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Cardiotoxic Drugs: An Insight into its Pathologic Mechanisms
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Cardiovascular diseases are among the major causes of mortality and morbidity
worldwide Cardiotoxicity due to drugs is a common and significant adverse effect on
cardiovascular health, acting through multifactorial pathological mechanisms. Drug-induced
cardiotoxicity limits the use and further development of certain drugs. Keeping this in mind,
this review discusses the crucial drug-receptor interactions involved in cardiotoxicity induced
by some drugs such as cocaine, trastuzumab, isoproterenol, antidiabetic drugs like pioglitazone,
theophylline, ergotamine, methysergide, anthracyclines, fluoropyrimidines, cisplatin, NSAIDs,
and antiviral agents. The key receptors involved in the pathological mechanism behind the
cardiotoxicity induced by these drugs are discussed, aiming to provide in-depth knowledge for
future drug discovery and prevention of drug-induced cardiotoxicity.
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Cardiovascular diseases are considered
the leading cause of morbidity and mortality
in nearly all developed countries worldwide.
Therefore, the negative impact of drugs or
toxins on the cardiovascular system must not
be understated.'* Cardiotoxicity is commonly
used to describe toxicity that negatively impacts
the heart and may lead to conditions such as
arrhythmia, myocardial infarction, and myocardial
hypertrophy.® Generally, cardiotoxicity results from
the concurrent disruption of the principal functions
and viability of the myocardium.® Drug-induced
cardiotoxicity is a clinically significant issue, as it
can lead to both cardiac dysfunction and myocardial
injury. Over the last few decades, cardiovascular
side effects have forced the withdrawal of more
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than 10% of clinical medications from the market,
hindering future drug development and negatively
impacting patient health advancement.’

Between 1994 and 2006, 45% of all
withdrawn medications were due to cardiotoxicity,
primarily caused by adverse effects associated
with cardiac ischemia and arrhythmogenicity.?
Drug-induced cardiotoxicity restricts or prohibits
further use of the specified drug. One of the main
reasons for removing drugs from clinical trials
and the market is concern over cardiac safety.®
Consequently, drug-induced cardiotoxicity
significantly restricts drug research and the clinical
management of already approved medications.’ The
likelihood of cardiotoxic symptoms is influenced
by various factors, including medication types
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and actions, pharmacokinetics, underlying heart
diseases, genetic factors, and other conditions that
may affect a drug’s response when administered at
high doses.®

Numerous drug classifications, such as
anti-cancer, anti-diabetics, anti-viral, etc., can lead
to undesirable cardiovascular consequences. This
review summarizes the drug-receptor mechanism
by which drug-induced cardiotoxicity may
develop. It covers the cardiotoxic mechanisms
of some clinically used drugs, such as cocaine,
trastuzumab, isoproterenol, antidiabetic drugs
like pioglitazone, theophylline, ergotamine,
methysergide, anthracyclines, fluoropyrimidines,
cisplatin, NSAIDs, and antiviral agents. The review
aims to enhance the current understanding of the
pathology behind the cardiovascular toxicities of
these drugs.
Pathophysiological Mechanism of Cardiotoxic
Drugs on Cardiovascular Health
Cocaine

Cocaine is the most frequently exploited
recreational drug due to the stimulant and euphoric
effects it exerts on the brain and central nervous
system'' Derived from the leaves of the South
American Andean shrub Erythroxylon coca,
cocaine is a tropane alkaloid substance. First
utilized as an anaesthetic agent for local surgeries
in the 1880s, it became a popular recreational drug
by the 1970s. Cocaine is one of the most commonly
used recreational drugs globally, with an estimated
18 million users worldwide.!?In the United States,
cocaine use is a significant cause of morbidity and
mortality, with consequences ranging from long-
term cognitive decline to early death.'*-'¢

Cocaine usage is associated with numerous
acute and chronic cardiovascular consequences,

Cocaine-induced cardiotoxicty
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Fig. 1. Cocaine

including aortic dissection, ischemia, hemorrhagic
stroke, chest pain, hypertension, acute myocardial
infarction (MI), arrhythmias, sudden death,
and cardiomyopathy leading to chronic heart
failure'”'®* (Figurel). The primary cause of
cocaine’s cardiovascular (CVS) damage is its
significant sympathomimetic action. Increased
alpha-1 adrenergic stimulation promotes arterial
vasoconstriction, leading to a rise in blood
pressure and a reduction in microvascular blood
flow, while increased beta-adrenergic stimulation
enhances cardiac contractility and heart rate."
Additionally, cocaine enhances the release of the
potent vasoconstrictor endothelin-1, alongside the
a-adrenergic receptors of the smooth muscle cells
in the coronary arteries, and inhibits the synthesis
of the vasodilator nitric oxide.'” Nitric oxide and
endothelin-1 are natural rivals for maintaining
vascular function. An imbalance created by
stimulated endothelin-1 and inhibited nitric oxide
can lead to vasoconstriction, increased blood
pressure, and potential vascular remodeling and
dysfunction.?
Trastuzumab

Trastuzumab is a humanized monoclonal
antibody (mAb) that targets the Human Epidermal
Growth Factor Receptor-2 (HER-2), also known
as the Erythroblastic Leukemia Viral Oncogene
Homolog 2 (ErbB2).2> Approved for use in the US
in 1998, Trastuzumab is indicated for the treatment
of metastatic breast cancer in female patients whose
tumors overexpress the HER-2 protein.’ While
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this medication is expected to be less hazardous to
other cells in the body due to its targeted approach
at tumor cells, cardiotoxicity with this drug was
quickly noted in clinical settings.?

Trastuzumab has been linked to
cardiotoxicity, including heart failure and cardiac
insufficiency. Ongoing research seeks to elucidate
the pathophysiology of cardiotoxicity associated
with Trastuzumab. Recent case reports indicate the
presence of HER-2 in human cardiac tissue,” which
plays a crucial role in embryonic cardiogenesis
and cardiac hypertrophy. It is possible that
Trastuzumab directly damages the heart, potentially
through the cardiac HER-2 receptor. Under
physiological conditions, Neuregulin-1 interacts
with Epidermal Growth Factor Receptor-2
(ErbB2) to promote the formation of an ErbB4/
ErbB2 heterodimer that prevents cell death in
cardiomyocytes via AKT-dependent signaling. **

Trastuzumab acts as an inhibitor of ErbB2,
preventing ErbB4/ErbB2 heterodimerization and
consequently inducing apoptosis.” The interaction
between Trastuzumab and ErbB2 activates
downstream signal transduction pathways, leading
to increased Bax and Bcl-xS levels, decreased
levels of Bcel-xL, and activation of the caspase
cascade. Moreover, the reduction in mitochondrial
membrane potential (MMP) caused by the
suppression of Bel-xL and the ensuing mitochondrial
energy crisis contribute to Trastuzumab-induced
apoptosis.” It is hypothesized that interaction
with cardiac cells pathologically overexpressing
HER-2 is responsible for Trastuzumab-associated
cardiotoxicity®’ (Figure 2).
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Fig. 3. Isoprenaline

Isoproterenol (Isoprenaline)

Isoproterenol, also known as isoprenaline,
is a medication used to treat bradycardia (slow heart
rate). Structurally similar to epinephrine, it was first
approved for use in the US in 1947 .2 Isoproterenol
has been utilized as a model compound to induce
infarct-like lesions in rats and several other
animals.? The changes in the myocardium induced
by isoproterenol resemble, in some aspects, those
occurring in human myocardial infarction.*

It is believed that isoproterenol’s
adrenergic cardiostimulatory activity causes
cardiac oxidative metabolism to increase to a
level that surpasses the oxygen supply available
to the myocyte through the coronary circulation.
This energy imbalance, coupled with intricate
biochemical (such as altered calcium influx,
activation of the adenyl cyclase system, platelet
aggregation, and production of Reactive Oxygen
Species)®! and structural changes (including
alterations in membrane permeability),’? appears to
play arole in the pathogenesis of myocyte damage.”
The complex mechanisms of cardiotoxicity involve
overstimulation of beta-adrenoceptors and the
generation of Reactive Oxygen Species. When
a-adrenoceptors are overstimulated, myocardial
energy demands increase. Additionally, due to its
potent a2-adrenoceptor agonist effects, isoprenaline
causes significant peripheral vasodilation, which
substantially lowers diastolic blood pressure and
consequently decreases myocardial perfusion.®*33
(Figure 3)

Another common outcome of al-
adrenoceptor overstimulation is calcium
overload.***® Toxicity is also likely influenced by
increased platelet aggregation.**! High quantities
of isoprenaline can lead to the direct formation
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of Reactive Oxygen Species***¢ through metal-
catalyzed oxidation or spontaneously due to
ischemia. Given the complex pathophysiology,
no single medication can completely prevent or
reverse the damage caused by isoprenaline, and
some only act at lower doses of the drug.*'47#
Pioglitazone

Pioglitazone is an antihyperglycemic
medication that enhances hepatic and peripheral
insulin sensitivity in cases of insulin resistance.
It inhibits hepatic gluconeogenesis and
increases peripheral and splanchnic glucose
uptake.**Approved in 1999 for improving glycemic
control in people with type 2 diabetes mellitus,
Pioglitazone followed the introduction of the
first glitazone class drug, troglitazone, in the
USA in March 1997.5! As first-line treatments,
rosiglitazone and pioglitazone were introduced to
the American market in 1999, to be taken either
alone or in conjunction with other medications.*
Currently, only Pioglitazone is available for
use, either alone or combined with metformin
or sulphonylureas. Initially, thiazolidinedione
anti-diabetic medications, like rosiglitazone and
pioglitazone, were considered protective against
diabetic cardiomyopathy and ischemia-reperfusion
injury.>® However, with their clinical applications
being expanded, they have been found to have
detrimental side effects, such as cardiac failure and
myocardial hypertrophy.>*

The cardiovascular effects of Pioglitazone
may be linked to the regulation of angiogenesis,
neointima formation, and atherosclerosis associated
with VEGFR-2-participating pathways. Research
indicates that Pioglitazone significantly binds
to VEGFR-2.-7 The tyrosine kinase receptor
VEGFR-2, activated by trans-phosphorylation,
dimerizes in response to ligand interaction.”” The
activation of VEGFR-2 triggers the c-Raf/MEK/
ERK and PI3K/Akt pathways, which increase
cell proliferation, migration, and survival.’”*®
The hypertrophic growth of cardiomyocytes is
dependent on VEGFR-2 .5

Pioglitazone specifically targets VEGFR-2
and reduces phospho-VEGFR-2 expression,
suggesting that by blocking VEGFR-2 signaling,
Pioglitazone promotes cardiomyocyte apoptosis
and prevents cardiomyocyte hypertrophy in
neonatal rats. The downstream PI3K/Akt signaling
pathway also supports these cells’ survival and

hypertrophy, functioning by suppressing P53-
dependent pathways and stimulating mTOR-
dependent pathways.5'

Theophylline

Theophylline (1,3-dimethylxanthine) is
predominantly used as a bronchodilator for patients
with asthma and chronic obstructive pulmonary
disease (COPD) worldwide. In the United States,
while asthma and COPD are primarily treated with
other medications, Theophylline is mostly used to
treat bradycardia and apnea in premature neonates.
It triggers the endogenous release of catecholamines
through indirect activation of beta-1 and beta-2
receptors, resulting in desirable bronchodilation at
therapeutic doses. Unfortunately, Theophylline has
a narrow therapeutic window, and concentrations
slightly above this range can lead to a variety of
adverse effects in the context of acute and chronic
toxicity.*

Theophylline toxicity is linked to
significant clinical symptoms caused by high
levels of circulating catecholamines. Toxicity
occurs when serum Theophylline levels exceed
the therapeutic range, which can happen either
intentionally through overdose or unintentionally
when Theophylline metabolism and/or clearance
are altered due to certain physiological stresses.®
Theophylline blocks adenosine receptors, leading
to both beneficial effects, such as bronchodilation,
and harmful effects, including tachycardia,
cardiac arrhythmias, seizures, and cerebral
vasoconstriction.! Although the exact mechanism
is complex, it clearly involves antagonistic
activity at adenosine receptors. Theophylline,
along with a small amount of caffeine, causes the
release of catecholamines through an unidentified
mechanism.'%

At higher doses, Theophylline inhibits
phosphodiesterase, thereby increasing levels of
cyclic adenosine monophosphate, which further
increases adrenergic activation and catecholamine
release. In cases of Theophylline toxicity,
epinephrine levels can be 4- to 8-times higher than
normal, while norepinephrine concentrations can
be 4- to 10-times greater. Elevated catecholamine
levels can lead to various adverse effects, including
cardiovascular arrhythmias, metabolic acidosis,
hyperglycemia, and hypokalemia.®
Ergotamine and Methysergide

Ergot compounds, such as Methysergide
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and ergotamine, are commonly used to treat
migraines. Ergotamine acts as an alpha-adrenergic
blocker with serotonin antagonistic properties and
directly stimulates the smooth muscle of peripheral
and cerebral blood vessels. Methysergide, on the
other hand, is a central 5-hydroxytryptamine (5-
HT) agonist, particularly at therapeutic nuclei, but
also acts as a powerful peripheral 5-HT inhibitor,
exhibiting competitive blockade of vascular 5-HT
receptors. Several case studies have linked both
medications to valvular defects involving the
mitral, aortic, and tricuspid valves, occasionally
resulting in right-sided heart failure.-%

Anthracyclines

Since the 1960s, anthracyclines (ANTSs),
such as doxorubicin, epirubicin, and daunorubicin,
have been recognized as the prototype of type 1
cardiotoxicity (CTX).” ANTs can cause irreversible
type 1 CTX by producing reactive oxygen and
nitrogen species (ROS and RNS).%7° A key
mechanism by which ANTs induce CTX is their
interaction with topoisomerase 2 (TOP2) A and -B,
which is abundantly expressed in cardiomyocytes.
Additionally, drugs like doxorubicin not only
directly harm cardiomyocytes but also promote
apoptosis in immune (e.g., macrophages) and
cancer cells, leading to the release of high mobility

Table 1.
No  Drugs Mechanism of action Cardiotoxic Effects
L. Cocaine Increase alpha 1 and beta adrenergic Vasoconstriction, Increased
Stimulation. blood pressure, Aortic
dissection, Cardiomyopathy.
2. Trastuzumab Prevents ErbB2/ErbB4 Induced cardiac cells
heterodimerization. apoptosis.
3. Isoproterenol Overstimulation of beta Myocyte damage
adrenoreceptors and the generation
of reactive oxygen species.
4. Pioglitazone Targets VEGFR-2 and decreases Cardiomyocyte apoptosis

5. Theophylline

6. Ergotamine and
Methysergide

7. Anthracyclines

8. Antimetabolites

phosphor-VEGFR-2 expression.
Blocks adenosine receptors

Ergotamine is alpha- adrenergic
blocker with serotonin antagonistic
characteristics.Methysergide does
competitive blockage of vascular
5- hydroxy tryptamine receptors.
Cause irreversible type 1 CTX by
producing reactive oxygen and
nitrogen species.interaction with
topoisomerase 2 (TOP2) A and -B
The suppression of NO, increased

Tachycardia, cardiac
arrhythmias.

Mitral, aortic, and tricuspid
valve defects.

Cardiomyocyte death

Coronary artery spasm and

10.

I1.

Alkylating Agents

NSAIDS

Antiviral Agents

ROS/RNS production, greater endothelium

myocardial ischemia

thrombogenicity and DNA and RNA damage.

CISPLATIN (Depolarization of the

Heart failure.

mitochondrial membrane and changes in
the ultrastructure of the mitochondria.

Inhibits the Akt signaling pathway,

Cardiac cell apoptosis

downregulates the NF- b pathway,
upregulates the nonsteroidal activated gene-1,

and alter the p53 pathway.

REMDESIVIR (Cause temporary AV

nodal block).

Antiarrhythmic effects.
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group box 1 (HMGBI), which activates toll-like
receptors (TLR)-2 and -4.7"-"* Cardiac dysfunction
following ANT therapy is associated with higher
mitochondrial iron levels compared to normal
hearts. This suggests that iron accumulation in the
mitochondria and oxidative stress are significant
contributors to ANT-induced CTX.” Furthermore,
anthracyclines disrupt mitochondrial structural
integrity and impair cardiac mitochondrial
function. Doxorubicin, for example, has been
shown to induce receptor-interacting protein 3
(RIPK3)-induced activation of Ca2+-calmodulin-
dependent protein kinase (CaMKII), which leads
to the opening of the mitochondrial permeability
transition pore (MTPT), culminating in necroptotic
cardiomyocyte death.” (Figure 4)
Antimetabolites

Fluoropyrimidines, such as gemcitabine,
capecitabine, and 5-fluorouracil (5-FU), are used
to treat various tumors. While the cardiovascular
side effects of fluoropyrimidines are generally
reversible, they can cause cardiomyocyte
death and loss. This occurs through coronary
artery thrombosis and myocardial infarction,
as well as directly through cardiomyocyte-
intrinsic mechanisms. These medications also
induce coronary artery spasm and myocardial
ischemia.>”>77 The cardiotoxicity (CTX) of
5-FU and its metabolites is attributed to several
factors, including the suppression of nitric oxide
(NO),”™™ increased production of reactive oxygen
and nitrogen species (ROS/RNS),* enhanced
endothelium thrombogenicity,*' senescence,®
and DNA and RNA damage. Cardiomyocytes
and endothelial cells are particularly vulnerable
to oxidative stress triggered by 5-FU. The drug
upregulates endothelin 1, dysregulates endothelial
nitric oxide synthase (eNOS), and activates protein
kinase C. These effects result in coronary spasm
and both endothelium-dependent and -independent
vasoconstriction.®#
Alkylating Drugs - Cisplatin

Cisplatin, a broad-spectrum
chemotherapeutic medication belonging to
the alkylating group, is used to treat various
tumor types, including sarcomas, carcinomas
(such as small cell lung cancer and ovarian
cancer), lymphomas, and germ cell tumors.
Cardiovascular disorders, notably myocardial
infarction and angina, have been linked to cisplatin-

based chemotherapy in 7-32% of patients.®
Cisplatin-induced heart failure is associated with
depolarization of the mitochondrial membrane
and alterations in mitochondrial ultrastructure.
Additionally, cardiomyocytes show signs of
endoplasmic reticulum stress response activation,
increased caspase 3 activity, and an accelerated rate
of apoptosis following cisplatin administration.®

NSAIDs

Despite being among the most frequently
prescribed and used medications worldwide,
nonsteroidal anti-inflammatory drugs (NSAIDs)
are associated with several significant, and
sometimes fatal, adverse drug reactions (ADRs).’
The inhibition of COX-2 by traditional NSAIDs
(tNSAIDs) and coxibs can reduce the production
of prostacyclin (PGI2) by endothelial cells, a
crucial vasodilator and platelet inhibitor. However,
this inhibition does not affect the production
of COX-1-derived thromboxane A2 (TXA2),
a vasoconstrictive eicosanoid that promotes
platelet aggregation and thrombus formation. This
imbalance between PGI2 and TXA2 increases
the risk of atherosclerosis and cardiovascular
thrombotic events.®%

Selective COX-2 inhibition may also
directly affect the production of PGI2 and
prostaglandin E2 (PGE2) in the heart. Beyond
their role in inhibiting the cyclooxygenase
pathway, NSAIDs have been shown to induce cell
death by inhibiting the Akt signaling pathway,”
downregulating the NF-EB pathway,’! upregulating
the nonsteroidal activated gene-1,”* and altering
the p53 pathway,” all of which are implicated in
apoptosis.® Additionally, the suppression of COX
by NSAIDs leads to the accumulation of arachidonic
acid, which inhibits the phosphorylation of cardiac
mitochondria. This results in increased production
of reactive oxygen species (ROS) and decreased
activity of antioxidant enzymes, leading to
oxidative stress that contributes to heart failure.*>*
Remdesivir

Remdesivir is a prodrug of the nucleoside
triphosphate metabolite, which originates from
the nucleotide analogue GS443902, an adenosine
nucleotide. Adenosine is known to exhibit
antiarrhythmic effects in atrioventricular (AV)
re-entrant tachycardias by causing temporary AV
nodal block. However, in individuals with structural
heart disease, it may induce proarrhythmia.”’
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Adenosine is also a potent vasodilator,
which can lead to severe hypotension and the
subsequent release of catecholamines. These
events have the potential to evolve into ventricular
fibrillation (VF) or ventricular tachycardia (VT).
Additionally, adenosine can shorten the atrial
action potential, increase atrial refractoriness, and
potentially cause atrial fibrillation (AF). These
effects may also extend to ventricular cells, putting
individuals at risk for VF. Importantly, adenosine
can cause spatial and temporal heterogeneity in
ventricular refractoriness, which may result in VF.
This highlights the complexities associated with
the cardiovascular effects of Remdesivir and its
metabolites.”

Management of Drug-Induced Cardiotoxicity

Managing drug-induced cardiotoxicity
requires a multifaceted approach tailored to the
condition’s severity. Prompt discontinuation
of the offending drug is crucial, followed by
the administration of antidotes and supportive
therapies. Experts recommend initiating treatment
with primary heart failure medications and seeking
early cardiology consultation for symptoms or signs
of trastuzumab-induced cardiotoxicity.” According
to ACC/AHA guidelines, first-line agents include
ACE inhibitors (ACEIs), angiotensin receptor
blockers (ARBs), and beta-blockers (BBs),
followed by loop diuretics, hydralazine-nitrates,
and aldosterone antagonists.'® Additional newer
agents, such as sacubitril-valsartan, a neprilysin-
angiotensin receptor antagonist, and ivabradine, an
If channel inhibitor, may also be beneficial.'!

In cases of advanced heart failure,
potential therapeutic options include cardiac
resynchronization therapy, mechanical circulatory
support, and orthotopic heart transplant.'?
Carvedilol, a dual beta and alpha-1 blocker
with robust antioxidant capabilities, has shown
effectiveness in preventing left ventricular
dysfunction induced by anthracyclines and/or
trastuzumab. This benefit is achieved by mitigating
reactive oxygen species formation, correcting
mitochondrial abnormalities, and reducing
cardiomyocyte apoptosis. The concurrent use of
enalapril and carvedilol appears advantageous in
managing cardiotoxicity induced by anthracyclines
without altering the drugs’ intended therapeutic
effects.'®

Remote ischemic conditioning, a

noninvasive and nonpharmacological intervention
using a blood pressure cuff to create brief episodes
of ischemia and reperfusion in a peripheral limb,
is being explored as a cardioprotective treatment
for cancer patients. Its exact mechanism involves
humoral and neural pathways and is believed
to activate pro-survival pathways that regulate
mechanisms implicated in ischemia-reperfusion
injury and anthracycline cardiotoxicity, such
as calcium overload, lipid peroxidation, ROS
generation, and mitochondrial modulation.'®

Fenofibrate and PEG-SOD prevent
cardiac dysfunction induced by doxorubicin by
normalizing oxidative stress and modulating
NF-kappaB signaling.'”® Limiting the cumulative
dose of cytotoxic drugs and adding dexrazoxane
can help protect against cardiotoxicity.'” Early
detection and management of anthracycline-
induced cardiotoxicity through biomarkers and
angiotensin-converting enzyme inhibitors can
avert heart failure development, enhancing
patient quality of life.'”” Dexrazoxane prevents
doxorubicin cardiotoxicity by reducing Top2beta-
mediated DNA damage.'®

Cocaine-induced heart failure
management includes cessation, guideline-directed
medical therapy, and, in severe cases, cardiac
transplantation.'® Selenium supplementation
has been shown to improve cardiac function and
prevent dysfunction induced by cocaine in rats,
indicating oxidative stress’s significant role in
cocaine-induced cardiotoxicity.'°

In pronounced cases of drug-induced
cardiotoxicity, presenting as cardiovascular shock
or cardiac arrest, circulatory assistance, such
as extracorporeal life support (ECLS), may be
critical. However, ECLS can be associated with
complications like limb ischemia, hemorrhage, and
embolism."!

CONCLUSION

Cardiotoxicity caused by drugs presents
a significant challenge in the development and use
of various medications and has been a primary
concern in drug safety. Therefore, an in-depth
understanding of the pathological mechanisms
behind drug-induced cardiotoxicity of certain
drugs is crucial. This knowledge aids in future
research for the development of cardioprotective
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agents and in reducing the morbidity and mortality
associated with drug-induced cardiotoxicity. This
review has presented an extensive discussion on
the drug-receptor mechanisms underlying drug-
induced cardiotoxicity, emphasizing that receptors
are key factors in any pathological mechanism.
The mechanisms of drug-induced cardiotoxicity
and their management discussed herein represent
significant and prospective areas for future
drug development, safety pharmacology, and
pharmacovigilance studies.
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