ca oT
00l xapaKTep 1 He ca AOCTaTb4yHM 3a NPeaoCTaBsiHe Ha
HeobXxoaMMOTO crneunanuapaHo nosegeHne B 6opbarta
CpeLLly paka 1 YCrIOKHEHUsITa NPy JIEYEHNETO MY.

YBenuyaeawmaT ce Opori Ha OHKOGOMHWUTE U Ha
Te3n, npebopunn oHKoNornM4yHo 3abonsiBaHe, B JobaB-
Ka KbM NPOrpecnBHOTO 3acTapsBaHe Ha HaceneHneTo,
ca npeanoctaBka 3a yBenuvyaBaHe Ha YecTtoTaTa Ha
PUTBMHUTE W MPOBOAHUTE HapyLUEHUS B KOHTEKCTa
Ha OHKOMOrM4yHo 3abonsiBaHe Npu 3Ha4YMTENHa YacT oT
naumeHTUTe, CpeLLaHun B eXxxeaHeBHaTa npakTtuka. [po-
BEXAAHETO Ha No-3a4bNb0OYEHN MPOYyYBaAHUSA PETPOC-
MEKTMBHO N NPOCNEKTMBHO 3a U3ACHABAHE Ha MPUYNHN-
Te, MEXaHU3MUTE N PUCKOBUTE (hakTopu 3a MposieaTa
Ha CTIA we no3Bonu onTUMM3MpPaHE Ha JIeYEHUETO,
npeeeHuns Ha PIH u nogobpsiBaHe KayecTBOTO Ha
>KVMBOT Ha Te3n NaumneHTun.

He e deknapupaH KOHGIUKM Ha UHMepecu
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