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ABSTRACT

Dietary supplements are regularly consumed by more than 70 % of the US population, as well as by competitive and non-competitive athletes.
Anabolic-androgenic steroids (AAS) are frequently found in dietary supplements, and have the potential for multi-organ toxicity, including significant
effects on the cardiovascular system. Cardiovascular toxicities of AAS include coronary artery effects, e.g. spasm, thrombosis and plaque rupture, leading
to acute coronary syndromes and myocardial infarctions, as well as direct myocardial toxicity, causing left ventricular hypertrophy, fibrosis and dysfunc-
tion. Coronary and myocardial effects converge towards a common final pathway, causing heart failure, life-threatening arrhythmias and sudden cardiac
death. The unregulated nature of AAS in dietary supplements has many ramifications. Both coaches and athletes should be aware that testing positive
for a prohibited substance (including AAS) constitutes a potential doping violation. We advocate for improved education of the public at large regarding
the potential for AAS to be included in dietary supplements, as well as its regulation by the appropriate authorities.
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CepaeyvHo-cocyauctble 3dpheKkTbl aHabonnyecknx aHApPOreHHbIX
CTepoMAaoB B NuLLEBbIX AobaBKax

II. 6an dep Buiin™*, II. eéan oep buiin (mn.)

'CmenneHbowcKull yHusepcumem, Talizepbepe, KelinmayH, l0xHaa Agppuka

2bonbHuUya Kyusc Pusep, Kyusc Pusbep, KelinmayH, KOxHas Agppuka

AHHOTAIIVA

IIniieBble f06ABKM pery/sipHO HoTpebstiorcst 6omee dem 70 % nacenenus CIIIA, a Takke yIaCTBYIOILVMI B COPEBHOBAHMSAX ¥ He YIaCTBYIOLIIMI
B COpPEBHOBAHMAX CIOpTCMeHaMy. AHabomdeckue u aHpporeHHble cTepouabl (AAC) 4acTo BCTpevaroTcs B IMINEBBIX H06aBKax U 06TafaloT I10-
TEHI[V/IbHOI ITO/IMOPraHHOI TOKCUYHOCTBIO, B TOM YNC/Ie 3HAUNTEIbHBIM BO3[IElICTBIEM Ha CEpeYHO-COCYAUCTYIO cucteMy. CeppieqHo-cOCyAucTas
tokcnaHocTh AAC BrInsieT Ha KOPOHAPHbIE aPTEPUN, BBI3BIBAS CIIa3M, TPOMO03 I PaspbiB O/IALIKY, TPUBOASAILINE K OCTPHIM KOPOHAPHBIM CHHAPOMAaM
u nH}pApKTaM MMOKapfa, a TAKKe IPSIMYI0 MUOKAPAMATIbHYI0 TOKCHYHOCTD, BHISBIBAIOILYIO TUIIEPTPOdUo, Gr6pos 1 AucHYHKIUIO TeBOTO XKey-
nouka. KopoxapHsle n MuokapayasbHble 3¢ QeKTsl B UTOTe BBI3BIBAIOT CEPAEYHYI0 HEJOCTATOYHOCTD, OIIACHbIE /sl XXU3HM aPUTMUY U BHE3AIIHYIO
ceppednyio cMeptb. Heperymupyemocts AAC B muineBbIx Z06aBKax MMeeT MHOXKECTBO HOCIEACTBUIL. VI TpeHepsl, 1 CIIOPTCMEHbI ZO/DKHBI 3HATh,
YTO ITO/IOKUTETIbHBII Pe3y/IbTaT TeCTa Ha 3alpelleHHoe BelecTBo (Bkmodas AAC) mpencTasisieT co60il HOTEHIA/TbHOE HapyIlie e aHTUAOIIHIO-
BBIX IIpaBWI. Mbl BBICTYIIaeM 3a yiy4lleHne NHGOPMUPOBAHMS LIMPOKOI 061IeCTBEHHOCTU O BO3MOXKHOCTH BK/IodeHnst AAC B nuieBble f06aBKI,
a TaKoKe 3a €0 PeryIMpoBaHue COOTBETCTBYIOIIMMI OPraHaMIL.

Kniouesvie cnosa: ceppedHo-COCyANCTasA CUCTEMA, aHAOOMMYECKIIe CTEPONbI, MNIIeBbIe F06ABKY, MHPAPKT MIOKAap/a, MHCY/IbT, BHE3AIIHAA Cep-
IedHast CMepTb

KoH(}IUKT MHTepeCcoB: aBTOPbI 3as1B/IAI0T 06 OTCYTCTBUM KOH(IMKTA HTEPECOB.
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eBbIX fob6aBKax. CnopmueHas meouyuna: Hayka u npakmuxa. 2023;13(2):77-83. https://doi.org/10.47529/2223-2524.2023.2.11

Ilocrynuna B pegakuuio: 13.06.2023
ITpunaTa K my6mkanun: 31.10.2023
Online first: 11.11.2023
Ony6mmkoBaHa: 21.11.2023

* ABTOpP, OTBETCTBEHHDI 32 IIEPENMCKY

1. Introduction be formulated as tablets, capsules, soft gels, gelcaps, liquids
Dietary supplements in various forms are consumed or powders. These supplements may also take the form of
daily by more than 70 % of the US population, including foodstuffs, e.g. snack bars, in which case labelling can be
competitive and non-competitive athletes [1, 2]. This has led misleading.”
to an ever-expanding, multi-billion dollar global industry. The DSHEA categorizes dietary supplements as “foods’,
This phenomenon is underpinned by aggressive marketing not drugs, and requires that every supplement added to a
techniques in which scientifically unsubstantiated claims dietary food supplement, be labelled separately as such.®
are frequently made. Anabolic-androgenic steroids (AAS), Foods items that are fortified with nutrients e.g. vitamins
which have the potential for serious adverse effects relating and minerals to raise nutrient levels, are not considered di-
to the cardiovascular system, are frequently found in dietary etary supplements. The term “nutraceutical” is not defined
supplements. In this review, we provide an overview of the by US law, but is generally understood to be a purified prod-
regulatory aspects of dietary supplements, and subsequently, uct derived from a human food source, which is purported
a summary of the cardiovascular effects of AAS. to provide extra health benefits beyond the basic nutritional
value found in foods. The Food and Drug Administration
2. Regulatory aspects of dietary supplements (FDA) regulates dietary supplements in a very different way
The explosive growth of the dietary supplement industry than pharmaceuticals. A manufacturer of a pharmaceutical
has been facilitated in many countries by acts similar to the compound is required to document and submit its safety
US Dietary Supplement Health and Education Act (DSHEA) and eflicacy data, which regulatory authorities then scruti-
of 1994 [3]. According to this and similar acts, a dietary sup- nize before allowing marketing approval. Manufacturers of
plement is defined as any product intended to supplement dietary supplements are not allowed to claim that the supple-
the human diet, and is not subject to a strict definition or ment can be used to diagnose, cure, mitigate, treat or prevent
regulatory scrutiny before market approval. This may in- any particular disease. However, in the US, statements per-
clude a plethora of compounds, e.g. but not limited to: vi- taining to general well-being, bodily function and health are
tamins, minerals, herbs or other botanical products, amino allowed, provided a disclaimer is added to the product label
acids and substances such as enzymes, organ tissue extracts, with the following text: “This statement has not been evalu-
glandulars, and metabolites [3, 4]. Dietary supplements may ated by the FDA. This product is not intended to diagnose,
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treat, cure, or prevent any disease”. The burden rests on regu-
latory authorities to demonstrate that a particular product
is harmful before steps can be taken to remove it from the
market. In this respect, the FDA logged 776 dietary supple-
ments from 2007 to 2016 as being adulterated with pharma-
ceutical compounds [6]. These lax dietary supplement regu-
lations have facilitated the bringing to market of potentially
harmful substances, to which not only to the general popula-
tion but also athletes, are exposed [2]. Estimated use in the
latter group of individuals varies between 44 % and 100 %
[2]. Large quantities of nutrients, commonly found in nor-
mal human diets, are consumed without there being much
knowledge of possible health risks and the maximum daily
safe doses involved [7].

While concentrations of these non-approved substances
may be too low to achieve any health or performance-en-
hancing effects, they may be high enough for athletes to fail
a doping test.

Abuse of an ever-expanding armamentarium of chemical
entities to boost, even by small margins, their strength and
performance is prevalent among professional as well as ama-
teur athletes [8]. In addition to providing an unfair advan-
tage to athletes, significant potential health risks are associat-
ed with the abuse of performance-enhancing agents. While a
multitude of potential adverse effects exist, those pertaining
to the cardiovascular system are the most life-threatening
[9]. Substances primarily responsible for adverse cardiovas-
cular effects can be grouped into three major classes i.e. 1)
AAS, 2) stimulants and 3) narcotics. “Classic AAS”, however,
are the most commonly abused, and therefore the proximate
cause of the majority of adverse effects in cases of doping.

3. “Classic” AAS

The vast majority of drug doping cases in athletes involve
anabolic-androgenic agents. [10]. Studies from 2001 and 2002,
based on nutritional supplements purchased in 13 different
countries, including the US, suggested that approximately 15
% of nutritional supplements contained undeclared AAS [11].
The steroid category of compounds includes the “classic” AAS,
e.g. metandienone, stanozolol, boldenone, oxandrolone and
dehydrochloromethyl-testosterone, which have been found in
high amounts (> Img/g) in certain over-the-counter dietary
supplements and vitamin preparations [12]. These AAS were
either listed on package labels under alternative names or not
disclosed at all. Amounts of steroids identified in supplements
were often of such orders that even within the limits of recom-
mended supplement intake, potentially harmful doses of AAS
would be ingested [12]. Many athletes and non-athletes, in-
cluding women, adolescents and children, regularly consume
dietary supplements in excess of the recommended, safe daily
doses, exposing them to the potential harmful effects of e.g.
AAS [12]. Athletes are prone to use supraphysiologic doses of
AAS, e.g. testosterone. While the replacement of testosterone
in individuals with hypotestosteronaemia is unlikely to have
any adverse effects, even physiologic doses may be harmful in
those without a deficiency
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AAS upregulate and increase the number of androgen
receptors, leading to an acceleration of the transcription of
deoxyribonucleic acid (DNA) in skeletal muscle [14]. These
agents are consumed to increase skeletal muscle mass and
strength, while at the same time they reduce adipose tissue
[15, 16]. AAS are not selective in their action, and exert ef-
fects on multiple organ systems in humans that are in pos-
session of androgen receptors [17]. In men acne, hepatic
injury, testicular atrophy, prostatomegaly, decreased sper-
matogenesis, subfertility, erectile dysfunction and changes in
libido may occur [18]. Furthermore, gynecomastia can also
develop in some male abusers of steroids. In women using
AAS, acne, potentially irreversible masculinization, clitoro-
megaly, menstrual irregularities and changes in libido may
result. Psychiatric effects may be induced in both males
and females, e.g. aggression (so-called “roid” rage), psycho-
ses, mood disorders and anxiety disorders. Long-term ste-
roid abuse has also been associated with dependency and a
withdrawal syndrome associated with suicidal ideation, an
increased incidence of tumors and premature mortality. In
adolescents and children, virilization and premature closure
of the epiphyseal growth plates, which may result in stunted
growth, have been described.

Of particular concern are the effects of AAS on the car-
diovascular system, including cholesterol and lipid metabo-
lism, arterial hypertension and procoagulant effects, leading
to acute coronary syndromes, myocardial infarctions and
strokes. The preponderance of data on the cardiovascular
toxicity of AAS originate from case reports, and are not con-
sistent with regard to all adverse effects [14, 17]. This may
be a reflection of the lack of systematic data, the heteroge-
neity of individuals sampled and the fact that many differ-
ent substances or steroids are often abused in conjunction. A
systematic autopsy series of 34 patients, however, confirmed
coronary artery disease, left ventricular hypertrophy and
myocardial fibrosis to be the most common abnormalities
(Figure 1) [17, 19]. Abuse of these agents may lead to increas-
es in arterial blood pressure at rest and during exercise, eleva-
tion of low-density lipoprotein (LDL) and lowering of high-
density lipoprotein (HDL) levels, causing atherosclerosis [14,
20, 21]. Male recreational weight lifters in the age group 34 -
54, abusing AAS, have been compared to a steroid-free con-
trol group, demonstrating increased levels of coronary artery
plaque, compared to those in the control group [22]. Plaque
rupture, intracoronary thrombus formation and spasm lead
to acute coronary syndromes, with or without myocardial
infarction [18]. Spasm may be caused by inhibition of the ex-
traneuronal uptake of neuroamines, leading to augmentation
of the arterial response to norepinephrine [17]. Coronary ar-
tery spasm may also be mediated by a deficiency of nitric ox-
ide (a vasodilator) [14]. A procoagulant state may be induced
by AAS, causing or contributing to coronary artery thrombus
formation [14]. Thrombin levels are increased, in conjunc-
tion with thrombocyte activation, increased levels of factors
VIII and IX and enhanced erythropoiesis [14, 23, 24]. AAS
increase the platelet production of thromboxane A2, as well
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Fig. 1. Cardiovascular effects of anabolic-androgenic steroids (AAS). AAS cause cardiovascular toxicity by means of coronary artery-mediated
mechanisms and direct myocardial effects. Direct myocardial toxicity leads to left ventricular hypertrophy, arrhythmias and heart failure, which are

associated with an increased risk of sudden cardiac death

Puc. 1. CepaeuHo-cocyamcTble addekTbl aHabonmko-aHaporeHHbix cteponaos (AAC). AAC BbI3bIBaKOT CEpAEYHO-COCYANCTY TOKCUYHOCTb MO-
CpPeAcTBOM MeXaHU3MOB, OMOCPEAOBaHHBIX KOPOHAPHBIMWU apTePUSMU, U MPSMOro BO3LENCTBUS Ha MUOKapA. [psMas TOKCUYHOCTb AN Mu-
okapaa npuBOAUT K rMNepTpoduM NEBOro Xenyaoyka, aputMUsiM U CepAeYHON HEAOCTaTOMHOCTU, KOTOPbIE CBA3aHbI C MOBbILLEHHLIM PUCKOM

BHE3arnHom cepaeyHon cmepTmn

an increase in the density (but not affinity) of thromboxane
A2 receptors [25, 26].

A second mechanism of cardiovascular toxicity com-
prises direct myocardial effects, which include left ventricu-
lar dilatation and hypertrophy, as well as myocardial fibrosis
(Figure 2) [14, 17, 18, 27]. Myocardial fibrosis is postulated
to be a response to cardiomyocyte necrosis, similar to what
is seen in catecholamine toxicity, and is accompanied by inti-
mal hyperplasia of the intramural coronary arteries [17, 18].
Diastolic dysfunction of the left ventricle has been reported,
as well as effects on right ventricular function [14, 28]. Both
coronary and direct myocardial toxicity have the potential
to cause heart failure, lethal arrhythmias and sudden cardiac
death (Figure 1) [28]. Preclinical models have furnished evi-
dence of autonomic dysregulation with chronic exposure to
AAS, which constitutes a further risk factor for lethal arryth-
mias and sudden cardiac death [29]. Life-threatening arryth-
mias require a trigger (e.g. myocardial ischemia caused by
coronary artery spasm) imposed on an arrhythmic substrate
(e.g. myocardial scar tissue) [30]. The arrhythmogenic pro-
cess can be further facilitated by modulating factors, e.g. au-
tonomic nervous system dysregulation. The triad of a trigger,
substrate and modulator, is sometimes known as Coumel’s
triangle of arrhythmogenesis [30]. Direct arrhythmogenic ef-
fects of AAS may include prolonged activation of repolariz-
ing potassium channels, and electrocardiographic risk mark-
ers for ventricular arrhythmias, e.g. prolonged QTc intervals
and QT dispersion, have been recognized in the presence of
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AAS abuse [31]. Since AAS are most often abused by athletes,
the distinction between so-called “athlete’s heart” (structur-
al and functional changes in response to a high frequency
and/or high intensity of training, e.g. myocardial hypertro-
phy), hypertrophic cardiomyopathy and AAS-induced car-
diomyopathy, is not always straightforward [14, 17, 18, 32].
Echocardiographically-derived left ventricular myocardial
work is a potential imaging biomarker with which to dis-
tinguish these entities.”? Subtle signs of cardiac dysfunction
have been documented in AAS abusers, e.g. impaired left
ventricular and left atrial speckle tracking strain [28, 33].
Interestingly, echocardiographic evidence for impaired left
atrial electromechanical function has been demonstrated
in persons who abuse AAS [34]. This is often a precursor to
atrial fibrillation, which may be a complication of AAS abuse
[34, 35].

4. “Designer” AAS

These steroid molecules were first synthesized some five
decades ago and evaluated in pre-clinical studies for their
anabolic and androgenic effects. While they are not approved
for clinical use, they are classified as prohibited substances by
the World Anti-Doping Agency (WADA) and are manufac-
tured exclusively for the dietary supplement “black” market.
Examples of such designer agents are prostanozol, meth-
asterone, andostatrienedione, 1-testosterone (dihydrobold-
enone), trenbolone enanthate, desoxymethyltestosterone,
tetrahydrogestrinone and methylstenboloneprostanozol, but



Fig. 2. Cardiac magnetic resonance. Steady-state free precession, short-axis image, demonstrating a dilated (65 mm) and hypertrophied (15 mm)
left ventricle in a patient who had been abusing anabolic-androgenic steroids (panel A). Late gadolinium enhancement in the inferolateral wall
(asterisk *) of the left ventricle in the same patient (panel B). Reproduced from Sivalokanathan et al. [14]

Puc. 2. MariutHo-pe3oHaHcHas Tomorpadus cepaua. CtaumoHapHas csobogHasi npeueccusi, usobpaxeHue no KOPOTKOW OCK, AEMOHCTPUPYIO-
Liee pacLUMpeHHbIN (65 MM) 1 runepTpodupoBaHHbIv (15 MM) NEBbLIN Xenygodek y nauueHTa, 3noynoTpebnssLuero aHabonumyeckuMm-aHaporeH-
HblMK cTepomaamu (naHenb A). MNo3gHee yBenuyeHne cogepkaHus ragonvHus B HUXKHenaTepanbHOW CTEHKe (3Be3404Ka *) NeBOro xenyaoyka y
TOro e nauueHTa (naHenb B). BocnponsseneHo no matepuanam Sivalokanathan et al. [14]

to date a multitude of such “designer” steroid molecules have
been detected in laboratories analyzing dietary supplements
[36]. Because these agents are not registered for therapeutic
use, little is known regarding their pharmacological actions
and safety profiles in humans. Should metabolites of these
“designer” steroids, however, be detected in an athlete’s urine,
doping infringement charges will more than likely ensue. The
potential cardiotoxic effects of these agents are assumed to be
similar to “classic” AAS.

5. AAS boosters

So-called “testosterone boosters” are products advertised
to ‘naturally’ increase testosterone levels. These supplements
typically contain numerous compounds, and include tong-
kat ali extract, horny goat weed, saw palmetto extract, boron
and nettle extract, amongst others [37]. In addition, some
testosterone boosters have been found to contain AAS [37].
Testosterone-boosters have not been adequately studied with
respect to their constituents, nor their effects in humans [37].
While some may increase testosterone levels, their safety and
efficacy have not been documented [38].

6. Data collection on AAS abuse

Attempting to study the cardiovascular toxicity of AAS is
limited by the fact that ethical and legal constraints prohibit
their administration in athletes, even for research purpos-
es. Accordingly, AAS preparations, dosage and duration of
abuse are based on athlete self-reporting. Additionally, the
majority of studies comprised cohorts of limited size and
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the majority of athletes consume combinations of different
substances (sometimes referred to as “stacking”), prohibited
or not, such that the registered effects cannot be attributed
to AAS with certainty [39]. Despite these limitations, the
results of 49 studies over the last 10 years in 1467 athletes
abusing AAS, clearly demonstrate an increased frequency of
coronary artery disease, arterial hypertension, myocardial
infarction, heart failure, arrhythmias and sudden cardiac
death [40].

7. Conclusions and future perspectives

Dietary supplement use among athletes to enhance per-
formance is proliferating rapidly as more individuals strive
to obtain a competitive edge. As a result, the concomitant use
of dietary supplements containing AAS of those falling in
the categories outlined in the current review, can also be ex-
pected to rise. A large variety of “classic AAS”, most of them
on the prohibited drug list of the WADA, are being produced
on commercial scales in illicit factories worldwide, audacious
marketing strategies are being employed by companies and
these supplements can be easily ordered via e.g. the internet
(“dark web”). It is also reasonable to expect that there will be
an increased availability in future of supplements containing
“designer” AAS.

On the counter side, ever-increasing sophisticated analyt-
ical methodologies are being used and developed to assay di-
etary supplement and urine samples in doping laboratories.
Chromatographic techniques, combined with mass spec-
trometry, leading to identification of molecular fragments
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and product ions, will assist in accurately identifying these
substances. In order to do so, large data banks of these chem-
ical entities will have to be compiled. To prevent accidental
doping, clear information regarding dietary supplements
must be provided to athletes, coaches and physicians at all
levels of competition. The risks of accidental doping via di-
etary supplement ingestion can be minimized by using “safe”
products listed on databases, e.g. such as those available in
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if the former test positive for prohibited substances not dis-
closed on the package label of supplements, it may constitute
a doping violation. We advocate for improved education of
the public at large regarding the potential for AAS to be in-
cluded in dietary supplements, as well as its regulation by the
appropriate authorities.
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