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PřemyslMladěnka,DepartmentofPharmacology

andToxicology, FacultyofPharmacy inHradec

Králové,CharlesUniversity,Heyrovského1203,

50005HradecKrálové,CzechRepublic.

Email:mladenkap@faf.cuni.cz
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Abstract
Cardiovascular diseases are a leading cause ofmorbidity andmortal-

ity in most developed countries of the world. Pharmaceuticals, illicit

drugs, and toxins can significantly contribute to the overall cardio-

vascular burden and thus deserve attention. The present article is a

systematic overviewofdrugs thatmay inducedistinct cardiovascular

toxicity. The compounds are classified into agents that have signifi-

cant effects on the heart, blood vessels, or both. Themechanism(s) of
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toxic action are discussed and treatment modalities are briefly men-

tioned in relevant cases. Due to the large number of clinically rele-

vant compounds discussed, this article could be of interest to a broad

audience including pharmacologists and toxicologists, pharmacists,

physicians, and medicinal chemists. Particular emphasis is given

to clinically relevant topics including the cardiovascular toxicity of

illicit sympathomimetic drugs (e.g., cocaine, amphetamines, cathi-

nones), drugs that prolong the QT interval, antidysrhythmic drugs,

digoxin and other cardioactive steroids, beta-blockers, calcium chan-

nel blockers, female hormones, nonsteroidal anti-inflammatory, and

anticancer compounds encompassing anthracyclines and novel tar-

geted therapy interfering with the HER2 or the vascular endothelial

growth factor pathway.

K EYWORDS

dysrhythmia, heart failure, hypertension, myocardial infarction,

stroke

1 INTRODUCTION

The cardiovascular toxicity of drugs and related agents attracts considerable attention from basic scientists to clini-

cians. Cardiovascular diseases are among the most significant determinants of morbidity and mortality in the devel-

oped countries; therefore, it is important that any negative impact of drugs or toxins on this system is not understated.

Although there aremanyhigh-quality pharmacology and toxicology reviewarticles and textbooks,1–7 a comprehensive

description of the cardiovascular toxicities induced by drugs and toxins is lacking. Naturally, the topic is broad and com-

plex, as it integrates both clinical and experimental pharmacology and toxicology with projection to other clinical dis-

ciplines like cardiology. This monumental task is also complicated by several factors including the fact that many drugs

havemultiple and sometimes divergent effects on the cardiovascular system (e.g., cocaine, digoxin, tricyclic antidepres-

sant drugs/TCAs, tobacco smoking). Similarly, the vascular system is functionally linked to the heart, thus its functions

are interconnected (e.g., endothelial dysfunction and subsequent hypertension could result in a damage to the heart,

and vice versa). Drugs primarily causing heart rhythm disturbances can ultimately result in impaired hemodynamic

function of the heart, and so forth.

The aimof this review is to summarize the current knowledge regarding xenobiotic agents and toxins that cause car-

diovascular toxicity. The authorswere obliged to accept some compromises to achieve their purposes. In particular, for

drugs with numerous cardiovascular actions, the classification was based on the assumed principal mechanism of car-

diovascular toxicity, themechanism commonly associated with severe cardiovascular effects, or the best-documented

(toxic) mechanism. Additional, therapeutic or toxic mechanisms of action are also discussed or mentioned in the cor-

responding section. The A-type adverse effects, which may result in toxicity due to severe augmentation of the drug's

therapeutic effects, are mentioned only when it is clinically relevant. Otherwise, they are considered predictable and

beyond the scope of this review. Some toxicity is clinically important only in the patients with a specific disease, or

as a result of interaction with other drug(s), or specific foods. These details are discussed only in typical and relevant

cases. A similar rationale advocates for the inclusion of treatments and preventions of cardiovascular toxicity, espe-

cially when specific antidotes or protectants are available. This text focuses on the cardiovascular toxicity of drugs

and related agents during the postnatal period and thus teratogenic effects involving deviations in the intrauterine

development of cardiovascular structure and function are not discussed. Metabolic effects, such as lipid and glucose
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disorders, or toxicity that targets the cardiovascular system indirectly (e.g., kidney damage) exceed the scope of this

review and are only briefly mentioned in cases where it is considered appropriate.

Indeed, even the definition of toxic effect may be a matter of debate and depending on the point of view, it may be

either broad or strict. The broad definition refers to all harmful effects to living systems and it can be applied to all com-

pounds, for example, pharmaceuticals, illegal and/or abuseddrugs, chemicals, toxins, andenvironmental pollutants. The

strict definition of a toxic effect is related to an overdose, that is, the administration of doses/environmental exposures

higher than recommended or allowed. This definition best fits pharmaceuticals used in clinicalmedicine. Even here, the

difference between therapeutic doses and doses evoking deleterious effectsmight not be clear and the interindividual

susceptibility is high for certain drugs.7–9 Thus, the clear-cut difference between adverse effects observed at recom-

mended doses and toxicity associated with overdose may be difficult to define. Therefore, in this review, toxic effects

are understood and discussed in the broader meaning. There is additional reason for this approach. For instance, even

small increases in blood pressure and/or heart rate caused by a drug in clinical studies should raise caution related

to possible more severe consequences and, indeed, they are associated with higher cardiovascular mortality.10,11 In

general, the borderline zones between normal and toxic doses for some drugs affecting the cardiovascular system

are often quite obscure. Nonetheless, the main emphasis is given to potentially severe effects on the cardiovascular

system.

For systematic purposes, many classification systems have been adopted as the structure of this review. Some of

themare quite practical and clinically oriented. These are usually basedonmain clinical presentations and its outcomes

(Table 1). However, in a comprehensive review article such classification may be complicated by the fact that many

drugs can evoke different effects atmany different levels. For example, indirect sympathomimetics can produce tachy-

cardia, hypertension, stroke, and also acute myocardial infarction, depending on the dose and other factors (Table 2).

Furthermore, some effects are secondary rather than primary, for example, dysrhythmias can impair hemodynamic

function and hypo/hypertension can result in acutemyocardial infarction and/or heart failure.

Due to the above-mentioned facts and also because of the overwhelming number of articles (a search for the key-

word “cardiotoxicity” in PubMed retrieves thousands of articles), it was not realistic to perform a systematic review of

the literature. Furthermore, we have adopted a broader meaning of the term cardiovascular toxicity, which makes the

situation is evenmore complex. Therefore, we have identifiedmajor types of toxic cardiovascular insults (disturbances

in cardiac rhythm, functional and structural heart impairment, arterial and venous thromboembolism, effects on blood

pressure) and the associated mechanisms/molecular targets. We then performed targeted searches for drugs, phar-

maceuticals, illicit drugs, and toxins associated with the particular cardiotoxic event and/or mechanisms involved. For

purposes of this review, the following classification of cardiotoxicity was used (Table 3).

2 DRUGS WITH POSSIBLE TOXIC EFFECTS ON BOTH CARDIOMYOCYTES

AND THE VASCULAR SYSTEM

This category includes drugs with significant direct effects on both the myocardium/cardiomyocytes and the vascular

system. Themajor representatives are indirect sympathomimetics and nonselective sympathomimetics. Other agents

withmiscellaneousmechanisms are also discussed.

2.1 Indirect sympathomimetics

Indirect sympathomimetics (see Fig. 1) are very important from a toxicological point of view. Many illicit drugs,

which are commonly abused, belong to in this category.12 This is particularly true for cocaine and amphetamines,

which after cannabis, are the most commonly abused substances in Europe.13 Although the effects of all indirect

sympathomimetics are similar, they are not entirely the same because there aremarked differences in themajormech-

anisms of action and resulting effects on neurotransmitters (mainly with respect to dopamine and serotonin). Indirect
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TABLE 1 Clinical classification of cardiotoxicity including knownmechanisms

1. Toxicity to the heart

1.1 Rhythm disturbances Mechanisms and drugs involved

1.1.1 Bradydysrhythmias Ca2+ channel blockade, Na+ channel blockade, blockade of If current, antagonism
at 𝛽1-receptors, agonism atM-receptors, and increased vagal tone (e.g.,
digoxin), agonism at 𝛼2-receptors, agonism at I1-receptors, agonism at
sphingosine-1-phosphate receptor, several anticancer drugs (e.g., thalidomide
or paclitaxel)

1.1.2 Tachydysrhythmias Blockade of hERG channels function or intracellular trafficking, agonism at
𝛽1-receptors (direct effects or indirect effect via endogenous catecholamines),
antagonism atM-receptors, inhibition of Na+/K+ pump, Na+ channel blockade,
secondary effect (stimulation of sympathetic system, e.g., after hypotension)

1.2Myocardial ischemia Agonism at 𝛽1-receptors (direct effects or indirect effect via endogenous
catecholamines), rebound phenomenon (nitrates, 𝛽-blockers), and other
secondary effects (arterial thromboembolism, hyperstimulation of the heart
including tachycardia, pronounced hypotension), some anticancer
drugs—complexmechanisms (5-fluorouracil, capecitabine, or bevacizumab)

1.3 Left ventricular (LV) dysfunction/heart failure

1.3.1Mechanisms interfering with
normal physiology of LV function

Ca2+ channel blockade, Na+ channel blockade, antagonism at 𝛽1-receptors

1.3.2 Anticancer drug-induced LV
dysfunction

Type I cardiotoxicity (complexmechanisms)—anthracyclines, cyclophosphamide
(high dose), taxanes

Type II cardiotoxicity—HER2 signaling inhibition, VEGF signaling inhibition,
tyrosine kinase inhibition (multikinase drugs), proteasome inhibition

1.3.3Myocarditis Autoimmune reactions (e.g., clozapine), monoclonal antibodies targeting PD-1

1.4 Impairment of cardiac valves Agonism at 5-HT2B receptors

1.5 Induction of pericardial disease Immune reaction (e.g., drugs inducing lupus erythematosus), hemorrhage

2. Toxicity to the vascular system

2.1 Effect on arterial blood pressure

2.1.1 Systemic hypertension Agonism at 𝛼1-receptors, antagonism at 𝛼2-receptors, rebound phenomenon
(𝛼2-agonists and beta-blockers), agonism at glucocorticoid receptors, inhibition
of VEGF pathway, inhibition of monoamine oxidases (MAO),
11𝛽-hydroxysteroid dehydrogenase type 2 inhibition

2.1.2 Systemic hypotension
(first-dose hypotension,
orthostatic or symptomatic)

Antagonism at 𝛼1-receptors, Ca
2+ channel blockade, opening of K+ channels,

inhibition or renin–angiotensin–aldosterone axis, agonism at 𝛽2-receptors,
agonism at 𝛼2-receptors, agonism at I1-receptors, stimulation of cGMP
synthesis, inhibition of phosphodiesterase 5

2.1.3 Pulmonary hypertension An effect on serotonergic system, for example, (dex)fenfluramine, benfluorex,
other mechanism are largely unknown

2.2. Thromboembolic complications

2.2.1 Arterial Inhibition of cyclooxygenase 2, VEGF targeting, agonism at erythropoietin
receptors

2.2.2 Venous Agonism at estrogenic receptors, VEGF targeting, agonism at erythropoietin
receptors, unknown (thalidomide)

sympathomimetic effects with clinical consequences are based on: (a) blockade of noradrenaline plasmalemmal

synaptic transporters (see chapter 2.1.1), and (b) the release of catecholamines from the synaptic vesicles (see

chapter 2.1.2, Fig. 2A–C). The latter effects are rather complex and usually involve inhibition of reuptake, as well as

inhibition of neuronal monoamine oxidase-A (MAO-A). Indirect sympathomimetics affect both the vascular system via

noradrenaline actions on 𝛼1-adrenergic receptors and the heart due to noradrenaline actions on 𝛽1-adrenoreceptors.

The former manifests as an elevation in the blood pressure, while the latter is associated with increased contrac-

tility, heart rate, conduction velocity, and cardiac excitability. Such effects markedly increase myocardial oxygen

consumption. Increased platelet aggregation due to sympathomimetics can be important as well.14
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TABLE 3 Classification of cardiovascular toxicity of diverse agents used in this review
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2.1.1 Indirect sympathomimetics blocking noradrenaline-reuptakemechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
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F IGURE 1 Endogenous catecholamines (noradrenaline and adrenaline) and clinically + toxicologically important
sympathomimetics.

2.1.1 Indirect sympathomimetics blocking noradrenaline-reuptakemechanism

There are many drugs that are able to block the noradrenaline-reuptake transporter including cocaine, some antide-

pressants, sibutramine, and sympathomimetics/central nervous system (CNS) stimulants used for narcolepsy and

attention-deficit hyperactivity disorder (ADHD) treatment like methylphenidate and atomoxetine.15 In general, there

are marked differences between these drugs regarding their cardiovascular effects and toxicity. One of the major rea-

sons is the presence of additional mechanisms of action, which are very relevant, namely for cocaine and TCA. There-

fore, these drugs need to be discussed separately.

Cocaine is not used clinically in developed countries, however, it remains an important drug of abuse, particularly

in large cities.12 The molecular mechanisms underlying the cardiovascular actions of cocaine are largely based on
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F IGURE 2 Noradrenaline release from sympathetic fibers at the synaptic cleft in the heart and the influence of indi-
rect sympathomimetics. Physiological situation (A): upon stimulation of the sympathetic system, vesicles containing
noradrenaline fuse with the cytoplasmic membrane of the synaptic cleft (1), noradrenaline (NA) is released (2), and
stimulates 𝛽1-adrenergic receptors (3). The effect of noradrenaline is, however, rapidly terminated (4) by the uptake
(reuptake) mechanism via noradrenaline transporter (NET) and, thus, noradrenaline can be transported back to the
vesicles (5) by vesicularmonoamine transporter-2 (VMAT-2) ormetabolized byMAO-A (6,MAO). Effect of cocaine (B):
cocaine blocksNET (7) and hence the half-life and concentration of noradrenaline in the synaptic cleft is prolonged and
increased, respectively. It also reduces theNa+ current (8, INa) and the rapid component of delayed rectifier current (9,
IKr). Effect of amphetamine (C): amphetamine replaces noradrenaline in vesicles (10) and blocks the uptake byVMAT-2
(11) and metabolism by MAO-A (12). This results in noradrenaline release into the cytosol. NET seems to work in the
opposite direction (13) when the cytosolic concentration of noradrenaline is increased. On the other hand, NET is also
partly blocked by amphetamine.

its indirect sympathomimetic activity, but Na+ channel blockade may also be involved as an additional independent

mechanism (see Fig. 2B). Cocaine is also a weak inhibitor of MAO, and this can contribute to the sympathomimetic

effect.16 The most common first sign of acute overdose is generally chest pain caused by an increase in oxygen

demand, vasoconstriction of coronary arteries, and/or thrombosis due to platelet activation. There is a risk of acute

myocardial infarction within the first hours after cocaine abuse that can often occur in young men and in the absence
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F IGURE 3 Chemical structure of cathinone derivatives “bath salts” and bupropion.

of significant atherosclerosis. The risk is, however, higher in patients with atherosclerosis and in cigarette smokers.

Electrocardiogram (ECG) may not be sufficient to make a clear diagnosis, unlike cardiac troponins. Cocaine roughly

doubles the risk of both ischemic and hemorrhagic strokes, and seems to be a common cause of aortic dissection.

The risk of dysrhythmias is also increased. These may range from sinus tachycardia due to indirect sympathomimetic

effects, up to ventricular tachycardia. The local anesthetic properties of cocaine based on its Na+ channel blockade

can impair impulse conduction in the ventricles, providing a substrate for reentrant ventricular dysrhythmias and

potentially ventricular fibrillation, it may also be co-responsible for cardiac arrest due to asystole. Cocaine also blocks

K+ channels possibly resulting in QT interval prolongation. Since it is often difficult to identify a definitive cause

of death at autopsy in cases of cocaine abuse, cocaine-induced dysrhythmias might be the major cause of death.

Furthermore, long-term consequences of chronic cocaine abuse include cardiomyopathy and increased risk of heart

failure. The best treatment to reduce the risks is obviously abstinence from cocaine use, which can also markedly

improve the prognosis of cocaine-inducedheart failure. In cases of acutemyocardial infarction, the standard treatment

is somewhat different than that used for the general population and should start with benzodiazepines. Nitrates or

phentolamine (an 𝛼1/2-adrenergic receptor blocker) could be also useful. On the other hand, 𝛽-blockers should be

avoided, at least in the very acute phase, because 𝛽-blockade will potentially leave 𝛼1-receptors unopposed resulting

in more severe coronary spasm, or arterial blood pressure increase. Data obtained in animal studies and after human

administration confirm the risk posed by 𝛽-blockers. Concerning dysrhythmias, hypertonic sodium bicarbonate serves

as the first-line treatment, while the use of lidocaine is controversial.17–21

Asmentioned, there are other drugs that block the noradrenaline reuptakemechanism. Thismechanism is common

for many antidepressant drugs, namely TCA, serotonin–noradrenaline reuptake inhibitors (SNRI, e.g., venlafaxine),

noradrenaline–dopamine reuptake inhibitors (NDRI, e.g., bupropion, Fig. 3), and relatively selective noradrenaline-

reuptake inhibitors (reboxetine). Regarding TCA, the potential cardiovascular toxic effects are well described, but the

underlying mechanisms are complex and probably only weakly related to noradrenaline reuptake. In overdose, for

example, due to suicide attempts, these drugs can induce life-threatening dysrhythmias. These drugs cause hypoten-

sion, rather than hypertension, due to their 𝛼1-adrenergic receptor blocking activity. They also possess significant

antimuscarinic activity and their effects will be more thoroughly discussed in chapter 2.8. SNRI have a significant risk

of blood pressure elevation10 and can increase heart rate.22 These effects are likelymediated by the inhibition of nora-

drenaline reuptake. Interestingly, bupropiondoes not seem topose a risk of cardiovascular toxicity, but increases blood

pressure without markedly effecting heart rate.22–25 Reboxetine increases heart rate.22
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Pharmacological treatment of ADHD usually relies on drugs (stimulants) that interact directly with catecholamin-

ergic systems, more specifically with dopamine or noradrenaline pathways. Stimulants are first-line agents for ADHD

and include methylphenidate and amphetamine salts, or the prodrug lisdexamfetamine. These drugs are considered

equally effective. In general, they act on dopamine transporters (DAT) and noradrenaline transporters (NETs) given

the drugs’ structural similarities to dopamine and noradrenaline. The first nonstimulant drug approved for ADHD

treatment was atomoxetine. Atomoxetine is a selective NET inhibitor that increases dopamine and noradrenaline

levels in prefrontal cortex, since the NET transporter clears both noradrenaline and dopamine in that brain region.

Furthermore, 𝛼2-agonists are also a therapeutic alternative for the treatment of ADHD symptoms. Clonidine and

guanfacine mimic noradrenaline actions on the postsynaptic receptors (see chapter 2.5). In nonresponsive ADHD

patients, a third-line group of medication can be used, namely bupropion and TCA (see chapter 2.8).15,26

Several studies have shown that drugs used to treat ADHD have a negative impact on the cardiovascular sys-

tem. Stimulant medications for ADHD, including methylphenidate and amphetamine derivatives, are generally

safe and well tolerated; however, small but statistically significant increases in blood pressure and heart rate are

among the reported adverse events regardless of age. Methylphenidate usually increases systolic blood pressure

and the increase in heart rate may be transient. Furthermore, children and adolescents treated with atomoxe-

tine usually increase heart rate or blood pressure. Although uncommon, dysrhythmias and/or sudden death are

also documented after ADHD medication.27–30 In contrast, small decreases in mean systolic blood pressure, dias-

tolic blood pressure, and heart rate have been observed with guanfacine-extended release or clonidine-extended

release preparations, administered alone or in combination with psychostimulants to children and adolescents with

ADHD.31

Sibutramine is effective in reducing body weight 32 and has been used for many years to treat obesity; however, it

was withdrawn in 2010 by both the The European Medicines Agency (EMA) and The Food and Drug Administration

(FDA).33 The drug is a monoamine uptake inhibitor with higher selectivity for noradrenaline and dopamine over sero-

tonin. In line with other herein mentioned substances, the cardiovascular risk is clearly present. The drug increases

arterial blood pressure and heart rate and there are higher risks of stroke and nonfatal myocardial infarction. The risk

is greatest in patients with cardiovascular disease or cardiovascular risk factors.34–36

2.1.2 Indirect sympathomimetics releasingmonoamines and/or withmixedmechanisms

This category includes primarily substances isolated from ephedra, their synthetic congeners (amphetamines, Fig. 1),

and cathinone derivatives (Fig. 3). The mechanisms of action of ephedra alkaloids and amphetamines are complex

and are based on several factors including lipophilicity, basicity, inhibition of monoamine transporters, and even

a reduction in monoamine metabolism by inhibition of MAO (the simplified mechanism is depicted in Fig. 2C).37

Amphetamines are psychoactive substances derived from the core structure of 𝛽-phenylethylamine. They possess

a methyl group on the 𝛼-carbon that increases their ability to cross-membranes and that also largely contributes

to their psychoactive proprieties. Their oxidative deamination by MAO is generally blocked by this substitution of

the 𝛼-carbon (amphetamines can suffer oxidative deamination, but the reaction is cytochrome P450 mediated).38

Moreover, biogenic catecholamines are usually metabolized by MAO or catechol-O-methyltransferase (COMT),

while amphetamines are recognized for their MAO inhibitory properties. Therefore, amphetamines also increase the

cytosolic content of monoamines in part through inhibition of their metabolism. Ephedrine is also a weak inhibitor of

MAO, and that property may contribute to its sympathomimetic effects as well.16 There are some differences among

these compounds, in particular regarding their affinities for monoamine transporters.39,40 They increase the release

of noradrenaline, dopamine, and serotonin in the synaptic cleft; however, their activity differs among compounds.

In general, their effect on serotonin is lower with the exception of 3,4-methylendioxymetamphetamine (MDMA),40

which will be discussed separately. Concerning their adrenergic activity, most of them are considered to be pure

indirect sympathomimetics, but natural ephedrine (1R,2S-ephedrine) also has significant direct agonistic activity on

𝛽1- and 𝛽2-adrenergic receptors. Its isomer 2S,2R-ephedrine is apparently free of direct 𝛽-agonistic activity. There are

data suggesting that alkaloids from ephedra are week antagonists at 𝛼2-adrenergic receptors, which could contribute
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to their sympathomimetic activity.41–43 m-Synephrine (Fig. 1), a compound structurally related to ephedra alkaloids, is

mainly an 𝛼1-adrenergic agonist and thus will be discussed in Section 4.2.1.

Ephedra and its natural alkaloids have been used as nasal decongestants, bronchodilators, CNS-stimulants,

antiobesitics, and for the improvement of athletic performance. The use of ephedra products, including synthetic

mixtures of norephedrine and norpseudoephedrine, known as phenylpropanolamine, was banned in the United States

in 2004 due to the high incidence of serious adverse reactions. Ephedrine is the dominant alkaloid (40–90%), isolated

from different shrubs of the genus Ephedra grown in mild and subtropic areas. The term ephedra is used for a mixture

of alkaloids isolated from dry branches of the plant. In addition to ephedrine, it also contains pseudoephedrine,

norephedrine, norpseudoephedrine, and methylpseudoephedrine. It has also been sold under the Chinese name “ma

huang,” which means “yellow adstringent” due to its color and sharp taste. The reported adverse reactions principally

involve the cardiovascular system and are, in general, similar to other sympathomimetics. The most common side

effect is hypertension with a risk of hemorrhagic stroke.44–47 Also ischemic stroke due to vasoconstriction and likely

platelet aggregation can occur after its consumption.46,48 In the case of phenylpropanolamine, a higher incidence of

hemorrhagic stroke inwomen iswell documented anddata show that increased risk also exists inmen.47,49,50 Although

the risk of hemorrhagic strokewith pseudoephedrine seems to be lower, it can occur andmight result in death.47,51 The

adverse reactions after ephedra administration can more easily occur when it is used in combination with caffeine.52

This combination increases the effect of sympathomimetics, and themechanismswill be discussed later.

Amphetamines are synthetic compounds, with important representatives being amphetamine, its dextrotatory

form dexamphetamine, methamphetamine (also known as Pervitin), and MDMA (ecstasy). Only dexamphetamine

and its prodrug lisdexamphetamine are used clinically in some countries for the treatment of narcolepsy and

ADHD.15

The differences among amphetamines can be caused by different physicochemical properties and consequently

related to the amount of drug transport into the cells. Lipophilicity, pKa, and protein binding determine the amount

of drug present in each body compartment and its pharmacological/toxicological proprieties overall. Lipophilicity

and polarity have been long studied regarding catecholamine-related compounds. There are also some differences

between endogenous catecholamines, but in comparison with amphetamines, the presence of hydroxyl groups in the

catecholic ring decreases lipophilicity, while 𝛽-hydroxylation contributes less to this property. Themost important fac-

tor is alkylation, although the effect of that change on the physicochemical properties is dependent on the position and

on the size of the alkyl group.53 In fact, until this day, these data strongly impact on the synthesis of new psychoactive

illicit drugs. For instances, amphetamine and methamphetamine, which only differ in a methyl group, shows that the

latter drug is considered more potent when used in comparable doses.54 They both share the basic nitrogen moiety

and areweak baseswith low plasma protein binding (usually under 20%); however, methamphetamine's relatively high

lipophilicity (partition coefficient heptane/water of 5.14) may contribute to its fast entrance into brain (and cells in

general), when compared to amphetamine, with a partition coefficient heptane/water of 1.88.38,54,55

Cardiovascular events ensuing from misuse or abuse of amphetamines include chest pain, tachycardia, dyspnoea,

hypertension, dysrhythmias, acutemyocardial infarction, aortic dissection, and sudden cardiac death. Data fromemer-

gency departments shows that tachycardia is a dominant feature uponmethamphetamine admission. In about⅓–½ of

cases, hypertensionwas also observed and¼ of patients had an acute coronary syndrome. Like cocaine, acutemyocar-

dial infarction can occur in patients with normal angiographic findings. The main culprit seems to be coronary artery

vasospasm and enhanced oxygen demand, but atherosclerotic plaque rupture and/or enhanced platelet aggregation

can also contribute. After essential hypertension, methamphetamine is the second most common cause of death from

acute aortic dissection, probably becauseof the acuteworsening of thehypertension. In chronic amphetamine abusers,

coronary artery disease and/or dilated cardiomyopathy are relatively common.38,56 Also amphetamine use in ADHD,

at therapeutic doses, does not seem to be absolutely free of cardiovascular toxicity (see also above) and cases of sud-

den deathmainly in children likely due to cardiac toxicity are probable.15,57 Lisdexamphetamine seems to have a lower

risk of adverse cardiac reaction due to the slow release of dexamphetamine.58

Inclusion of a methylenedioxy group to the aromatic ring of amphetamine and methamphetamine gives rise

to hallucinogenic proprieties and both MDMA and MDA [(±)-3,4-methylenedioxyamphetamine] are also serotonin
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2A-receptor agonists.59,60 Regarding pharmacokinetics, MDMA, like other amphetamines, has high oral bioavail-

ability, high volume of distribution, and low plasma protein binding. It is a weakly basic drug with low molecular

weight that easily enters cells. MDMA undergoes extensive metabolism and some of its metabolites cause cardiotoxic

effects.38,61,62 MDMA abuse has a lower cardiovascular risk since it has less impact on noradrenaline release and a

markedly higher increase in serotonin release compared to other sympathomimetics.40 However, studies in rats and in

humans found prominent increases in heart rate and blood pressure, which were similar to other amphetamines.63,64

Fatal outcomes based on cardiovascular and cerebrovascular complications, or due to accidents, can occur.65,66 The

identification of MDMA as the ultimate cause of death is commonly complicated by the presence of other drugs that

are concomitantly taken (opioids, alcohol, cocaine, cannabis).66 Caffeine is commonlypresent in tablets of “ecstasy” and

it is well documented that caffeine has pronounced effects on the acute toxicity of “ecstasy” in rats. In addition, lower

concentrations of caffeine are needed to promote MDMA toxicity in contrast to amphetamine.67 However, MDMA

can cause lethal cardiotoxicity in the absence of other substances.65,68 The direct toxicity of the biogenic amines it

releases, and the cardiotoxic actions of its metabolites (especially quinones and glutathione adducts) must be consid-

ered as important culprits of MDMA-induced cardiotoxicity.62,69 MDMA can cause serotonin syndrome with hyper-

thermia, but this is very rarely associatedwith death.66 Cardiomegaly ormyocardial hypertrophy is common in chronic

abusers ofMDMA.56

Similar to cocaine, benzodiazepines are commonly the drugs of first choice in the management of acute

amphetamine-induced cardiovascular toxicity. They can sufficiently decrease sympathomimetic hyperactivity and

thus, both tachycardia and hypertension. They can also alleviate hyperthermia. Alternatively, dexmedetomidine, an

𝛼2-adrenoceptor agonist, can be useful. In resistant cases, a direct vasodilator such as nitroprusside should be adminis-

tered. 𝛽-blockers arenot recommended for the same reasonas in cocaine toxicity.However, anticipatedpositive effects

were seen after administration of the mixed 𝛼- and 𝛽-blockers, labetalol, and carvedilol. In the case of ventricular dys-

rhythmias, lidocaine is recommended.21,70–72

The khat plant (Catha edulis) has been chewed for centuries because of its amphetamine-like effects. Themain active

component of khat is cathinone. It is present in the leaves of khat along with its plant metabolite cathine, which is syn-

onymous with 1S,2S-norpseudoephedrine. Many synthetic congeners of cathinonewere synthetized almost a century

ago, but their large scale abuse began in approximately 2007. Synthetic cathinone derivatives (see Fig. 3 for chemical

structure) are sold under a camouflage product classification like “bath salts” in America and “plant food” in Europe in

order to bypass regulatory laws. Synthetic cathinones possess significant abuse risk with possible cardiovascular con-

sequences. They are structurally similar to amphetamines. Their mechanism of action is complex and varies according

to the derivative. Mostly, they possess amphetamine-like monoamine vesicular releasing properties and they block

monoamine synaptic reuptake. Interestingly, bupropion, the only cathinone compound used clinically, is selective for

the noradrenaline/dopamine reuptake mechanism (see above). Synthetic cathinones are generally considered to be

less pharmacologically active compared to amphetamines due to their higher hydrophilicity given the presence of the

keto group. The cardiovascular effects of synthetic cathinones are similar to thoseof amphetamine/cocaine and include

tachycardia, hypertension with a subsequent risk of myocardial infarction, stroke, and upon prolonged abuse, dilated

cardiomyopathy. The effect on serotonin neurotransmission can also be substantial and hyperthermia and dehydra-

tion are observed. Fatal outcomes have been described, although the cause of death cannot be easily assessed because

cathinone derivatives are often abusedwith other psychoactive components. The treatment of cathinone cardiotoxic-

ity is similar to that of amphetamines or cocaine overdose. In cases of hyperthermia, extensive cooling is needed.73–78

Similar to synthetic cathinones, some piperazines possess significant, complex sympathomimetic activity and other

effects on monoamine receptors, in particular those associated with serotonin. For this reason, they are labeled as

“legal ecstasy” and sometimes sold instead of “ecstasy” (MDMA). Although they have about 10% of amphetamine's

potency, theymaycause significant adverse cardiovascular effects. Fatalities arenot common, theymayappear in cases

of attempted suicide.73,79

The antiobesity drug phentermine shares its mechanism of action with amphetamines, but is selective for nora-

drenaline release.40 Interestingly, it does not increase blood pressure, but heart rate can rise. Its combination with

topiramate, approved in 2012, showed similar outcomes.Moreover, likely due to bodyweight reduction, arterial blood
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pressure can even significantly decrease. Although heart rate can increase, no relevant cardiovascular risk has been

noted to date.80

Tyramine is also an indirect sympathomimetic and its mechanism of action is analogous to that of amphetamines

(e.g., it releasesnoradrenaline fromthe synaptic cleft). Physiologically, tyramine is ingested in thediet (e.g., aged cheese,

soy sauce, redwine, and other fermented products) and is oxidatively deaminated in the small intestine byMAOA and

Band thus it has no clinical effect.However,whenMAOAandBareblockedby inhibitors, tyramine's oral bioavailability

dramatically increases, leading tomarked elevations in blood pressure (hypertensive crisis), tachydysrhythmias, and in

rare cases, acute myocardial infarction.81–83 Currently, nonselective, irreversible MAO A/B blockers (phenelzine and

tranylcypromine) are very rarely used in clinical psychiatry. However, some clinically used drugs (e.g., the antibiotic

linezolid) aremild nonselectiveMAOblockers and thus they can also evoke this reaction, known as the “cheese effect.”

This risk is nonetheless low.84,85

2.2 Direct acting sympathomimetics

2.2.1 Endogenous catecholamines

The endogenous catecholamines, noradrenaline, adrenaline, and dopamine are commonly used in intensive care units

to treat shock conditions associated with acute cardiovascular disorders. However, there are important differences

between them in terms of their selectivity for adrenergic receptors. In general, adrenaline stimulates both 𝛼- and 𝛽-

adrenergic receptors, while noradrenaline has effects on 𝛼- and 𝛽1-adrenergic receptors, but has little affinity for 𝛽2-

adrenergic receptors. Dopamin by stimulation of dopaminergic receptors on blood vessels produces vasodilation in

physiological doses but it is also a weak agonist at adrenergic receptors. In principle, catecholamines may evoke dif-

ferent cardiotoxic reactions including dysrhythmias, cardiac ischemia, and hypertension. Clinically, the acute hemody-

namic benefits on the heart outweigh the risks when they are used in appropriate indications, but careful monitoring

of cardiovascular function should be performed. In comparison to other synthetic inotropes and vasopressors, these

biogenic amines have short half-lives, whichmay be an important advantage in terms of their potential to produce car-

diotoxicity. Nonetheless, prolonged infusions of high doses of adrenaline or noradrenaline are not recommended, since

it can cause direct cardiotoxic effects resulting in apoptosis/necrosis of cardiomyocytes.7,86,87 Cardiotoxicity may also

be induced by rapid intravenous (i.v.) bolus administration of insufficiently diluted adrenaline solutions. This explains

why the intramuscular (i.m.) route of administration, which is inherently safer for the heart, is often preferred in clini-

cal practice (e.g., in anaphylactic reactions). When adrenaline is administered i.v. in clinical practice, it is often advised

to use a “fractionated” administration approach, or to use slow injection, to avoid cardiotoxicity and acute hemody-

namic complications. Also, the production of reactive oxygen species (ROS), either via adrenoceptors or via autoxida-

tion cannot be overlooked in the cardiotoxicity inflicted by catecholamines, namely adrenaline.88,89 Similar findings

were also observed after noradrenaline administration, where mixed 𝛼-and 𝛽-blockade did not fully counteract oxida-

tive stress.90

2.2.2 Nonselective 𝜷-agonists and 𝜷2-agonists

The nonselective 𝛽-adrenoceptor agonist isoprenaline (also known as isoproterenol) has a large potential to induce

myocardial damage. For this reason, it has been commonly used in experimental settings for induction of a patho-

logical state similar to the acute myocardial infarction.91–94 Its mechanisms of cardiotoxicity are complex and involve

overstimulation of 𝛽-adrenoceptors and ROS production. Excessive stimulation of 𝛽-adrenoceptors leads to exagger-

atedmyocardial energy demands. Additionally, due to its potent 𝛽2-adrenoceptor agonistic effect, isoprenaline causes

massive vasodilation in the periphery, significantly lowering diastolic blood pressure and hence reducing myocar-

dial perfusion.95–97 Calcium overload is also a common finding due to stimulation of cardiac 𝛽1-adrenoceptors.
98–100

Enhanced platelet aggregation also likely contributes to toxicity.101–103 ROS can be formed directly by spontaneous

or metal-catalyzed oxidation of high levels of isoprenaline, or due to ischemia.104–108 Because of the complex patho-

physiology, it is not surprising that no single agent can fully prevent/revert the injury caused by isoprenaline, or only
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works in low doses of isoprenaline.103,109–114 There are many reports showing that various natural compounds fully

protect against isoprenaline cardiac injury in animal models,115,116 but it is not clear whether these studies have been

performed according to the appropriate experimental standards.117,118

𝛽2-agonists, when inhaled at therapeutic doses to treat bronchoconstriction, are considered to be relatively safe

from the cardiovascular point of view; however, their selectivity is not absolute and in higher doses they also bind

to 𝛽1-receptors. As a consequence, vasodilation due to 𝛽2-receptor stimulation can be accompanied tachycardia due

to either reflex sympathetic activation or nonselectivity. Indeed, palpitations and sinus tachycardia are relatively

common.119,120 Rarely, dysrhythmias including atrial fibrillation have been documented and in exceptional cases,

acute myocardial infarction was observed.121–125 The latter is more relevant in the case of clenbuterol, a drug used

to enhance performance in sports. The underlying mechanism can also involve spasm of coronary arteries and/or

temporary thrombosis.125 Naturally, patients with angina pectoris, or with heart failure (where 𝛽2-receptors

may become more important due to the downregulation of 𝛽1-receptors), are particularly sensitive to the car-

diac effects of 𝛽2-agonists. Transient hypokalemia may also precipitate the development of dysrhythmias.126–128

Pronounced hypotension with myocardial impairment can be achieved in very high doses under experimental

conditions.95,128–130 Similarly, elevations in biomarkers of cardiac injury have been observed in humans, but these

seem to be transient.131,132 Besides their use as bronchodilators, 𝛽2-agonists are also used systemically in obstetrics

for the management of premature labor. The systemic administration 𝛽2-agonist in pregnancy is not without maternal

and/or fetal side effects. Serious (albeit rare)maternal side effects have been reported. Terbutaline, which is often used

in these settings, also binds to 𝛽1-receptors at multiple sites, and may lead to maternal tachycardia and hypotension,

leading to complaints of palpitations and symptomatic dysrhythmias. Rarely, pulmonary edema, myocardial infarction,

and death have been reported.133 Interestingly, cardiac troponin levels (biomarkers of cardiac damage) increase dur-

ing standard tocolysis in both maternal and neonatal cord blood.134,135 Thus, terbutaline is contraindicated in women

with heart disease, significant tachycardia, hemorrhage, or hypovolemia.133 The cardiovascular toxicity of 𝛽2-agonists

is one of the reasons why other tocolytic approaches (e.g., using nifedipine) are now gaining wider acceptance in the

clinical community.

Mirabegron is a novel drug used for overactive bladder. Pharmacologically, it is a 𝛽3-agonist that can dose depen-

dently produce tachycardia. Studies have documented hypertension associatedwith its use; however, causality is lack-

ing since hypertensionwas observedwith a similar frequency in placebo and/or comparator arms of the studies.136,137

2.3 Nicotine and smoking

In the 21st century, tobacco smoking represents a major worldwide health hazard. About 1 billion persons are esti-

mated to smoke daily and millions of smokers die annually.138,139 Current trends toward electronic cigarette use

decrease somewhat thehealth risk; however,moredata are requiredbeforedefinitive conclusions canbedrawn.140,141

Cigarette smoke contains both nicotine and a number of other chemicals formed by tobacco combustion, many of

which are carcinogens and have the ability to produce ROS. Electronic cigarettes also contain nicotine. While the

number of potentially toxic chemicals is diminished due to the lower temperature of thermal degradation, the com-

pounds formed are also potential hazards to humans.140,141 From the cardiovascular point of view, both nicotine and

ROS explain the negative effects of smoking (Fig. 4). Also low exposure to cigarette smoke, in particular in nonsmokers

(second hand smoke), represents an important cardiovascular risk. Smoking bans for public places in many countries

havemarkedly decreased smoking-related cardiovascular events andmortality.141–144

Nicotine (a pyridine alkaloid of tobacco, Nicotiana tabacum) is an agonist at nicotinic acetylcholine receptors (N or

nACh receptors) and these receptors are indirectly implicated in changes in cardiovascular function. The cardiovascu-

lar system ismainly influencedby thenicotine-mediated releaseof adrenaline fromtheadrenalmedulla andby stimula-

tion of ganglionicN-receptors in the sympathetic nervous system, leading to the amplification of sympathetic tone. The

immediate consequences are well known (e.g., elevated blood pressure and tachycardia).140,145 The incidence of ven-

tricular andatrial dysrhythmias and the risk of suddendeath is also increased in smokers. In particular, smokingdoubles

the incidence of atrial fibrillation.141 A very important effect of smoking is platelet aggregation.146–148 Indeed, there



MLADĚNKA ET AL. 1347

F IGURE 4 Simplified overview of the cardiovascular effect of cigarette smoke with separation of the effect of nico-
tine and other compounds generated by smoking. Nicotine stimulates nicotine receptors (NN) both in the sympathetic
nervous system ganglia (1) and in the adrenal medulla (2). The former leads to release of noradrenaline (NA) from the
sympathetic nerve terminals both in the heart (3) and vascular beds (4). The effect in the adrenal medulla leads mainly
to the release of adrenaline (A) into the systemic blood circulation (5). The effect on the heart and majority of vessels
is similar (6). In addition, adrenaline stimulates platelet aggregation (7). ROS (8) are formed and react with NO leading
to the production of peroxynitrite (ONOO−), a highly toxic reactive species. Stimulation of platelet aggregation and
activation of the immune systemwith subsequent inflammatory reaction is a consequence. ACh: acetylcholine.

is a direct correlation between the urinary excretion of thromboxane A2 (an important stimulator of platelet aggre-

gation) and the number of cigarettes smoked daily.149 The enhanced platelet aggregation is caused by both increased

circulating catecholamines and other compounds from the cigarette smoke, since tobacco snuff does not produces

the same biochemical effects, notwithstanding exposure to nicotine.14,141,149 Nonetheless, the effect of nicotine on

platelet aggregation must be substantial, since smokeless nicotine (e.g., used as snuff) represents an elevated risk for

fatal stroke. Interestingly in one study, the risk of fatal ischemic strokewas significant, while that of hemorrhagic stroke

was not.150–152 Besides chronic abuse, nicotine may also be a source of acute intoxication, often due to the accidental

oral intake by children—either as tobacco from cigarettes or liquid for e-cigarettes. Besides profound vomiting and

irritability, marked tachycardia and hypertension aremost often observed.153

In addition to nicotine, other compounds from tobacco cigarettes are implicated in increased cardiovascular risk,

mostly because they areROS. ROS interact in a complexmannerwith the vascular system. Theprotective role ofNOon

endothelial function is quickly overcomewhen peroxynitrite (ONOO−) is formed, resulting in enhanced platelet activ-

ity (mentioned above), activation of leucocytes, and subsequent inflammation. Coagulation factors are consistently

higher in smokers than in nonsmokers. The resulting endothelial dysfunction facilitates atherogenesis and thrombus

formation and also complicates long-term treatment ofmyocardial infarction. The electronic cigarettes do not seem to

cause vascular dysfunction, at least on a short-termbasis, but long-termstudies are needed to assess the risk of chronic

exposure.141

Current pharmacological alternatives to support smoking cessation involve nicotine replacement therapy, a partial

agonist at one subtype of N-receptors (varenicline) and an antidepressant (bupropion), which suppresses craving and

ameliorates some withdrawal symptoms, even in nondepressed patients. Nicotine replacement therapy seems to rep-

resent a lower benefit, since smokeless nicotine is known to havemild, but significant risk of fatalmyocardial infarction



1348 MLADĚNKA ET AL.

and fatal stroke.150 There were initial claims of varenicline's association with cardiovascular events, but recent net-

workmeta-analysis of 18 randomized clinical trials, failed to find negative cardiovascular effects of varenicline.154 Sim-

ilarly, the FDA Mini-Sentinel Program showed no elevation in cardiovascular risk of varenicline versus bupropion.155

Interestingly, in the same network meta-analysis, bupropion had a significant protective effect on major adverse car-

diovascular effects in smoking cessation patients.154 Also other drugs can stimulate N-receptors—see Section 5.2.1.

2.4 Drugs affecting the adrenergic system via their action in the CNS

Adrenergic 𝛼2-receptors are localized mostly in the CNS and in the pelvic area. Stimulation of central 𝛼2-

adrenergic receptors is associated with inhibition of the central sympathetic tone. This has a clinical impact and the

𝛼2-adrenoceptors agonists, clonidine and methyldopa, are sometimes used in the treatment of hypertension. Cloni-

dine is also used in children for ADHD. In addition, some centrally acting 𝛼2-agonists are used in vertebrogenic-algic

syndromes due to their significant skeletalmusclemyorelaxant effects (e.g., tizanidine), or in veterinary anesthesia due

to their sedative andmyorelaxant effects (e.g., xylazine andmedetomidine). 𝛼2-Adrenoceptor agonist intoxication can

cause hypotension and bradycardia, which are therapeutically manageable (i.v. fluid supplementation, atropine or cat-

echolamines if needed, or administration of the 𝛼2-antagonist, atipamezole).156–159 The prognosis is generally good,

even after high doses. However, combined use with other CNS depressant, including xylazine use as an adulterant

(e.g., with heroin) can be fatal.160 At high doses, transient mild hypertension occurs due to stimulation of peripheral

𝛼2-adrenergic receptors, but this response generally does not require any intervention.
70,161–163

Antagonists of 𝛼2-adrenergic receptors can cause the opposite effects—an increase in sympathetic tone. They also

cause vasodilation of the pelvic area by antagonism of peripheral 𝛼2-adrenergic receptors, which can have a bene-

ficial effect in erectile dysfunction. Previously, this condition has been treated using the natural alkaloid yohimbine,

which can be isolated from the bark ofWest African tree Pausinystalia yohimbe. Yohimbine has been largely replaced by

modern approaches to treat erectile dysfunction; however, it is still used for purposes of bodybuilding, improvement

of athletic performance, and body weight loss, although data confirming the effectiveness of these uses are missing or

conflicting. Theuseof yohimbine-containingproducts is notnegligible andmanycasesof intoxicationare reportedeach

year. Its cardiovascular effects are related to the above-mentioned mechanisms and thus administration of yohimbine

results in dose-dependent elevations in the blood pressure and heart rate. The effect on the blood pressure is more

pronounced in hypertensive patients. Fortunately, fatal cases after yohimbine intoxication are extremely rare and due

to its short half-life, most intoxications usually self-resolve.164,165

On the contrary, reserpine, an alkaloid isolated from the roots of Rauwolfia serpentina, decreases sympathetic tone

and causes hypotension and bradycardia by blocking uptake of monoamines into synaptic vesicles.57,166

2.5 Drugs influencing intracellular signaling downstream of adrenergic receptors with

effects on both cardiomyocytes and the vascular system

In addition to direct effects on adrenergic receptors, or indirect effects due to prolongation of the half-lives of endoge-

nous catecholamines in the synaptic cleft, several drugs can also affect intracellular signaling downstream of adren-

ergic receptors in the heart. Common examples are inhibitors of phosphodiesterase-3 and calcium sensitizers. Drugs

that inhibit phosphodiesterase-3 (milrinone, amrinone) bypass the 𝛽-adrenergic receptors by prolonging the half-life

of intracellular cAMP. They may have important cardiovascular toxicity when given chronically. Oral daily milrinone

treatment did not improve survival in patients with chronic heart failure in the PROMISE trial, instead amarked wors-

ening of cardiovascular and overall mortality was observedwhen comparedwith placebo. Themechanisms behind this

toxic effect are likely complex, but malignant ventricular dysrhythmias were implicated. As a result, these drugs are

now indicated only for short treatment of acute heart failure with low cardiac output and hypotension. Nevertheless,

the drug may impose cardiac risk particularly in the ischemic myocardium. Also, hypotension can be observed in high

doses and thus careful cardiovascularmonitoring is necessary during treatment.86,167 Levosimendan, a direct inotrope
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with calcium-sensitizing properties by virtue of its binding to troponin C, is linked to tachycardia and hypotension.86

The latter effect is, however, caused by activation of KATP channels in the blood vessels.

2.6 Other drugs causing sympathetic hyperactivity

The sympathetic system can be activated as a stress reaction after intoxication by different drugs, in spite of the fact

that the drugs have little or no direct cardiovascular actions. An example is cannabinoids, which are generally con-

sidered quite safe from the cardiovascular point of view.168–171 It should be mentioned that contaminants, including

caffeine, can contribute for these cardiovascular hazards.73,168

The serotonin syndrome, characterized by unusually high systemic levels of serotonin, can be produced by over-

dose, or due to pharmacokinetic interactions with drugs that increase serotonin levels (e.g., selective serotonin

reuptake inhibitors and other antidepressants that increase levels of serotonin, several opioids of the tramadol type,

the antibiotic linezolide, or MDMA). Autonomic hyperactivity associated with hypertension and tachycardia is com-

monly seen inmoderate cases. Treatment involves benzodiazepines, which decrease adrenergic reactions and antago-

nists at 5-HT2A receptors, like cyproheptadine.172,173

2.7 Ca2+ channel blockers andmaitotoxin

Pharmacologically, Ca2+ channel blockers are divided into nondihydropyridines, namely verapamil and diltiazem, and

dihydropyridines. All of these drugs block vascular L-type Ca2+ channels to different degrees, while the former group

additionally blocks cardiac L-type channels at therapeutic concentrations. However, during intoxication, this organ

selectivity is largely lost; therefore these drugs will be discussed together. Ca2+ channel blockers are among the most

common cause of intoxication and death by therapeutically used cardiovascular drugs. These on the other hand, they

are considered quite safe. However when used in very small children, or when given in combination with similarly

acting drugs (𝛽-blockers, digoxin, amiodarone), toxicity is more probable. During overdose, they can evoke bradydys-

rhythmias ranging from sinus bradycardia to complete atrioventricular (AV) block and from severe systemic hypoten-

sion to cardiovascular collapse.5,174–178 Neonatal myocardium, at least in some species like rabbit, has fewer Ca2+

channels and this may be the reason for higher toxicity in very early phases of life.174,179 In clinical pediatrics, ver-

apamil is contraindicated in neonates and infants due to the high risk of severe bradycardia, hypotension, and car-

diovascular collapse, although the justification in the latter pediatric population is a matter of debate.174 Nondihy-

dropyridines, in particular verapamil, might also produce left ventricular heart failure, but this syndrome is usually

mild and transient.5,7 However, caution is necessary in patients with preexisting systolic dysfunction. Short-acting

dihydropyridines, like nifedipine, can produce reflex tachycardia as a result of their rapid and dominant peripheral

vasodilator effect. Intoxication with nifedipine is commonly manifested as hypotension with tachycardia, which can

convert to bradydysrhythmias due to a toxic direct effect on the heart.177 Therapy of severe Ca2+ blocker intoxication

includes tools aimed to decrease drug absorption (e.g., activated charcoal and gastric lavage), particularly in the case of

sustained-release tablets. Intravenous calcium and/or high-dose insulin-glucose treatment are often the drugs of first

choice in severe cases, while atropine may be used for treatment of bradydysrhythmias and i.v. fluid supplementation

for hypotension, sympathomimetics in sustained bradydysrhythmias and/or hypotension, and glucagon for its posi-

tive chronotropic and inotropic activity (sometimes considered useful in verapamil overdose but convincing human

data are missing). Pacing and lipid emulsion therapy might be required in life-threatening cases if other means are

ineffective.176–178,180–183

Maitotoxin is a large, very potent toxin found in the “red-tide” dinoflagellate Gambierdiscus toxicus. It is one of the

most potent ciguatera toxins known and is one cause of Ciguatera seafood poisoning.184 The underlying mechanism

of maitotoxin toxicity is associated with several Ca2+-dependent processes. Recent results suggest that it binds to the

sarcolemmalCa2+-ATPasepumpandconverts it into aCa2+-permeable nonselective cation channel. This causes amas-

sive increase in cytosolic freeCa2+ concentrationwith subsequent opening of large endogenous cytolytic pores.185,186

Ciguatera poisoning can be caused not only by maitotoxin, but also by other ciguatera toxins. It is manifested as
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gastrointestinal, neurological, respiratory, and cardiovascular symptoms, including brady- and tachydyasrrhythmias

andhypotension. Treatmentofmaitotoxin intoxication is the sameas for ciguatera toxins in general and is symptomatic.

In rare cases, when a patient presents early after ingestion, activated charcoal or gastric lavage may be of benefit.

Atropine or i.v. fluid administration can be also useful. If hypotension persists, administration of dopamine or nore-

pinephrine is employed.187,188

2.8 Tricyclic antidepressants (TCAs)

TCAs are a specific class of drugs with multiple actions. Their antidepressant activity involves the inhibition of

monoaminergic synaptic reuptake transporters. However, they also have significant activity as antagonist of 𝛼1-, H1-,

H2-, and M-receptors and block Na+ and human ether-a-go-go-related gene (hERG) channels. Therefore, their car-

diovascular effects are complex. The common symptom after TCA overdose is sinus tachycardia, but other atrial or

ventricular dysrhythmias can be observed. They prolong the QT interval due to IKr current blockade; however, owing

to increases in heart rate, this rarely precipitates torsade de pointes (for more detail see chapter 3.2.2). Orthostatic

hypotension is also a very common side effect with generally no tolerance. It is mainly caused by antagonism of 𝛼1-

adrenoceptors, but may also reflect decreased contractility/cardiac output due to cardiac Na+ channel inhibition. The

latter is relevant only in overdose cases, since negative inotropic effects are not observed at therapeutic doses, even

in patients with heart failure. At the beginning of treatment, hypertension due to indirect sympathomimetic activity

can appear.23–25,189,190 Rare cases of myocardial infarction have also been described. After overdose, death can result

from different etiologies, but cardiac dysrhythmias (QRS complex widening and ventricular arrhythmias) are usually

themost important andprevalent and tend tooccurwithin the first 24hrs. TCAshavebeen commonlyused for suicides,

while other antidepressants are only rarely associated with death.25,190,191 Early administration of activated charcoal

within 1 hr after TCA ingestion has a reasonable clinical effect. In cases of ventricular dysrhythmias, sodium bicarbon-

ate or lidocaine can be useful. Sodium bicarbonate may be preferred since it also alleviates the acidosis produced by

TCA intoxication. Administration of class Ia antiarrhythmic agents is contraindicated because they can potentiate Na+

channel blockade and cause heart block. Treatment of hypotension is based on fluid administration and vasoconstric-

tors counteract the 𝛼1-adrenergic receptor blockade.
182,191,192

2.9 Ethanol

Alcohol (ethanol) consumption in mild to moderate doses is generally considered to be cardioprotective, while in high

doses, the opposite is true.7,193–197 This is quite alarming since the current 1 year prevalence of alcohol use disor-

der in the US population over 18 years is 10% in women and 18% in men. Of these about one-half are moderate or

heavy drinkers.198 Acute alcohol overdose can be associated with hypotension and even a risk of cardiovascular col-

lapse. Intravenous fluid administration is generally the first therapeuticmeasure.5 Evenmoderate chronic alcohol con-

sumption can be associated with mild increases in arterial blood pressure. The effect seems to be dose dependent

and about 5–10% of all hypertensive patients might result from alcohol consumption, while the prevalence of hyper-

tension in younger persons with alcohol use disorder is approaching one-half.7,199,200 The mechanisms of the blood

pressure responses are not clear; however, at least in the early stages of abuse, adrenergic hyperactivity plays an

active role.196 Chronic exposure to high doses of alcohol results in dysrhythmias and alcoholic cardiomyopathy. The

first clinical sign in many cases is an isolated episode of atrial fibrillation. Atrial fibrillation is relatively common in

alcohol consumers and might be responsible for about 15–40% of all idiopathic atrial fibrillation.6,7 According to a

large study, a daily alcohol intake of more than 60 g is associated with an increased risk of atrial fibrillation.201 There

can be also other types of supraventricular or ventricular dysrhythmias mainly due to reentry mechanism. Ventric-

ular tachydysrhythmias can result in death and, indeed, the risk of sudden cardiac death is higher after recent alco-

hol intake in chronic alcoholics. In general, chronic alcohol-induced dysrhythmias are commonly resistant to pharma-

cotherapy or cardioversion.6,7,202 Alcoholic cardiomyopathy, which can account for up to about one-half of idiopathic

cardiomyopathies, shares some clinical signs with wet beriberi.6,7,203 It appears that at least 5 years of heavy drink-

ing are needed. Alcoholic cardiomyopathy is a type of acquired dilated cardiomyopathy. Like other types of dilated
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cardiomyopathy, alcoholic cardiomyopathy is characterizedby adilated left ventricle, increased left ventriclemass, and

left ventricular systolic dysfunction. Depending on the degree of alcohol consumption, it can be asymptomatic, orman-

ifested as overt heart failure. The pathophysiology is complicated and not fully understood. It involves accumulation

of lipids in the myocardium, increased levels of angiotensin II, mitochondrial dysfunction, and oxidative stress. Ethyl

esters of fatty acids appear to contribute to cardiomyopathy development.204 Prognosis is poor if the patient contin-

ues to drink heavily. Treatment is thus based on cessation or reduction of alcohol consumption. There are no treatment

guidelines. Common methods of heart failure treatment with emphasis on angiotensin-converting enzyme inhibitor

(ACEi) administrationareefficient in alcoholic cardiomyopathywith reducedejection fraction. Thiamine, thedeficiency

ofwhich is the cause of beriberi, is also commonly administered, but its benefit has yet to be confirmed.6,203,204 Moder-

ate and high alcohol consumption, in contrast to protective low consumption, is also associatedwith a higher incidence

of both ischemic and hemorrhagic strokes and acutemyocardial infarction.7,196,197

2.10 Androgenic anabolic steroids

The male hormone, testosterone is only sparingly used in therapy, but its close derivatives, the androgenic anabolic

steroids, are misused at high doses to enhance physical performance. Data on their cardiovascular toxicities have not

been systematically explored since their use is illegal in professional sport. In addition, androgenic anabolic steroids are

commonly administeredwith other drugs such as 𝛽2-mimetics, illicit sympathomimetics, diuretics, and/or psychoactive

drugs.171,205 Data on testosterone's effects on the cardiovascular system aremixed and they differ from those elicited

by supraphysiologic doses of synthetic androgens.206,207 Thus, it is not easy to decipher the cardiovascular impact of

anabolic androgenic steroid abuse. The basis of their abuse is to increase lean striated muscle mass. However, sim-

ilar effects are also observed in the heart with the most common cardiac finding of long-term anabolic abuse being

cardiac hypertrophy,171,208 which is greater than that of exercise-induced hypertrophy in professional athletes who

do not abuse anabolic drugs.209 Maladaptive cardiac hypertrophy caused by these drugs is initially mostly concentric,

but can be eccentric and can proceed to fibrosis and overt heart failure. Diastolic dysfunction is positively correlated

to the dose and duration of anabolic steroid use. In addition, altered cardiac structure can predispose to dysrhyth-

mia development that can result in sudden cardiac death.171,210 Indeed, cardiac pathology is commonly observed in

young people who died while abusing androgens.205,211 Other effects of anabolic androgenic steroid abuse include a

small increase in arterial blood pressure, which is expected due to the known physiological difference between men

and women.207,209 The cause can be increased sodium and water retention, or effects on red blood cell prolifera-

tion through increased expression of erythropoietin. Data also suggest facilitated vasoconstriction due to endoge-

nous mediators. There are also reports of thrombotic events, possibly associated with increased erythropoietin mass,

abnormalities in platelet aggregation, and atherosclerosis, which can be facilitated by the influence of androgens on

lipid spectra.170,171,206,207,212–214 The cardiovascular effects of androgens are reversible and cessation is thus themost

effective therapy, but it is not clear whether restoration of full cardiac function and structure can be achieved by the

cessation of drug taking.208,209,215

3 DRUGS WITH THE MAJOR EFFECTS ON THE HEART

This category encompasses drugs with direct effects mainly targeted on the cardiomyocytes. These drugs selectively

affect either the conduction system, theworkingmyocardium, or both systems.Other cells in addition to the cardiomy-

ocytes may also be involved in cardiotoxic responses and these will be briefly discussed below.

3.1 Drugs affecting the function of both the conduction system and theworking

myocardium

Drugs affecting 𝛽1-receptors are themost common examples.
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3.1.1 𝜷-Blockers

Drugs classified as 𝛽-adrenoceptor blockers (antagonists) are considered to be quite safe in recommended doses

mainly because of their large therapeutic indices. One of their indications is chronic heart failure with reduced ejec-

tion fraction. Although they are one of the cornerstones of current management of this disease, their introduction

may cause transient worsening of heart failure symptoms (e.g., in too fast up-titration) due to their negative inotropic

action; therefore, the initiation of treatment is recommended after stabilization of heart failure symptoms.216 An

increased risk of toxicity can be also the result of interactions with other drugs (Table 4). In general, the manifesta-

tions of 𝛽-blockers overdose include bradycardia, atrioventricular (AV) blockade, hypotension, left ventricular failure,

and cardiogenic shock. If death occurs, this is usually caused by asystole.5,217 Besides the expected excessive block-

ade of adrenergic signaling, some 𝛽-blockers also possess membrane stabilizing effects and intoxication with them

is associated with more pronounced cardiovascular toxicity (e.g., propranolol, labetalol, acebutolol).218 In general,

𝛽-blocker overdose is treated similarly to overdose with Ca2+ channel blockers. Bradydysrhythmias are treated with

atropine (and adrenaline), sometimes pacing is needed. Glucagon is often very useful and recommended as a first-line

treatment for its positive chronotropic and inotropic effects with i.v. calcium salts, high-dose insulin-glucose therapy,

and phosphodiesterase 3 inhibitors as potential alternatives. Lipid emulsion therapy is discussed in severe cases poorly

responding to other treatment. In contrast to Ca2+ channel blocker overdose, hemodialysis or hemoperfusion can be

effective for some hydrophilic 𝛽-blockers. In addition to the adverse and toxic effects described above, rebound phe-

nomenon, which stems from rapid discontinuation of their chronic use, should be noted and can be associated with

worsening of coronary artery disease togetherwith a risk of tachyarrhythmia, acutemyocardial infarction, sudden car-

diac death, or hypertensive crisis.7,57,176,217

3.2 Drugs withmain toxic effects on cardiac electrophysiology—Drugs causing

dysrhythmias

Besides effects on adrenergic receptors and Ca2+ channels, the major drug targets associated with cardiac dysrhyth-

mias are Na+ and K+ channels, the Na+-K+ pump (Na+-K+ adenosine triphosphatase), acetylcholine, and adenosine

receptors. Since many channels or receptors, can under different conditions, cause both tachy- and bradydysrhyth-

mias, the classification will be based on themechanism/target of cardiotoxicity.

3.2.1 Sodium channels

There are drugs and natural toxins that inhibit Na+ channel function or promote their activation (i.e., Na+ channel

openers)—see Figure 5. Both mechanisms can contribute to dysrhythmogenicity. Prevention of Na+ channel closing

prolongs their open state and this is clinically relevant for accidental or intentional aconitine poisoning. Inhibition of

Na+ channel function, by local anesthetics, is a possible complication of therapy resulting from inappropriate adminis-

tration of local anesthetic into the systemic circulation. Furthermore, Na+ channel blockade is a mechanism of action

of many antiepileptics and class I antidysrhythmics, known for their prodysrhythmic effects due to the narrow thera-

peutic window between antidysrhythmic and prodysrhytmic doses.

In Europe and North America, aconitine intoxication most often results from the accidental ingestion of the

Aconitum plant (mainly Aconitum napellus, monkshood or devil´s helmet). However, in Asia, aconitine root, after pro-

cessing, which reduces about 90% of the alkaloid content, is still used in traditional Chinese medicine as an analgesic,

anti-inflammatory, or cardiotonic agent. Importantly, faulty preparation is a common reason for intoxication.219,220

The last reported incidence of intoxication in Hong Kong is 0.28 cases per 100,000 population, with the great majority

of these cases resulting from the faulty preparation of decoction of Aconitum roots.220 Aconitine is a highly toxic

diterpenoid alkaloid that has long been associated with severe cardiovascular toxicities including tachyarrhythmia

and hypotension. The main causes of fatal outcomes are refractory ventricular dysrhythmias and asystole. Aconitine

binds to the alpha-subunit of the Na+ channel, which remains as a consequence in the open form, resulting in delayed

repolarization or early after depolarization. By this mechanism, ectopic beats, ventricular tachycardia, torsade de
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TABLE 4 Selected clinically relevant interactions leading to possibly severe cardiovascular toxicity

Drug 1 Drug 2 Type
Relevant cardiovascular
risk Mechanism

ACEi Antagonists at AT1
receptors for
angiotensin II (sartans)

PD Hypotension and
hyperkalemia

Activity at consequent steps
of renin–angiotensin–
aldosterone cascade

ACEi Neprylisin inhibitors
(sacubitril)

PD Angioedema Bradykinin accumulation

Disulfiram Alcohol PK Hypotension, tachycardia Disulfiram inhibits alcohol
metabolism

Amphetamines Cocaine PD All risks described in
relevant sections of
this manuscript

Synergistic effects on
adrenergic system

Amiodarone Nondihydropyridine Ca2+

channel blockers
PD (+? PK) Sinus arrest Potentiation of negative

chronotropic and
inotropic effect

Amiodarone Some quinolones PD Torsade de pointes Additive effect onQT
interval ?

Drugs
prolonging
QT

Drugs lowering plasma
potassium
concentration
(amphotericin B,
𝛽2-agonists,
corticosteroids, loop
and thiazide diuretics,
theophylline, misuse or
overuse of laxatives)

PD (in some cases
also+ PK)

Torsade de pointes Synergistic effect

Amiodarone Some? 𝛽-blockers
(metoprolol, carvedilol)

PD+ PK Hypotension,
bradycardia, asystole,
possibly ventricular
fibrillation

Additive effect on the heart
and inhibition of CYP2D6
by amiodarone

Amiodarone Sotalol PD Torsade de pointes,
hypotension

Similar effect on the heart,
excessive bradycardia can
facilitate torsade de
pointes

𝛽-Blockers Cholinomimetics PD Bradycardia, AV blocks,
and hypotension

Synergistic negative
chronotropic effect

𝛽-Blockers Nondihydropyridine Ca2+

channel blockers
PD Bradycardia, asystole,

sinus arrest
Additive effect on the heart

𝛽-Blockers Digoxin PD Bradycardia, AV block Additive effect

𝛽-Blockers Dronedarone PD+ PK Bradycardia Both drugs slow heart rate
and dronedarone can
inhibit CYP2D6 altering
metabolism of some
𝛽-blockers

𝛽-Blockers Antipsychotics-
phenothiazines

PD Hypotension Additive effect

𝛽-Blockers Propafenone PD+ PK Profound hypotension
and cardiac arrest

Similar effect on the heart,
propafenone can inhibit
metabolism of some
𝛽-blockers through
inhibition of CYP2D6

Some
𝛽-blockers

Some SSRi PK Bradycardia, AV blocks,
hypotension

Fluoxetine and paroxetine
are inhibitors of CYP2D6
and thus slowmetabolism
of some 𝛽-blockers

(Continues)
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TABLE 4 (Continued)

Drug 1 Drug 2 Type
Relevant cardiovascular
risk Mechanism

Calcium channel
blockers

Azoles, clarithromycin,
someHIV-protease
inhibitors

PK Hypotension and/or
bradycardia

Mentioned drugs inhibit
metabolism of Ca2+

channel blockers

Digoxin Amiodarone PK+ ? PD Dysrhythmias, also
torsade de pointes

Amiodarone blocks
P-glycoprotein, torsade de
pointesmight by
facilitated by bradycardia
caused by digoxin

Digoxin Azoles, clarithromycin,
someHIV-protease
inhibitors

PK Dysrhythmias Inhibition of P-glycoprotein

Digoxin Nondihydropyridine Ca2+

channel blockers
PK+ PD Bradycardia, asystole,

sinus arrest
Inhibition of P-glycoprotein,
synergistic effect on the
heart

Digoxin Loop or thiazide
diuretics, amphotericin
B, corticosteroids

PD Dysrhythmias Hypokalemia potentiates
digoxin toxicity

Digoxin i.v. calcium PD Dysrhythmias Hypercalcemia increases
effect of cardiac
glycosides

Digoxin Propafenone PK ? Dysrhythmias Probably inhibition of
P-glycoprotein by
propafenone

PD, pharmacodynamic; PK, pharmacokinetic.
Note that while these drug combinations have the potential to produce cardiovascular toxicity, the contraindications are not
absolute (e.g., ACE inhibitorswith antagonists of angiotensin II receptors or 𝛽-blockerswithCa-channel inhibitors can be given
for certain indications).

F IGURE 5 Drugs acting on Na+ channels. (A) Aconitine binds to the open state of the channel and blocks channel
closing, therefore Na+ can cross the plasmatic membrane continuously, (B) an amide local anesthetic blocks channel
opening and thus Na+ influx necessary for action potential generation and conduction.

pointes, or even ventricular fibrillation may develop. Aconitine also stimulates the vagus nerve, potentially producing

bradycardia. The intoxication is generally rapid and cardiovascular symptoms are accompanied by neurological and

gastrointestinal manifestations. A specific treatment of aconitine poisoning is not available. It would seem logical

to administer class I antidysrhythmic agents to block Na+ channels; however, this treatment has a low success rate,
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similarly electrocardioversion is generally unsuccessful. Themost, but not always, successful approach seems to be the

administration of amiodarone.219,221 There are also other natural toxinswith similarmechanismof action, in particular

batrachotoxin, which is considered to be a full activator ofNa+ channels, in contrast to the partial activators, aconitine,

or veratridine.222–224 Veratridine and other derivatives of this class of steroid alkaloids are present in Veratrum album,

known also as white hellebore or false helleborine. Cases of intoxication with this plant are very rare, but the plant can

be easily confused withGentiana lutea that is used as a digestive agent.225

Also diterpenic grayanotoxins prevent Na+ channel inactivation, but their effect seems to be limited to neuronal

Na+ channels. Intoxication with these toxins is quite common in the Black Sea region of Turkey, where so called “mad

honey” is sold in local markets for treatment of different illnesses (e.g., gastrointestinal /GIT/ disorders, hypertension

or as a sexual stimulant). Mad honey is produced by honeybees from the nectar of Rhododendron genus flowers. Also

direct consumption of the plant or the drinking of tea prepared from Rhododendron species (e.g., Labrador tea) can

lead to intoxication, but such cases are rare. Symptoms of intoxication (also known as “mad honey disease”) include

cardiovascular symptoms such as sinus bradycardia, different degrees of AV block, and hypotension. Fatalities are

rare and patients are discharged from hospital usually within 1 or 2 days. Treatment involves mainly atropine and

saline i.v.226–228

As mentioned, class I antidysrhythmic drugs block Na+-channels. However, many of these drugs also possess addi-

tional activities producing a variety of cardiovascular actions/toxicities. For example, class Ia drugs also commonly

block the IKr-current causing QT prolongation and torsades de pointes (e.g., quinidine). Quinidine was widely used for

decades as a broad-spectrum antidysrhythmic drug, but its toxicity, in particular its cardiovascular toxicities severely

limited its clinical use. Beyond the significant risk of torsade de pointes (see chapter 3.2.2), it can cause orworsen other

dysrhythmias and heart failure. Drugs from the class Ia antidysrhythmic drugs are rarely used today.7

Class Ic antidysrhythmic drugs also have a poor record of safety, which stems from their proarrhythmic potential

taking place under certain circumstances. This is based mainly on the CAST I and CAST II trials, where flecainide,

encainide, and moricizine were used to test the hypothesis that these agents could protect postmyocardial-infarction

patients from premature ventricular beats and hence from ventricular dysrhythmias and death. Unexpectedly, there

were significant reductions in survival in those patients treated with the class Ic drugs.229–231 Propafenone, the most

commonly used class Ic drug, also possess significant 𝛽-blocking properties. Besides 𝛽-adrenergic related side effects,

it can as a Ia class antidysrhythmic also accelerate ventricular rate in patients with atrial flutter.7,232,233 From the clin-

ical point of view, these agents should be avoided in patients with ischemic heart disease and/or significant structural

heart disease that are considered to predispose patients to negative outcomes of the treatment.234

Some local anesthetics are also used as class 1b antidysrhythmic agents. Their toxicity can follow both type of

indications. They are considered to be more selective for Na+ channels; however, at higher concentrations, they can

also block other ion channels.235,236 There are marked differences between local anesthetics in terms of toxicity. The

racemic bupivacaine has the lowest therapeutic index, followed by ropivacaine and levobupivacaine. Lidocaine and

mepivacaine are considered safer.235,237 The toxicity of local anesthetics after systemic absorption most often begins

with signs of CNS toxicity (e.g., sedation, lethargy, confusion) with cardiac and vascular system effects occurring at

higher concentrations. The typical signs of cardiac toxicity are bradydysrhythmias with possible cardiac arrest and

hypotension, but ventricular tachydysrhythmias can also beobserved.238,239 Hypotension results frombothdecreased

cardiac contractility and direct peripheral vasodilator activity due to effects on smooth muscle Na+ channels. While

the incidence of systemic local anesthetic-induced cardiac toxicity is relatively low, and since there are no clinical

trials, the treatment still represents an important challenge. Conventional methods of intoxication treatment have

limited utility. Vasopressors like adrenaline are not always useful, in particular adrenaline in higher doses can promote

tachydysrhythmias. Interestingly, lipid emulsions represent a relatively novel pharmacological first-line treatment

after standard resuscitation. There is still some controversy, for example, there is no definite clinical proof that they

are the most effective treatment. Paradoxically, this treatment was first used to analyze the cardiotoxic mechanisms

of local anesthetics under the assumption that it would worsen the toxicity; however, the emulsions had the opposite

effect and reduced the toxicity. The mechanism behind this observation is not clear. The first theory of a “lipid sink,”

postulated the redistribution of local anesthetic from tissues into the circulation by dissolving them into lipid micelles,
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F IGURE 6 Chemical differences between taxanes and taxines. (A) Taxan taxol and (B) taxine B. Blue shows the basic
core for themost common taxines and taxanes, while red highlights differences between taxanes and taxines.

with subsequent elimination in the liver. This mechanism, also referred to as pharmacokinetic effects, is questionable,

since the concentration of local anesthetic in the plasma decreases after the lipid emulsion is administered. Therefore,

other mechanism(s) is/are involved. The local anesthetics also impair cardiac energy metabolism at the level of

mitochondria, which further worsens contractile function. Hence the lipid emulsionsmay act as a direct energy source

and this pharmacodynamics effect probably participates in the alleviation of local anesthetic toxicity. Moreover, the

lipid emulsion treatment is generally well tolerated.182,236,237,239–241 Hypoxia, coronary ischemia and/or acidosis are

known to amplify cardiotoxicity of local anesthetics. As these complications can be induced, or significantly worsened

by the toxicity itself, it can result in a potentially fatal vicious cycle. Hence, treatment of systemic toxicity induced by

local anesthetics should include appropriate airwaymaintenance, oxygenation, and/or ventilation.242

Lidocaine and class Ib antidysrhythmics were also reported to be effective in prophylaxis of serious ventricular dys-

rhythmias after acute myocardial infarction. However, a meta-analysis of randomized, controlled trials showed that

there were only insignificant trends toward reduced ventricular fibrillation, but significantly increased mortality.243

The increasedmortality was attributed to asystole, resulting from the suppression of a ventricular escape rhythm that

normally occurs if complete heart block develops. Due to the suggestion of possible harm and unsure benefit, the rou-

tine prophylactic administration of lidocaine postinfarction is not recommended.244

There are also natural toxins from the guanidinium class that are powerful blockers of Na+ channels. The most

well-known of these is tetrodotoxin, which exists in pufferfish and many other animals including crabs, frogs, and gas-

tropods. It is a very toxic compoundwith assessedhuman lethal dosesof 1–2mg.However, relative to its cardiovascular

toxicity, its risk is rather marginal, because tetrodotoxin has a very high affinity (nanomolar concentrations) for neural

and skeletal muscle fibers (tetrodotoxin-sensitive channels) and quite low affinity (micromoles) for cardiac channels

(tetrodotoxin resistant). Cardiovascular symptoms might occur in very severe intoxications, but by far the most com-

mon cause of death is respiratory failure.245,246 Other natural toxins from the same class with similar actions are saxi-

toxin and zetekitoxin AB.247

Aluminum (pesticide) and zinc phosphide (rodenticide) are common methods for suicide in India. They share the

same mechanism of action: they release phosphine. The mechanism of toxicity is not known, but symptomatically

it resembles Brugada syndrome, which is typically characterized by impaired function of Na+ channels in the heart.

Thus, phosphine might have a negative impact on Na+ channel function. Currently a specific treatment has not been

identified.248–250

Taxines—These alkaloids are found together with the more commonly known taxanes (e.g., paclitaxel, see Fig. 6) in

the yew tree (Taxus baccata). Intoxication was shown to be the most common method of suicide attempt using plant

materials in a recent study. Taxines blocks both Na+ and Ca2+ channels in cardiomyocytes. Thus, intoxication with yew
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produces brady- or tachycardia followed by ventricular tachydysrhythmias and ventricular fibrillation. Yew-mediated

cardiac dysrhythmias can be fatal, despite the best supportive treatment.251–253

3.2.2 Potassium channels

There are several types of cardiac K+ channels in the heart that are responsible for different phases of the action

potential. Three of them are involved in (late) repolarization. One of these channels, known as hERG (human ether-

a-go-go-related gene,254 or Kv11.1 or KCNH2, the latter is the name of the gene) is extremely sensitive to inhibition

by many compounds. It mediates the so-called rapid component of the delayed rectifier current (IKr current). If this

current is suppressed, repolarization is slowed and QT interval prolongation is observed in the ECG (Fig. 7A).255,256

Because the synthesis of the hERG channels is particularly complicated (Fig. 7B), the IKr current can be suppressed

not only by direct inhibition of the hERG channels, but also by any interference in their synthesis and/or intracellular

trafficking.255 Most drugs that cause QT interval prolongation are direct inhibitors of the channel, but there are many

compounds that block their synthesis/trafficking or interfere at both levels.257–259 Good examples are the anticancer

drugs arsenic trioxide and geldanamycin and the antiprotozoal agent pentamidine. The first two drugs inhibit hERG

trafficking at the level of heat shock proteins. These proteins are necessary to protectmisfolding or degradation of the

hERG polypeptide chain as it is processed in the endoplasmic reticulum. Pentamidine, on the other hand, blocks the

transport of hERG protein from the endoplasmic reticulum.259

Since direct inhibition of the hERG channel is themost common cause of drug-inducedQTprolongation, it ismanda-

tory that the potential for hERG channel antagonism be investigated at the preclinical stage of drug development

before clinical investigation. Interestingly, 75–86%ofpotential newdrugsmay carry some riskof interferingwithhERG

channels in early phases of preclinical development.260 Although this number is clearly overstated by false-positive

results, there is no question that a large number of clinically used drugs, at least in high concentrations, possess this

property. Studies have shown that the intracellular cavity of the hERG channel contains a promiscuous binding site

formed by polar and aromatic amino acids. Lipid solubility is an important factor and lipophilic drugs have a higher

probability of interfering with hERG channels than hydrophilic drugs.255,256,261 There are also some natural toxins

(some scorpion toxins, sea anemone toxin APETx1), which can extracellularly block this channel, but the inhibition is

incomplete.255 Prolongation of the QT interval is an important risk factor for the polymorphic ventricular tachydys-

rhythmia called “torsade de pointes.” The word comes from French and it is translated as "twisting of the points,”

because there is a gradual change in the amplitude and twisting of the QRS complexes around the isoelectric line

(Fig. 7A). Torsade de pointesmay result in ventricular fibrillation and sudden cardiac death. Several types of drugs have

been withdrawn from the market due to their ability to induce torsade de pointes, including antihistamines (terfena-

dine, astemizole), prokinetic agents (cisapride), spasmolytics (terodiline), antipsychotics (thioridazine), and quinolone

antibiotics (grepafloxacine).256,262–264 In some cases, in particular the mentioned antihistamines, inhibition of their

CYP3A4-mediatedmetabolismby several drugs (e.g., macrolides like erythromycin, azole antimycotics such as itrakon-

azole and ketokonazole) increased the plasma concentration of themwith subsequent blockade of the IKr current and

markedly increased risk of torsade de pointes. A similar situation is encountered in persons with reduced metabolic

capacity due to liver diseases.265–268

The relationship between QT interval prolongation and the incidence of torsade de pointes is not direct.261,262,269

Also, QT prolongation is not a uniform condition (see Fig. 7A). In fact, some drugs from the antidysrhythmic class III are

used clinically for treatment of different tachydysrhythmias due to prolongation of the action potential/QT as this also

prolongs the effective refractory period of cardiomyocytes. There are many factors influencing the risk of torsade de

pointes development andmany conditions, which canworsen or reduce it. Several factors can be crucial:

a. Torsade de pointes is a reentry dysrhythmia likely induced by an early afterdepolarization due to a Ca2+ current

through persistently open L-type Ca2+ channels, or possibly due to sodium inward current. This can be supported

by several facts: (i) some Ca2+ channels blockers (e.g., verapamil) are potent direct inhibitors of hERG channels, but

are not associatedwith torsade de pointes. 255,261 (ii)Mentioned class III antidysrhythmic drugs slow downdelayed

repolarization and these drugs block hERG channels. Logically, all these drugs are prolonging the QT interval and



1358 MLADĚNKA ET AL.

F IGURE 7 QT interval and torsade de pointes. (A) Different scenarios of QT prolongation. (1) Action potential. Nor-
mal action potential is shown in green, the prolongation of QT mainly due to plateau prolongation is shown in red, QT
prolongationswhere rapid repolarization phase is also prolonged in black and blue (here the triangulation is apparent).
(2) Corresponding QT prolongation on ECG. Marked QT prolongation, in particular with triangulation, might result in
torsadedepointes (3). (B)Complicated synthesis and traffickingof hERGchannels. After transcription tomRNA (1), pri-
mary the polypeptide is formed in ribosomes (2). In endoplasmic reticulum it is first associated with chaperons (3, heat
shock proteins 70 and90) and then four units are assembled into a tetramer forming theK+ channel (4). Thereafter, the
immature channel is transported into theGolgi apparatus for final glycosylation (5). Thismature protein is trafficked to
the plasma membrane (6). Drugs can interfere with this process in different ways: arsenic trioxide hinders the forma-
tion of the chaperon–hERG polypeptide complex (7), pentamidine binds to the tetramer and blocks the transport from
the endoplasmic reticulum (8), or ibutilide is a representative of many drugs that directly block the active channel (9).
(C) QT interval nomogram according to Isbister270 and Isbister et al.286

thus the risk of torsade de pointes is expected and clinically well documented.263 However, amiodarone, the key-

stone of this category, only rarely causes torsade de pointes. This is explained by its ability to also block Ca2+ chan-

nels andpossiblyNa+ channels. 262,270,271 (iii) Intravenousmagnesiumsulfate is thebest treatmentmodality to stop

torsade de pointes. Its mechanism of action is explained by physiological antagonism between Mg2 and Ca2+ and

hence probably associated with inhibition of Ca2+ channels. Moreover, magnesium sulfate stops dysrhythmias, but
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has no effect on QT interval duration.255,271 Dispersion in action potential/QT interval duration among different

ventricular cells might enable or facilitate the development of dysrhythmias.269,272,273

b. Plasma potassium levels are another crucial factor. Hypokalemia leads to downregulation of hERG channels and

hence toQT interval prolongation. It should also bementioned that some clinically used drugs induce hypokalemia,

namely themajority of diuretics and the chronic abuse of contact laxatives.255,259 Also hypomagnesaemia increases

the risk of torsade de pointes.255,262

c. Heart rate is a determinant of the cardiac cycle duration. When the heart rate is slow, the cardiac cycle and hence

QT/action potential duration are logically longer.269,270,274 Asmentioned in chapter 2.8, TCAs prolong theQT inter-

val, but rarely cause torsade de pointes. This is explained by the fact that TCAs cause tachycardia.

d. Women have physiologically longerQT intervals thanmen and thus are at a higher risk of torsade de pointes. In the

elderly, the QT interval is also prolonged.255,261,270,275

e. Several cardiovascular diseases or their risk factors modify the cardiac conduction pathways. Pharmacovigilance

data from Sweden showed that cardiac disease (e.g., heart failure, ischemic heart disease, cardiomyopathies, and

diabetes mellitus) was themost common factor in reported cases of torsade de pointes.255,259,261–263,275

Notwithstanding these variances, the QT interval remains the most commonly used predictor of torsade de

pointes, although it is far from being optimal and torsade de pointes can even occur when the action potential is

shortened.263,269 As mentioned, the QT interval is dependent on heart rate. Thus, several mathematical formulas

calculating corrected QT interval have been proposed, but none is ideal. Other possible assessment of the risk of

torsade de pointes represents the so-called QT nomogram—Fig. 7C.270,274 Large animal experimentation confirmed

that instability (beat to beat QT interval differences), triangulation (change in the shape of action potential to a more

triangular pattern, see Fig. 7A), and reverse use dependence (with resulting excessive prolongation of action potential

at a slow heart rate) are much better predictors of torsade de pointes than QT interval prolongation.269,272 A list of

drugs with increased risk of torsade de pointes is shown in Table 5 and a detailed list can be found online from the

Arizona Center for Education and Research on Therapeutics (AZCERT) program.276 As mentioned above, the major

treatmentmodality for torsade de pointes is i.v. magnesium sulfate.255,273 Temporary rapid atrial or ventricular pacing,

or administration of the 𝛽-agonist isoprenaline, or electrical cardioversion can be used in resistant cases.266,271,273

3.2.3 Sodium–potassium pump

Another drug target that can lead to dysrythmogenicity is the sodium–potassium adenosine triphosphatase (Na+/K+-

ATPase, also called the “sodium–potassium pump,” or “sodium pump”). A group of drugs named the cardioactive

steroids bind to this Na+/K+-ATPase. Cardioactive steroids are generally known as cardiac glycosides, but not all

cardioactive steroids contain a sugar moiety. Such exceptions include compounds in toad venoms.291 Cardioactive

steroids were long used as the first-line treatment of chronic heart failure; however, their current use is limited due to

the better safety and efficacy of other drugs, in particular ACE inhibitors/angiotensin receptor antagonists and beta-

blockers.292 Nevertheless, digoxin, the only clinically available representative of the class, is still used today in clinical

practice in combination with other drugs to further improve symptoms and reduce hospitalization in congestive heart

failure with reduced ejection fraction.216 In addition, it is used as a rate-control agent to control the rapid ventricular

response in supraventricular tachydysrhythmias (atrial fibrillations in particular).234 As such, digoxin is and has been

an important source of intoxication.293 Digoxin toxicity may originate, or may be exacerbated by drug interactions
294,295—see Table 4. For example, inhibitors of P-glycoprotein such as verapamil, amiodarone, or macrolide antibiotics

can enhance oral bioavailability of digoxin by decreasing its efflux from the enterocytes into the lumen of the intes-

tine and decrease its active tubular secretion into the urine in the kidney. As a result, plasma concentrations of digoxin

may significantly increase to toxic levels. Other very significant sources of cardiac glycoside poisoning occur after the

ingestion of some plants, in particular yellow oleander, which is a relatively common tool for suicides in southern Asia,

especially in Sri Lanka and India.296–298
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TABLE 5 List of selected drugs able to induce torsade de pointes throughQT interval prolongation

Class (compounds) Comment

Antidysrhythmic drugs of class III (sotalol, ibutilide,
dofetilide, almokalant, amiodarone, dronedarone)

Amiodarone and dronedarone have only a small risk even if
they prolongQT.

Antidysrhythmic drugs of class I (quinidine,
disopyramide, procainamide)

Some antipsychotic drugs (amisulpiride,a droperidol,
haloperidol, chlorpromazine, pimozide, quetiapine,
sertindole, thioridazine,b ziprasidone)

This risk varies within this group. Clozapine is a potent hERG
blocker, but likely due to interferencewith other ion
channels, it has a very low risk of dysrhythmic activity.
Aripiprazole, olanzapine, and zotepine are not associated
with torsade de pointes.

Some opioids—methadone in higher doses and
levacetylmethadol, buprenorfin

Morphine and codeine are considered to be very safe from
this point of view.

Some antidepressant drugs (TCA, SSRi) The risk of TCAs is referred to themain text. The risk with
SSRi's is very low considering the frequency at which these
drugs are used—citalopram has the highest risk in this
group but in absolute numbers, the risk is very low.

Pentamidine, arsenic trioxide

Antihistamines terfenadine and astemizole, prokinetic
cisapride

The relative risk is low but the actual number of cases was
considerable due to thewidespread use of these drugs. For
example, the risk of terfenadine was assessed to be 1 in
50,000 patients and 1 in 120,000 patients for cisapride.
These data are likely underestimated, but still the risk is
clearly far below 1%. Other antihistaminics with an
exception of diphenhydramine do not possess the risk or
the risk is very low.

Quinolones The risk is a class effect but varies within the group.
Grepafloxacin and sparfloxacin had higher risk, while
ofloxacin, levofloxacin, ciprofloxacin seem to havemuch
lower risk, moxifloxacin is in between.

Macrolides erythromycin and clarithromycin;
antifungals ketoconazole and fluconazole,
halofanthrine, artemether, chloroquine, bedaquiline,
delamanid, bedaquiline

5-HT3 antagonists (dolasetron and ondasetron) Palonosetron, granisetron, and tropisetron are probably free
of this risk.

Vandetanib, probucol, domperidone, inhibitors of
phosphodiesterase 5 (sildenafil and vardenafil)

In bold are drug that were withdrawn or restricted at least in some countries due to the risk of torsade de pointes.
aA high risk for amisulpride is documented in overdose.
bThioridazine is considered to possess a higher risk than haloperidol; torsade de pointes can develop with low doses, but in
overdose torsade de pointes is infrequent.
Data from the following sources were used: 262–268,270,273-275,277–290.

A major drawback of the clinical use of cardioactive steroids is their low therapeutic index; that is to say, the ther-

apeutic concentrations are very close to the toxic concentrations.299 Thus, a recommended window of therapeutic

concentrations is quite narrow (0.8–2.0 ng/mL) and more recent recommendations suggest even lower and more

narrow range (0.5–1.0 ng/mL).294 The pharmacological characteristics of cardioactive steroids are quite homogenous,

but there are some differences regarding their pharmacodynamics and pharmacokinetic properties.300,301 The knowl-

edge of the latter can be advantageous in the treatment of poisoning, for example, the slow absorption of oleander

glycosides allows higher efficacy of activated charcoal.296 Interestingly, although being rationally used since the 18th

century, there is still discussion regarding the overall mechanism of action. The accepted theory is that cardiac gly-

cosides block Na+/K+-ATPase (Fig. 8). This leads to a higher intracellular Na+ concentration, which alters the activ-

ity of the Ca2+/Na+ exchanger, resulting in a lower efflux of Ca2+. Higher intracellular Ca2+ concentration results in

improved myocardial contraction. It is thought that for therapeutic purposes, only a partial inhibition of ATPase has
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F IGURE 8 Calcium trafficking in cardiomyocytes under physiological conditions (A) and mechanism of action of
digoxin (B). Ca2+ is transported into the cell mainly through voltage gated L-type Ca2+ channels (1). An increase in
intracellular Ca2+ levels triggers Ca2+ release from sarcoplasmic reticulum (2). Ca2+ is needed for interaction with
actin-myosin resulting in muscle contraction (3). Ca2+ is then returned back to sarcoplasmic reticulum (not shown) and
to the extracellular space by theNa+/Ca2+ exchanger (4). By this transporter, Na+ is transported inside the cells and its
level on both sidesmust be recovered by activity of sodium–potassium adenosine triphosphatase (Na+/K+-ATPase, 5).
Digoxin and other cardioactive steroids (B) block Na+/K+-ATPase (6) and thus increase the intracellular Na+ levels (7).
Higher intracellularNa+ levels block thepassive and thus concentration-dependent exchangeofCa2+ andNa+ through
the Ca2+-Na+ exchanger. This results in higher intracellular level of Ca2+ (8) available for myocardial contraction.
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F IGURE 9 Chemical structures and sources of themajor natural inhibitors of Na+/K+-ATPase.

to be achieved, while some studies suggest that lower doses activate Na+/K+-ATPase; however, this is still a topic of

debate.300,302 At high concentrations of these drugs, or under some circumstances the Ca2+/Na+ exchangermaywork

in reverse to actively increase the intracellular Ca2+ load. Signs of toxicity may occur even when appropriate doses of

the digoxin are administered, due to a sudden reduction in elimination (e.g., kidney for digoxin) and/or hypokalemia.294

The latter is likely to occur in severe congestive heart failure requiring intensive diuretic treatment. The mechanisms

whereby hypokalemia sensitizes the heart to digoxin cannot be explained solely by the prodysrhythmic effect of this

electrolyte imbalance. Interestingly, digoxin reportedly binds to theextracellular domainof theNa+/K+-ATPase,where

K+ normally binds for its transport. Thus hypokalemia enhances the efficacy of the interaction of the drug with its

molecular target.303 Notwithstanding, strong or complete blockade of theNa+/K+-pump is considered to be the cause

of toxicity, since this is associated with intracellular Na+ and Ca2+ overload. Marked accumulation of these ions deter-

mines the positive bathmotropic effects of higher doses. Furthermore, at toxic doses, this ion imbalance enhances the

repolarization phase due to the faster K+ current that makes the action potential duration shorter with subsequent

shortening of the effective refractory period. The toxicity is complicated by the fact that digoxin and likely all other

cardiac glycosides, increase vagal tone, likely via central actions.

In summary, cardiac glycosides might cause very different types of dysrhythmias. In “milder” intoxication, brady-

cardia and AV blocks of different degrees are predominant, due to the excessive stimulation of vagal tone. In more

severe intoxications, atrial and also ventricular tachydysrhythmias could appear, likely due to the delayed afterdepo-

larization leading to increased automaticity and/or ectopic activity. The treatment of these dysrhythmias is not simple

and mortality is still a serious issue. There are several treatment approaches that depend on the symptoms.4,304 Acti-

vated charcoal is used to avoid further absorption of the cardiac glycoside and interrupt the enterohepatic circulation.

Atropine is preferred for bradycardia or AV blocks and temporal pacing can also be used.305 The digoxin-specific anti-

body fragments are very important in the treatment of moderate or severe intoxication. As a result of their use, the

mortality from digoxin intoxication dropped from 20–30% to 5–8%.306 In addition, these antibodies have lower, but

still significant affinity in vitro to other structurally similar cardiac glycosides (seeFig. 9 for chemical differences) 307–311
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and were successfully employed for the treatment of oleander, Indian hemp, and toad venom intoxications.296,312–315

In addition, a placebo-controlled clinical study confirmed their effectiveness against yellow oleander intoxication.316

However, thedigoxin-specific antibody fragments donot seemtobeuseful for the intoxicationwith glycosides fromthe

lily-of-the-valley (Convallaria majalis).317 Limited shelf-life and their higher cost make these antidotes available only at

special cardiology, or toxicology centers. Correction of possible hypokalemia should be performed as soon as possible

and ventricular dysrhythmias may require additional symptomatic treatment.

Na+/K+-ATPase is also the target of palytoxin, which represents one of themost toxic nonpeptidic substances, with

anoral acute referencedose suggested tobe64𝜇g for a personwith an averageweight of 60kg.318,319 It is producedby

cnidarian Palythoa toxica (seaweed like coral, Limu-make-o-Hana = Seaweed of Death fromHana) in the tropical areas

of the Pacific Ocean.320,321 Themajority of palytoxin poisonings in humans are a result of seafood consumption. Cases

of death and near-death illness resulting from palytoxin ingestion have been reported after consumption of contami-

nated crabs in the Philippines, sea urchins in Brazil, and fish in Japan,Madagascar, and the United States.322–325 Struc-

turally, it is a polyalcohol consisting of a very long, partially unsaturated aliphatic chain, interspersed with five sugar

moieties.326,327 It binds selectively and with high affinity to the Na+/K+-pump and transforms the pump into a chan-

nel permeable to monovalent cations. As a result, different gastrointestinal, neurological, and cardiovascular effects

including bradycardia, hypertension, and cardiac dysfunction have been described.328 Death occurs due tomyocardial

injury.329 Treatment is symptomatic and supportive.330

3.2.4 Acetylcholine receptors

There are two types of acetylcholine receptors, the nicotinic (N) receptors andmuscarinic (M1–M5) types. Stimulation

of N-receptors was partially described in the section concerning nicotine (see chapter 2.3). In the heart, muscarinic

acetylcholine receptors are limitedmainly to atria and AV conduction pathways. Thus, in contrast to adrenergic recep-

tors, the effects of muscarinic receptors are limited to sinus or atrial dysrhythmias. On the other hand, stimulation

of N-receptors leads also to the activation of the sympathetic nervous system through both vegetative ganglia and

the adrenal medulla. Thus, the effect of parasympathomimetics/lytics (drugs acting only on M-receptors) and choli-

nomimetics (drugs affecting bothM- andN-receptors) are different.

Indirect cholinomimetics include carbamates and organophosphates. Historically, the consumption of Calabar

beans (Physostigma venenosum) with substantial content of physostigmine and related carbamate alkaloids in trial by

ordeals led to considerable mortality even in the 19th century.331 Currently, apart from wars and terrorist attacks,

accidental intoxicationwith subsequent death is still possible (e.g., by agricultural insecticides).332,333 At lowdoses, the

muscarinic effects on the heart predominate and these include, bradycardia and other dysrhythmias. In higher doses,

stimulation of N-receptors occurs and this might result in paradoxical hypertension and tachycardia due to increased

sympathetic tone.Death is usually associatedwith respiratorymuscle paralysis, but dysrhythmias can also contribute.5

Administration of muscarine (a parasympathomimetic) producesmuscarinic effects, but the intoxication is not very

relevant since (1) this drug is not used as a therapeutic agent and (2) althoughdiscovered in the red fly agaricmushroom

(Amanitamuscaria), poisoning after its consumption, or of the similarAmanita species, is not associatedwithmuscarinic

effects due to very low content of muscarine. In fact, the intoxication by this mushroom is associated with antimus-

carinic effects (atropine-like)—see below.334,335 Accidental intoxicationwith the parasympathomimetic pilocarpine, or

even its local application can result in hypotension and bradycardia, or tachycardia (probably due to the stimulation of

the sympathetic system).336,337

Atropine is the most well-known parasympatholytic drug. It is present naturally in a mixture with other parasym-

patholytics (e.g. hyoscyamine /its levorotatory isomer/, and scopolamine) in Atropa bella-donna (also known as deadly

nightshade) andDatura stramonium (known also as jimsonweed, devil's snare, thornapple, andmoon flower). Voluntary

ingestion of these plants is relatively frequent both for their psychotomimetic effects and in suicide.251 Tachycardia is

common, but may not be observed in all cases. The direct and indirect effects in skin capillaries resulting into vasodi-

lation and a red appearance are among the typical clinical signs of overdose, but the mechanism(s) is(are) not fully

understood. In general, while CNS derangement is dominant, deaths are rare.338–342



1364 MLADĚNKA ET AL.

In addition to the clinically used parasympatholytics, many other drugs possess substantial anticholinergic

(i.e., antimuscarinic) activity. This is particularly important for several antipsychotics and TCA. There are many

antipsychotic drugs that differ in their mechanism of action, but many of them are able to block muscarinic recep-

tors. Basal antipsychotic (low-potency phenothiazines) andMARTA (multiacting receptor targeted antipsychotics) are

commonly associated with an increase in heart rate due to their antimuscarinic activity, particularly in overdose.192

3.2.5 Adenosine receptors

Adenosine receptors respond to the endogenous agonist adenosine. This compound has a very short half-life and is

therefore sometimes used for pharmacological cardioversionof paroxysmal supraventricular tachycardia (AVnodal re-

entrant tachycardia in particular) to sinus rhythmwith a very low risk of toxicity. Because its mechanisms of action are

based onbrief interferencewithAVnode conduction, it is understandable that the drug is not suitable for patientswith

higher degreeAVblocks.Other potential adverse effects in cardiovascular systemsare typically short-lived and involve

vasodilation (including flushing), hypotension, andchest pain.Methylxanthines, like caffeineand theophylline, aremore

frequently used; the later as a bronchodilator in the treatment of chronic obstructive pulmonary disease/bronchial

asthma and the former as the component of tea and coffee. Their mechanism of action is complex, but clearly involves

antagonismat adenosine receptors. Theophylline andmuch less caffeine, induce catecholamine release by anunknown

mechanism.4,343 They also block phosphodiesterases, but only in high, clinically unachievable concentrations.344 In

general, caffeine's toxicity occurs at higher concentrationswhen comparedwith theophylline,which is considered tobe

a drug with a very narrow therapeutic index. Theophylline overdose is potentially life threatening and affects mainly

the gastrointestinal tract, the cardiovascular system, and the CNS. Sinus tachycardia can occur at therapeutic doses

and various, potentially fatal dysrhythmias can appear after theophylline intoxication. The management of toxicity is

mainly supportive and includes fluid supplementation, or sympathomimetics in case of hypotension and sometimes

mild K+ supplementation. Dysrhythmias are treated according to their type, by adenosine, lidocaine, or 𝛽-blockers.

For caffeine intoxication, which is rare, the treatment is similar. Although patients with propensity to certain types

of tachyarythmias (such as paroxysmal atrial fibrillation) have traditionally been advised to avoid caffeine containing

beverages, recent data suggest that this restriction is not entirely justified.345 Long-term high caffeine consumption is

positively correlatedwith hypertension. However, mild tomoderate intake of caffeine has been found to be free of any

serious cardiovascular risk.4,5

3.2.6 Other drugs causing rhythm disturbances

Fingolimodwas registered as the first orally active agent to treat multiple sclerosis. It is a modulator of the sfingosine-

1-phosphate receptors at which its initial agonistic activity leads to pronounced decreases in heart rate (about nine

beats per min after 5 hrs) and can cause AV blockade. These first-dose effects are infrequent, mostly asymptomatic

and resolve spontaneously in the majority of cases. ECG monitoring during the first 6 hrs after drug administration is

considered to be the standard.346,347 Interestingly, fingolimod can acutely cause slight transient hypotension due to

the activation of the eNOS pathway, but this is sometimes followed by a small increase in blood pressure (+3/1mmHg

of systolic/diastolic blood pressure).348

Other drugs, such as lithium and carbamazepine might also cause rhythm disturbances, but the underlying mecha-

nisms are not known. Lithium reversibly targets the sinus node, while carbamazepine affects several parts of the action

potential conducting system.349

3.3 Drugs withmain toxic effects on theworkingmyocardium

Direct toxic effects on the working (contractile) myocardium are a serious situation, which limit the clinical utility of

those drugs. However, there are exceptions, such as the antineoplastic anthracyclines (ANT), where use of the drug is

required for survival. Other examples of drugs that adversely affect theworkingmyocardiumare abused drugs (andro-

genic anabolic steroids) and/or compounds given in high does for a very long time (alcohol), or drugs whose risk of
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TABLE 6 Anticancer drugs inducing heart failure/left ventricular cardiac dysfunction

Heart failure/LV dysfunction induced by anticancer drugs

Type I Anthracyclines (doxorubicin, daunorubicin, epirubicin)

Alkylating agent (cyclophosphamide)

Taxanes (docetaxel, paclitaxel)

Type II HER2 targeting antibodies (trastuzumab, pertuzumab, adotrastuzumab)

HER2 targeting tyrosine kinase inhibitors (lapatinib)

(Tyrosine) kinase inhibitors (sunitinib, sorafenib, dobrafenib, ponatinib)

Proteasome inhibitors (bortezomib, karfilzomib)

toxicity is very low (clozapine). The complex cardiovascular actions of ethanol and androgenic anabolic steroids were

discussed in chapters 2.9 and 2.10, respectively.

3.3.1 Anticancer drug-induced cardiac dysfunction and heart failure

Modern anticancer drugs have significantly contributed to the striking improvement in survival inmany types ofmalig-

nant neoplasm. Unfortunately, besides the typical adverse effects of anticancer drugs (e.g., nausea, vomiting, myelo-

suppression), several of these drugs may severely affect the heart with potentially life-threatening consequences.350

Numerous detrimental effects to the heart may happen, includingmorphological alterations resulting in cardiomyopa-

thy and/or changes in cardiac function (dysrhythmias or systolic/diastolic dysfunction). Clinically, heart failure/left ven-

tricular dysfunction ranks among the most important cardiotoxic effects of some anticancer drugs.350,351 Other car-

diotoxic effects of anticancer drugs are discussed only briefly.

Drugs inducing heart failure/cardiac dysfunction

There are two distinct types of anticancer drug-induced cardiac dysfunction—termed Type I and Type II (Table 6).352

Type I is induced by classic (old) anticancer chemotherapeutic agents, typically the ANT, and to a certain extent, high-

dose cyclophosphamide or taxanes. This type of toxicity depends on the cumulative dose of the drug administered and

is exemplified histopathologically by loss of myofibrils and vacuolization of the cytoplasm of the cardiomyocytes and is

deemed to be largely irreversible. In contrast, Type II is mostly associated with the new biologically targeted drugs—

such as the monoclonal antibody trastuzumab, which targets the human epidermal growth factor receptor 2 (HER2)—

and is likely largely reversible. Type II toxicity is also associatedwith small molecule tyrosine kinase inhibitors (like, e.g.,

lapatinib, sunitinib) and proteasome inhibitors (e.g., bortezomib). It is of particular note, that the risk of cardiotoxic-

ity posed by all of these agents was not recognized during preclinical toxicology testing. Instead, it was found during

advanced clinical evaluation, or even later after the approval for clinical use. This suggests that routine toxicological

testing in experimental animals is currently not sufficient to predict clinical risks.

Type I cardiac dysfunction induced by anticancer drugs—Anthracycline cardiotoxicity

The first ANT, daunorubicin, was isolated from Streptomyces peucetius, the other clinically used members of this class

(doxorubicin, epirubicin, or idarubicin) are semisynthetic derivatives. These agents are still heavily used in oncological

practice to treat numerous types of hematological and solid tumors. While intercalation into DNA strands has long

been believed to be the main mechanism of their anticancer effect, it is now generally accepted that ANT inhibit the

enzyme topoisomerase II𝛼 (Top2𝛼) in cancer cells, as so-called Top2𝛼-poisons, to induce double-strand breaks in DNA,

resulting in and programmed cell death.353

Types of ANT cardiotoxicity ANT elicits both acute and chronic cardiotoxicity, which differ in their onset, mani-

festation, and clinical importance.354 Acute forms are generally represented by subclinical changes in cardiovascular
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function soon after drug administration (this often concerns electrophysiological changes) and are only rarely a sig-

nificant clinical issue. Subchronic cardiotoxicity associated with myocarditis–pericarditis syndrome has been seldom

reported. In contrast, chronic forms, developing months or years after chemotherapy (early and delayed type), are

particularly feared because they are associated with irreversible dilated cardiomyopathy and the resulting heart

failure poorly responds to standard treatment.

Mechanisms of ANT cardiotoxicity Despite many experimental and clinical studies performed throughout

past 40 years, the molecular basis for ANT-induced cardiotoxicity remains elusive and is still a matter of debate

and controversy.350–352 The prevailing mechanistic explanation centers around ANT-induced and iron-catalyzed

formation of ROS, resulting in direct oxidative damage to themyocardium.355 Other hypotheses point to ANT-induced

impairment of mitochondrial bioenergetics, damage to mitochondrial DNA with subsequent perturbations in the

expression of mitochondrial DNA-encoded proteins, disruption of mitochondrial and cellular Ca2+ homeostasis, and

alterations in the expression and stability of cardiac myofilaments.350,355 Recently, a new and particularly interesting

concept of ANT cardiotoxicity emerged when Yeh et al. proposed that ANT binds to topoisomerase II𝛽 (Top2𝛽), which

is the predominant Top2 isoform in the heart, to induce cardiomyocyte DNA damage, apoptosis, and impairment of

mitochondrial biogenesis with secondary formation of ROS andmitochondrial dysfunction.356

Prevention and management of anthracycline cardiotoxicity Effective management of established ANT car-

diotoxicity is difficult and relies largely on pharmacological intervention with ACE inhibitors and 𝛽-adrenergic block-

ers to control heart failure symptoms.350,351 Hence, there is a great emphasis to prevent the onset of cardiotox-

icity. A widely employed approach is to limit the total cumulative dose of ANT (usually below 300–450 mg/m2

of doxorubicin).352 Another option is to employ drug targeting strategies (such as encapsulation of the drug into

liposomes), which reduces distribution of ANT into the heart and thus reduces the risk of cardiotoxicity. A lot

of research has been focused on pharmacological cardioprotection.355 Interestingly, while different natural and

synthetic antioxidants have proven effective in providing protection in acute high-dose experimental cardiotoxic-

ity models (e.g., vitamin E, acetylcysteine, or flavonoids), the treatments have largely failed in clinically relevant

chronic models and in the few clinical trials that have been attempted.355 The only drug with well-documented effi-

cacy in both experimental and clinical settings is dexrazoxane, a prodrug that is thought to be metabolized into

an iron-chelating active metabolite that then shields catalytically active iron, thus preventing ANT-induced ROS

formation in the heart.355 However, stronger and more selective iron chelators were unable to provide compa-

rable protection in the same models. Recent data suggest that dexrazoxane inhibits and depletes Top2𝛽 in the

heart, thereby preventing the onset of ANT-induced cardiotoxicity.350,355,357 Current clinical use of dexrazoxane

is unfortunately limited mainly because of concerns about its adverse effects. It was suggested that dexrazox-

ane might have some impact on anticancer effects and increase the risk of secondary malignancies. However, nei-

ther of these claims has been supported by strong clinical evidence and most of available data argues against

them.358–360

While both ACE inhibitors/angiotensin receptor antagonists and 𝛽-blockers are indicated in the treatment of sys-

tolic dysfunction induced by ANT, it has been proposed that both agents could be useful prophylactically in cardio-

protective settings. Although there is a significant amount of experimental data on the possible cardioprotective

effects of ACE inhibitors/angiotensin receptor antagonists, it is not clear whether these agents provide true long-

lasting protection against chronic ANT cardiotoxicity similarly as dexrazoxane. The 𝛽-blocker, carvedilol showed sig-

nificant cardioprotection against chronic ANT cardiotoxicity, while atenolol did not.361,362 Clinical trials with these

drugs were performed quite recently and/or are currently on the way. Several findings suggested cardioprotection in

ACE inhibitors/angiotensin receptor antagonists and 𝛽-blockers, but strong conclusion cannot be made because sev-

eral of these studies suffered from significant limitations (e.g., borderline significance of the findings, small declines

in systolic function in the ANT-only group, and examinations performed under effect of drugs with significant direct

hemodynamic activity). Indeed, some trials yieldedmixed or negative outcomes with these agents.361,363
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Type II cardiac dysfunction induced by anticancer drugs

HER2 targeted therapeutics—trastuzumab, ado-trastuzumab emtansine, pertuzumab, and lapatinib Over-

expression of HER2 is a significant negative prognostic marker, particularly in breast cancer. HER2 targeting with

the monoclonal antibody trastuzumab was the first clinically successful use of biologically targeted anticancer

therapy for solid tumors. Using specifically targeted antibodies focused on tumor cells, these agents should gen-

erally be less toxic to other cells in the body. Interestingly, despite these expectations, cardiotoxicity was soon

observed with this drug in clinical settings.352 However, the type of cardiotoxicity observed was different from

that produced by ANT in terms of the lack of clear dose dependency, absence of histopathological hallmarks,

and at least partial reversibility. Thus, it has been proposed that this form of cardiotoxicity be distinguished as

a Type II cardiotoxicity.352 It is of note, that the risk of heart failure is particularly important and irreversible

in patients receiving both trastuzumab and ANT. Concomitant treatment with both drugs has very high risk (up

to 27%) of cardiotoxicity. Later it was discovered that the risk of toxicity could be markedly reduced if the

drugs were given separately with a significant gap between them.352 The mechanisms of trastuzumab cardiotox-

icity are still under investigation, but it has been proposed that HER2 mediates important prosurvival paracrine

stimulation of cardiomyocytes via neuregulin-1 and this may be perturbed by trastuzumab.350,352 In this regard,

trastuzumab may inhibit the recovery of cardiomyocytes stressed by ANT treatment. Interestingly, lower cardiotox-

icity has been associated with other selective HER2 targeting drugs like the complex antibody ado-trastuzumab

emtansine and the small drug—tyrosine kinase inhibitor lapatinib, but further studies are needed to clarify this

point.

Other tyrosine kinase inhibitors and other agents Tyrosine kinase inhibitors are modern small-molecule

anticancer agents that rank among the fastest growing drug classes. Several drugs, like imatinib that inhibits bcr-abl

kinase, revolutionized the field of cancer treatment by offering a strikingly improved prognosis. However, multi-

ple agents of this class induce Type II cardiac dysfunction and symptomatic congestive heart failure.350–352 The

first drug associated with the risk of cardiac dysfunction was imatinib, but later analysis showed that the inci-

dence of its toxicity is very rare (<1%) and was largely reversible. A higher risk of cardiac dysfunction has been

attributed to multikinase inhibitors, particularly those affecting among others, the vascular endothelial growth

factor (VEGF)/platelet-derived growth factor receptors (PDGFR) pathway, like sunitinib and sorafenib.350,351 While

earlier studies implicated direct damage to cardiomyocytes via impaired mitochondrial function and/or AMPK

inhibition, new data suggest that cardiomyocyte function can be affected indirectly through damage to pericytes–

endothelial interactions, with subsequent induction of chronic microvascular dysfunction.350,364 Further research

is needed to shed light on the mechanisms of the cardiotoxicity and thus aid the development of safer drugs and

strategies.

Another class of biologically targeted anticancer drugs are the proteasome inhibitors (e.g., reversible borte-

zomib or irreversible carfilzomib), which have markedly improved the prognosis during treatment of refractory

multiple myeloma and some other types of cancer. Indeed, the proteasome system is now considered essen-

tial for the maintenance of cellular protein homeostasis, this is particularly true for cardiomyocytes that have

minimal regenerative potential and face constant intensive mechanical, metabolic, and oxidative burden. A

risk of cardiac dysfunction was found during clinical evaluation and reported in multiple case reports.351,365

The risk appears to be more significant for carfilzomib; however, the overall risk is not entirely clear due to

the lack of appropriately designed clinical trials. Interestingly, marked synergy in anticancer effects have been

noted in combination with ANTs in certain protocols, but the cardiovascular safety of this combination remains

undetermined.

3.3.2 Others

Clozapine is able to induce myocardial damage in animals and myocarditis with an estimated frequency of 1:500

to 1:10,000 patients. This complication occurs mostly within the first 2 months of treatment and it can progress

to dilated cardiomyopathy, with a fatality rate of at least 10%. The mechanism seems to be associated with
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TABLE 7 Drugs that can cause valvulopathy

Ergot alkaloids and their derivatives Sympathomimetics/anorexigens

Ergotamine, methysergide, pergolide, cabergoline,
ergonovine, methylergonovine

(Dex)fenfluramine,a benfluorex, MDMA,
3,4-methoxyamphetamine

aReports of increased incidence of valvular disease in patients taking fenfluramine and phentermine are largely attributed to
the former, since phentermine alone has never been associatedwith valvulopathy.

type 1 IgE-mediated hypersensitivity and there are some indications that other antipsychotic drugs also present

some risk. In the management, discontinuation of clozapine is needed. Reinitiation of therapy will relapse the disor-

der in the majority of patients. The therapeutic utility of corticosteroids is ambiguous, while ACEi and diuretics are

useful.366,367

3.4 Drugs directly affecting cardiac valves

Drug-induced valvulopathy, also known as valvular heart disease, is an uncommon, but serious reaction. Its diagno-

sis is complicated and causality is not easily established, since previous valvular damage can be present. Also in pre-

clinical animal studies, analysis of the heart valves is not routinely performed. Likely because of this oversight, drug-

induced valvulopathy was first described in the 1960s. Currently, we know that the serotonin 5-HT2B receptor is the

major player in this pathology and explains why some drugs from very different pharmacological groups (ergot deriva-

tives and some anorexigens or recreational drugs with similar effects) cause this adverse toxic reaction. Stimulation of

5-HT2B receptors initiates a signaling cascade resulting in the upregulation of genes involved in the proliferation and

regulationof valvular interstitial cells,with thickening of valvular surface and the subvalvular apparatus. This process is

associated with increased valvular stiffness and reducedmobility of the valvular leaflets, leading to regurgitation. The

effect is largely dependent on the cumulative dose of the drug. Little is knownabout the reversibility of the process, but

it seems to be limited. In severe cases, the only treatment available is valve replacement surgery. Dexfenfluramine and

pergolide were withdrawn from the market because of their high risk of valvulopathy. Indeed, the anorexigenic com-

bination of fenfluramine and phentermine had an unacceptably high incidence of valvulopathy in patients (6 to 30%).

Similarly, a high incidence was observed with pergolide and cabergolide administration. On the other hand, similar

dopaminergic agonists, like lisuride, pramipexol, and ropinirol, apparently do not pose a risk. The data onbromocriptine

are not conclusive, but some risk can be associated with its use, since it has partial agonist activity at 5-HT2B receptor.

The list of valvulopathic drugs is short and can be seen in Table 7. According to a recent analysis, other drugs, in partic-

ular guanfacine, might possess some risk, but clinical data are yet not available.368–370

3.5 Drugs causing pericarditis

Pericarditis is itself a minor cardiovascular problem, but it might lead to life-threatening cardiac tamponade.371 It is

very rarely elicited by drugs and causality is not easily established.372 The connection is usually based on case reports.

Currently, it seems that hypersensitive reactions, in particular development of lupus erythematosus, and excessive

anticoagulant treatment leading to intrapericardial bleeding are among the most common causes of drug-developed

pericarditis.373–383 Several anticancer drugs have a less clear etiology, but hypersensitivity can play a role.384–386 Sim-

ilarly, pericardial effusion caused by specific bcr-abl tyrosine kinase inhibitors can have an immune background.387

Moreover, cancer itself is a frequent cause of pericarditis 373. Also sympathomimetics are associated with pericarditis,

but in this case, the injury also involves the myocardium and thus may be a consequence of the above-reported sym-

pathomimetic effects on the heart.388 Constrictive pericarditis can also develop due to fibrosis produced by dopamin-

ergic agonists with an ergot scaffold.389–392 A list of drugs potentially associated with pericarditis is seen in Table 8.

Treatment of all types of pericarditis is based on drug discontinuation. Pericardial effusion is treatedmainly with nons-

teroidal anti-inflammatory drugs (NSAIDs).393 Colchicine and glucocorticoids can be also employed. Cardiac tampon-

ade is mostly treated with pericardiocentesis.371
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TABLE 8 Drugs that can cause pericarditis

Mechanism or group Drugs

Drug-induced lupus erythematosus Isoniazid, hydralazine, procainamide, sulfasalazine, carbamazepine

Other immune reactions TNF𝛼-antibodies (infliximaba), natalizumab, 5-aminosalicylic acid
(mesalazine) and its prodrugsb (balsalazide), methotrexate, penicillins,
cephalosporins, interferon 𝛼, minoxidil

Anticancer drugs (hypersensitivity
cannot be fully excluded)

Cytostatics (cytarabine, treosulfan, cyclophosphamide), bcr-abl tyrosine
kinase inhibitors (dasatinib, imatinib, nilotinib), methyltransferase
inhibitors (azacitidine, decitabine)

Ergot derivatives Cabergoline, pergolide, bromocriptine, methysergide

Anticoagulants Heparin, warfarin, rivaroxaban

Others Sympathomimetics (methylphenidate), minoxidil, tramadol

Data obtained from 374–392,394–404.
aInfliximab can induce pericarditis due to drug-induced lupus erythematosus.
bSulfasalazine can induce pericarditis due to drug-induced lupus erythematosus.

4 DRUG AFFECTING PRIMARILY THE VASCULAR SYSTEM

4.1 Drugs causing hypertension and arterial thrombosis

4.1.1 NSAIDs

NSAIDs are the most used treatments for pain relief. Their mechanism of action involves the blockade of cyclooxy-

genases 1 and 2 (COX-1, COX-2, respectively). The most widely reported problem of nonselective, sometimes des-

ignated as traditional, NSAIDs is the risk of peptic ulcers and gastrointestinal bleeding mainly due to blockade of

COX-1. Indeed, the discovery of selective COX-2 inhibitors, called coxibs, reduced the risk of gastrointestinal side

effects.405,406 However, later it was found that coxibs might cause different kinds of cardiovascular side effects.407

Since that discovery, other NSAIDs have been analyzed and the mechanism of their cardiovascular complications

revealed. There are apparently two mechanisms associated with these cardiovascular side effects: (A) an imbalance

between the production of proaggregatory thromboxaneA2 formed by platelets via COX-1 and antiaggregatory active

prostacyclin formed via endothelial cyclooxygenases with a decisive involvement of COX-2,406,408 (B) blockade of

the synthesis and consequent lack of prostaglandin E2 effect in the kidney. It is suggested that prostaglandin E2 in

the kidney is formedmainly by COX-2, but both COX enzymes are constitutively expressed there and the data regard-

ing which types of prostaglandin(s) are formed is not very clear.408–410 Nonetheless, the involvement of COX-2 in the

cardiovascular effects is unambiguous, since this pathway is potentially blocked by all known NSAIDs with an excep-

tion of low dose of acetylsalicylic acid (aspirin).411 Therefore, all NSAIDs are able to increase blood pressure and also

to cause/worsen heart failure. 10,405,412–414 On the other hand, the imbalance between the thromboxane A2 and the

prostacyclin system is influenced differently based on the degree of inhibition of COX 1/2, duration of action, and

reversibility of inhibition. Regarding NSAIDs, only acetylsalicylic acid in low doses (and rarely indobufen) is used clin-

ically for protection against atherothrombosis.415–417 This is because low-dose acetylsalicylic acid irreversibly blocks

platelet COX-1without having a significant effect on endothelial COX-2.411 Conversely, coxibs (which are selective for

the COX-2) decrease prostacyclin production, without having an important effect on COX-1-mediated thromboxane

A2 production (Fig. 10).

The unbalanced ratio of thromboxane A2 to prostacyclin is considered to be the major culprit for the higher risk of

major vascular events, including themore prominent coronary events.405,406 There is considerable discussionwhether

there are differences between coxibs. Currently, it appears that the differences are not very significant, although it

is thought that low doses of celecoxib are likely to have a lower risk. Interestingly, the NSAIDs diclofenac and to

some extent ibuprofen, have the same cardiovascular risk as coxibs (e.g., 418). The likely explanation is that thrombox-

ane A2 production must be almost completely inhibited (around 95%) to block platelet aggregation 419,420 and most
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F IGURE 10 Different effects of low dose of acetylsalicylic acid and coxibs on the vascular system. (A) Acetylsalicylic
acid (ASA) at low doses blocks mainly platelet cyclooxygenase 1, resulting in a relative excess of prostacyclin (PGI2)
over thromboxane A2 (TxA2), vasodilation, and inhibition of platelet aggregation. (B) Coxibs are selective for cyclooxy-
genase 2. Therefore, their administration leads to excess of TxA2 with subsequent risk of vasoconstriction and platelet
aggregation.

nonselective NSAIDs are not able to achieve such a high degree of inhibition, or the inhibition is reversible and tran-

sient. Only high dose naproxen (2 × 500 mg daily) has a neutral effect on coronary events likely due its long half-life

and corresponding persistent inhibition of both COXs.405 It should not be forgotten that there is a possible important

interaction between naproxen and low dose of aspirin and that naproxen, like all other NSAIDs, increases the risk of

blood pressure elevation and hospitalization for heart failure, as mentioned above.421

4.1.2 Inhibitors of the VEGF pathway

VEGF plays an important role in angiogenesis, thus it is not surprising that drugs blocking this pathway (Fig. 11) might

cause disturbances in the vascular system. Most available data refer to the oldest representative of this group, which

is the monoclonal antibody against VEGF, bevacizumab. However, data regarding intracellular multikinase inhibitors

are also increasing rapidly. These drugs block the tyrosine kinase activity of VEGF receptors and include the clini-

cally used sunitinib, sorafenib, regorafenib, pazopanib, axitinib, cediranib, vandetanib, and lenvatinib. Tyrosine kinase

blockers are generally nonselective, and this is valid as well for ponatinib, designated mainly as the inhibitor of bcr-

abl tyrosine kinase. The latter is also markedly active toward the VEGF pathway in contrast to other drugs from this

group.422 Recently, the fusion protein aflibercept from the extracellular domains of human VEGF receptors and the

Fc immunoglobulin portion was registered. All these drugs block the VEGF pathway, which can result in marked arte-

rial blood pressure elevation, arterial thromboembolism, and can also lead to bleeding. As noted above, heart failure is

observed with several of these drugs, but the mechanism(s) of its development may be independent of hypertension,

although it can ultimately contribute to this process.423–426 Data on venous thromboembolism are ambiguous, claim-

ing increased risk, neutral effects, or a tendency to decrease.424,427,428 Themajormechanism seems to be the blockade

of vascular NO production through eNOS because, VEGF binding to the VEGFR-2 receptor in vascular endothelium

leads to eNOS upregulation. Also decreases in NO production in the kidney are documented and alterations in kidney

function caused by inhibitors of the VEGF pathway can contribute to the pathophysiology. In general, since NO has

antiaggregatory, vasodilator, and antimitotic properties, this explanation seems to be logical. Hence, blockade of NO

production by these drugs might lead to vasoconstriction and endothelial dysfunction, with increased risk of arterial
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F IGURE 11 Examples of drugs acting on the VEGF pathway.
This figure shows drugs that can inhibit the VEGF pathway and hence decrease the production of NO and prostacyclin
(PGI2). The role of endothelin 1 (ET-1) is less known. Alflibercept and bevacizumabbind directly to vascular endothelial
growth factor A (VEGF A), while small drugs such as sunitinib block the tyrosine kinase domain (TK) of the vascular
endothelial growth factor receptor 2 (VEGFR2).
AA: arachidonic acid; Akt: protein kinase B (serine/threonine-specific protein kinase); cPLA: cytosolic phospholipase
A2; DAG: diacylglycerol; ERG: transcription factor; eNOS: endothelial NO-synthase; MEK: mitogen-activated protein
kinase kinase; P-eNOS: phosphorylated eNOS; PI3K: phosphoinositide 3-kinase; PKC: protein kinase C; PLA𝛾 : phos-
pholipase 𝛾1 (also known as phospholipase C); Raf: a serine/threonine-specific protein kinase.

thrombus formation. A loss of capillaries (rarefaction) has also been implicated. In addition, some researchers docu-

mented decreases in prostacyclin production by the above-mentioned drugs,423,426 while others highlighted increased

expression and secretion of endothelin-1.429

On one hand, the risk of hypertension is quite high, generally ranging from 20% to 40% or more depending on the

drug and type of tumor. In many studies, elevations in blood pressure were found to be a good predictor of the suc-

cess of the treatment and an even better indicator of prognosis.423,425,430 Cediranib seems to have an exceptional risk

of hypertension (up to 80–87% of patients) and similarly, a very high risk is associated with the combination of beva-

cizumabwith a tyrosine kinase inhibitor affecting the VEGF pathway.423,426,431 Treatment of the hypertension caused

by these drugs with common antihypertensive drugs generally has a high success rate. In particular, an ACEi, due to its

positive effects on the kidney, is a reasonable first-line drug. However, there is still a certain population of patientswith

severe hypertension who do not respond sufficiently to antihypertensive treatment and changes in the type of anti-

cancer drug administered, or their dosing may be necessary. Due to the underlying pathophysiology, donors of NO are

currently being examined as therapeutic options. Prevention of arterial thromboembolism can be achieved by acetyl-

salicylic acid, but one must take into consideration the increased risk of bleeding.423,425,426 Other kinases inhibitors,

such as MEK and BRAF inhibitors (trametinib and its combination with dabrafenib) could also cause hypertension.432

For many of the agents listed above, LV dysfunction has also been observed, with hypertension thought to contribute

to the development of cardiotoxicity.

4.1.3 Erythropoietin and its analogues

Erythropoietin or its analogues are essential in the management of several types of anemia, but they have also been

misused as doping agents in sport. The effect of erythropoietin is slow and dose dependent, leading to an increase

of erythrocyte mass. Excessive treatment can, however, lead to increased blood viscosity, which can increase arterial
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blood pressure and thrombotic episodes including pulmonary embolism. Also a higher risk of arterial thrombosis has

been documented. There is still some controversy regarding the underlying mechanisms, which can be complicated

by concomitant patient disease (e.g., renal failure) and treatments (e.g., hemodialysis). Enhanced platelet aggregation,

impaired endothelial function, and erythropoietin antibodies have been proposed as contributing mechanisms for its

prothrombotic effects, but the results are contradictory. New onset hypertension or worsening of existing hyperten-

sion is relatively common and is associated with increased plasma volume.7,170,171,433–438

It should also be mentioned that female hormones (e.g., oral contraception, hormone replacement therapy) can

increase blood pressure and cause arterial thrombosis, but because of their higher incidence of venous thrombotic

events, they will be discussed in the chapter 3.6.1.

4.2 Drugs causing systemic arterial hypertension

4.2.1 𝜶1-Adrenergic receptors agonists

Agonists at 𝛼1-adrenergic receptors are commonly used for the treatment of nasal congestion and in ophthalmology,

due to their ability to cause vasoconstriction. While local vasoconstriction is the desired therapeutic goal, systemic

vasoconstriction is a potentially serious side effect. These drugs are mostly applied locally in the form of nasal

drops/sprays and eye drops; however, even such local administration is associated with possible short-term elevations

in the blood pressure and risk of ischemic stroke, even in young sensitive patients.47,439 Oral administration is some-

what less frequent, but still widely used. As noted previously, the indirect sympathomimetic agent pseudoephedrine

(see chapter 2.1.2) is often used in this setting,440,441 but because of its frequent use for illegal synthesis of metham-

phetamine, there has been an increase in the use of the more selective 𝛼1-adrenoceptor agonist, phenylephrine (also

known as m-synephrine, Fig. 1), in over-the-counter oral decongestant preparations. In a recent meta-analysis, the

administration of a 10 mg dose of phenylephrine did not significantly increase blood pressure, probably because of its

loworal bioavailability.442 This is supportedby available case reports onhemorrhagic strokes,which occurmostly after

parenteral or local administration, and only one case after oral administration is documented.443 On the other hand,

more pronounced effects of phenylephrine after higher oral doses are likely.442 Phenylephrine is commonly combined

with paracetamol, which doubles the bioavailability of phenylephrine, and thus likely increase the hypertensive effect

of phenylephrine, but more data are needed.444,445

Ischemic stroke is uncommon, but can occur even in young people after year-long misuse of nasally applied 𝛼1-

adrenoceptor agonists.47,446,447 Similarly, local application of these drugs in order to stop bleeding can provoke hyper-

tension with reflex bradycardia and severe rebound hypotension.448 Bradycardia and mild hypotension were also

observed after oral ingestion of a relatively large amount (0.1 g in a 5-year old boy) of naphazoline.449

p-Synephrine, an isomer of phenylephrine, was considered to be an alternative for ephedra products after their

ban. It is a natural compound found in Citrus aurantium subsp. amara, commonly known as bitter orange, and was pro-

posed for themanagement of obesity and improvement in sport performance. The alleged effectiveness of synephrine-

containing supplements is attributed to the thermogenic effects arising from its adrenergic stimulation, namely of 𝛽3-

receptors.450 p-Synephrine is considered to be an 𝛼1-adrenoreceptor agonist, but it has much lower affinity for 𝛼1-

adrenoreceptors than does phenylephrine. It can also have antagonistic effects at 𝛼2-adrenergic receptors,
42 although

the clinical relevance of this effect is not clear. Despite controversies, the drug does not seem to have clinically relevant

effects on the blood pressure, but adverse cardiac events have been reported after its consumption.450–453 Moreover,

the coadministrationof synephrineandcaffeine indietary supplementshas the samepotential to causeadverse cardiac

events (e.g., dysrhythmias, hypertension, heart attacks, and strokes) as does the similar combination with ephedra.454

4.2.2 Glucocorticoids

Glucocorticoids are well known to increase arterial blood pressure and in conjunction with abnormalities in glucose

metabolism, can also cause cardiovascular complications.455 Interestingly, the incidence of hypertension in Cushing's

syndrome ranges from 55% to 100% depending on the cause, but exogenous administration of glucocorticoids is
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associated with hypertension only in about 20% of cases.455,456 The reason is not known, but possible differences

in the mineralocorticoid effect between the synthetic glucocorticoids and endogenous cortisol may be responsible.

Similarly, there is not clear agreement about the precise pathophysiology of glucocorticoid-induced hypertension. The

most common explanation is that the excess of glucocorticoids can also stimulatemineralocorticoid receptors and lead

to increased plasma volume with increased systemic resistance as a consequence. This has been documented, but it

does not explain the rapid induction of hypertension. Moreover, spironolactone, an antagonist at mineralocorticoid

receptors, is not able to revert hypertension in these conditions,456–458 suggesting that stimulation of ubiquitous glu-

cocorticoid receptors apparently plays an important role. Data showing involvement of 11𝛽-hydroxysteroid dehydro-

genase type 1, which in contrast to the type 2 (see below in chapter 4.2.3), recovers active glucocorticoids, in hyper-

tension supports this assumption.459 In glucocorticoid-induced hypertension, derangement of vasodilator mediators

(prostaglandin E2, prostacyclin, NO, and kinin-kallikrein system) and variable responsiveness of the blood vessels to

vasoconstrictors (catecholamines and angiotensin II) were observed. The effect of glucocorticoids on prostaglandin

synthesis is understandable due to their ability to inhibit phospholipase A2. However, there is no definite link to other

vascular abnormalities, some of which may be secondary to the induced hypertension (e.g., vascular remodeling and

hypertrophy). There are ambiguous data on renin–angiotensin–aldosterone system activation. In general, an ACEi

(captopril), or an older antagonist at angiotensin II receptors (saralasin) provided insufficient, or no protection. The

best treatment of glucocorticoid hypertension is achieved by drug discontinuation or, at least, by dose reduction. From

the pharmacological point of view, Ca2+ channel antagonists or other conventional vascular relaxants are indicated,

possibly accompanied by diuretics.456–458

4.2.3 Licorice

Licorice—Glycyrrhiza glabra,460,461 depending on the extractionprocess, can contain up to20%glycyrrhizic acid (known

also as glycyrrhizin). Glycyrrhizic acid is metabolized in vivo into glycyrrhetinic acid,462 which is a very high-affinity

inhibitor of 11𝛽-hydroxysteroid dehydrogenase type 2. This enzyme is crucial for a specific pattern of mineralo-

corticoid effects in humans. In tissues that are dependent on mineralocorticoid (aldosterone) activity, like the dis-

tal/collecting tubule cells in the kidney, this enzyme converts cortisol (hydrocortisone) into cortisone, which does not

have affinity for the mineralocorticoid receptor (Fig. 12). When glycyrrhetinic acid blocks this enzyme, cortisol is not

inactivated andbinds to themineralocorticoid receptor, producing the sameeffects normallymediated by aldosterone.

Due to excessive stimulation of this pathway by cortisol, patients consuming large quantities of licorice will develop

hypertension and hypokalemia. A similar condition called apparentmineralocorticoid excess is observedwith nonfunc-

tional mutations of the enzyme.463 Themineralocorticoid antagonist, spironolactone, is an effective treatment option,

but the best treatment is the discontinuation of licorice intake, which restores physiological function of the system.464

4.2.4 Calcineurin inhibitors

The calcineurin inhibitors, cyclosporine and tacrolimus (FK506), are commonly used in organ transplant cases and

less frequently in the treatment of autoimmune diseases. They can cause acute and chronic kidney damage. However,

cyclosporine is frequently associated with hypertension, which ranges from 20% to 50% in autoimmune patients, to

100% in transplant patients. Kidney derangement can be the cause of the hypertension, but the pathophysiology is far

more complex. In particular, at least acutely, hyperactivity of the adrenergic system plays an important role. Moreover,

abnormalities in vessel reactiveness to vasoconstrictors and vasodilators, togetherwith imbalances in their production

(e.g., NO), and a blunted baroreceptor reflex have beendescribed.465–468 Cyclosporine and tacrolimus bind to different

intracellularmolecules before they block calcineurin.469 There are both experimental and clinical differences between

cyclosporine and tacrolimus, since the latter has a lower incidence of hypertension, likely due to the lower systemic

vasoconstriction caused by tacrolimus.465,470–472 Ca2+ channel antagonists are considered to be the best treatment.

When kidney damage is present, an ACEi has to be employed.465 Interestingly, in a recent study about one-third of

heart transplant patients, mostly treatedwith calcineurin inhibitors, did not achieve target blood pressure values after

antihypertensive measures.473 Thus, the current management of hypertension seems suboptimal. Sirolimus, another
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F IGURE 12 Aldosterone/cortisol activity in amineralocorticoid sensitive kidney tubule cell under physiological con-
ditions (A), or after inhibition by glycyrrhetinic acid (B). (1) Both aldosterone and cortisol are lipophilic enough to enter
the cells, (2) cortisol is, however, immediately metabolized by the enzyme 11-𝛽-hydroxysteroid dehydrogenase type 2
(E) into cortisone, which does not have affinity for the mineralocorticoid receptor (MR), (3) binding of aldosterone to
MR begins the cascade. Through DNA binding (4), the expression of Na+ channels and Na+/K+-ATPase (5) is upregu-
lated. When glycyrrhetinic acid is present in plasma, it can penetrate into cells (6), where it has a high affinity for the
enzyme (7). As a consequenceof enzyme inhibition, cortisol is not inactivated andbinds toMR (8) and the same cascade
(part A, 4–5) occurs without the need for aldosterone.

immunosuppressant usually considered as an alternative to calcineurin inhibitors, also has the potential to increase

blood pressure, but generally, it causes fewer cases of hypertension.466

4.2.5 Leflunomide and teriflunomide

When leflunomide is used for rheumatoid arthritis, hypertension (increases in systolic anddiastolic bloodpressure) can

develop 2–4weeks after initiating drug treatment with an overall incidence of 2–4.7%. Increases in heart rate can also
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F IGURE 13 Norfenfluramine, the commonmetabolite of fenfluramine and benfluorex.

occur.474,475 Its active metabolite, teriflunomide, used to treat multiple sclerosis, increases the risk of hypertension

as well.348,476 The underlying mechanisms are not clear, but may involve dysregulation of the sympathetic nervous

system.

4.2.6 Others

Female hormones can cause hypertension, but in this overview they were placed in the category of drugs causing

venous thromboembolism as their major mechanism of cardiotoxicity.

4.3 Drugs causing pulmonary hypertension

Some drugs that act on the serotoninergic system can also cause hypertension, including pulmonary hypertension.

Elevated levels of serotonin in patients with pulmonary arterial hypertension may cause vasoconstriction of pul-

monary vessels and act as a growth factor for pulmonary artery smooth muscle cells.477 Aminorex (amphetamine-like

anorectic agent) administration increases 100-fold the risk of pulmonary hypertension and its use in the 1960s led to

an “epidemic” increase in pulmonary hypertension with fivefold increase in its incidence. Ten years after this epidemic,

half of the patients had died, usually of right heart failure.477 A similarly acting anorectic (dex)fenfluramine also

increased the risk of pulmonary hypertension; however the incidence of pulmonary hypertension produced was much

less than in the case of aminorex.478–480 Overall, about 10% of the total number of cases of pulmonary arterial hyper-

tension in the 2000swere due to anorectic agents, with themajority of cases associatedwith fenfluramine derivatives.

Importantly, pulmonary hypertension can occur after even as little as 3 months of treatment.481 Also another drug,

benfluorex, is metabolized into norfenfluramine (Fig. 13), which is thought to produce pulmonary hypertension and

valvulopathy (see chapter 3.4). This drug was also withdrawn from themarket due to its cardiotoxicity.482

Pulmonary hypertension is also a documented adverse effect of dasatinib; however, pulmonary hypertension is

not, or is rarely seen during treatment with other bcr/abl inhibitors, such as imatinib.422,483 There is a hypothe-

sis that dasatinib-induced pulmonary hypertension may be due to the inhibition of tyrosine kinase Src, which plays

a critical role in smooth muscle cell proliferation and vasoconstriction, thus altering the equilibrium of prolifera-

tion/antiproliferation between the endothelia and smoothmuscle of pulmonary arteries.477

Also IFN-𝛼- and -𝛽-based treatments may be associated with an increased risk for the development of pulmonary

hypertension. This is currently under study.477

4.4 Drugs causing hypotension due to direct action on the vascular system

4.4.1 𝜶1-Adrenergic receptor antagonism

𝛼1-Adrenoceptor blockers like doxazosin, used for the treatment of hypertension may induce hypotension following

their initial dose. Subsequently, hypotension, in particular orthostatic hypotension may be observed in normotensive

patients with benign prostatic hyperplasia. Considerably less orthostatic hypotension is associated with the use of
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alfuzosin and tamsulosin, which are preferred in the urology field, because they have much less affinity for 𝛼1B-

receptors located in the smoothmuscle of vessels. However, there aremany other drugs that cause hypotension due to

antagonismof 𝛼1-adrenergic receptors. These drugs includemainly psychiatric drugs used for the treatment of depres-

sion and psychosis, namely TCA and several antipsychotic drugs including some low-potent antipsychotic drugs like

chlorpromazine, and newer drugs from MARTA and dopamine/serotonin drugs. Hypotension, especially orthostatic

hypotension, can have serious consequences, such as falls (producing fractures and lacerations), or cardiovascular

effects includingmyocardial infarction and sudden death. TCAs are particularly potent in this sense.23,190,366

4.4.2 Dihydropyridine calcium channel blockers

Ca2+ channel blockers and their toxicity were discussed in chapter 2.7.

4.4.3 Other antihypertensives

Basically, all antihypertensive agents may produce hypotension as type A adverse effects and dose titration may be

necessary as a preventive measure, but this is beyond the scope of the present review. Some frequently used drugs,

such as ACEi and antagonist at type 1 angiotensin receptors, are known to produce hypotension after the first dose.

This is particularly common in patients with hypovolemia due to diuretic treatment. In such cases, dose reduction of

the diuretics or temporary withdrawal of treatment may be necessary. Serious systemic hypotension may also result

from drug interactions. While, in most of cases, interactions between antihypertensive drugs are predictable and eas-

ily managed, there are some specific cases where it may cause serious consequences—for example, combination of

phosphodiesterase 5 inhibitors, like sildenafil, with nitrates. This can evoke a large build-up of cGMP (Cyclic guanosine

monophosphate), marked vasodilation, and severe hypotension in some patients. Such combinations therefore repre-

sent absolute contraindications.7,484

4.4.4. Other drugs

Parasympathomimetics, such asmuscarine, can produce hypotension (see chapter 3.2.4).

4.5 Drugs causing angioedema

Angioedema (syn. angioneurotic edema) is characterized by excessive vasodilation and permeability of vessels in the

deepest layers of the skin and in subcutaneous and submucosal tissue. Postcapillary venules are the primary target.485

Angioedema can arise from allergic reactions to different drugs (i.e., histamine-mediated angioedema with urticaria),

but this is beyond the scope of this review. More relevant cases are drug-induced angioedema without urticaria,

which is usually kinin-mediated. It is typically associated with ACE inhibitor therapy, where it is attributed to exces-

sive effects induced by bradykinin, which is physiologically degraded by the ACE enzyme.485,486 Angioedema often

affects soft tissue of the head such as lips, face, tongue, periorbital tissue and may cause obstruction of oropha-

ryngeal airways that can be dangerous.487 Swelling is accompanied by characteristic erythema (without itching) and

pain/discomfort. The symptoms typically last for 24–72 hr, followed by spontaneous remission. The incidence of ACEi-

induced angioedema is relatively low (approximately 0.2–0.7%) with higher chance in older patients and in females as

compared to males.486,487 Importantly, African Americans are four to five times more likely than Caucasians to expe-

rience angioedema. Genetic polymorphism in aminopeptidase P, which is a major degrading enzyme for bradykinin

during ACE-inhibition, seems to play a role.485,488 Common treatments for histamine-mediated angioedema (such

as antihistamines and glucocorticoids) are not effective in this setting. A risk of angioedema has been also described

for angiotensin receptor blockers, but seems to be significantly lower (0.1%) with a low incidence of cross-reactivity

(<10%).486 The mechanisms are thus much less clear. Of note, dual inhibitors of ACE and neutral endopeptidase—

neprilysin, such as omapatrilate, have shown an unacceptably high incidence and severity of angioedema 489 and the

development of such agents was stopped. The increased risk is attributable to the fact that both ACE and neprilysin

are important for bradykinin degradation. In contrast, very promising are recent data on a combination of neprilysin
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F IGURE 14 Relative risk of stroke and myocardial infarction in relation to the dose of estrogen (ethinyl estradiol).
The term thrombotic strokemeans cerebral infarction due to cerebral thrombosis or embolism. Figure shows the rela-
tive riskwith 95%confidence intervals. The figurewas prepared using data from the clinical study of Lidegaard et al.494

inhibition with antagonists at angiotensin II receptors in the treatment of chronic heart failure with reduced ejec-

tion fraction. The first agent sacubitril–valsartan complex showed both remarkable efficacy and safety, with a rel-

atively low risk of angioedema.490 However, sacubitril–valsartan cannot be combined with ACE inhibitors and 36

hrs washout period is necessary when switching patients from ACEi to this new treatment.216 Other drugs inducing

nonhistamine angioedema are NSAIDs with an incidence 0.1–0.3% and the mechanisms seems to be based on COX

inhibition.487

4.6 Drugs causing venous thromboembolism

4.6.1 Female hormones and drugs acting at this level

Hormonal contraception

Hormonal contraception is frequently employed. It is estimated that about 80%ofwomen in somedeveloped countries

have used oral contraception, at least once, during their lives.491,492 Besides reliably hindering conception, combined

oral contraception has several other advantages with respect to women's health, including lower dysmenorrhoea,

reduced acne, hirsutism, and reduced risk of endometrial and ovarian cancers.493 However, this therapy can also

lead to serious side effects. Data are not always consistent, but currently, it is well documented that elevated blood

pressure, increased risk of acute myocardial infarction, and serious thromboembolism with a risk of ischemic stroke

highlight the cardiovascular risks associated with hormonal contraceptive use.494–499 The risk is generally low,

especially since hormonal contraception is used mainly by young, “healthy” women. However, in combination with

other concomitant cardiovascular disease/risk factors, including elevated blood pressure, obesity, hyperlipidemia,

thrombophilia, and smoking, it might produce serious consequences.500–503 In particular, venous thromboembolism

seems to be the most important relevant cardiovascular risk in this “healthy” group of women.7 Smoking was found

in the majority of, but not in all studies, to be a crucial enhancer of negative cardiovascular outcomes in women

taking oral contraceptives.495,504 Moreover, although an increase in arterial blood pressure is generally low, it cannot

be ignored since in a recent study contraceptives were associated with hypertension in 19% of women below the

age of 40.505 In general, the cardiovascular risk is present only in current users, while past use confers a markedly

diminished risk.494,495,498 It is not clear whether decreasing the dose of estrogen, mostly ethinyl estradiol, and the

selection of a progestin, could reduce risk. Decreasing the dose of estrogen from 50 to 20 𝜇g decreased the risk of

myocardial infarction and tended to decrease the risk of thrombotic stroke (see Fig. 14). However, vaginal rings with

15 𝜇g of ethinyl estradiol, or oral contraception with 20 𝜇g can still have negative cardiovascular effects.495,506 In

addition, lowering the dose of estrogen does not seem to diminish the effect on blood pressure.498,507 The selection

of progestin remains controversial, since progestins can have different additional effects. For example, they can

act as agonists or antagonists at androgen receptors, they can have estrogenic potential and the relatively new
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compound, drospirenone, has an antagonistic effect at mineralocorticoid receptors.508,509 It has been suggested that

the third-generation progestins such as desogestrel and gestodene might have lower risk than the second-generation

drugs levonorgestrel and norgestimate, but so far results are mixed.504,510 A few years ago, mentioned drospirenone,

coined a fourth-generation progestins, was considered to be the ideal choice, due to its neutral or reducing effect

on body weight and blood pressure. However, recent studies showed that drospirenone has a higher risk of throm-

boembolism and acute myocardial infarction than does levonorgestrel. These data markedly changed prescription

recommendations particularly in high-risk populations.494,511,512

While it is believed that contraceptive preparations containing only progestins (pills, implants, intrauterine device)

are devoid of clinically negative effects on the cardiovascular system,494,497 very little is known about progestin's

effects on the cardiovascular system. Progestins seem to oppose or modify some of the cardiovascular effects of

estrogens in combined preparations.513 It is well known that estrogens, in physiological doses/concentrations, have

positive effects on the vascular system likely due to activation of an endothelial isoform of NO synthase (eNOS),

decreasing low density lipoprotein (LDL) cholesterol and increasing High density lipoprotein (HDL) cholesterol. On

the other hand, they may increase triglyceride levels and modify the ratio between procoagulatory/anticoagulatory

mediators in favor of the former.495,509,510,514 Progestins do not appear to influence the coagulation cascade, but

rather antagonize the positive lipid effect of estrogens. Notwithstanding, mixed results on lipid spectra were found in

human studies.510,515,516 There must also be other positive effects of estrogens on the vascular system, because even

though oral contraception had a very negative effect on HDL cholesterol in macaques, it did not worsen atherosclero-

sis.Moreover, pure estrogen reduced the extent of atherosclerosis.513,517 In addition, estrogens increase the synthesis

of angiotensinogen and subsequent activation of the renin–angiotensin–aldosterone system, which likely represents

the basis of their blood pressure elevating properties.509,518 However, pure estrogens also block renin activity, so pure

estrogens can even decrease blood pressure, in contrast to combined contraceptive preparations.518–520

Hormonal replacement therapy (HRT)

Another clinical use of female hormoneswasHRT inpostmenopausalwomenwere the goal of treatmentwas to replace

the missing estrogens with the aim of obtaining positive effects on the vascular system. In this setting, lower doses of

estrogens (generally 2.5–5 𝜇g of ethinylestradiol equivalents daily) were employed.495 HRT, likely due to the lower

hormone doses, also demonstrated a positive effect on certain risk factors of coronary heart disease: decreases in

heart rate, arterial blood pressure, LDL-cholesterol, and increases in HDL-cholesterol.519–523 Observational studies

also suggested its positive effect and thus HRT was initially considered to be a very useful therapeutic tool for pro-

tecting against coronary artery disease, which seems to be reasonable due to the relationship between the onset of

atherosclerosis andmenopause.524 However, the large prospectiveWomen´sHealth Initiative study, focusing on older

postmenopausal women (over age 60 years), was a huge disappointment for the field because it identified an increased

risk of breast cancer with combined estrogen–progesterone HRT, and an increased risk of stroke and venous throm-

boembolism. Furthermore, protection against coronary heart disease was not observed in either the combined HRT,

or the estrogen replacement group.525 There has been extensive research regarding the cardiovascular outcomes

observed afterHRTand it appears that the combination of conjugated equine estrogen,which is amixture of estrogens

fromhorse urine that also contains progestins, androgens, and other substances,with progestinmedroxyprogesterone

acetate, is not ideal.522,524 Differences betweenestradiol and conjugated equine estrogenwere found.521 Recent stud-

ieswith estradiol used inHRT showeddecreasedmortality fromcoronary heart disease, or a decrease in combined car-

diovascular endpoints.523,526 Another important factor for cardiovascular toxicity is the time of HRT initiation, since a

very late start, or treatment several years after menopause is associated with a worsening of coronary heart disease

in contrast to treatment initiated in younger women.524,525,527 On the other hand, “rebound” risk of death from coro-

nary heart disease is present within the first year after HRT is stopped.526 After 1 year, the increased risk disappears.

Either way, it must be reiterated that HRT, like oral contraception, can increase the risk of venous thromboembolism,

which can be fatal. It is not clear if the risk of thromboembolism can be modulated by selection of a specific progestin

or estrogen.522,527,528
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TABLE 9 Cardiovascular toxicity associated with acute intoxications—overview of selected clinically important
cases and their treatment

Class of drugs Typical representatives Clinical presentation Treatment

CNS-stimulants/indirect
sympathomimetic
agents

Cocaine, amphetamine,
and related agents

Tachycardia,
hypertension and
hypertensive crises,
acute coronary
syndrome, aortic
artery dissection, QT
prolongation, and
dysrhythmias including
ventricular fibrillation

Benzodiazepines and
targeted symptomatic
treatment as necessary
(e.g., nitrates in acute
coronary syndrome), avoid
𝛽-blockers, lidocaine
administration is
controversial in
dysrhythmias

Calcium channel blockers Nondihydropyridines
(verapamil, diltiazem)
and dihydropyridines
(such as nifedipine or
amlodipine)

Severe bradycardia,
transient reflex
tachycardia (with
dihydropyridines), AV
blocks, cardiac arrest,
hypotension, left
ventricular dysfunction

Prevention of GIT
absorption—particularly in
sustained release
formulations (incl. whole
bowel irrigation). i.v.
calcium, high-dose
insulin-glucose therapy, i.v.
isotonic fluids, atropine,
temporal pacing, glucagon
(disputed), vasopressors
(e.g., noradrenaline), lipid
emulsions (in resistant
cases)

𝛽-Blockers Propranolol,
metoprolol,
carvedilol, and others

Bradycardia, cardiac
arrest, LV dysfunction,
hypotension

Atropine, glucagon, isotonic
fluids, adrenaline,
high-dose insulin-glucose
therapy, i.v. calcium salts,
lipid emulsion therapy

Cardioactive steroids
(glycosides)

Digoxin, digitoxin,
lanatosides, oubain,
and herbs and animal
toxins containing
such agents (see
Fig. 9)

Almost any dysrhythmia
can occur. Often
presented as sinus
bradycardia,
AV-blocks, ventricular
extrasystoles,
ventricular
tachycardia, or
fibrillations

Atropine for bradycardia and
temporal pacingmay be
necessary, correction of
hypokalemia, lidocaine for
ventricular
tachydysrhythmias,
digoxin-specific antibody
fragments for moderate to
severe cases (effective
against digoxin and some
plant poisoning—see
chapter 3.2.3)

Local anesthetics Bupivacaine,
mepivacaine,
ropivacaine,
lidocaine, etc.

Bradycardia, asystole or
ventricular
tachydysrhythmias,
palpitations,
hypotension

Oxygenation, lipid emulsion
therapy for cardiac arrest
adrenaline (but not
vasopressin), amiodarone
may be used in ventricular
tachydysrhythmias

Drug-induced longQT
syndrome

Miscellaneous
drugs—see Table 5

QT prolongation,
ventricular ectopic
beats, torsade de
pointes, ventricular
fibrillation, sudden
death

Correct hypokalemia, i.v.
magnesium (first-line
approach bolus or
infusion), temporary
transvenous overdrive
pacing if magnesium is
ineffective (at rates≈ 100),
or isoprenaline

Tricyclic antidepressants Amitriptyline,
desimipramine,
imipramine,
nortriptyline,
dosulepin, or doxepin

Life-threatening
dysrhythmias—
typically wideQRS
complex tachycardia,
hypotension

Sodium bicarbonate
(targeted arterial pH
should be a in a range of
7.45–7.55), lipid emulsion
therapy is being evaluated

European Resuscitation Council Guidelines for Resuscitation 2015 182 were used as a general template for selection of typical
cases, supplementedwith other sources. 21,183,304,541–544
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Selective estrogen receptormodulators (SERM)

SERM comprise a group of compounds that selectively stimulate estrogen receptors in one tissue and block them in

another. These drugs have a combination of estrogen agonist, partial agonist, or antagonist activities depending on

the tissue and they are not fully homogenous in terms of their activity within the group. Tamoxifen and raloxifen are

the most well studied of these drugs. Both of them, like estrogen, unambiguously increase the risk of venous throm-

boembolism; however, data regarding the risk of stroke and acute myocardial infarction are divergent. There are data

showing that tamoxifen can increase the risk of stroke, while raloxifen seems rather to decrease it.529–532

Tibolone and other estrogenic medications

Another specific drug is tibolone, which is metabolized into three metabolites that act as agonists at estrogen, pro-

gestogen, and androgen receptors and also influence estrogen metabolism. Surprisingly, tibolone does not increase

the risk of venous thromboembolism, but one clinical study was stopped prematurely due to a higher incidence of

stroke.533

As expected, the cytostatic agent estramustin phosphate, which contains the estradiol moiety in its structure, pos-

sesses mild, but significant risk of deep venous thrombosis.534

4.6.2 Thalidomide and lenalinomide

Thalidomide and lenalinomide arewell documented to increase the risk of venous thromboembolism. Interestingly, the

risk is not elevatedwhen they are used asmonotherapy, but increases in combinationwith other cytostatics (in particu-

lar with doxorubicin) and corticoids. Moreover, the risk of venous thromboembolism is expressed only in patients with

multiple myeloma. The risk of venous thromboembolism in combined regimens can reach 30% and there is apparently

no difference between lenalinomide and thalidomide. The implicit mechanism is not yet clear, but elevated levels of

Factor VIII and vonWillebrand factor have been observed.535–538

4.6.3 Strontium ranelate

The question of whether strontium confers a higher risk of venous thromboembolism is unresolved. In addition, the

drug can potentially cause acutemyocardial infarction; however, causality has not been clearly confirmed.539,540

5 CONCLUSION

Cardiovascular toxicity represents an important risk associated with the administration of several classes of clinically

and illegally used drugs and can present even after a single administration, or after an overdose. The most clinically

important case of cardiovascular toxicities and their first line therapies are shown in Table 9. Acute poisoning is mostly

overt, in contrast to the chronic negative cardiovascular effects of these agents. Chronic effects may not be apparent

for a long time and early diagnosis of these toxicities is challenging. Our current knowledge of these cardiovascular

toxic effects is mostly based on long-term clinical trials, or clinical experience and hence largely unknown in the case

of novel drugs. Since mild changes in arterial blood pressure and heart rate might be later associated with higher car-

diovascular mortality, all drugs causing such cardiovascular effects must be recognized for their potential cardiac risk

to the patient. This comprehensive review summarizes our current understanding of the cardiovascular toxicities of

known substances andwe suppose that such information can be helpful both formedical doctors, pharmacists, toxicol-

ogists, and pharmacologists who conduct research in this field.
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Martin Štěrba http://orcid.org/0000-0003-0145-7697

REFERENCES

1. Klaassen CD. Casarett and Doull's Toxicology: The Basic Science of Poisons. 7th ed. NewYork:McGraw-Hill; 2008.

2. Reichel F-X, Ritter L. Illustrated Handbook of Toxicology. 4th ed. Stuttgart: Thieme; 2011.

3. Olson KR, Anderson, IB, Benowitz NL, Poisoning & Drug Overdose. 5th ed. New York:McGraw-Hill; 2006.

4. ShannonMW, Borron SW, BurnsM.Haddad andWinchester´s Clinical Management of Poisoning andDrugOverdose. 4th ed.
Philadelphia: Sunders/Elsevier; 2007.

5. Bryson PD. Comprehensive Review in Toxicology for Emergency Clinicians. 3rd ed.Washington: Taylor & Francis; 1997.

6. Ellenhorn MJ, Schonwald S, Ordog G, Wasserberger J. Ellenhorn´s Medical Toxicology. 2nd ed. Baltimore: Williams &

Wilkins; 1997.

7. Brunton L, Chabner B, Knollman B.Goodman &Gilman's The Pharmacological Basis of Therapeutics. 12th ed. NewYork:Mc

Graw-Hill; 2011.

8. Lewis RA. Lewis´Dictionary of Toxicology. Boca Raton, FL: CRC Press LLC; 1998.

9. Loomis TA,Wallace HA. Loomis´s Essentials of Toxicology. 4th ed. San Diego: Academic Press; 1996.

10. Blankfield RP, Iftikhar IH. Food and drug administration regulation of drugs that raise blood pressure. J Cardiovasc Phar-
macol Ther. 2015;20:5–8.

11. Borer JS. Heart rate: From riskmarker to risk factor. Eur Heart J Suppl. 2008;10:F2–F6.

12. Been F, Lai FY, Kinyua J, Covaci A, van Nuijs AL. Profiles and changes in stimulant use in Belgium in the period of 2011–

2015. Sci Total Environ. 2016;565:1011–1019.

13. EuropeanDrugReport 2015: Trends andDevelopments. In: EuropeanDrugReport Lisbon: EuropeanMonitoringCentre

for Drugs andDrug Addiction (EMCDDA) 2015.

14. Ahtee L, Michal F. Proceedings: Effects of sympathomimetic amines on rabbit platelet aggregation in vitro. Br J Pharma-
col. 1972;44:363P–364P.

15. SharmaA,Couture J. A reviewof thepathophysiology, etiology, and treatment of attention-deficit hyperactivity disorder

(ADHD). Ann Pharmacother. 2014;48:209–225.

16. Sjoqvist F. Psychotropic drugs (2). Interaction betweenmonoamine oxidase (MAO) inhibitors and other substances. Proc
R SocMed. 1965;58:967–978.

17. Bauman JL, Grawe JJ, Winecoff AP, Hariman RJ. Cocaine-related sudden cardiac death: A hypothesis correlating basic

science and clinical observations. J Clin Pharmacol. 1994;34:902–911.

18. O'Leary ME, Hancox JC. Role of voltage-gated sodium, potassium and calcium channels in the development of cocaine-

associated cardiac arrhythmias. Br J Clin Pharmacol. 2010;69:427–442.

19. Schwartz BG, Rezkalla S, Kloner RA. Cardiovascular effects of cocaine. Circulation. 2010;122:2558–2569.

20. Stankowski RV, Kloner RA, Rezkalla SH. Cardiovascular consequences of cocaine use. Trends Cardiovasc Med.
2015;25:517–526.

21. AmsterdamEA,WengerNK,BrindisRG, et al. AHA/ACCguideline for themanagementof patientswithnon-ST-elevation

acute coronary syndromes: Executive summary: A report of the American College of Cardiology/American Heart Asso-

ciation Task Force on Practice Guidelines. Circulation. 2014;130:2354–2394.

http://orcid.org/0000-0002-6076-6900
http://orcid.org/0000-0002-6076-6900
http://orcid.org/0000-0001-6740-9685
http://orcid.org/0000-0001-6740-9685
http://orcid.org/0000-0002-0471-2756
http://orcid.org/0000-0002-0471-2756
http://orcid.org/0000-0003-1382-5119
http://orcid.org/0000-0003-1382-5119
http://orcid.org/0000-0002-0728-4646
http://orcid.org/0000-0002-0728-4646
http://orcid.org/0000-0001-5460-8044
http://orcid.org/0000-0001-5460-8044
http://orcid.org/0000-0003-0145-7697
http://orcid.org/0000-0003-0145-7697


1382 MLADĚNKA ET AL.
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