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Abstract

Cardiovascular diseases and carcer have a lot of things in common. Both of those conditions are respon-
sible for most deaths in first world countries. Moreover, considerable amount of heart dysfunction com-
plications, result from cancer treatment. For example, common anticancer drugs like anthracyclines are
cardiotoxic. Administrations of these compounds may cause cardiotoxicity type I. Trastuzumab is also a
compound that is used in cancer treatment, sometimes used concurrently with anthracyclines, and this
drug is associated with cardiotoxicity type II. These drugs and many others have side effects ranging from
mild to severe like irreversible cardiac damage that may result in heart failure. Cyclophosphamide is a
chemotherapy medication used to treat various types of cancer and also can be useful to treat autoimmu-
nological conditions. Radiotherapy, also known as radiation therapy, is a medical treatment that uses high
doses of radiation to Kill cancer cells and shrink tumors. It is also a stressful treatment on the cardiovascu-
lar system to such degree, that the second most fatal complication after utilizing radiotherapy is heart
dysfunction. Pre-existing cardiovascular disease can influence the treatment as well as the prognosis of the
patient. Patients with former cardiovascular disease are associated with less treatment options, significan-
tly higher likelihood of worse treatment outcomes and complications that often result in death.
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Introduction

Cardiovascular diseases and cancers are classified
as the most common causes of death in developed
countries, while in developing ones, prospective
analysis indicates their presence at the top of the hi-
erarchy by 2030 [1]. The risk of developing cardio-
vascular disease surpasses the risk of cancer recur-
rence in oncology patients who have survived, which
can be linked to the impact of cancer therapy [2].
According to recent reports, 8.8% of long-term can-
cer survivors die prematurely due to coexisting car-
diovascular diseases. Simultaneously, the presence
of these conditions in cancer patients contributes to
a 3.78-fold higher mortality rate from any cause com-
pared to patients not suffering from cardiovascular
anomalies [3]. The significance of the problem can be
traced through the example of the hospital in Ottawa,
where in 2008 a department dedicated to improving
the monitoring of oncology patients at risk of car-
diovascular exposure was established. Initially, the
largest percentage of admissions were breast cancer
patients, but the development associated with the
emergence of new cancer treatment strategies with
a high degree of cardiotoxicity has diversified the
reasons for patient acquisition [4].

In view of the above, due to the increasing preva-
lence of cancer therapies, their significant, destructive
impact on the cardiovascular system, and the result-
ing global concern, a relatively new domain of medi-
cal sciences called cardio-oncology was formed in the
1990s [5,6]. One of the tasks of individuals working
in this field is to unmask the toxicity of cancer ther-
apy and initiate possible interventions without dis-
rupting the treatment of the primary disease [7]. This
toxicity can manifest in short-term or long-term con-
sequences and may contribute to the intensification
or concealment of already existing heart diseases [8].
Due to the increase in cancer patient survival rates,
there is currently talk of disease entities developed
among survivors, such as cancer therapeutics-related
cardiac dysfunction (CTRCD) or linked to it - radia-
tion-induced heart disease (RIHD), which contribute
to deaths in this group [9,10]. According to respon-
dents of a survey by The Council of Cardio-Oncology
and the Council for Cardiology Practice, mainly from
Europe, only 30% described themselves as experts in
this field, while most rated their knowledge as sulffi-
cient. The respondents emphasized the absolute need
for education on this topic [11].

Basic mechanisms of action of anticancer
drugs (anthracyclines, trastuzumab,
5-fluorouracil, cyclophosphamide) and
anthracycline-trastuzumab interaction

Anthracyclines

Anthracyclines are agroup consisting of over
2000 derivatives. Many of these are anticancer
drugs that are continuously refined by altering
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structural elements to find variants with the high-
est efficacy and the least harm to cardiomyocytes
[12]. The primary mechanism of action is the sta-
bilization of the topoisomerase-mediated cleavable
complex. This stabilization results from the drug’s
strong binding to DNA, which can act as an apop-
totic signal for the cancer cell. Indirect evidence
suggests that the drug’s effectiveness may be linked
to the disruption of the quinone subunit reduction
process, leading to the formation of a semiquinone
radical. Additionally, the drug induces the produc-
tion of a significant amount of reactive oxygen spe-
cies, which also promotes cytotoxicity [13]. Anthra-
cyclines have side effects, the cardiotoxic ones can
result in heart failure [14].

Trastuzumab

Trastuzumab is an antibody directed against the
epidermal growth factor receptor 2 (HER2), which
consists of an extracellular ligand-binding domain,
a transmembrane region, and an intracellular tyrosine
kinase domain [15,16]. As an antibody, trastuzum-
ab binds to the receptor through a mechanism called
antibody-dependent cellular cytotoxicity [17]. It is es-
timated that 1%-4% of patients treated with trastu-
zumab may experience heart failure, and up to 10% of
patients may experience reduced left ventricular ejec-
tion fraction [18]. The cardiotoxicity caused by trastu-
zumab can significantly amplify the damage previous-
ly induced by the use of anthracyclines, impairing the
physiological mechanisms in the myocardium [19].

Fluorouracil

5-Fluorouracil exerts its antineoplastic effects by
disrupting and consequently inhibiting thymidylate
synthase and by interfering with the synthesis and
function of nucleic acids [20]. It is suspected that
coronary artery spasm leads to ischemic heart dis-
eases associated with 5-fluorouracil. This spasm
can occur through both endothelium-dependent
and endothelium-independent mechanisms [21].

Cyclophosphamide

Cyclophosphamide is a cytostatic prodrug re-
sponsible for alkylating DNA, resulting in crosslink-
ing RNA and DNA. Consequently, the proliferation of
the cancer cell is halted due to the inhibition of pro-
tein synthesis [22,23]. Additionally, cyclophospha-
mide is an immunosuppressant that inhibits both
humoral and cellular responses, making it useful in
treating various autoimmune diseases. Cyclophos-
phamide used in cancer therapy comes in different
concentrations. Cases of cardiotoxicity induced by
it have been detected when the drug is used in high
doses (<120 mg/kg) [24-26]. Acrolein and other
metabolites of cyclophosphamide exert toxic effects
on the myocardium by triggering reactive oxygen
species and causing inflammation [26].

In table 1, drugs used in cancer therapy and their
potential toxic effects are presented [27].
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TABLE 1 Overview of drugs used in cancer therapy and their toxic effects

DRUG TOXIC EFFECT
anthracyclines Heart failure
Trastuzumab Heart failure

5-fluorouracil

Dialeted cardiomiopathy, ventricular arrhythmia, sud-
den cardiac death

Cyclophosmphamide

Myocardium inflamation

Effects of radiotherapy on heart dysfunction

Cardiovascular complications caused by radio-
therapy were first scientifically proven in 1978.
A study involving 46 patients who underwent
chest irradiation demonstrated that radiotherapy
induced myocardial fibrosis, predominantly man-
ifesting as clinical pericarditis [28]. Radiation-in-
duced heart dysfunction is a significant issue faced
by individuals who have survived thoracic cancers
treated with radiotherapy [29]. While thoracic ra-
diotherapy is an effective and beneficial treatment
method for many malignancies, its association with
myocardial dysfunction remains unclear [30]. Ear-
ly radiation-induced disorders, often affecting the
pericardium, typically present as acute pericarditis
within weeks after treatment. Late complications
within the thoracic region include coronary artery
disease, chronic effusive pericarditis, constrictive
pericarditis, and cardiomyopathy, appearing even
up to 10 years post-treatment [31,32]. Due to sub-
stantial improvements in overall cancer survival
rates, radiation-induced heart disease (RIHD) has
become increasingly recognized as an adverse effect
contributing to major complications of radiothera-
py, including non-cancer-related deaths [33]. This is
particularly significant in breast cancer or Hodgkin
lymphoma patients, where long-term survival rates
are high [31]. Structures of the heart, including the
myocardium, pericardium, heart valves, capillaries,
and conduction system, may sustain reversible or
irreversible damage [34].

Pathophysiology of RIHD - radiation-induced
heart disease

Radiation primarily acts through ionizing mol-
ecules in irradiated tissues, causing DNA damage.
Radiation energy is directly absorbed, for example,
in DNA, membranes, and organelles, or indirectly
through the induction of reactive oxygen species
(ROS) in the cytosol. Each cell generates approx-
imately 10° ionizations when absorbing 1 Gray (1
Gy) of radiation. This results in about ~2000 sin-
gle-strand breaks (SSBs), approximately 40 dou-
ble-strand breaks (DSBs) in DNA, and other types
of DNA damage [35]. Two mechanisms of radia-
tion action can be distinguished: damaging cellular

components through radiolysis products of water
and direct ionization, as well as damaging cellular
components through radiation itself [36]. Studies
indicate that radiation-induced oxidative stress
can stimulate the production of endogenous ROS in
mitochondria, thereby activating p53. This leads to
persistent mitochondrial dysfunction and genomic
instability [37]. Excessive ROS and the regulation
of PUMA (also known as bbc3), Bak, and Bax, de-
pendent on p53, lead to increased mitochondrial
membrane permeabilization, subsequent release
of cytochrome c into the cytoplasmic matrix, acti-
vation of the apoptosome complex, and apoptosis
induction [2]. Additionally, studies demonstrate
alink between irradiation of human arteries and
sustained inflammatory response associated with
nuclear factor NF-kB activation. Research has also
indicated that HOXA9 may be involved in regulating
NF-«xB activation [38]. Analyzing the transcription
dynamics of TGF-beta 1 and type I and III procolla-
gens in left ventricular cardiomyocytes after irradi-
ation of rat hearts with doses of 15 Gy, 20 Gy, and 25
Gy in vivo, an increase in mRNA levels of TGF-beta
1 was observed. Single doses of 15 Gy and 20 Gy ir-
radiation of the heart led to increased accumulation
of von Willebrand factor [39]. It has been demon-
strated that oxidative stress induced by various cy-
tokines and growth factors, including TGF-f, TNF-gq,
IL-1, IL-11, CTGE, PDGF, VEGE, and FGF, contributes
to fibrosis induction. Additionally, important medi-
ators of cardiac fibrogenesis are factors belonging
to the PDGF family [33]. Damage caused by ionizing
radiation includes single-strand DNA breaks (SSBs),
double-strand DNA breaks (DSBs), as well as vari-
ous forms of DNA crosslinks and base damage [40].
Excess reactive oxygen species generate oxidative
DNA damage, including oxidized bases and SSBs
containing modified ends, which are repaired by
the base excision repair (BER) pathway. Such dam-
age activates DNA damage response (DDR) path-
ways, which are closely associated with telomere
proteins and telomere maintenance [41]. Delayed
chromosomal instability has been shown to result
from telomere dysfunction following telomeric DNA
damage [42]. Common telomeric damages include
oxidative DNA damage, particularly 8-oxoguanine,
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which plays a crucial role during replication fork
stalling events [43]. Due to end replication prob-
lem, telomere length undergoes erosion with cell
division. Incorporation of oxidized free deoxyribo-
nucleoside triphosphates (dNTPs), especially 8-hy-
droxydeoxyguanosine (8-0xo0G), by telomerase inhib-
its its activity and terminates telomere elongation.
Consequently, permanent cell cycle arrest occurs,
known as replicative senescence [44]. Introducing
telomere length control as a prognostic factor for
cardiovascular diseases will require precise quan-
titative measurement of telomere length [45]. Risk
factors for developing heart dysfunction after radio-
therapy depend on pre-existing risk factors. These
include exposure to ionizing radiation at a young age,
pre-existing heart diseases such as coronary artery
disease, use of radiation fractions >2 Gy, and admin-
istration of cardiotoxic chemotherapeutics when ra-
diation dose exceeds 30-40 Gy [34,46].

Classification of cardiotoxicity types
associated with cancer therapy, based
on therapy duration - mechanisms of
cardiotoxicity

Cardiotoxicity (CTox) has long been recognized
as amajor side effect of chemotherapy in cancer
patients [47]. Cardiotoxicity can manifest acutely
during treatment or shortly after its completion and
can be either transient or chronic, categorized into
type I with early onset and type II with late onset
[48]. Type I cardiotoxicity primarily involves irre-
versible cardiomyocyte loss and damage, while type
Il involves reversible/transient cellular dysfunction,
such as mitochondrial and protein changes [49].
Type I cardiotoxicity can occur with anthracyclines,
alkylating agents, or docetaxel, while type II can oc-
cur with agents like trastuzumab [50]. Cardiotoxici-
ty induced by anthracyclines can lead to dilated and
systolic heart failure (HF). For example, with doxo-
rubicin, the risk of heart failure may be around 5%
at a cumulative dose of 400 mg/m?, increasing ex-
ponentially with higher doses [51]. The mechanism
involves the binding of drug molecules with cardi-
olipins in the inner mitochondrial membrane, dis-
rupting electron transport in the respiratory chain,
leading to ATP depletion and decreased myocardi-
al contractility. Additionally, these drugs contrib-
ute to the generation of free radicals and oxidative
stress [32]. The doxorubicin-cardiolipin complex
also generates hydroxyl radicals and hydrogen per-
oxide, further damaging cell membranes and DNA
[31]. Nuclear factor erythroid 2 like 2 (Nrf2) acts as
a sensor of oxidative stress, regulating responses to
xenobiotic compounds. Nrf2 is negatively regulated
by proteasomal degradation of Kelch Like ECH as-
sociated protein 1 (Keapl). Degradation of Keapl
leads to constitutive activation of Nrf2, enabling it
to enter the nucleus and regulate antioxidant en-
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zymes such as heme oxygenase-1 (HO-1), NAD(P)H
quinone dehydrogenase 1 (NQO1), and glutathione
S-transferase (GST) [52].

Impact of oncologic treatment methods on
the cardiovascular system and strategies
to mitigate these effects; examples of
cardiovascular complications following
oncologic treatment

As a result of the action of antineoplastic agents,
significant episodes began to be observed regarding
their impact on the cardiovascular system. Some of
them are undesirable, and their nature is not favor-
able [53]. The consequences of treatment - compli-
cations - include myocardial dysfunction, including
heart failure (HF). Particularly burdened with the
risk of developing HF in the short term are elderly
patients with pre-existing risk factors. For example,
the incidence of HF in patients after treatment of ag-
gressive non-Hodgkin lymphoma over a 5-year peri-
od reaches 17%. Complications after this treatment
also include hypertension, arrhythmias, coronary
artery, and valvular diseases [54]. 5-fluorouracil in
the treatment of colorectal cancer may contribute to
symptoms of angina pectoris and vasospasm, while
VEGF-targeted anticancer tyrosine kinase inhibi-
tors used in the same indication lead to life-threat-
ening cardiovascular incidents (e.g., myocardial in-
farction or pulmonary embolism) with an incidence
of 9.79%. Even selective cyclooxygenase-2 inhibi-
tors used in cancer therapy to limit metastasis can
lead to hypertension and thrombotic consequences
as a result of atherosclerosis [55]. Cardiotoxicity is
also a major limitation associated with the use of
breast cancer therapy [56]. There are numerous
discrepancies between guidelines on the care of pa-
tients taking potentially cardiotoxic antineoplastic
drugs and those with developed complications in
this area. In view of the above, specialists from the
French Working Group have set out to systematize
the recommendations of European and American
societies [57]. For example, according to the recom-
mendations, the treatment of myocarditis caused by
immune checkpoint inhibitor (ICI) should be based
on the cessation of ICI use, admission to the inten-
sive care unit or cardiology department to confirm
the suspicion, and simultaneous use of high doses
of corticosteroids [58]. Pathology in the function of
the heart ventricles, caused by the action of anth-
racyclines, can be limited in development by using
angiotensin-converting enzyme inhibitors (ACEI)
[59]. This is confirmed by Mozolevska et al. report-
ing on the impact of intervention in the RAS system
on weakening heart function disorders in mice [60].

Knowledge of the effects of oncology treatment
methods on the cardiovascular system contributes
to enhancing treatment effects and reducing pauses
in cancer therapy.
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Risk factors

There are many risk factors that can contribute
to both cardiovascular disease and cancer. These
include primarily smoking and diabetes [61]. Diag-
nosis of cardiovascular disease is crucial in cancer
patients as it plays a significant role in selecting
therapies, which also demonstrate cardiotoxicity
and affect patient prognosis [62]. Some studies have
shown that pre-existing heart disease is associated
with reduced chances of receiving anti-cancer ther-
apies, including radiotherapy, chemotherapy, and
surgeries, and with increased risk of death in lung
cancer patients [63]. Another study indicated that
in patients with Non-Hodgkin lymphoma, pre-ex-
isting cardiovascular disease is associated with in-
creased risk of future heart failure [64].

Conclusions

There are some strong correlations indicating
that both cardiac dysfunction prior and after can-
cer is a situation in which the treatments, as well as
prognosis can differ from a heart dysfunction-free
situation. A lot of drugs used in clinical practice as
a cancer treatment can exacerbate the cardiotoxic
effect of already existing cardiologic disease. The
search for new drugs with maximum efficacy and
minimal cardiotoxic component is necessary for
better survival outcomes in patients experiencing
cardiac pathologic activity, as well as cancer.
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