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Background: Dilated cardiomyopathy is a frequent disease responsible for 40-50% of cases of heart Received 11 June 2018
failure. Idiopathic cardiomyopathy is a primary disorder often related to familial/genetic predisposition. Accepted 29 June 2018

Before the diagnosis of idiopathic cardiomyopathy is made, clinicians must not only rule out viral and E“b"Shed online 10 Septem-
immune causes, but also toxic causes such as drugs, environmental agents, illicit substances and nat- er 2018

ural toxins. KEYWORDS
Objective: The objective of this review is to present recent data on the mechanisms underlying toxic Drugs; environmental

cardiomyopathy. agents; illicit substances;
Methods: The US National Library of Medicine Pubmed database was searched from 1980 to metals; natural toxins
December 2017 utilizing the combinations of the search terms “toxic cardiomyopathy”, “drugs”,
“anticancer drugs”, “azidothymidine”, “rosiglitazone”, “carbon monoxide”, “alcohol”, “illicit drugs”,
“cocaine”, “metamfetamine”, “metals”, “venom”. A total of 339 articles were screened and papers that
dealt with the pathophysiology of toxic cardiomyopathy, either in animal models or in clinical practice
were selected, with preference being given to more recently published papers, which left 92 articles.
Anticancer drugs: The mechanisms of anthracycline-induced cardiotoxicity are primarily related to their
mechanisms of action as anticancer drugs, mainly the inhibition of topoisomerase Il 3 and DNA cleav-
age. Additional metabolic or oxidative stress factors may play a part, together with interference with
iron metabolism. The more recent drugs, trastuzumab and imatinib, also influence stress pathways.
Antiretroviral agents: Azidothymidine is cardiotoxic as a result of mitochondrial toxicity. In addition
to energy depletion, azidothymidine also increases the production of mitochondrial reactive oxygen
species (ROS).

Antidiabetic drugs: The cardiotoxicity of thiazolidinedione antidiabetic drugs is still under investiga-
tion, though interference with mitochondrial respiration or oxidative stress is suspected.

Cocaine: Among the multiple mechanisms involved in cocaine-related cardiotoxicity, excessive sympa-
thetic stimulation with increased myocardial oxygen consumption is well documented in the acute
form of left ventricular dysfunction. As for cocaine-related cardiomyopathy, the role of apoptosis and
ROS is under investigation.

Ethanol: The aetiology of ethanol-related cardiotoxicity is multifactorial, with individual susceptibility
being important. It involves apoptosis, alterations of the excitation—-contraction coupling in cardiac
myocytes, structural and functional alterations of the mitochondria and sarcoplasmic reticulum,
changes in cytosolic calcium flows, changes in calcium sensitivity of myofilaments, alterations of
mitochondrial oxidation, deregulation of protein synthesis, decrease of contractile proteins and
disproportion between the different types of myofibrils, changes in the regulation of myosin ATPase,
up-regulation of the L-type calcium channels, increase of oxidative stress, and induction of ANP and
p21 mRNA expression in ventricular myocardium.

Metamfetamines: Catecholamine-mediated toxicity is the probable cause, with a possible role for
genetic susceptibility.

Carbon monoxide: In addition to hypoxic injury, carbon monoxide is also directly toxic to the mito-
chondria, with impairment of mitochondrial respiratory chain at the cytochrome c oxidase level,
decrease of glutathione concentrations and of ATP production. There is no evidence for a delayed
dilated cardiomyopathy in survivors of an acute exposure.

Metals: Cobalt-related cardiomyopathy probably results from interference with energy production and
contractile mechanisms, but additional factors (nutrition, hypothyroidism) are often required. Antimony
may cause lethal oxidative stress and cell death mediated by elevation in intra-cellular calcium.
Proposed mechanisms for mercury toxicity include glutathione depletion, production of ROS, and
interruption in selenium-dependent endogenous enzymatic reactions. The existence of a lithium-
induced cardiomyopathy is still debated.

Scorpion venom: Catecholamine release is the probable cause of acute cardiomyopathy following
scorpion envenomation.

Conclusions: The mechanisms behind toxic cardiomyopathy are complex and multifactorial but
include interference with myocardial cell bioenergetics and intracellular calcium handling, the gener-
ation of ROS, neurohormonal stress, and induction of apoptosis.
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Introduction

Cardiomyopathy is usually defined as a myocardial disorder
in which the heart muscle is structurally and functionally
abnormal, in the absence of coronary artery disease, hyper-
tension, valvular disease and congenital heart disease suffi-
cient to cause the observed myocardial abnormality [1]. The
modern classification of cardiomyopathies relies on specific
morphological and functional phenotypes and on further
sub-classification into familial (with genetic determinants)
and non-familial forms. Briefly, hypertrophic cardiomyopathy,
dilated cardiomyopathy, restrictive cardiomyopathy and
arrhythmogenic  right ventricular cardiomyopathy are
distinguished.

The term takotsubo cardiomyopathy refers to a transient,
reversible ventricular dysfunction with normal coronary
arteries. Acute physical or emotional distress may play a sig-
nificant role in the development of this catecholamine-medi-
ated cardiomyopathy. Drug overdose or substance abuse
may also be triggering factors [2]. The clinical presentation
and pathophysiology of takotsubo cardiomyopathy clearly
differs from other cardiomyopathies and should probably be
included more appropriately within the spectrum of ischemic
heart disease [3].

Dilated cardiomyopathy is defined by the presence of left
ventricular (LV) systolic dysfunction in the absence of abnor-
mal loading conditions (arterial hypertension, valve disease)
or coronary artery disease sufficient to cause global systolic
impairment [1]. A family history of dilated cardiomyopathy is
present in over 50% of patients. Before clinicians conclude
that cardiomyopathy is of the idiopathic type, toxic as well
as viral and immune causes must also be considered.

The true prevalence of toxins related-dilated cardiomyop-
athy in the general population is not known. For some drugs
(anticancer drugs), a clear signal is arising from epidemio-
logical studies [4], while the relationship remains more
doubtful for numerous other substances.

Objective

The objective of this review is to present recent data (where
available) on the possible mechanisms of the chronic forms
of cardiomyopathy, particularly dilated cardiomyopathy, and
the most commonly implicated drugs, environmental agents,
substances of abuse or natural toxins. Acute toxicity will also
be considered when the pathophysiology is helpful to clarify
the mechanisms leading to subacute or chronic injury, or
when a reversible form of cardiomyopathy is dominant at
the acute phase of exposure. The pathophysiology of takot-
subo cardiomyopathy will not be discussed. Specific cardio-
vascular drugs (e.g., calcium-channel blockers, beta-blockers)
will be excluded from this review as they are mostly associ-
ated in overdose with acute heart failure.

Methods

We performed a target search of available English literature
on pubmed.gov and scholar.google.com from 1980 to

December 2017. A first search using “toxic cardiomyopathy”
as key word identified 1089 papers; only 166 papers were
found by the combination (drugs AND toxic cardiomyop-
athy). Based on review papers, the search was refined by
including the following terms: (anticancer drugs OR azidothy-
midine OR rosiglitazone OR carbon monoxide OR alcohol OR
cocaine OR metamfetamines OR metals OR venom) AND
toxic cardiomyopathy. A total of 339 articles were screened.
Papers that pertained to the diagnosis or treatment of toxic
cardiomyopathy were excluded and full-length articles deal-
ing with the pathophysiology of toxic cardiomyopathy, either
in animal models or in clinical practice, were selected. Papers
published after 2010 were preferentially considered in order
to cover the more recent developments in the understanding
of the causative mechanisms, which left 92 articles.

Anticancer drugs

There is an abundant literature on anticancer drug-related
cardiotoxicity and a detailed approach is beyond the scope
of this review. Only recent mechanisms of toxicity or predis-
posing factors of the chronic (and less reversible) form will
be discussed.

Established risk factors for antiblastic drug-induced cardio-
toxicity include a greater cumulative dose (as mainly shown
for anthracyclines), concomitant cardiac irradiation, higher
individual doses, shorter infusion time, association with
another cardiotoxic drug, age older than 65 years, female sex
and cardiovascular comorbidity [5]. The reversibility of the
dose-dependent anthracyclines-related cardiotoxicity is poor
or absent.

Anthracyclines

The dose-dependent nature of doxorubicin-induced heart
failure was confirmed in a recent retrospective analysis [6]. In
this study, the estimated incidence of cardiac toxicity was
much higher than previously reported (5% at a cumulative
dose of 400mg/m? 26% at 550mg/m? and 48% at
700 mg/m?) [6]. Associated therapies (mediastinal irradiation,
trastuzumab) are increasing the risk of anthracycline-related
cardiotoxicity. Acute toxicity is uncommon (<1%) and gener-
ally reversible, whereas early-onset chronic progressive tox-
icity (1.6-2.1%) developing during treatment and late-onset
chronic progressive types (1.6-5%) are more likely to be irre-
versible. The chronic form may develop after a delay of
10-15 years after the initial chemotherapy.

The mechanisms of anthracycline-induced cardiotoxicity
are mostly in relationship with their mechanisms of action as
anticancer drugs. The main mechanism of cytotoxicity,
including to the myocardium, is the cleavage of DNA by the
inhibition of topoisomerase Il . Anthracyclines may also dis-
rupt neuregulin-Erb (NRG) receptor signalling, a mechanism
that is involved in cardiomyocytes growth and survival [7].
In addition, there is experimental evidence for lipid
peroxidation and oxidative stress, cardiomyocyte apoptosis,
impaired synthesis of DNA, RNA and transcription factors,
changes in mitochondrial bionenergetics and in calcium



homeostasis [7-11]. The implication of iron metabolism is
still debated, as among iron chelators, only desrazoxane
seemed to offer some cardioprotection through its action on
topoisomerase Il [12].

The contribution of genetic factors to the variability of
the anthracycline-induced cardiotoxicity is supported by a
limited number of observations in adults. The role of
NAD(P)H oxidase and oxidase stress seems important for
anthracycline induced-cardiotoxicity. Wojnowski et al. [13]
have looked in a case-control study at single nucleotide poly-
morphisms in genes involved in reactive oxygen species
(ROS) generation or in drug efflux transporters. They found a
relationship between some variants of a NAD(P)H subunit
and of a multidrug efflux transporter, and a higher risk for
developing cardiotoxicity. However, the results in the pediat-
ric population appear discordant and a clear genotype-
response correlation has not so far been demonstrated.

Trastuzumab

Trastuzumab is a monoclonal antibody that inhibits the acti-
vation of a tyrosine-protein kinase receptor. Trastuzumab has
been shown to aggravate anthracycline-induced cardiac
damage, with a higher incidence of heart failure in patients
receiving this combined therapy [14]. In patients treated with
traztuzumab alone, a decreased LV ejection fraction while
undergoing therapy occurs frequently (up to 28%) and is
usually reversible [15]. This questions the need to stop traz-
tuzumab in patients who remain asymptomatic. Traztuzumab
triggers cellular oxidative stress and alters the expression of
myocardial genes essential for DNA repair and cardiac and
mitochondrial function [16].

Imatinib

Imatinib is also a tyrosine kinase inhibitor. Mitochondrial
impairment, with alterations in the endoplasmic reticulum
stress pathways is the main hypothetical mechanism; cell
death is aggravated further by the presence of oxidative
stress [17,18].

Sunitinib
Sunitinib is a potent antiangiogenic drug. Sunitinib is

undoubtedly cardiotoxic, probably by inhibiting ribosomal S6
kinase and AMP-activated protein kinase [19,20].

Antiretroviral agents
Azidothymidine

Long-term treatment with azidothymidine has been associ-
ated with the development of cardiomyopathy as a result of
mitochondrial toxicity. In addition to energy depletion, it
seems also that azidothymidine increases ROS production in
mitochondria [21]. This is supported by the fact that azido-
thymidine-induced cardiomyopathy is prevented in mito-
chondrial superoxide dismutase transgenic mice [22].
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Antidiabetic drugs
Rosiglitazone

A suspicion of drug-related cardiotoxicity is arising for rosigli-
tazone. The exact mechanism of cardiotoxicity is not known,
though interference with mitochondrial respiration or oxida-
tive stress is under investigation [23,24].

Antidepressants and antipsychotics

The possibility that some antidepressants and antipsychotic
drugs (imipramine, fluvoxamine, venlafaxine, olanzapine, clo-
zapine or venlafaxine) can cause cardiomyopathy has been
suggested [4]. This complication should be clearly differenti-
ated from the acute effects on cardiac conduction illustrated
by the widening of QRS complexes on the electrocardiogram
(EKG) induced by fast sodium channel inhibition. An acute
but reversible form of diffusely depressed myocardial con-
tractility has been observed occasionally with large venlafax-
ine overdoses; there is a probable overlap with more typical
forms of takotsubo cardiomyopathy. One of the most likely
explanations is that this is due to catecholamine-induced
myocardial damage in conjunction with the inhibition of nor-
epinephrine (and dopamine) reuptake. A possible role for
CYP2D6 polymorphism has also been proposed. [25,26].

Cocaine

The exact incidence of cocaine-induced cardiomyopathy is
unknown and likely underreported. The amount and duration
of cocaine use necessary to develop cocaine cardiomyopathy
is currently unclear. Among 430 consecutive patients with
dilated cardiomyopathy, 10 (2.3%) were ascribed to congest-
ive cardiomyopathy on the basis of a history of chronic
cocaine exposure (12.8+6 years), detectable concentrations
of cocaine metabolites, and on the histological and ultra-
structural modifications [27].

Cocaine exerts numerous cardiotoxic effects both acutely
and as a result of chronic use. Acute cardiovascular manifes-
tations include arterial hypertension, aortic dissection,
arrhythmias, and myocardial ischemia. The mechanisms
behind these effects are mainly related to excessive sympa-
thetic stimulation, with consequent increased chronotropic
and inotropic effects, and increased peripheral vasoconstric-
tion [28]. Myocardial ischemia results also from the imbal-
ance between oxygen delivery and consumption and from a
prothrombotic state.

The acute form of heart failure with LV dysfunction may
be explained by animal and humans experiments showing
that the intracoronary administration of cocaine caused an
acute elevation in LV pressures, LV dilation and reduction in
contractility [29,30]. The negative inotropic and lusitropic
response may be mediated by the local anesthetic property
of cocaine, with consequent alterations of intracellular cal-
cium handling [31]. There is a dose-effect relationship as low
to moderate concentrations of cocaine have positive ino-
tropic and lusitropic effects, due to sympathetic stimulation,
while the negative effects of higher concentrations are due
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to the direct local anesthetic effects of cocaine on excita-
tion-contraction coupling [31].

The repeated description of takotsubo cardiomyopathy
among cocaine abusers suggests that catecholamine surge is
involved in acute reversible LV dysfunction [32].

The prevalent hypothesis for the more chronic form of
cocaine-related dilated cardiomyopathy was that repeated
ischemic injury led to myocardial scarring. However, recent
research proposes a role for apoptosis and ROS production
[33,34]. ROS can be produced by auto-oxidation of catechol-
amines which have accumulated in the myocardium, due to
the interference of cocaine with monoamine reuptake sys-
tems. Catecholamines may also contribute to ROS formation
through adrenergic stimulation and through the activation of
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase. NADPH oxidase-generated ROS may play an important
role in modulating ROS production by other enzymatic sour-
ces such as endothelial NOS or xanthine oxidoreductase.

The hypothesis of ROS involvement in the acute form of
LV dysfunction was studied in a rat experimental model [35].
It was shown that the echocardiographic changes of acute
LV dysfunction could be prevented by the administration of
apocynin, an inhibitor of NADPH oxidase, and allopurinol, an
inhibitor of xanthine oxidoreductase. Concurrently, there was
a reduction in the production of superoxide anions.

In humans, the hypothesis of myocardial oxidative dam-
age was also investigated from endomyocardial biopsies
obtained from patients with chronic cocaine-related cardio-
myopathy that were compared to biopsies obtained from
patients with postoperative LV dysfunction [27]. The results
confirmed the absence of any significant inflammatory reac-
tion in the myocardium, with as main features contraction
bands and lysis of the myofibrils, myocyte swelling and bleb-
bing of the sarcolemma. Myocyte necrosis and apoptosis
were higher in comparison with patients with dilated cardio-
myopathy from other origin.

Finally, a more classical pattern of myocarditis, with cellu-
lar infiltrates (lymphocytes or eosinophils) has been reported
rarely [36].

Ethanol

Studies examining the acute effect of alcohol intoxication on
myocardial function parameters are inconsistent, depending
upon age, gender, quantity of alcohol consumed, and the
imaging methods used to detect cardiovascular changes.
Recent echocardiographic investigations in human volunteers
have shown that acute excessive alcohol ingestion was able
to cause a transient toxic effect on myocardial deformation
[37]. The mechanism of this impairment is unclear and it is
too early to affirm that the chronic alteration of myocardial
function is the result of repeated acute effects.

The existence of a direct causal link between excessive
alcohol intake and the development of dilated cardiomyop-
athy is still controversial, but alcoholic cardiomyopathy is
now considered as a distinct entity [38,39]. Basic research is
still ongoing to identify the mechanisms of alcohol-induced
damage to the cardiomyocyte. It is now well accepted that

the mechanisms are multifactorial and would include at least
the following: apoptosis, alterations of the excitation—con-
traction coupling in cardiac myocytes, structural and func-
tional alterations of the mitochondria and sarcoplasmic
reticulum, changes in cytosolic calcium flows, changes in cal-
cium sensitivity of myofilaments, alterations of mitochondrial
oxidation, deregulation of protein synthesis, decrease of con-
tractile proteins and disproportion between the different
types of myofibrils, changes in the regulation of myosin
ATPase, up-regulation of the L-type calcium channels,
increase of oxidative stress, induction of ANP and p21 mRNA
expression in ventricular myocardium, and activation of the
renin-angiotensin system and of the sympathetic nervous
system [38-43]

The central role of individual susceptibility has been out-
lined. In order to explain this susceptibility, metabolic and
genetic factors were investigated [44]. The main enzymatic
pathways involved in ethanol metabolism are alcohol
dehydrogenase (ADH), aldehyde dehydrogenase (ALDH),
cytochrome P450 (CYP2E1) and catalase [40]. The prevalent
hypothesis is that acetaldehyde, the first oxidized metabolite
of ethanol, is far more reactive and toxic than ethanol and
may contribute to the cardiac damage following chronic
alcohol abuse [45].

Hypothetically, the mechanisms of ethanol toxicity and
cardiac injury may involve different pathways: more rapid
acetaldehyde conversion and accumulation by the activity of
fast alcohol dehydrogenase (ADH1B), delayed metabolism of
toxic acetaldehyde due to reduced enzyme activity due to
the variant aldehyde dehydrogenase 2 (ALDH2) and ROS
generation by higher CYP2E1 activity due to genetic poly-
morphisms [46]. Among the enzymes involved in ethanol
detoxification, the mitochondrial ALDH2 demonstrated cardi-
oprotective effects against ethanol toxicity in a transgenic
mouse model with ALDH2-overexpressing hearts [47].

A recent study in an Asian population demonstrates the
possible influence of genetic variants (ADH1B, ALDH2,
CYP2E1) on alcohol myocardial susceptibility [40]. By con-
trast, polymorphisms in genes coding for components of the
renin—angiotensin-aldosterone system were not associated
with an increased risk to develop the pattern of alcoholic
cardiomyopathy [48].

Metamfetamines

Metamfetamines are sympathomimetic amines that have
numerous cardiovascular adverse effects [49]. Co-ingestion of
other substances (cocaine) or prior chronic use of cardiotoxic
drugs causing cardiomyopathy may further potentiate car-
diac impact of metamfetamines. The cardiac complications of
metamfetamines are hypothesized to arise from a variety of
mechanisms. Animal data support the hypothesis of a cat-
echolamine-mediated toxicity, with pathognomonic histo-
logical features of cellular death, fibrosis and contraction
band necrosis [50]. A similar pattern was observed in some
human myocardial postmortem specimens [51].

However, different patterns of metamfetamine-associated
cardiomyopathy have been described and the presumed



mechanisms of toxicity may be somewhat different. The
hypertrophic form and the takotsubo pattern may be related
to the stimulation of peripheral or myocardial adrenorecep-
tors [51], while the dilated form may be due to the direct
toxicity of metamfetamine to cardiac myocytes [52].

In addition, some abusers will also develop true ischemic
cardiomyopathy. Vulnerability to the development of meta-
mfetamine-associated cardiomyopathy appears to be genet-
ically influenced with an elevated risk in the subpopulation
of cytochrome P450 CYP2D6 extensive metabolizers [53].
Finally, some reversibility appears possible after abstinence
from metamfetamines.

Carbon monoxide

The incidence of carbon monoxide (CO)-related cardiomyop-
athy following acute CO exposure is extremely variable.
Different patterns exist, from apical ballooning (takotsubo
cardiomyopathy) to global hypokinesia. After acute CO
exposure, the incidence of CO-induced cardiomyopathy on
transthoracic echocardiography may vary from 3% when all
patients are considered to as high as 74.4% when myocardial
injury has been previously documented by troponin eleva-
tion [54,55]. The recovery time appears shorter in patients
with global dysfunction (usually within 72h) in comparison
with the takotsubo pattern. The patients developing transi-
ent myocardial dysfunction have an incidence of additional
cardiovascular risk factors (hypertension, smoking) compar-
able to that observed in the general population [55]. In a
rabbit experimental model, exposure to 180 ppm of carbon
monoxide for 2 weeks led to ultrastructural myocardial
changes [56].

There is no evidence for a delayed dilated cardiomyop-
athy in patients who survive acute CO exposure. There are
limited data regarding the relationship between CO poison-
ing and cardiac structural deterioration. Usually, the regional
LV dysfunction does not match with the territory of coronary
arteries [57]. While the direct role of hypoxia cannot be dis-
carded, no direct correlation between the carboxyhemoglo-
bin concentration and severity of LV dysfunction has been
demonstrated to date.

The classical hypothesis is that the binding of CO to intra-
cellular myoglobin in the myocardium impairs oxygen deliv-
ery to the mitochondria, and that subsequent energy
disorders lead to cardiac contractile decrease [58-62]. Carbon
monoxide is also directly toxic for mitochondria, with impair-
ment of mitochondrial respiratory chain at the cytochrome c
oxidase level, decrease of glutathione concentrations and of
ATP generation [63-65]. Finally, a catecholamine surge is also
likely involved, mainly for the takotsubo pattern [55].

As CO is also an environmental pollutant, prolonged CO
exposure is also responsible for oxidative and inflammatory
stresses in the heart. In particular, in an experimental model
of low CO exposure in rats it was shown that CO induced
the expression of the inducible isoform of nitric oxide syn-
thase, with a possible impact on excitation/contraction cou-
pling and on myocardial ischemia/reperfusion injuries [66].
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The complexity of the mechanisms of action of CO is illus-
trated by the fact endogenous CO provides protective effects
on the cardiovascular system. The endogenous production of
CO occurs through the activity of constitutive (haem oxygen-
ase 2) and inducible (haem oxygenase 1) haem oxygenases.
Despite the apparent paradox that CO gas is perceived as an
inhibitor of mitochondrial respiration and of cytochrome c
oxidase, it appears that endogenous CO may play a benefi-
cial role in mitochondrial bioenergetics and this important
signaling pathway is currently being investigated [67].

Metals
Antimony

Antimony is still the mainstay for the treatment of
Leishmaniosis. Significant modifications of the electrocardio-
gram, and even “torsades de pointe” and sudden death have
been reported in patients undergoing therapy with antimoni-
als; these effects are related to the dose and duration of the
treatment. While modifications of T wave or ST segment and
arrhythmias have been documented in experimental models,
contradictory results have appeared regarding the effects of
antinomy on contractility. The cardiac effects could be
related to oxidative stress producing lipid peroxidation,
glutathione (GSH) decrease, inhibition of glutathione peroxid-
ase, significant alterations in cellular thiol homeostasis and
lactate dehydrogenase (LDH) release [68-69]. It seems also
that antimony is able to interfere with intracellular calcium
handling [68].

Cobalt

Cobalt-related subacute cardiomyopathy was first described
in patients exposed to environmental cobalt or in heavy
beer drinkers when cobalt was added in the 1960s to the
beer to restore and stabilize the foam [70]. Since that time,
the incidence of cobalt-related cardiomyopathy has signifi-
cantly decreased. It appeared also that there was no strict
correlation between cobalt blood concentrations or cobalt
accumulation in the heart and the development of cardiac
dysfunction [69]. Other factors seemed to be required to
develop cardiomyopathy, including hypothyroidism and low
vitamin diet.

The diagnosis of cobalt cardiomyopathy requires (1) dem-
onstration of biventricular dilatation and systolic dysfunction
at a time when blood/tissue concentrations of cobalt are
increased; and (2) normalization of cardiac structure and
function when exposures ceases and blood/tissue concentra-
tions of cobalt decline into range close to that expected in
nonexposed individuals [71]. Despite the increasing interest
in cobalt toxicity in patients with malfunctioning hip prosthe-
ses, the incidence of demonstrated cobalt-related cardiomy-
opathy remains low [72,73].

People who developed cardiac complications attributed
to cobalt poisoning following metal-containing replacements
or failed ceramic prostheses had considerably high serum or
blood cobalt concentrations. In patients with well-functioning
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prostheses, chronic exposure to low circulating concentra-
tions of cobalt has been associated with subtle changes in
myocardial function, but a dose-effect relationship has not
been established. Histological findings in cobalt-related car-
diomyopathy are poorly specific with the exception of the

presence of dense osmophilic intramitochondrial par-
ticles [70].
Several mechanisms have been proposed to explain

cobalt cardiotoxicity but none of the experimental studies
are recent [71]. Cobalt may interfere with the binding of cal-
cium to sarcolemma, the transport of calcium into the myo-
cyte, and the inotropic effects of calcium [74,75]. Cobalt may
reduce the generation of ATP production by aerobic cellular
respiration through the interruption of citric acid cycle and
also by interference with the mitochondrial respiratory chain
enzymes [76,77]. The cobalt () ion is able to react with
hydrogen peroxide under physiological conditions to form
ROS [77,78]

Acute cobalt exposure in a rat model reduced the activity
of manganese-superoxide dismutase (Mn-SOD) in rat myocar-
dium, with a direct correlation with the cobalt myocardial
content [79]. Chronic exposure confirmed the reduction of
Mn-SOD activity, with also a moderate decrease in mitochon-
drial ATP production rate and a general reduction in capacity
of the respiratory chain. The link between the reduction of
Mn-SOD activity and ATP production is not demonstrated.

Lithium

Experimentally, lithium alters the electrolyte pumps and
channels, modifying the action potentials with subsequent
abnormalities in contractile activity [80,81]. Lithium enters
into cardiac myocyte similarly to Na*, but is not removed as
efficiently as sodium ions [80]. Lithium also contributes to
depletion of intracellular potassium and displacement of
intracellular calcium.

Serious cardiac toxicity due to lithium is uncommon and
generally occurs in individuals with an underlying heart dis-
ease [82]. Following acute lithium overdose, there is some
description of reversible global or segmental LF dysfunction,
with a possible overlap with takotsubo cardiomyopathy
[83-85]. Drug safety databases are suggesting an association
between lithium treatment and the development of dilated
cardiomyopathy, but these data must be interpreted with
caution due to numerous biases including the presence of a
preexisting cardiac disease. Exceptionally, histological fea-
tures could be consistent with a true pattern of myocarditis
(myofibrillar degeneration, myocardial lymphocyte cell infil-
trates, fibrosis) [86]. There are isolated reports of cardiac
improvement after lithium discontinuation [87].

Mercury

Proposed mechanisms for mercury toxicity include glutathi-
one depletion, production of ROS, and interruption in selen-
ium-dependent endogenous enzymatic reactions [88,89].
Mercury may also act as a Ca't antagonist at the

actin-myosin junction. However, there is no clinical evidence
linking mercury exposure to the development of
cardiomyopathy.

Scorpion venom

The clinical manifestations of scorpion envenomation may
vary in type and severity according to scorpion species [90].
Severe cardiovascular events were observed with species
found in North Africa (Andronoctus and Buthus), the Middle
East (Leiurus quinquestriatus), India (Mesobuthus tamulus) and
Brazil (Tityus) [91]. The exact physiopathology of cardiovascu-
lar effects of scorpion envenomation is still debated; in sum-
mary, they could be related either to direct effects of the
venom on the target organs (including the heart and vascu-
lature) or mediated by neurohormononal release [91].

The hypothesis of a “catecholamine storm” is supported
by experimental studies conducted on canine model. Soon
after the experimental injection of the venom, there was a
marked increase of plasma concentrations of norepinephrine
and epinephrine, but also of other vasoconstrictive peptides,
including neuropeptide Y and endothelin [92]. In parallel,
there was an increase in mean arterial pressure and systemic
vascular resistance. Interestingly, in an additional canine
study, a rechallenge with the same amount of circulating
toxins 30 min after the first challenge was not able to pro-
duce the same hemodynamic changes, suggesting that cate-
cholamines stocks were exhausted after the first toxic
challenge and reinforcing the primary role of catecholamine
release [93].

The trigger for neurohormonal release could be a direct
action of neurotoxins on sodium, potassium, calcium and
chloride channels [94,95]. The Na® and K channel toxins
synergize to cause intense and prolonged depolarization,
leading to neuronal excitation. This in turn stimulates post-
ganglionary nerve endings of the sympathetic and parasym-
pathetic nervous system and of the adrenal medulla. Human
observations do well correlate with the experimental data. In
the first phase of scorpion envenomation (“vascular phase”),
catecholamine-mediated vasoconstriction is dominant and
leads to increased LV afterload, impaired LV emptying,
increased LV pressure, increased capillary pressure and
increased RV afterload [91]. Cardiac output could be transi-
ently maintained after an increase of LV work and oxygen
consumption, but a second phase (“myocardial phase”) rap-
idly follows with decreased cardiac output, hypotension and
even shock.

There is converging evidence that scorpion-related cardio-
myopathy is a form of takotsubo cardiomyopathy [96-98].
The following features are in favor of this hypothesis: a pro-
found but potentially reversible biventricular depression, a
context of catecholamine release, ischemic changes at EKG,
with minimal CPK and troponin release, abnormalities in
myocardial perfusion without evidence of coronary vessels
abnormalities. Typical or atypical forms of takotsubo cardio-
myopathy have been recently documented either by echo-
cardiography or magnetic resonance imaging [98-100].
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Proposed mechanisms of toxicity

Substances

DNA cleavage, inhibition of topoisomerase Il 8
Impaired DNA synthesis

Disruption NRG receptor signalling

Inhibition ribosomal S6 kinase

Inhibition of AMP-activated protein kinase
Lipid peroxidation, oxidative stress

Induction of apoptosis

Impairment of mitochondrial bioenergetics

Interference with intracellular calcium homeostasis or calcium-mediated
contractile mechanisms

Interference with iron metabolism

Influence of genetic factors

Excessive adrenergic stimulation

Impaired myocardial 02 delivery or increased myocardial 02 consumption
Interference with ion channels

Anthracyclines

Anthracyclines, traztuzumab

Anthracyclines

Sunitinib

Sunitinib

Anthracyclines, traztuzumab, imatinib, azidothymidine, rosiglitazone, cocaine,
ethanol, antimony, cobalt, mercury

Anthracyclines, cocaine, ethanol

Anthracyclines, azidothymidine, rosiglitazone, ethanol, carbon monoxide, cobalt

Anthracyclines, cocaine, ethanol, antimony, cobalt, lithium, mercury

Anthracyclines

Anthracyclines, ethanol, metamfetamines

Antidepressants, cocaine, metamfetamines, carbon monoxide, lithium,
scorpion venom

Cocaine, carbon monoxide

Scorpion venom

Conclusions

The true incidence of toxic cardiomyopathy is difficult to
establish due to a large variability in toxic exposure and to
the frequent prevalence of an underlying cardiac pathology.
The mechanisms behind the development of toxic cardiomy-
opathy appear multifactorial and complex (Table 1), though
a key mechanism is interference with cardiomyocyte bioener-
getics. Some substances are also able to produce direct tox-
icity to cardiomyocytes. Indirect toxicity can be mediated by
a neurohormonal response involving excessive catechol-
amine release. Further possible mechanisms include apop-
tosis and ROS production. While an increased generation of
ROS is present in several experimental models of toxic car-
diomyopathy, it remains difficult to affirm if mitochondrial
oxidative stress is a cause or a consequence. Few specific
therapies exist for toxic cardiomyopathy; however, some
reversibility is  possible after discontinuation from
toxic exposure.
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