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Abstract: Anabolic-androgenic steroids (AAS) are synthetic testosterone derivatives developed to maximise anabolic ac-

tivity and minimise androgenic activity. AAS abuse is widespread among both athletes and non-athletes at fitness centres 

and is becoming a public health issue. In addition to their atherogenic, thrombogenic and spastic effects, AAS have direct 

cardiotoxic effects by causing hypertrophy, electrical and structural remodelling, and contractile dysfunction and by in-

creasing the susceptibility to ischemic injuries. All of these factors contribute to an increased risk of ventricular arrhyth-

mias and sudden cardiac death. 
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INTRODUCTION 

 Anabolic-androgenic steroids (AAS) are synthetic testos-
terone derivatives developed to maximise anabolic activity 
and minimise androgenic activity [1-3]. They are used in 
clinical settings to treat catabolic conditions, such as hy-
pogonadism, osteoporosis, and cachexia, associated with 
conditions including burns, HIV, hepatic and renal failure 
[1,4]. Although various side effects secondary to high doses 
of AAS have been reported, illicit AAS abuse is widespread 
among athletes aiming to optimise their strength and maxi-
mize muscle mass [5-7]. AAS abuse has become a public 
health issue in recent years, because AAS self-administration 
is particularly widespread among non-athletes at fitness cen-
tres who have aesthetic goals [8-10]. 

 The adverse effects of chronic consumption of supra-
physiological doses of AAS include behavioural, cardiovas-
cular, dermatologic, endocrine and hepatic abnormalities 
[11,12]. However, special attention has been paid to AAS-
induced adverse cardiovascular effects, including lipoprotein 
alterations, thrombosis, vasospasms, hypertension, hypertro-
phy, heart failure, arrhythmia and sudden cardiac death 
[5,13-16]. 

 Melchert and Welder [17] classified the effects of AAS 
on the cardiovascular system into four categories of activi-
ties: atherogenic, thrombotic, and vasospastic activities and 
direct myocardial injuries. The first three categories have 
been discussed in different reviews about the vascular effects 
of AAS, including changes in lipid metabolism and lipopro-
tein levels, which increase the risk of atherosclerosis; poly-
cythemia and enhanced platelet aggregation, which increase 
the risk of thrombus formation; and arterial vasospasms, 
which increase the risk of ischemia and the occurrence of an 
infarct or stroke [13, 14,17]. 
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 Therefore, in this review, we will focus on the direct car-
diotoxic effects of AAS and discuss the evidence for the po-
tential mechanisms involved in these phenomena. 

MYOCARDIAL ISCHEMIA 

 Chronic use of supraphysiological doses of AAS has 
been associated with ischemic heart disease and myocardial 
infarction [13]. Various pathological mechanisms have been 
proposed to contribute to the higher risk of myocardial 
ischemia and infarct in AAS users. (1) AAS abuse increases 
the serum level of LDL cholesterol and reduces the level of 
HDL cholesterol [13,18]. High LDL and low HDL are asso-
ciated with a high risk of atherosclerosis, which contributes 
to the risk of death from ischemic coronary heart disease 
[19]. (2) AAS causes polycythemia, which increases the 
blood viscosity [20] and elevates platelet aggregation [13]. 
Both induce thrombus formation, which increases the risk of 
a myocardial infarct or stroke [13]. (3) AAS-induced im-
pairment of endothelial function causes vasospasms and con-
tributes to ischemic heart disease, associated with AAS 
abuse [17]. (4) AAS pathologically alter the normal physio-
logical adaptations that occur after exercise, from compen-
sated to uncompensated hypertrophy [13]. Uncompensated 
hypertrophy is associated with ventricular dilatation, heart 
failure and reduced tolerance to ischemia [21]. Tagarakis et 
al. [22] have shown that AAS induce cardiomyocyte hyper-
trophy with decreased capillary density and increased spac-
ing between capillaries in exercised mice. This impairment 
of the exercise-induced cardiac capillarisation could impair 
the myocardial oxygen supply, subjecting the myocardium to 
ischemia. Consistent with these data, Du Toit et al. [23] have 
shown that swimming rats treated with AAS lost their exer-
cise-induced improvement of cardiac tolerance to ischemic 
events. Moreover, our group has demonstrated that exercise-
induced antioxidant enzymes activity is impaired by supra-
physiological doses of AAS in rats, leading to reduced myo-
cardial tolerance of ischemic events [24]. Other intrinsic 
mechanisms may contribute to the AAS-induced increase in 
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myocardial susceptibility to ischemic injury and merit future 
studies. 

CARDIAC HYPERTROPHY 

 Prolonged use of supraphysiological doses of AAS in-
duces ventricular hypertrophy. Data from echocardiographic 
studies in athletes using AAS found an increase in left ven-
tricular mass [25-28]. The hypertrophic effect of AAS is 
thought to occur via androgen receptor activation, because 
AAS have a high affinity for these receptors [29], which are 
expressed by atrial and ventricular myocardial cells [30,31]. 
Marsh et al. [31] reported direct hypertrophic effects of tes-
tosterone and its metabolites in cultured rat ventricular myo-
cytes. Evidence from a study of Altamirano et al. [32] dem-
onstrated that, in cultured cardiomyocytes, testosterone-
induced cardiomyocyte hypertrophy is mediated by the acti-
vation of the mammalian target of rapamycin (mTOR) sig-
nalling pathway. mTOR is a key element in the regulation of 
protein synthesis and cell growth [33,34]. Other studies have 
shown that pressure overload-induced cardiac hypertrophy 
can be prevented [35] or reversed [36] by rapamycin, a selec-
tive mTOR inhibitor.  

 Some authors have proposed that, at a physiological con-
centration of testosterone, androgen receptors are saturated, 
and the anabolic effects of supraphysiological doses of AAS 
occur via the interaction of these synthetic androgens with 
glucocorticoid receptors [37,38]. AAS have a low affinity for 
glucocorticoid receptors, but, at high concentrations, they 
can inhibit the binding of glucorticoids and block their cata-
bolic effects [38,39]. 

 AAS have also been associated with abnormalities in left 
ventricular (LV) structure with possible impaired diastolic 
relaxation [28] and, in a single case, the onset of dilated car-
diomyopathy [40]. Structural alterations in the myocardium, 
the presence of focal myocardial fibrosis and contraction 
band necrosis were reported [15,41]. Behrendt and Boffin 
[42] observed structural disarray in the myofibrils and mito-
chondria in the myocardium of rats treated with AAS for 
three weeks. In fact, our group has found low numbers of 
cardiac nuclei and an increase in nuclear area in rats after 8 
weeks of AAS treatment [43]. These data suggest a possible 
direct cardiotoxic effect mediated by AAS. In this context, 
Zaugg et al. [44] described that AAS induce apoptotic cell 
death in a dose-dependent manner in adult rat ventricular 
myocytes in vitro. Other evidence for this phenomenon has 
been published by Fanton et al. [45], whose histopathologi-
cal examinations of hearts from treated rabbits revealed 
coronary thrombosis associated with left ventricular hyper-
trophy in 3 cases and lesions analogous to toxic or adrener-
gic myocarditis in all of the other treated animals. These 
findings were very similar to those observed after cardiac 
sudden death in 6 athletes with histories of anabolic steroid 
abuse. In addition, elevated caspase-3 activity in the hearts of 
treated rabbits (compared to controls) suggests that apoptosis 
is involved in the induction of norethandrolone-induced car-
diac lesions, as described above. This finding is similar to 
previous data published by Norton et al. [46] who treated 
rats with high doses of AAS for three months. The perfusion 
of isoproterenol in an isolated heart preparation resulted in 
left-shifted LV systolic and diastolic pressure-volume (P-V) 

relationships, suggesting a decrease in the myocardial con-
tractile response to adrenergic stimulation. 

 Because cardiac hypertrophy is frequently associated 
with sudden death and arrhythmias in endurance athletes and 
AAS users [47], the heart weight/body weight ratio is a use-
ful index for assessing cardiac hypertrophy [48]. For exam-
ple, in animals chronically treated with nandrolone de-
canoate, Andrade et al. [49] found an increase in heart 
weight and the heart weight/body weight ratio, and Rocha et 
al. [50] only found an increase in the heart weight/body 
weight ratio. Furthermore, Andrade et al. [49] have observed 
modest but significant myocyte hypertrophy in histological 
and morphometric analyses of haematoxylin-eosin stained 
tissue. These data are reinforced by our previous work that 
has showed the down-regulation of the gene expression of 
the Kv4.3 and KChIP2 subunits of the Ito channel, which are 
strongly associated with cardiac heart failure and hypertro-
phy, respectively [51-53]. 

 In contrast, our histological analysis did not reveal an 
increase in the tissue collagen content or in the mRNA ex-
pression level of type-I or type-III collagen. These data par-
tially disagree with the data by Rocha et al. [50], who found 
an increase in heart collagen content but not mRNA expres-
sion. 

ELECTRICAL REMODELLING AND SUDDEN CAR-

DIAC DEATH 

 Sudden cardiac death has frequently been associated with 
anabolic steroid abuse [45]. For example, a 12-year human 
longitudinal study comparing a group of bodybuilders who 
abused AAS to an age-matched control group composed of 
individuals from the general population found a 4.6-fold 
greater mortality in the former group. Cardiovascular dam-
age was identified as the cause of death in 37.5% of these 
individuals [54]. However, the body of evidence supporting 
a direct cause-effect relationship among AAS abuse, ven-
tricular arrhythmia and sudden cardiac death has not yet been 
clearly established, and little is known about the possible 
mechanisms responsible for arrhythmogenesis and sudden 
death in AAS abusers. Nevertheless, differential electrical, 
structural and autonomic changes have been found in animal 
models, in subjects using AAS and in the hearts of individu-
als that have died suddenly. These findings might help us 
understand the possible mechanisms involved in the sudden 
cardiac death. 

 In an animal model, our group has recently demonstrated 
cardiac electrical remodelling in rats that were treated with a 
supraphysiological dose of AAS (nandrolone decaonate) for 
8 weeks. Two subunits that determine the transient outward 
potassium current (Ito), Kv1.4 and Kv4.3, were down-
regulated in the AAS group (compared with the control 
group). The Ito density current was also diminished in these 
animals. The consequences of this electrical remodelling 
were manifested as a long action potential duration (APD) 
and a prolonged QT interval [43]. Together, all of these 
could create an environment that might lead to the develop-
ment of several ventricular arrhythmias and sudden death. In 
this context, we have found electrical disturbances in human 
AAS users, both under basal conditions and after exercise 
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[55]. AAS users have a higher QT and QT dispersion (QTd) 
at rest (10% and 55%, respectively) and after exercise (17% 
and 43%, respectively), as compared to control subjects [55]. 
These data are consistent with the work by Sculthorpe et al. 
[56], who, using signal-averaged ECG (SAECG), found a 
higher incidence of abnormal SAECG immediately after 
exercise in the AAS group. All of these electrical distur-
bances strongly contribute to increased risk for ventricular 
arrhythmias and sudden cardiac death. However, Chung et 
al. [57] did not find changes in the QT intervals of AAS us-
ers, whereas Bigi et al. [58] and Stolt et al. [59] found short 
QT intervals in human AAS users. A short QT interval 
would help trigger re-entry ventricular arrhythmias that in-
crease the risk of sudden cardiac death. Bigi et al. [58] hy-
pothesised that androgen-induced QT-interval shortening 
could be mediated by the potassium current IK1, because ex-
perimental studies on androgen-treated castrated animals 
reported increase in this potassium current [60] and Kir2.1 
protein expression [61]. Liu et al. [60] also reported an in-
crease in the IKr current but with no change in the ERG 
mRNA level, suggesting that androgens may have non-
genomic effects. 

 The discrepancy found in the QT interval when compar-
ing these results to our previous results [55] could be due to 
the different kind and/or dose of AAS. However, it appears 

inconsistent that both our study and the work published by 
Stolt [59] found an increase in the QTd (compared to AAS 
non-users). The QTd is a parameter that directly reflects an 
increase in ventricular electrical heterogeneity that is one of 
the most important predictors of sudden death in the ECG 
[62,63]. 

 An increased QTd is found in various cardiac diseases 
and reflects cardiac autonomic imbalance and a greater 
susceptibility to complex ventricular arrhythmias (64,65).  

 In contrast, the decrease in the heart rate in the first min-
ute after the cessation of exercise is primarily related to para-
sympathetic reactivation [66,67]. It has been proposed that 
delayed heart rate recovery might be a prognostic marker for 
abnormal or delayed parasympathetic reactivation [68,69]. A 
decrease in vagal activity is a risk factor for sudden death 
[70], and, thus, attenuated heart rate recovery after exercise 
might be an important predictor of sudden death [66,68]. In 
this context, our group has recently published that AAS users 
have slower heart rate recovery in the first minute compared 
with AAS-free subjects, suggesting that AAS impair para-
sympathetic activity [55]. In agreement with these results in 
humans, our group has previously shown that AAS-treated 
rats have a marked decrease in parasympathetic cardiac 
modulation, with a decreased high frequency (HF) power 
component of heart rate variability (HRV) compared to the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). AAS induces sudden cardiac death. APD: action potential duration; QT: QT interval; QTd: QT interval dispersion; TdP: torsades de 

pointes; Ito: transient outward potassium current channel; KChIP2: Ito -subunit; Kv1.4 and Kv4.3: Ito -subunits; Kir2.1: IK1 -subunit. 
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control group. In the AAS group, the time-domain parasym-
pathetic indexes RMSSD and pNN5 were also reduced, 
which corroborates the parasympathetic cardiac dysfunction 
found by the spectral analysis. Muscarinic blockade data 
reinforce the role of parasympathetic modulation in HF 
power and confirm the reliability of the HRV analysis meth-
odology [48]. 

 The results of HRV analyses in human and animal mod-
els with AAS-induced cardiac autonomic imbalances with 
reductions in parasympathetic cardiac modulation and in-
creases in sympathetic cardiac modulation agree with post 
mortem histopathological data from AAS users, because the 
presence of contraction band necrosis in the myocardium is 
associated with adrenergic overstimulation [15,71]. 

 In Fig. (1), we summarise the topics discussed above. 
Thus, the scientific work that has been published to date, to 
the best of our knowledge, strongly supports the hypothesis 
that AAS abuse increases the risk of sudden cardiac death 
and induces autonomic, mechanical, electrical and morpho-
logical cardiac remodelling. 
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