Mini-Reviews in Medicinal Chemistry, 2011, 11, 409-424 409

Heart Disease Induced by AAS Abuse, Using Experimental Mice/Rats
Models and the Role of Exercise-Induced Cardiotoxicity
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Abstract: The anabolic-androgenic steroids (AAS) are all synthetic derivates of testosterone and are commonly used as
sport performance enhancers in athletes. The heart is one of the organs most frequently affected by administration of
anabolic steroids. A direct myocardial injury caused by AAS is supposed to determine marked hypertrophy in myocardial
cells, extensive regional fibrosis and necrosis. A number of excellent studies, using animal models, were performed to
evaluate the cardiac effects of AAS. It is known that exogenous administration induced cardiac hypertrophy in vitro and in
vivo, and when combined with exercise, anabolic steroid use has been shown to change exercise-induced physiological
cardiac hypertrophy to pathophysiological cardiac hypertrophy. However the molecular mechanisms are still poorly
understood. It’s described that sudden cardiac death, myocardial infarct; ventricular remodelling and cardiomyopathy do
to AAS is related to apoptosis and oxidative stress when associated with exercise. Mechanical stimuli and circulating
humoral factors (TNF-a, HSP-70, IL-1pB) released by the heart and peripheral organs are responsible.

Testosterone and derivates can work through genomic (activation of specific androgen receptor, interaction with co-
activators and co-repressors transcription factors, gene regulation) and non-genomic mechanism (membrane-receptor-
second messenger cascades).

Chronic AAS abuse results in different patterns of pathologic alterations, which depend on type, dose, frequency, and
mode of use. The difficulty in interpreting experimental data on animals (mice and rats) lies in the diversity of
experiments (the diversity of substances, which show different properties, different mice / rats by sex and age, duration of
treatment with AAS, dosages used, type, scope and exercise duration).

Keywords: Apoptosis, colliquative myocytolysis, intracellular mechanisms, left ventricular hypertrophy, oxidative stress,

troponin, ventricular remodelling.

INTRODUCTION

Anabolic androgenic steroids (AAS) are synthetic
derivates of testosterone. Nandrolone decanoate (DECA) has
been used by athletes and non-athletes for almost five
decades in order to improve performance by increasing
muscle mass and strength [1-7].

AAS can induce adverse cardiovascular effects, including
hypertension, left ventricular hypertrophy (LVH), impaired

diastolic ~ filling, arrhythmia, erythrocytosis, altered
lipoprotein profiles, and thrombosis [8,9]. In addition,
abnormalities in  vascular reactivity [10-15] and

cardiovascular reflex control of the cardiovascular system
[16-20] are also observed under AAS influence [21].

When administrated chronically to rats nandrolone has
been associated with a significantly heightened heart rate
response to cocaine [22], with accelerated development of
hypertension in developing, spontaneously hypertensive rats
[23], and with left ventricular hypertrophy [23,24] in
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sedentary rats. More recently an increase in myocardial
susceptibility to ischemia/reperfusion injury has also been
shown in isolated hearts prepared from rats treated
chronically with nandrolone [7,25].

Anabolic agents have also been shown to enhance this
pressor response to catecholamines in rodents [26]. Several
animal studies have led to the speculation that AAS may
interact with  exercise-induced adaptations of the
cardiovascular system to produce unfavorable effects [27].
Sympathetic neurons, instrumental in nervous control of the
cardiovascular system, may be affected by AAS
administration when it is combined with exercise [28]. Other
studies have indicated that testosterone can both selectively
inhibit extraneuronal uptake of neuroamines and increase the
vascular response to norepinephrine [29].

Cardiac and metabolic effects of AAS abuse are
particular unclear, although there are alarming reports of
cardiac mortality and morbility [30].

Four hypothetical models of how AAS abuse might
induce adverse cardiovascular effects (1) an atherogenic
model involving the effects of AAS on lipoprotein
concentrations; 2) a thrombosis model involving the effects
of AAS on clotting factors and platelets; 3) a vasospasm
model involving the effects of AAS on the vascular nitric

© 2011 Bentham Science Publishers Ltd.



410 Mini-Reviews in Medicinal Chemistry, 2011, Vol. 11, No. 5

oxide system; and 4) a direct myocardial injury model
involving the effects of AAS on individual myocardial cells)
have been proposed [28].

Chronic AAS abuse results in different patterns of
pathologic alterations, which depend on type, dose,
frequency, and mode of use. The latency of sub-acute or
chronic effects (multiple-dose treatments) can be the result
of either drug accumulation or the sum of sub-toxic effects,
which over time may become evident in clear clinical
symptoms unrelated to the Kinetics of the substance in
question [31].

Animal studies provided the first evidence that the heart
is a target organ for androgens. It is known that exogenous
administration induced cardiac hypertrophy in vitro [32] and
in vivo [33-35], but the molecular mechanisms are still
poorly understood [36]. It’s described that sudden cardiac
death, myocardial infarct, ventricular remodelling and
cardiomyopathy due to AAS is related to apoptosis [37].

In the mouse it has also been associated with inadequate
vascularization of the hypertrophied myocardium [38], and
in isolated rat ventricular myocytes it has been linked to
increased apoptosis [37]. When combined with exercise,
anabolic steroid use has been shown to change exercise-
induced physiological cardiac hypertrophy to
pathophysiological cardiac hypertrophy [6].

Some animal studies suggest that anabolic steroids
compromise both contractile reserve capacity and the basal
work capacity of the exercise-trained heart [39,40].
Furthermore the exercise induces increase in the pre-load
(diastolic filling) on the heart [41].

Medei et al. [1] in their works established that DECA
was unable to induce sudden death in rats treated weekly for
8 weeks with 10 mg/kg of nandrolone decanoate; however,
as documented in the literature this phenomena is more
frequently observed as a result of the combined effects of
AAS use and exercise or vigorous weight training [42-44].

Supplementation of Anabolic Steroids (AS) exacerbates
the normal cardiac adaptive mechanisms to exercise [45,46]
and the ensuing physiologic insult [28,47,48]. These changes
persist well after the cessation of AS use [2,49].

Mechanical stimuli and circulating humoral factors
released by the heart and peripheral organs are responsible.
Some studies have shown that circulating cytokines such as
TNF-a may play a role in cardiac remodelling and that AAS
strongly stimulate leukocyte TNF-a production [50,51].

In addition the exposure of cells to various sublethal
stresses results in an adaptive increase in the inducible
member of the 70-kDa family of heat shock proteins
(HSP-70), the 72-kDa HSP-72, which confers cellular
resistance to a variety of stresses [52]. Exercise is also a type
of stressor that increases the content of HSP-72 in
mammalian cardiac muscle [53,54] and some evidence
indicates that exercise-induced HSP-72 plays a protective
role in the mammalian heart against stresses [55,56].

Although myocardial hypertrophy associated with AS
use has been quite reproducible in animals, the actual
mechanisms by which this might occur are still vague [28].
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This review is focused on direct -cardiotoxicity
mechanism (fourth hypothesis). The difficulty in interpreting
experimental data on animals (mice) lies in the diversity of
experiments (the diversity of substances, which show
different properties, different mice / rats by sex and age,
duration of treatment with AAS, dosages used, type, scope
and exercise duration).

ANABOLIC ANDROGEN STEROID ABUSE AND
EXERCISE: CARDIAC FINDINGS AND VENTRI-
CULAR REMODELLING

Animal studies on ultrastructural findings since 1973
indicate that AS-induced-cardiomyopathy is the result of
increased myocardial  fibrosis, particularly in the
subepicardium and central aspects of the left ventricle
[42,57]. Administration of testosterone [58-60] or any of a
host of other AS [61-65], has generated significant
cardiomegaly in many different animal models, regulating
cardiac myosin heavy chain (MHC) expression. Rats that
were exposed to chronic hypoxia and at least 5 weeks of
testosterone treatments generated ventricular hypertrophy
[59]. In another rat study, nandrolone decanoate injections (6
weeks nandrolone decanoate treatment: total dose 30 mg kg™)
stimulated cardiomegaly that reversed after cessation of
treatment [63].

It is agreed that when AAS abuse is coupled with intense
exercise training, concentric hypertrophy of the left
ventricular wall and impaired diastolic function may result
[66]. Drug-free vigorous weight training will also increase
left ventricular wall thickness and mass but will not hinder
cardiac function. However, when combined with anabolic
steroids, cardiac hypertrophy could become pathologic [67].

The exact myocardial cellular changes that occur when
combining exercise training with anabolic steroid use is not
well defined.

Du Toit et al. [7] found, in their study on rats subjected
to swimming training with and without i.m. injection of
nandrolone laurate (0.375 mg/kg) once weekly for 6 weeks,
that chronic use of supra-physiological doses of anabolic
steroids: 1) decrease mechanical function of the heart when
in conjunction with exercise training program; 2) decreases
post-ischemic mechanical function of the normal sedentary
and exercise — trained heart; 3) increase myocardial CAMP
and TNF-a concentrations in the normoxic heart under basal
conditions, but they have no direct evidence to suggest that
these elevations plays a causative role in the myocardial
hypertrophy.

It has also been shown that anabolic steroids may prevent
the exercise-induced increase in LV wall thickness to
internal diameter ratio [6]. This change may cause an
increase in the LV wall stress in the anabolic steroid-treated
heart and contribute to the decreased cardiac performance
seen in these hypertrophied hearts [40].

Woodiwiss et al. found that supraphysiological doses of
an androgenic steroid (biweekly intramuscular injection 3.5
days apart (5 mg/kg) of the androgenic steroid nandrolone
decanoate) modify exercise induced left ventricular
remodelling and prevent exercise-mediated increases in
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relative wall thickness without influencing the degree of
cardiac growth in rats. Habitual exercise without steroid
administration resulted in rightward shifts in left ventricular
end diastolic pressure-internal diameter relationships but an
increased left ventricular end diastolic relative wall thickness
as a consequence of appropriate left ventricular hypertrophy.
Alternatively, nandrolone decanoate given to exercised rats
augmented the exercise-induced rightward shift in the left
ventricular end diastolic  pressure-internal  diameter
relationship as determined over a physiological range of
filling pressures and consequently reduced relative wall
thickness values despite the presence of a similar increase in
left ventricular weight. However the steroid-mediated effects
on exercise-induced left ventricular remodelling were not
attributed to alterations in the left ventricular interstitium.
Therefore supraphysiological doses of an androgenic steroid
augment an exercise induced rightward shift in left
ventricular end diastolic pressure-dimension relationships
and subsequently reduce relative wall thickness values as
determined over a physiological range of left ventricular
filling pressures in rats. However in not clear whether the
influence of the androgenic steroid on exercise-induced LV
remodelling produces increases in LV diastolic wall stress
when filling volumes increase during exercise [6].

Rocha FL et al. investigated the effects of AS
administration associated with or without swimming in the
cardiac remodelling process and in cardiac function in rats
[68]. They found that swimming training associated with
supraphysiological doses of AS (nandrolone decanoate: Deca
- durabolin; Organon, Roseland, NJ, administered
subcutaneously twice a week, in a dosage of 5 mg kg™ per
injection, equalling 10 mg kg? wk™) cause exacerbated
cardiac hypertrophy with interstitial fibrosis. The
improvement in LV function promoted by exercise training
is loss by AS treatment.

These data support the work reported by Liang and co-
workers that showed that hearts from rats trained on a
treadmill and treated with nandrolone decanoate performed
poorly when compared with their trained, vehicle-treated
counterparts [7,40].

Fontana et al. used transgenic mice with a human
lipaemic phenotype (CETP+/-LDLr-/+) to evaluate the
effects of mesterolone treatment (2 ugg body weight) with
or without an aerobic exercise training protocol, on the
cardiovascular system, on BP (blood pressure), plasma
lipoprotein profile and cardiac remodelling. They found that
mesterolone alone (Sed-M) promoted only slight changes in
the cardiac structure, i.e. a borderline trend towards LV
hypertrophy (P = 0.054). On the other hand, the exercise
training induced favorable cardiac remodelling either in mice
treated with mesterolone or vehicle. This is evidenced by a
marked reduction in the cardiac interstitium (more prominent
in Ex-C) and enlargement of cardiomyocyte size. The
deleterious effect of mesterolone in sedentary mice was
confirmed by increased levels of circulating TnT, a marker
of myocardium lesion, and exercise training attenuated this
adverse effect of mesterolone on the cardiac integrity. In
addition, the exercise training enhanced significantly the
cardiac vascularization in the Ex-C and, to a lesser extent, in
Ex-M groups (compared with Sed-C), as a response to the
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increased myocardial oxygen demand imposed by physical
activity [69].

Therefore treatment of rats with supraphysiological doses
of AASs induced pathological myocardial hypertrophy, and
when combined with exercise, these steroids reduced the
beneficial effects of exercise on left ventricular hypertrophy
and cardiac circulation [6,38,69,70].

In our experimental study conducted on twenty-five male
CD1 mice (8-10 weeks old; 35¢ initial body weight) treated
with intramuscular Nandrolone Decanoate (DECA-
DURABOLIN), for 42 days, twice per week, with different
dosages, some free to move in their animal rooms (two
groups) other exercised by running on a motor-driven
treadmill (three groups) studying plasma lipid analysis,
cardiac histopathological features, cardiac -1 adrenergic
receptor expression, and the effects of the myocardial
expression of inflammatory mediators (IL-1f , TNF-a) on
the induction of cardiomyocytes apoptosis (HSP-70,
TUNEL), using proteomic and immunohistochemical
analysis, we found that recurring high dose AAS
administration and physical training in mice produce a
moderate increase of heart weight, morphologically
extensive cardiac hypertrophy and wide colliquative
myocytolysis which could result in significant heart failure,
were observed in the high dose AAS administration and
physical training group [31].

Interestingly, the hearts increase in weight, suggesting
the heart enhanced protein synthesis for response to the AAS
administration.

This data was speculated also by Du Toit [7] besides
possible changes in collagen crosslink formation [71];
anabolic steroids evidently change collagen synthesis and
distribution in the left ventricle [72].

Morphological alterations of the myocardium as direct
consequences of AS have been well documented [28,73-75].
Medei E. et al. demonstrated the presence of approximately
25% less nuclei and greater cardiomyocyte nuclei diameter
in the ventricles of the DECA group with heart weight
similar to that in the control group together suggest cardiac
hypertrophy [1].

The extracellular space of rat myocardium treated with
Dianabol or others AS is occupied by bundles of collagen
fibrils, and the cells appear separated as during the early
stages of fibrosis [31,68,76].

In the Rocha’s study, when the cardiac collagen of the
T+S (trained + steroid) group was investigated, a higher
amount of collagen was found, as determined by the
hydroxyproline method and histological quantification of the
CVF (collagen volumetric fraction). This group also had an
increase in collagen type | and type Il cardiac expression
compared with these in the trained group. These findings
may contribute to the larger cardiac hypertrophy in this
group [68].

Given this experimental background, our finding [31] of
myocardial disarray (from hypertrophic myocytes with
bizarre forms characterized by nuclei that exhibit nuclear
enlargement, pleomorphism and hyperchromasia to wide
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fields of disarray with star-like disposition of adjacent
myocytes, aligned obliquely or perpendicular to one another,
and joined together by short, generally hypertrophic
myobridges, with interconnecting myofibrils layer of the
cardiac wall) associated with contraction band necrosis,
present in all forms, from early to late healing stages, and of
focal myocardial fibrosis, is highly significant. It may
provide a substrate for the occurrence of potentially lethal
arrhythmias and sudden, unexpected cardiac death [42].

In their study Rocha F.L. et al. determined by
histological quantification of the CVF and hydroxyproline
methods the cardiac hypertrophy establishing that it was due
to higher collagen concentration, and that it was not detected
in the diameter of the myocytes. The myocyte diameter was
similar in the T+S and T groups. This result shows that the
AS were not involved in the hypertrophy of the myocytes,
suggesting that another component contributed to the
increase in cardiac mass. However they found that the
cardiac hypertrophy and collagen syntheses induced by
steroid treatment and by physical exercise associated with
AS treatment were totally prevent by losartan (AT-receptor
blocker) treatment [68].

It has been suggested that the different changes in the p-
adrenoceptor-mediated mechanism in the failing heart may
be due to differences in the type and stage of hypertrophy
[77], since heart failure is linked to cardiac hypertrophy [78].

At the early stage of hypertrophy due to pressure
overload, an unaltered [77] or increased number of B1-
adrenoceptors was shown [79,80]; however, the p1-
adrenoceptor density was augmented in hypertrophied hearts
because of volume overload [77]. Nonetheless at the late
stage of both types of hypertrophy, the number of pB1-
adrenoceptors was reduced. We observed a weak positive
reaction in scattered and sparse foci in the subendocardial
layer of the myocardium in group A; a moderate diffuse
positive reaction was observed in group B, while in group C,
an intense and massive positive reaction was found in the
deep layers of the myocardium and in the subendocardial
layers [31].

The high levels of circulating catecholamine due to
chronic stress also become available for oxidation to produce
aminolutins and oxyradicals generating oxidative stress.
Both oxyradicals and the oxidized form of catecholamine
have been shown to produce toxic effects such as coronary
spasm, arrhythmias, ultrastructural cell damage, and
contractile failure in the heart [81]. The effect of
catecholamine on the density B-adrenoceptors is considered
to be an important feature which, depending on the receptor
selectivity, may affect the myocardial function differently.
Catecholamine-mediated increase in the total population,
binding capacity and affinity of pl-adrenoceptors may
promote the effects of sympathetic stimulation on the
myocardium. Furthermore, increasing the pl-adrenoceptor
and G protein coupling for the catecholamine-induced cAMP
synthesis may intensify the catecholaminergic action [81,
82].

Myofibrillar disarray, interstitial fibrosis and hypertrophy
have all been shown to be a consequence of direct
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overexpression of human Pl-adrenergic receptors in the
heart of transgenic mice [83].

Penna C. et al. found that 14 days treatment only with
nandrolone decanoate induces an overexpression of [2-
adrenoreceptors, and reverses the depression of the
contractile response induced by acute stress. In particular
short-term nandrolone decanoate treatment induces an
overexpression of B2-adrenoceptors without cardiac
hypertrophy. They describe that, few minutes after an acute
stress, the heart of vehicle-treated animals responds with a
reduced increase in inotropic force under sympathetic
stimulation [84]. This reduced response has been interpreted
as a defense mechanism of the heart against over-
stimulation, which has been attributed to a PB1-receptor
down-regulation [85-87]. However, hearts of treated animals
with ND do not show this reduced response. Since an acute
sympathetic over-stimulation may induce a “physiological”
sympathetic B-receptor down-regulation within minutes [85-
87], it is possible to establish that a component of post-stress
blood pressure recovery may be the reduced response to the
adrenergic stimulation, via 1-AR/G(S) protein uncoupling.
Therefore they confirm that this post-stress reduced inotropic
response occurs. However, after 2 weeks of treatment with
ND, this reduced response to sympathetic stimulation does
not occur. With this data it could be argued that the absence
of this down-regulation may expose nandrolone addicted to
an exaggerated increase in contractility and pressure after
acute stress. Therefore ND-pretreatment alters not only the
stress-activated central circuits [88,89], but also peripheral 8-
receptor expression and function.

Instead the downregulation of B-adrenoceptors has now
been well established to occur in the failing human heart [90-
92]. Indeed, heart Bl-receptors would be directly influenced
to some degree by AAS [28].

The histological changes that occur are exacerbated by
endurance exercise and are similar to those observed in the
early phases of left ventricular failure [45,74].

In fact we found colliquative myocytolysis from grade 1
(occasional or small groups of disappearance of myofibrils
with  intramyocardial oedema resulting in empty
sarcolemmal tube and with any type of reaction) to grade 3
(interesting more than 50% of myocells and was prominent
in the subendocardial half of the cardiac wall). It’s defined a
progressive loss of myofibrils paralleled by intramyocellular
oedema [93]. This process starts around apparently normal
nuclei with myofibrillar disappearance producing an
increasing vacuolization of myocardial cells until a
histologic pattern of empty sarcolemmal tubes without any
cellular reaction or signs of healing results. This lesion is
generally present in the subendocardial half of the cardiac
wall [31].

ANABOLIC ANDROGEN STEROID ABUSE AND
EXERCISE: OXIDATIVE STRESS

Start from the data that exercise-induced cardioprotection
is impaired by supraphysiological doses of DECA in
treadmill-exercised rats, Chaves E.A. et al. presented for the
first time that the increased antioxidant enzyme levels
promoted by exercise is impaired by DECA treatment (10
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mg kg™t body weight during 8 weeks), which could be
associated with the cardiac deleterious effects of this drug
[94].

The hearts of DT (DECA trained) animals exhibited
lower SOD (superoxide dismutase), GPx (Glutathione
peroxidase) and GR (glutathione reductase) activities when
compared with CT (control trained) group indicating that in
DT animals, DECA could be acting through the blockage or
down regulation of the mechanism(s) involved in the
improved antioxidant defences, which would explain the
reduced % LVDP (left ventricular developed pressure) and
increased infarct size in this group.

In different reports exercise training in rats has been
shown to  improve  myocardial  resistance  to
ischemia/reperfusion injury [95-97] as physiological cardiac
hypertrophy modifies the heart’s susceptibility renders it
more resistant to ischemia/reperfusion injury in in vivo rat
hearts [98].

Despite the intensive research efforts, the molecular
mechanisms associated to exercise-induced cardioprotection
are still controversial. The variables such as the rat strain
used and the exercise type, which would determine the level,
may explain the divergences found in the literature and the
pathways involved in these adaptive responses [99-109].

Exhaustive exercise can produce significant damage in
the myocardium [110,111]. In animal exercise models, heart
injury occurs, resulting in disruption of fiber ultrastructure
[111], decreased Ca**uptake in sarcoplasmic reticulum [112],
and loss of whole-heart force production capability [113].

Oxidative stress may result in cellular alterations
including a depression in the activity of sarcolemmal Ca?*
pump ATPase and Na'—K" ATPase activities. The sum of
these changes led to decreased Ca’* efflux and increased
Ca2+ influx, respectively. Oxidative stress has also been
reported to depress the sarcoplasmic reticulum Ca?* pump
ATPase and thus inhibits Ca®* sequestration from the
cytoplasm in cardiomyocytes [114,115].

It is well established that ROS are involved in exercise-
induced damage in several tissues [110,116-119]. Although
the evidence is still fragmentary, available data suggest that
the heart is also affected by the oxidative challenge imposed
by acute exercise [110].

Kumar et al. showed that an acute bout of exhaustive
endurance exercise increased the generation of free radical
signals as well as malondialdehyde (MDA) production in the
myocardium of female albino rats [120].

Venditti and Di Meo in 1996 and 1997 described the
increase of MDA and hydroperoxides in the myocardium of
young and adult rats swimming to exhaustion [119,121].

A decrease of reduced glutathione (GSH) content in the
myocardium of mice swimming to exhaustion has been
described [122].

Numerous reports on animals [124] have observed
elevated serum cTnT/cTnl after prolonged exercised that can
exceed clinical cut — off value for acute myocardial
infarction [123,125].
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This fact can be interpreted in two different ways: 1) as
this happens in every animal performing a similar exercise
bout this is likely a normal and physiological response, or 2)
elevated levels of serum cTnT in these animals provide
evidence that prolonged exercise provides a significant insult
to the myocardium that at the very least disrupts myocardial
membrane permeability.

Starners and Bowles have speculated that cTnT/cTnl
release during prolonged exercise is mediated through
myocardial stunning [126]; while Hickman et al. [127] and
Lippi and Banfi [128] described the ischemic development
of blebs. Finally Neumayr et al. referred to a transient
changes in membrane permeability [129].

It is possible that any or all of these potential
mechanisms could be related to elevated reactive oxygen
species (ROS) production that occurs with prolonged
exercise [130].

Nie J. et al. focus on determine if prolonged exercise
resulted in the appearance of cardiac troponin T in serum and
whether this was associated with elevated levels of
myocardial oxidative stress. They assess the temporal
association of serum ¢TnT with markers of ROS damage
actually in the myocardium. In fact the strenuous swimming
exercise (3h) resulted in the appearance of ¢TnT in all
animals that disappeared by 24 h post-exercise. They also
found an increase in myocardial tissue concentration of
MDA (malondialdehyde, a marker of free-radical related
lipid peroxidation). The temporal association of cTnT and
MDA suggests a role for exercise-induced increases in ROS
in the mediation of c¢TnT release from human
cardiomyocytes that is commonly witnessed after prolonged
exercise [125].

Increased levels of ROS could be harmful to the cells
[131] specifically by triggering lipid cell membrane
peroxidation, which may result in myocyte cell membrane
disjunction and/or damage [132].

The mechanism by which c¢TnT is released from within
cardiomyocyte to the intravascular space during prolonged
exercise and recovery is unknown.

In our work we have identified the morphological aspect
of the troponin release in exercised males treated with
supraphysiological dose of DECA. The immunohisto-
chemical study revealed a progressive depletion of troponin
C and troponin | from group A to Group C where we
describe a more extensive myocardial damage, a high degree
of depletion of troponin C, troponin I, confirming the
diagnosis of myocardial necrosis (myocytolysis and CBN).
In this study, the myocardial lesion indicates a necrosis of
the myocardial cells in a hypercontracted state (tetanic death)
characterised by rhexis of the myofibrillar apparatus,
anomalous hyper-eosinophilic cross-bands formed by seg-
ments of hypercontracted sarcomeres with extremely
thickened Z lines, as shown ultrastructurally [115,133] (Fig.
1).

Clarke M. [134] and McNeil [135] demonstrated the
release of acidic and basic fibroblast growth factors (>FGF
and AFGF, respectively) from the cytosol of cardiac
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Fig. (1). Confocal laser scanning microscope. High degree of depletion of troponin C in group C mice.

myocytes in response to membrane damage caused by an
increase in the rate and force of cardiac contraction [123].
So, the membrane damage, subsequent to an increate rate
and force of cardiac contraction during endurance exercise,
may provide a mechanism by which cytosolic troponin is
released into the circulation. High-intensity exercise also
results in an increase production of oxygen free radicals that
may lead to membrane disruption and, hence, cTnT release
[123].

The heart may be vulnerable to peroxidative damage due
to oxidative stress [136] because it is both highly aerobic
[137] whose metabolic process produce ROS at rest and
during exercise [138], and it has reduced antioxidant enzyme
activity compared with other tissues [136].

There is only a human study where no link was observed
[139]. However in this paper the ROS markers were assayed
in the systemic circulation and no localized the action or
damage in the myocardium. Serum cTnT was elevated in all
animal post-prolonged exercise and the same temporal
pattern occurred for MDA (marker of lipid peroxidation in
cell membranes subsequent to reactions with ROS).
Therefore myocardial anti-oxidant capacity is not elevated in
the face of an exercise stress that is known to increase ROS.

Venditti has found that prolonged aerobic exercise
(210min) produces a 22% decrease in overall antioxidant
capacity of rat heart while exhaustive exercise (444min)
produces a 50% decrease [110,119,140]. This finding
suggests that a key role in the myocardial damage could be
played by the duration of exercise.

In another study Hollander et al. demonstrated that an
acute bout of exercise increased binding of the transcription
factors NF-kB and AP-1 in skeletal muscle. These factors

stimulated Mn-SOD mRNA transcription and increased
CuzZn-SOD protein levels upon exercise [94,141]. On the
same floor are the results of Ji et al. that showed that
exercise induces the activation of NF-kB signalling cascade
in a redox-sensitive manner during muscular contraction and
this would be associated with increased production of free
radicals [142].

However, at present there is little information on the
myocardial response to free radical insults induced by
exercises of different duration as well as on the response of
the heart of exercised animals to physio- pathological
conditions that cause free radical-induced heart dysfunction.

Although the mechanisms by which DECA promote the
deleterious effects in rat heart are not known, the main
outcome would be that DECA treated animals do not show
the adaptive response of the exercise-induced increase of
antioxidant enzymes activities establishing a chronic
oxidative stress condition, which would explain the cardiac
injuries frequently found in AAS users [3,7].

In Chaves study sedentary and swim-exercised rats
treated with nandrolone laurate showed and increase
susceptibility of hearts to I/R injuries [94]. These data are in
agreement with Du Toit et al. [7] however the sedentary
treated animals showed a significant reduction in the rate
pressure product after reperfusion compared to non-treated
sedentary animals. This could be explained by differences in
the AAS used (laurate instead of decanoate) or in the rat
strain (Long-Evans instead of Wistar).

Chaves et al. for the first time proposed a mechanistic
explanation for the observed impairment of exercise-induced
cardioprotection promoted by an AAS. They suggest that the
cascade of events that lead to cardioprotection is impaired by
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DECA at least the one involved in cellular ability to detoxify
ROS. The study evaluated the influence of high doses of
AAS in treadmill exercised rat heart tolerance to I/R injuries
and the involvement of antioxidant enzymes in the lack of
cardioprotection observed in exercised AAS treated rats [94].

The molecular mechanisms involved in these adaptive
responses include increased expression of heat shock
proteins [101,102] induction of nitric oxide synthase [108],
protein kinase C activation [106] as well as increased
antioxidant enzyme activities [100,102,104,105,109].

In our study we found a numerous and sparse foci of
positive immunoistochemical reaction for HSP-70 in groups
A (1.875 mg ND per kilogram twice per week, free
movement) and B (1.875mg per kilogram twice per week,
running on a tapis roulant); an intense and massive positive
reaction was found in perivasal areas of the deep layers of
myocardium and in the subendocardial layer in group C
(5mg per kilogram twice per week, running on a tapis
roulant) [31].

It’s known that exercise is also a type of stressor that
increases the content of HSPs in mammalian cardiac muscle,
and some evidence indicates that exercise-induced HSPs
play a protective role in mammalian heart against stresses
[56]. The increase in the induction of cardiac expression of
HSP-72, a member of the stress-induced HSP-70 protein
family, may reflect the high intensity of the intracellular
stress generated by the forced treadmill running regime.

Lunz et al. investigated the effects of administering
nandrolone decanoate (weekly intramuscular injection of 6.5
mg kg™ body weight of nandrolone decanoate to sedentary or
chronically exercised rats: a progressive exercise training
program on a treadmill, 5 days/week, for 8 weeks) on the
induction of cardiac HSP-72 expression [56].

The exercised animals exhibited a higher (two-way
ANOVA, P < 0.05) HW/BW compared with sedentary
animals (mean + SEM; 4.65 + 0.10 vs 4.20 + 0.11 mg/g,
respectively), independently of receiving nandrolone. This
indicates that the training regime induced cardiac
hypertrophy, a physiological adaptation also reported by
others [143]. Likewise, the nandrolone-treated rats showed a
higher (P < 0.05) HW/BW than untreated animals (4.68 +
0.10 vs 4.18 + 0.11 mg/g, respectively), independent of the
exercise training. They demonstrated that exercised animals
exhibited a greater (two-way ANOVA, P < 0.05)
accumulation of HSP-72 in the cardiac muscle compared to
sedentary animals (mean £ SEM; 677.16 + 129.14 vs 246.24
+ 46.30 relative unit, respectively), independently of the
nandrolone administration. They found that exercise-induced
HSP-72 expression was not affected by nandrolone.
Nandrolone dose used (6.5 mg/kg body weight) was not
sufficient to cause any deleterious effects on the myocardium
of these animals in 8 weeks. These levels of HSP-72
expression in response to nandrolone administration suggest
either a low intracellular stress or a possible less protection
to the myocardium.

Such lack of HSPs accumulation could explain, at least in
part, the deleterious effects of nandrolone administration on
myocardium observed by some Authors [56,144] inasmuch

Mini-Reviews in Medicinal Chemistry, 2011, Vol. 11, No.5 415

as protection of cardiac cells by HSPs may not have occurred
[56].

INTRACELLULAR MECHANISMS: GENOMIC AND
NON-GENOMIC EFFECTS

Numerous studies have been conducted to understand the
pathogenesis of ventricular remodelling, cardiomyopathy,
and sudden cardiac death associated with AAS abuse. It is
known that heart is a target organ for AASs [145] and AAS
receptors were previously identified in cardiomyocytes of
monkeys and rats. Cardiac myocytes contain intracellular
androgen receptors [146], which regulate the expression of
several genes [147,148].

Although  steroids  primarily  modulate  nuclear
transcription by intracellular steroid-binding proteins,
nongenomic effects of steroids such as the anesthetic and
analgesic effects of progesterone are well established [149].
These effects are mediated by membrane-receptor-second
messenger cascades and are likely to be involved in the
induction and commitment of apoptotic cell death in
cardiomyocytes.

Altamirano et al. propose that cell growth produced by
anabolic steroid hormones requires both androgen receptor
(AR) activity and translation control trough mTOR
signalling pathway by a coordinated mechanism, where
mTOR regulated translation and the AR regulates gene
expression [36]. They showed that testosterone action has
been explained not only by activation of the intracellular
androgen receptors (canonical genomic mechanism), but also
by activation of mTORC1 pathway (mammalian target of
rapamycin complex 1), a multifunctional protein complex
involved in survival, proliferation, differentiation and growth
[150], in cardiomyocytes thorough inositol 1,4,5-
trisphosphate (1P3)-mediated Ca?* release and MEK/ERK1/2
(extracellular — regulated kinase) to induced hypertrophy
[36]. It stimulates protein translation and ribosome
biosynthesis, playing an important role during the shift from
normal to hypertrophied cardiomyocytes, as demonstrated in
vitro [151-156] and in vivo [157-161].

Physical exercise might activate mTORC1 through
P13K/Akt [156,161], while testosterone  activates
mMTORC1/S6K1 axis through MEK/ERK1/2 and IP3/Ca2+
signalling as phenylephrine on development of cardiac
hypertrophy.

These effects are mediated by membrane receptor-second
messenger cascades that increase intracellular Ca®* influx
and Ca* mobilization from the sarcoplasmic reticulum
[162]. It’s described that AASs increase polyamines in
cardiomyocytes, which are known to mediate uncontrolled
transmembrane Ca’* flux in the Ca’" paradox [163].
Moreover, steroids were reported to couple to pertussis-
sensitive guanine nucleotide-binding proteins, which activate
phosphoinositide-phospholipase C, thereby increasing
intracellularCa®* via Ca** influx and Ca** mobilization from
sarcoplasmic reticulum [162].

The increase in myocardial intracellular calcium release
could explain proarrhythmic effects of nandrolone since
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intracellular calcium overload has been associated with
arrhythmogenesis during myocardial ischemia [164].

It has been found that exposure to testosterone rapidly (1-
7 min) led to an increase of intracellular Ca®* in cardiac
myocytes, an effect that persisted in the absence of external
Ca**. The role of elevated intracellular calcium
concentrations in the induction of apoptosis is supported by
many studies. In fact, elevated cytosolic calcium
concentrations alter the permeability of mitochondrial
membranes, which results in the release of pro-apoptotic
factors including holocytochrome ¢, apoptosis-inducing
factor and caspase-9 from damaged mitochondria [165,166].

Vicencio et al. report the early effects of testosterone on
intracellular  Ca®* in  cultured cardiac myocytes,
demonstrating the first link between Ca?* and AAS in
cardiac myocytes and suggesting that this nongenomic effect
of AAS can contribute to the documented androgen receptor
mediated cardiotoxicity observed in AAS abuse. They found,
in cultured cardiac myocytes, that testosterone induces a
rapid and nongenomic intracellular Ca®* release through
activation of a plasma membrane androgen receptor
associated with the PTX-sensitive G protein-PLC/IP3
signaling pathway [167].

Different hormones and growth factors stimulate cardiac
myocyte hypertrophy through Ca?*-dependent signalling
pathways [168].  Calmodulin-activated  phosphatase
calcineurin, activated by increases in calcium, mediates the
hypertrophic response through its downstream nuclear factor
of activated T cells [169].

This is confirmed also by Phillis et al. [25] that observed
Nandrolone has been shown to cause the release of
intracellular calcium in rat primary myotubes, in a manner
which is independent of intracellular androgen receptor, but
dependent on inositol trisphosphate and the extracellular
signal-regulated kinase pathway [170].

Melchert [171] and Welder [172] presented evidence for
a direct toxic effect of testosterone cypionate, testosterone
enanthate, testosterone proprionate and oxymetholone on
primary neonatal rat myocardial cell culture. The data clearly
show that 100uM concentration of testosterone cypionate,
testosterone  enanthate, testosterone proprionate and
oxymetholone will cause myocardial cell toxicity after 4 hr
of exposure. Based on the beating rate, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
formazan production and intracellular calcium data, an
alteration in the cell’s ability to maintain normal high-energy
phosphate may lead to a loss of plasma membrane integrity
and eventual cell death. Cellular toxicity was determined by
increase LDH (lactate dehydrogenase) leak-age, decrease
neutral red retention and decrease MTT formazan production
in myocardial cell culture exposed to 100uM testosterone
cypionate for 4hr.

Several enzyme systems are involved by different AAS.
Chainy and Kanungo found that testosterone increased the
activity of pyruvate kinase in the heart of castrated male rats
[173]. These results suggest that specific enzymes systems
within the heart may be affected by testosterone
administration. Koenig [174] reported that testosterone
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stimulated calcium fluxes and membrane transport process in
rat ventricular myocytes via stimulation of ornithine
decarboxilase where polyamines acted as intracellular
messengers.

Literature data clearly show that AAS induce apoptotic
cell death in a dose-dependent manner [37]. Zaugg et al. [37]
described in their study that adult cardiomyocytes exposed to
AASs (stanozolol: STZ, testosterone enanthate: TE and
testosterone: T, 0.1 mmol/L, 1 mmol/L, 10 mmol/L, and 100
mmol/L for 20 h) undergo concentration-dependent
apoptotic cell death, providing evidence that AASs at higher
concentrations induce apoptosis in adult cardiomyocytes.
Morphological and biochemical effects of testosterone in
neonatal rat myocardial cultures was described [172], AASs
exert primarily growth-promoting effects in cardiac tissue
[163], STZ induced apoptotic cell death in skeletal muscle
cells [175], and increased gene expression of the proto-
oncogenes c-fos and c-myc [176] that was reported in
hypertrophic cardiomyopathy [177], and precedes apoptotic
cell death [178].

Animal studies show that abused AAS such as
nandrolone at appropriately high doses may reverse
vasodilator response and lead to growth-promoting effects
on cardiac tissue, as seen in hypertrophic cardiomyopathy,
followed by apoptotic cell death [37,177,179].

The loss of cell viability caused by AS toxicity may in
some part be the result of alterations of intracellular ion
concentrations after decreased plasma membrane integrity
and the inability to synthesize high-energy phosphates
[171,172].

In studies on cardiomyocyte ultrastructures after AAS
applications in rododent, mitocondria and myofibrils showed
aberrations that were similar to those in early heart failure
[76].

The long-term effect of treating female rats with
methandrostenolone on heart tissue was determined with
transmission electron microscopy [75]. Rat hearts from the
methandrostenolone-treated group had an increase in
intermediate sized, nonmyofibrillar filaments in muscle cells
of the left ventricle [76]. Heart cells from rats treated with
methandrostenolone exhibited swollen and elongated
mitocondria and disintegration of myofibrils [76].

An increase in sarcoplasmic reticulum volume and
mitocondria was observed [69]. Behrendt and others have
found that, after exposure to methandrostenolone (Dianabol;
Novartis, East Hanover, NJ), the mitochondria within the rat
left ventricle enlarge, become rounded with the appearance
of membranous defects and an electronlucent matrix, and
then elongate, leaving only a sparse matrix material and a
few cristae [75]. Electron microscopy of the contractile
apparatus within myocardium similarly treated shows
completely destroyed sarcomeres, regional disappearance of
ribosomes and polysomes, thickening and stretching of the
Iband, and noncontractile globular networks of disrupted
fragments of both thick and thin filaments [76].

These results suggest that this non-genomic effect of
AAS can contribute to the documented androgen receptor
mediated cardiotoxicity observed in AAS abuse [167].
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Fanton et al. [165], Zaugg et al. [37] and Medei et al. [1]
showed a reduction of total nuclei in the DECA — treated
group suggests a toxic effect of DECA that may involve a
pro — apoptotic mechanism with caspase-3 activity
significantly increased in the heart samples.

These data were confirmed by immunohistochemical
experimental studies. In our work we describe a significant
randomly sparse apoptotic process in the damaged
myocardium and the enhanced effect of TNF-a, HSP-70 and
IL-1p production [31,180]. Myocytes nuclei labeled by
TUNEL assay showed an intense, wide, positive reaction in
the high dose AAS administration and physical training
group, in which we also found an intense and massive
positive immunoistochemical reaction for SMAC/DIABLO
(second mitochondria-derived activator of caspases)/direct
inhibitor of apoptosis (IAP)-binding protein) a mitochondrial
protein that is release along with cytochrome c¢ during
apoptosis and activates the cytochrome c/Apaf-1/caspase-
9pathway and BID (a BH3 domain-containing proapoptotic
Bcl-2 family member) in the deep layers of the myocardium
and in the subendocardial layer [181-185] (Fig. 2).

TNF-a showed a wider positive expression in groups A
and B and an intense positive reaction in group C, where in
this group we observed a more extensive myocardial
damage.

Again, our data would suggest that TNF-a plays a role in
determining the severity of myocardial injury in our mice
model. TNF-a expression was prominent in anabolic steroid-
treated animals. Chronic use of supraphysiological
concentrations of anabolic steroids, whether taken during
exercise training programme or under sedentary conditions,
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increases myocardial susceptibility to nandrolone decanoate.
Injury may be related to anabolic steroid-induced increases
in TNF-a concentration in these hearts [7].

Apoptosis free oxygen radicals may regulate TNF-o
production and act as the upstream initiators of AAS-induced
apoptosis irrespective to the modulation of B-adrenoceptors
[186]. These findings have suggested that a part of
myocardial damage induced by AAS may be independent of
their interaction with the B-adrenoceptor signal transduction
system.

Recent studies have shown that circulating cytokines
such as TNF-a may play a role in cardiac remodelling and
that anabolic steroids strongly stimulate leukocyte TNF-a
production [7].

In agreement with literature, the expression of inhibitor
of apoptosis HSP-70 and inflammatory cytokine IL-1p,
increased in the three groups. The rise of cardioinhibitory
cytokines may be interpreted as the adaptive response of
jeopardized myocardium with respect to the cardiac
dysfunction resulting from nandrolone decanoate injection
[180,187].

ANABOLIC ANDROGEN STEROID ABUSE AND
SYMPATHETIC OVER ACTIVATION

It has been described that the combined effect of exercise
and anabolic steroids causes an overstimulation followed by
a transient functional and structural destabilization of
sympathetic axon terminals; the transient destabilization of
sympathetic axon terminals could be suggested as a reason
for increased vulnerability to ventricular fibrillation [188].

Fig. (2). Confocal laser scanning microscope. A: intense BID positive reaction (blue reactions) in Group C mice in deep layers of the
myocardium. B: Massive expression (red reactions) of BID in deep layers of the myocardium (same image as in A with different laser beam

field and higher magnification).
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An imbalance of ANS (autonomic nervous system)
activity has been associated with increased cardiovascular
mortality (ventricular arrhythmia and sudden cardiac death)
[189].

Pereira PP et al. demonstrated cardiac autonomic
impairment with marked reductions in parasympathetic
activity in rats after 8 weeks of treatment with DECA [190].
They evaluated by power spectral analysis of HRV (heart
rate variability), the effects of chronic treatment with
supraphysiological doses of DECA on tonic cardiac
autonomic regulation in sedentary rats. In the group of rats
treated with AAS, as in ventricular arrhythmia and sudden
cardiac death, they found a marked impairment of
parasympathetic cardiac modulation with decreased HF
power of HRV compared to the control group. Thus, it seems
plausible that autonomic dysfunction constitutes an early
sign of AAS-induced cardiac disease, which, per se,
represents a pro-arrhythmogenic factor that could occur
independently, or preceding functional and/or structural
abnormalities.

McNutt and Kennedy and Lawrence [191,48] suggested
that AAS chronic administration may induce a profile of
increased responsiveness to catecholamine. The HRV power
spectral analysis results indicated a trend to sympathetic
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overactivation, as the sympathetic modulation index LF/HF
[192] was increased in the DECA group compared to the
control group. One possible explanation to AAS-induced
autonomic imbalance raises from its effect on central
nervous system. It’s described by numerous authors that
DECA treatment influences several neurotransmitter
systems, including dopaminergic, serotonergic and
adrenergic [89,193-197].

In particular Tamaki et al. [197] demonstrated that
nandrolone enhances both norepinephrine and its metabolite
4-hydroxy-3-methoxyphenylglycol levels in hypothalamus.

Chronic administration of high doses of AAS leads to
dysfunction in tonic cardiac autonomic regulation suggesting
an alternative mechanism for anabolic steroid-induced
arrhythmia and sudden cardiac death [190].

The electrical and histological remodelling mediated by
DECA taken together with the autonomic unbalance [190]
strongly suggests that DECA treatment creates a substrate to
induce electrical disturbance [1].

Steroid hormones, chemically related to nandrolone, can
acutely inhibit the reuptake of chatecolamines into
extraneuronal tissue [198], which could in turn increase
catecholamine concentrations at receptor sites. Although
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normally responsible for reuptake of noradrenaline, during
ischemia the neuronal catecholamine transporter has been
shown to be responsible for nonexocytotic release of
noradrenaline from sympathetic nerve terminals. Increase
release of noradrenaline has been implicated in ischemia-
induced arrhythmia [199,200-204].

Testosterone is a potent and selective inhibitor of
extraneuronal norepinephrine uptake in the rat heart [198].
Administered  with  exercise, testosterone induced
degenerative changes within the intracardiac sympathetic
neurons of the mouse at 1 and 3 weeks, with adaptive
regeneration at 6 weeks [27]. These changes appear to be the
direct result of AS. However, this is another instance in
which the indirect vascular response is potentially more
cardiotoxic [28,47]. Both testosterone and
methyltestosterone have been shown to enhance vascular
reactivity to norepinephrine and subsequently generate
hypertension [26,205].

CONCLUSION

In conclusion, data on experimental animal studies
support the hypothesis that the combined effects of vigorous
weight training, anabolic steroids abuse and stimulation of
the sympathetic nervous system, may predispose to
myocardial injury (myocardial disarray, contraction band
necrosis, interstitial fibrosis, apoptosis) and subsequent
cardiac failure (colliquative myocytolysis) [44,67,206]
mediated by oxidative stress. These cardiovascular effects of
AAS are mediated by genomic (intracellular androgen
receptors — nuclear transcription — gene expression) and non-
genomic mechanisms.

Cardiac hypertrophy is a leading predictor of progressive
heart disease which often leads to heart failure and to a loss
of cardiac contractile performance associated with profound
alterations in intracellular calcium handling (Fig. 3).
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