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ABSTRACT

Anabolic Androjenic streoids (AAS) are synthetic derivatives of testosterone which promote growth of
skeletal muscle (anabolic effect) and the development of the male sexual characteristics (androgenic effects).
lllegally, these drugs are regulary self-administered by power lifters and bodybuilders to enhance their
sportive performance. Abuse of AAS has been linked to a variety of different cardiovascular side effects. In
case reports, acute myocardial infarction is the most common event presented, but other adverse side effects
include left ventricular hypertrophy, reduced left ventricular contractile function, hypertension, arterial
thrombosis, pulmonary embolism, endothelial dysfunction, alterations of lipid metabolism, life-threatening
arrytmia and several cases of sudden cardiac death. However, to date, there are no prospective, randomized,
interventional studies on the long term cardiovascular effects of abuse of AAS. In this review, we have tried
to summarize recent literature and our recent observations in experimental animals related to AAS- induced

cardiotoxicity. Additionally we will discuss possible mechanisms of this adverse effect.
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OZET

Anabolik androjenik streoidler (AAS) testosteronun sentetik tiirevieri olup, iskelet kasinin biiyiimesini
ve (anabolik etki) erkek seks karakterlerinin gelismesini (androjenik etki) saglarlar. Illegal olarak, bu ilaglar
halterciler ve viicut gelistiriciler tarafindan sportif performansi artirma amaciyla kullanilmaktadirlar. AAS
suistimali birtakim kardiyovaskiiler yan etkilerle iliskilidir. Vaka raporlarinda, akut miyokard infarktiisii en
stk goriilen yan etki olarak bildirilse de, sol ventrikiil hipertrofisi, azalmis sol ventrikiil kontraktil fonksiyonu,
hipertansiyon, arteriyel tromboz, pulmoner embolizm, endotel disfonksiyonu, lipid metabolizmasinda
degisiklikler hayati tehdit eden aritmiler ve ani kardiyak 6liim gibi yan etkiler de goriilebilir. Ancak bugiine
kadar AAS suiistimalinin uzun siireli kardiyovaskiiler etkilerini gésteren prospektif, randomize c¢alisma
yapilmamistir. Bu derlemede, AAS ile indiiklenen kardiyotoksisiteye iliskin giincel literatiirii ve kendi
deneysel ¢alismalarimizi da o6zetlemeye calistik. Buna ek olarak bu yan etkinin olasi mekanizmalarini da

tartisacagiz.

Anahtar kelimeler: Anabolik androjenik steroidler, Kardiyotoksisite, Suistimal

INTRODUCTION

Anabolic androgenic steroids (AAS) were originally developed in the late 1930s and used
since 1950s to improve atletic performance, male physical attractiveness and improves body image
for both sexes (1). Athletes use AAS to increase strength, lean body mass, and, in some cases,
improve physical appearance (2). Accordingly, AAS increase body weight, fat-free mass, muscle
size and strength training in healthy men receiving 600 mg of testosterone weekly for 10 weeks (3-
5). In the absence of strength training the muscle size is increased by higher doses of AAS (3.4).
The life-time prevelance of AAS use among male adolescents typically ranges 1 to 5 % (6).
Although the topic is controversial, a consensus is beginning to emerge that chronic AAS abuse
may be associated with an increased risk of sudden cardiac deaths, myocardial infarction, altered
serum lipoproteins and cardiac hypertrophy (7). However there are no prospective, randomized,
interventional studies on the long term cardiovascular effects of abuse of AAS. In this review, we
have summarized the relevant literature regarding cardiotoxic effects of AAS together with
possible mechnanisms of these adverse effects. Abuse of AAS has been associated with a range of
different cardiovascular side effects, starting with a case report of left ventricular hypertrophy in
1986 (8) and one of a myocardial infarction in 1988 (9), affecting a bodybuilder and a weightlifter,
respectively, both of them were very young. There was also a report of a young bodybuilder with
an ischemic cerebrovascular event and signs of cardiomyopathy in 1988 (10). By 2013, there were

around 70 case reports altogether. Acute myocardial infarction in the most common event
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presented (11-15). There are also several reports of left ventricular hypertrophy (16-18), reduced
ventricle function (19-21), cerebrovascular incidents (10,22,23), atrial fibrillation (24,25), arterial
thrombosis (23,26,27), pulmonary embolism (28,29), valve disease (30,31), and several cardiac
sudden deaths (18,32-34).

An interesting repeated finding is that there are several cases of myocardial infarction
without significant atherosclerotic coronary artery disease (9,13,35). Additionaly, severe premature
coronary artery diseases have been observed (14,15,36). A number of animal studies have been
conducted over the years to make mechanisms of AAS -induced cardiotoxicity clear. Almost all the
studies that looked at cardiovascular consequences of testosterone or its synthetic derivatives show
unfavourable effects. Among these findings, myocardial hypertrophy (37-40), reduced ejection
fraction (41), increased myocardial stiffness (42), left ventricular remodeling (43), depressed
cardiac contractile function (44), impaired exercise-induced microvascular adaptation (45), reduced
endothelial function (46), destruction of mitochondria and myofibrils (47,48), myocardial necrosis,
interstitial and endocardial fibrosis (49), disruption of morphological integrity of myocardial cells

(7) and apoptotic cell death in ventricular myocytes (50) have been reported.

AAS —-INDUCED CARDIOTOXICITY
Clinical use, abuse and prevelance of AAS

Hypogonadism (the late puberty and premature termination of adolescent growth, some
types of impotance) is the most common indication for AAS therapy in men. At present, The
United States Food and Drug Administration (FDA) approved clinical use of AAS for treatment of
hypogonadism, anemia accompanying renal and bone marrow failure, endometriosis, cancer and
wasting syndrome in human immunodeficiency virus infection (51,52). The other clinical uses of
AAS include treatment of catabolic states and cachexia (i.e chronic obstructive pulmonary disease),
corticosteroid therapy, osteoporosis, growth stimulation in male puberty, prophylaxis for hereditary
angioedema, hepatic disease, female to male transsexualism, hypoplastic anemia, multiple

sclerosis, sexual dysfunction and depression.

Unfortunately, approximately 4-6 % of boys and 2 % girls in high school admit to using
AAS (53,54). Other estimates suggest that approximately 1 million Americans have used androgen
during their lives (55). Testosterone, nandrolone, stanozolol and methandienone are the most
frequently abused AAS (56). Abuse of AAS is common among athletes and bodybuilders, which

results in side effects. Especially when AAS are used in high doses and in long term. The oral
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administration of ASS at doses of 3-5 g per week may cause their blood levels to be more than
one hundred times of physiologic ranges (57). In general, AAS are used in combination such as
“stacking” (taking two or more AAS together in progressively increasing doses over a short period
of time orally or intramuscularly), “pyramiding” (beginning with the low doses of the stacked
substances, increasing dose gradually, then decreasing the dose to zero) and cycling (intermittent
use of AAS where use of steroids is followed by a drug holiday in order to prevent desensitization
to large doses of androgen (58). Abusers believe that pyramiding lets the body clock to adjust to the
high doses and the drug- free cycle gives time for the body’s hormonal system to recupate.

However, there is no evidence on synergism or other benefits of pyramiding or stacking.

AAS were first used by atletes in the mid 1950s, and their use was widespread among
bodybuilders by 1960s. The overall incidence of AAS abuse ranges between 1% and 6%.
Additionally, others (adolescents) also used sysntetic substances for recreational purposes to
increase their sportive performance and to improve their physical appearance (59). The typical
AAS abuser is a male who has a poor self-esteem, poor academic performance with high rates of

violence and aggression, childhood conduct disorder according to American sources (60).

In general, males abuse AAS 2-3 times more than females (60,61) and approximately 70%
of these abusers participate in sportive activities (60). According to American surveys, prevelance
of AAS abuse ranges between 4-11% and 2.5% in male and female high school students,
respectively (60,61). The prevelance of AAS abuse among British college students ranges between
1-4%. In Sweden, abuse of AAS is reported to be 3.2% in male adolescents (62). In 2002, it was
assessed that one year prevelance of AAS abuse was between 0% and 3% among 700 sportsmen
and women in popular sports branches such as football, athletics and strenght sports (63). The
prevalence is two fold higher among strength trainers. About 4 - 6% of clients of sport and fitness
clubs in Netherlands use doping, most prevelant are AAS, growth hormone and insiilin. The overall
prevelence of doping reported at European countries is approximately 6% , most prevelant are
AAS, growth hormone and drugs containing ephedra (64). In Brasil, the prevelance of AAS use is
about 11.1 %, most used AAS are nandrolone and stanozolol (65). In brief, interviews of
recreational sporters in the USA and several European countries show that 1- 6% have ever used

AAS.
Adverse effects of AAS

AAS abuse causes both reversible and irreversible changes due to their distrupting effect on

hormone production. However, side effects of AAS develop only during long term use (6). The
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most common reversible side effect of AAS are cosmetic in nature. The orally used AAS may
cause hepatotoxicity. However there is no report describing hepatotoxicity due to use of parenteral
AAS preparations, which appear to damage heart muscles in long term use (66). There are several
side effects of AAS use such as; headaches, gastrointestinal irritation, fluid retention in the
extremities, diarrhea, stomach pains, oily skin. Additionaly jaundice, menstrual abnormalities,
hypertension and infections at injection site may be observed. Acne develops in both sexes at
puberty during treatment with AAS due to secretion of the natural oil sebum and growth of
sebaceous glands (67). Males using high doses of AAS may have elevated circulating estrogen
levels similar to women during a normal menstral cycle. This effect is result of aromatization of
testosterone in part to estrogens. Therefore, gynecomastia and breast pain may be observed in men

taking high doses of AAS (68).

Chronic adverse effects associated with AAS abuse include acne, urogenital problems,
endocrine abnormalities, neuropsychiatric disorders, hepatic and cardiovascular diseases (7). Acne
is common adverse effect of AAS use seen in almost 50% of the androgen uses. Acne fulminans
and acne conglobata are the most common forms of acne associated with AAS (69). Subjects using
AAS should be warned that acne associated with AAS can get worse with vitamin B supplement
(69). Gynecomastia and supression of spermatogenesis are frequent consequences of AAS use.
High dose of AAS supresses the hypothalamic-pituitary-gonadal axis due to negative feedback
and, it may take weeks or months for the axis to recover. Consequently atrophy of the seminiferous
tubules during this time may result in subfertility or infertility (70). Furthermore, subjects may
continue to encounter symptoms of hypogonadism (erectile dysfunction, low libido and low
vitality) even after discontinuation of AAS until the axis recovers. Recent reports suggest that use
of clomiphene citrate may hasten the recovery of gonadal axis (71). Reversible urogenital
problems include impotence, difficulty or pain in urinating, testicular atrophy and reduced sperm
production. Nearly half of male bodybuilders experiences testicular atrophy and gynecomastia (72).
Gynecomastia is specifically seen in atletes using aromatizable androgens. In women, AAS use
results in menstrual irregularities and decrease in body fat and breast size, hoarse voice, excessive
growth of body hair, baldness, clitoral enlargement. Some of these effects may become irreversible
due to long term use of AAS. One of the most important association of AAS abuse is prostate
cancer (73). Another important concern is premature physeal closure in child which may cause
decrease in adult height (74). Use of AAS has been associated with a wide range of psychiatric
effects such as; aggression, dysthymia, psychosis, violence and criminal behaviour. Approximately

one fourth of AAS users report mood disturbances more frequent than non users (75). Results of a
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recent study has shown that men displayed more aggressiveness while receiving
supraphysicological doses of testosterone (76,77). Additionally AAS use is also associated with

delusions of grandeur, euphoria, criminal behaviour, and acute confusional states (78-80).

Recent studies have also shown that subjects using AAS exhibit dependency on other
substances such as alcohol, opioids, benzodiazepines and caffeine (81,82). Various abnormal liver
function tests (elevated aminotransferases, alkaline phosphatase, conjugated bilirubin and plasma
proteins) are also reported (83,84). Jaundice occasionally occurs as an outcome of hypersensitivity
type reaction and is usually seen after 2-5 months of therapy. Additionaly, cholestasis has been
reported especially with the use of 17-a-alkylated agents (85). AAS abuse may increase risk of
fatal liver cysts and hepatic adenoma (86). Peliosis hepatis has also been seen with the use of 17-a-

alkylated agents (87).

In contrast with the anabolic effects of the androgens on bone and muscles, they have a
paradoxical effect on tendons and ligaments. Recent reports have shown that atletes using AAS
may experience rupture of biceps and quadriceps tendons (88). In a recent study, ultrastructural
analysis of tendons in rodents treated with AAS has shown dysplasia of collagen fibrils (89).
Further studies need to be done to explore the mechanism by which AAS effect tensile strenght of

the tendence.

Cardiotoxic Effects of AAS

Evidence has accumulated over the last several years which associates AAS use with direct
effects such as cardiac muscle hypertrophy and myocardial fibrosis, and indirect effects, including
myocardial infarction, altered serum lipoproteins, cardiac hypertrophy and even sudden cardiac
death in humans who habitually using these drugs (90). Even though some experimental data
obtained from animals correlate well with the human findings, the adverse cardiovascular effects of
AAS use are poorly understood. In general, human case reports, case series and comparative
observational studies often lack control groups and do not account for individual variables (such as
genetic predisposition, age, gender and nutritional status), environmental variables (such as streoid
type, protein supplementation), exercise variables (such as; mode, intensity, duration, frequency
and distribution of training sessions). In addition, animal studies do not account for species-or
strain-specific responses to AAS and have difficulty simulating high dose combinations self-
administered by athletes. Mortality appears to be significantly higher in AAS abusers than in non

abusing atletes. Several post mortem studies suggested cardiac causes in 2/3 of that, while others
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being attributed to suicide, hepatic coma and malignancy. As stated above, several types of

cardiovascular events are associated with AAS abuse.

Androjen receptors are ubiquitously expressed in not only skeletal muscle cells but also in
cardiac myocyctes. AAS are potent ligands of the human androjen receptors in muscles but also
directly modulates trancription, translation and enzymatic function of numerous other tissues.
Accordingly, long term use of AAS has been reported to be associated with hypertension,
dislipidemia, and impaired fasting glucose, as well as alterations in heart structure, including left

ventricular hypertrophy and dilation, and impaired contraction and relaxation (91).

AAS, particularly oral preparations, increase the level of low density lipoprotein cholesterol
(LDL-cholesterol) and decrease the high density lipoprotein cholesterol (HDL-cholesterol). This
effect is reversible and serum levels of lipoproteins return to baseline level within several weeks to
months after drug cessation (78). High LDL-and low HDL-cholesterol may increase the risk of
atherosclerosis. It has been reported that powerlifters who use AAS have a great risk of
atherosclerosis secondary to increased concentrations of LDL cholesterol and decreases
concantration of HDL cholesterol (92). In general, steroid hormones alter serum lipoproteins levels
via lipolytic degradation of lipoproteins and their removal by receptors through modification of
apolipoprotein A-1 and B synthesis. It has been suggested that serum LDL levels may increase
through the induction of enzyme hepatic triglyceride lipase and catabolism of very low dansity
lipoprotein. Induction of hepatic triglyceride lipase may also catabolize HDL and reduce its serum
levels (93). Fortunately, the effect on lipid profile seem to be reversible and may normalize 5
months after discontinuation, since the duration of effect is longer than would be expected from the
terminal half-lives of these agents (typically 7 to 12 days) (94). Further studies are needed to

explain this effect.

AAS may clevate blood pressure. However, the relation between blood pressure and AAS
abuse is controversial. Some studies have reported a link between AAS abuse and elevated blood
pressure, whereas other studies have shown no association (95). There is dose-response relationship
between blood pressure and AAS abuse and the effects of AAS abuse on blood pressure may
persist for long periods. On the other hand, the link betwen AAS abuse and elevated blood pressure
is not seen all studies (95). Therefore, additional studies are necessary to definitively reveal a link

between AAS and blood pressure.

The abuse of AAS is associated with left ventricular hypertrophy (LVH). However, the
interpretation of LVH in athletes who admit to AAS abuse is complex, because the hypertrophy
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may be related with increased afterload from isometric exercise. LVH may develop secondary to
hypertension or as a direct effect of AAS on the myocardium. Several studies have shown that
AAS bind to androgen receptors in isolated human myocyctes and may directly cause hypertrophy,
possibly through tissue up-regulation of the renin-angiotensin system (39,96-98). An ultasonic
videodensitometric study has shown that textural changes in the myocardium appear before the
onset of overt LVH (99). In a retrospective case-control study, AAS users have significantly
enlarged interventricular septal wall thickness on echocardiography compared to nonusers and
controls, although posterior wall thickness is only slightly larger (100). In contrast, other studies
have reported increased LV posterior wall and interventricular septal thickness in AAS abusers
compared to nonabusers (101,102). In a recent study, 87 dead males who tested positive for AAS at
autopsy have been investigated and significantly higher heart mass has been found among AAS
abusers compared to controls (103). However, it is difficult to interpret these results, because a
variety of agents and doses are noted in the abusers and most studies do not account for differences
in exercise protocols and, most are not blinded (100,104-107). There are a few randomized clinical
trials investigating the association between AAS use and LVH with several limitations such as
limited number of subjects and lack of control groups. Therefore, there is a need for closely
monitored observational echocardiographic study over a long period to compare cardiac
morphology between strength atletes and AAS abusers. Although some studies have suggested that
LVH may persist for years after cessation of AAS, other studies have reported that LVH may be
reversible (108,109). In a very recent study, cardiac magnetic resonance has been performed in 156
male subjects aged 18-40 years consist of three groups: 52 non athletes, 52 strength endurance
athletes, and 52 strenght trained athletes. AAS- using strength trained athletes have significantly
larger left ventricle and right ventricle wall mass than non-AAS using strength training athletes.
Additionally AAS- using strength trained athletes show lower ejection fraction of both ventricules.
Linear regression models demonstrated significant effect of AAS use on left ventricular end

diastolic volume, left ventricular end diastolic mass and systolic function (110).

In our recent experimental study, we have evaluated effects of high dose subacute (14 days)
and subchronic (90 days) testosterone (TES) and dehydroepiandrosterone (DHEA) in rats using
echocardiography (111). In our study, 50 male Spraque Dawley albino rats have been randomly
assigned to 5 groups of 10 animals each. TES (Sustanon®, containing testosterone propionate,
testosterone phenylpropionate, testosterone isocaproate and testosterone decanoate) has been given
by intramuscular injection once a week for two weeks at doses of 100mg/ 100 gr (body weight), 30

mg/100 gr and 10 mg/ 100 gr to group I, II and III of animals, respectively. Group IV has received
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DHEA at dose of 10 mg/ 100 gr (body weight) by oral gavage daily for two weeks. Group V has
served as control and has been given saline once a day by oral gavage or once a week by
intramuscular injection, using the same volume as in treated animals. 14 days later,
echocardiographic studies have been performed. Left parasternal and left apical echocardiographic
images of anaesthetised rats lying in the dorsal recumbency position have been obtained. Our
results have indicated that TES increases left ventricule posterior wall thickness at 30 mg/ 100 gr
and 100 mg/100 gr doses compared to control group (p<0.05). TES has induced slight but not
significant increase in ejection fraction and fractional shortening. DHEA has slightly but not
significantly increased in left ventricule posterior wall thickness ejection fraction and fractional
shortening. Conclusively, sub-acute high dose TES is associated with consistent increase in left
ventricular wall, but not chamber, dimensions, indicating hyperthrophy without ventricular

dilatation.

There are also some morphological findings indicating cardiotoxicity due to AAS abuse.
Post mortem histopathological finding of young AAS abusers include cardiac hypertrophy that
seems to be dose- dependent and reversible (112). In addition, several other complications have
been described, such as cardiac steatosis, myocardial and endocardial fibrosis, myocardial
coagulation necrosis, and coronary atheroma (113). In other studies, endomyocardial biopsy
specimens have revealed increased fibrous tissue and fat droplets in the myocardium of AAS
abusers (114). Direct cell injury occurs by disruption of myocardial mitochondria and induction of
intrafibrillar collagen dysplasia. Cell injury ensures, and scar tissue replaces dead cells, leading to
fibrosis and potential for ventricular arrhythmias. Left ventricular hypertrophy and structural
changes to the ventricular wall precedes development of hypertension. Incidence of diastolic
dysfunction, greater left ventricular posterior wall thickness and greater left ventricular end-
diastolic dimensions have also been observed. AAS-induced changes such as cardiomyopathy,
cardiomegaly, and diventricular dilatation are reversible after discontinuation of AAS
administration. However, it is still not clear whether such detrimental effects are a consequence of
hypertension and dysbalance in blood lipids or they are directly associated with action of AAS.
Therefore, the interpretation of cardiac hypertrophy in elite athletes who are AAS abusers is
complex, because the hypertrophy may relate to increase afterload from isometric exercise.
Androgens are capable of mediating a hypertrophic response of cultured adult myocytes (47, 115).
Accordingly, a clinical study has suggested that there are some alterations of myocardial textural
parameters in weight lifters when analyzed by videodensitometry (99). In experimental animals,

morphological and ultrastructural evidence for direct effects of AAS on the heart have been shown
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(47,115). For example, methandrostenolone treated rats have more intermediate and disintegrated
myofibrils and swollen and elonged mitochondria in ventricular myocardium in transmission
electron microscopic study (TEM) (115). Similar changes have been demonsrated in species other
than rats. For example, methandrostenolone —treated quinea pig hearts display mitochondrial
destruction (47). In spontaneously contracting primary neonatal rat myocardial cell structures, a
similar disintegration of mitochondria with TEM after treatment with 100 pM testosterone
cypionate has also been reported (116). Several AAS (testosterone cypionate, fluoxymesterone, and
stanozolol) on primary myocardial cell cultures derived from neonatal rats has also been observed
(117). Additionally, increased release of the cytoplasmic enzyme lactate dehydrogenase (LDH) has
been demonstared 4h after treatment with 100 pM testosterone cypionate indicating cytotoxic
effect (117). Other studies have shown that specific enzyme systems, ion fluxes, and structurel
matrices in the myocardium may also be involved. For example, AAS may stimulate calcium
fluxes and membrane transport processes in rat ventricular myocytes via stimulation of ornithine
decarboxylase (59). Furthermore, another direct effect of AAS on collagen synthesis and
concentration in myocardium has been shown (118). Takala et al., have reported that
methandienone has further enhanced exercise -stimulated increase in collagen concantrations in the

dog heart.

The first experimental evidence on association between AAS, in particular testosterone,
cardiotoxicity and sub-chronic exposure in rabbits has revealed that cardiotoxic effect resulting in
heart lesions are similar to those seen in toxic myocarditis (49). In our recent study, we have shown
that high dose (100mg/ 100g bodyweight) testosterone for 14 and 90 days induces several mild
myocardial lesions such as misshapen nuclei, disorganized myocardial fibers and leukocytic

infiltrates in rat hearts (119).
Possible mechanisms of AAS -induced cardiotoxicity

The potential pathophysiological mechanisms responsible for adverse cardiac effects are not
clearly understood. Four mechanisms of AAS -induced cardiovascular toxicity have been proposed:

atherogenic, thrombotic, vasospastic, and direct myocardial injury (7).

Several investigations have provided insight into the mechanism of atherogenesis and AAS -
induced alterations in plasma LDL and HDL concentrations. An association between AAS use and
increases in hepatic triglyceride lipase (HTGL), an enzyme that facilitates HDL catabolism, has
been reported (120,121). The decrease in plasma HDL concentrations may contribute to a decrease

in regression of existing atherosclerotic plaques (122). However, less information is available on
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the mechanisms of AAS -induced elevations of plasma LDL concantrations. It has been suggested
that the effects of AAS on increasing HTGL activity may also account for the elevation of LDL.
Changes in lipoprotein concentrations are associated with atherosclerosis since AAS could cause
fatty streaks to occur coronary endothelium which subsequently induces endothelial cell injury
which could then enhance platelet aggregation that could also be augmented directly by AAS
(123).

Less evidence is available about a positive link AAS use and thrombosis (2,7). AAS are
thought to facilitate thrombosis by altering vascular reactivity, enhancing platelet aggregation, and
increasing the concentration and activity of particular procoagulant factor proteins (2). Danazol
(17-a alkylated AAS) can increase factor IX in hemophilic patients and it also produces an increase
in factor VII through the extrinsic blood clotting pathway (124). However, similar changes in factor
VII are not seen in body builders who self administrate AAS. AAS may enhance platelet
aggregation though increasing production of thromboxane A, and /or decreasing platelet production

of prostaglandin I, (2,7).

An interesting hypotheses for AAS -induced myocardial infarction involves vasospasm in
coronary arteries (2,7). Chronic administration of nandrolone to rabbits results in decreased in
thoracic aorta vasodilation possibly by inhibiting guanylyl cyclase which stimulates guanosine
monophosphate, second messenger of endothelium factor nitric oxide (125). Self- administration of
nandrolone in men results in similar effects such as inhibition of vasodilatory response to
methacholine and sodium nitroprusside in the brachial artery (126). Additionally, AAS may cause
myocardial growth to occur so rapidly that the blood supply is unable to keep up with myocardial
oxygen demand (32). It is possible that an increase in myocardial muscle mass with relative
decrease in capillary density could promote a hypertrophic myocardial compression of coronary

arteries during systole, that could then trigger acute myocardial infarction.

Several studies have also shown that AAS may have direct effects on individual myocardial
cells. The heart would be directly influenced by AAS because it expresses androjen receptors. AAS
may also have nonandrojen receptor mediated effects that could result in injury. Mitochondria is
the most likely target of AAS within individual myocardial cells. Accordingly, disruption of
normal mitochondrial morphology secondary to AAS has been reported in vitro and in vivo
(48,115,116). This kind of severe disruption would cause a decrease in aerobic energy production
and myocardial cell injury. The resulting replacement of death cells with scar tissue may

potentially induce fatal ventricular arrhythmias (127).
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Other hypotheses have also been suggested to help explain AAS -induced cardiotoxicity. For
example AAS induced red blood cell synthesis by enhancing renal production of erythropoietin.
Additionally, AAS may elevate hematocrit and may cause sodium and water retention because of
the structural similarity to aldosterone, and the associated increase in blood volume can cause

hypertension which contributes to AAS -induced cardiovascular events (128,129).
Oxidative stress and AAS -induced cardiotoxicity

Oxidative stress is the result of imbalance between the production of reactive oxygen species
(ROS) and antioxidant defence mechanisms. Cells have a variety of defense mechanisms including
low —molecular-weight-antioxidants (ascorbic acid, vitamin E, and glutathione) and antioxidants
enzymes such as thioredoxins, superoxide dismutase (SOD), catalase, and glutathione peroxidase
(130). ROS are unstable and very reactive by-products of normal metabolism, causing damaging
effects on the principal biomolecules (130). As a consequence of these activities, physiological
levels of ROS are low. However, with increased levels of ROS, defense systems can be
overwhelmed resulting in cellular damage, since AAS usually enhance the metabolic rate (131-
133). One could expect that high testosterone levels which is necessary to the production of sexual
ornaments, might alter the balance between ROS production and antioxidants defense mechanisms,
resulting in an enhanced risk of oxidative stress. Additionally, some testosterone -dependent
ornaments are produced by pigments with antioxidant properties (134-136). Testosterone has been
shown to generate an oxidative stress in mammalian tissues (137,138). Several other studies have
also suggested that testosterone has pro-oxidant properties (139-141).

Accordingly, high testosterone levels produce oxidation in rats and rabbit testicular tissues
(137,142,143), rat muscles (137,144), and human placenta (138). On the other hand, antioxidant
properties of testosterone has been shown in human prostate (145) and rat nervous system (14).
According to our unpublished observations, the levels of antioxidants enzymes (SOD and
glutathione peroxidase) were lower and malondealdehide level were higher in rats treated with
testosterone for 3 months. These findings together show that pro-oxidant or antioxidant effects of
testosterone is tissue- and sex- dependent.

ROS is one of the apoptotic pathways leading to cardiotoxic effect. Cardiac dysfunction due
to oxidative stress may be related to mitochondrial dysfunction, uncoupling of oxidative
phosphorylation and increased mitochondrial permeability. Accordingly, the ROS on one hand
causes disruption of mitochondrial bioenergetics and calcium homeostasis, on the other hand

results in membrane lipid peroxidation, mitochondrial DNA damage, activation of mitogen or
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stress activated protein kinase (MAPK, SAPK) and uncoupling of the oxidative phosphorylation
(147). In brief, one of the primary cellular targets of ROS is DNA. Oxidation of DNA leads to the
formation of lesions including oxidized bases, neutral sites, and DNA single- and/ or double-strand
breaks. High levels of DNA damage may exceed the cellular repair capacity, generating mutations
triggering apoptosis. Oxidative stress can induce radical- mediated damage to cellular
biomembranes resulting in lipid peroxidation, which converts unsaturated lipids into polar
lipidhydroperoxides. Lipid peroxidation can also lead to the generation of a variety of oxidized
products including reactive electrophiles such as, epoxides and aldehydes, which are capable of
modifying DNA, protein, and other macromolecules. Examples include malondialdehyde (MDA),
acrolein, and isoprostanes, which can be measured as an indirect index of oxidative stress.
Additionally, oxidative stress may induce protein damage. Oxidation-sensitive proteins include
phosphatases, kinases, transcription factors and metabolic enzymes, so consequently protein
oxidation can have a major impact on cellular homeostasis by directly affecting cell signaling, cell

structure, and enzymatic processes such as metabolism (148).

CONCLUSION

AAS may increase blood pressure, vascular reactivity by leading endothelial dysfunction.
In addition, AAS confer an enhanced prothrombotic state most prominently through activation of
thrombocyte activation. AAS may also lead changes in plasma lipids. The most prominent changes
are concomitant elevation of LDL and decrease of HDL. Additionally, AAS may also induce
arrhythmias and sudden death (149). However, there are no prospective, randomized, interventional
studies on the long term cardiovascular effects of abuse of AAS. In addition, the potential
pathophysiological mechanisms responsible for adverse cardiac effects are not clearly understood.
Taken together, various lines of evidence involving a variety of proposed pathophysiological

mechanisms suggest an increased risk for cardiovascular diseases in AAS users.
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