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Despite the high prevalence of performance-enhancing drug (PED) use, media attention has focused almost
entirely on PED use by elite athletes toiillicitly gain a competitive advantage in sports, and not on the health risks
of PEDs. There is a widespread misperception that PED use is safe or that adverse effects are manageable. In
reality, the vast majority of PED users are not athletes but rather nonathlete weightlifters, and the adverse
health effects of PED use are greatly underappreciated. This scientific statement synthesizes available infor-
mation on the medical consequences of PED use, identifies gaps in knowledge, and aims to focus the attention
of the medical community and policymakers on PED use as an important public health problem. PED users
frequently consume highly supraphysiologic doses of PEDs, combine them with other PEDs and/or other classical
drugs of abuse, and display additional associated risk factors. PED use has been linked to an increased risk of
death and a wide variety of cardiovascular, psychiatric, metabolic, endocrine, neurologic, infectious, hepatic, renal,
and musculoskeletal disorders. Because randomized trials cannot ethically duplicate the large doses of PEDs and the
many factors associated with PED use, we need observational studies to collect valid outcome data on the health risks
associated with PEDs. In addition, we need studies regarding the prevalence of PED use, the mechanisms by which
PEDs exert their adverse health effects, and the interactive effects of PEDs with sports injuries and other high-risk
behaviors. We also need randomized trials to assess therapeuticinterventions for treating the adverse effects of PEDs,
such asthe anabolic-androgen steroid withdrawal syndrome. Finally, we need to raise publicawareness of the serious

health consequences of PEDs. (Endocrine Reviews 35: 341-375, 2014)
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l. Introduction

The Endocrine Society’s Scientific Statement Task Force
(SSTF) deemed the medical consequences of perfor-
mance-enhancing drug (PED) use an important topic for a

Abbreviations: AAS, androgenic-anabolic steroid; CIR, *C/'%C ratio; CNS, central nervous
system; ESA, erythropoiesis-stimulating agent; GABA, y-aminobutyric acid; hGH, human
GH; HPT, hypothalamic-pituitary-testicular; MRSA, methicillin-resistant Staphylococcus
aureus; PED, performance-enhancing drug; P-1ll-NP, N-terminal propeptide of procollagen
type Ill; rhGH, recombinant hGH; SARM, selective androgen receptor modulator; SSTF,
Scientific Statement Task Force; T/E, testosterone to epitestosterone; VO,,,,, maximal
oxygen uptake; WADA, World Anti-Doping Agency.
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scientific statement. Despite the high prevalence of PED
use in the United States and in many other countries, most
media attention regarding PED use has focused on elite
athletes and the illicit competitive advantage they gain
from PEDs. Neither the medical community nor policy-
makers appreciate that most PED users are not competi-
tive athletes, but rather nonathlete weightlifters (some-
times referred to as recreational bodybuilders) (1, 2).
Indeed, many nonathlete weightlifters are not focused on
performance per se, but are primarily focused on personal
appearance, in that they simply want to look leaner and
more muscular. Therefore, more strictly, these agents
might be referred to as performance-enhancing and body-
image—enhancing drugs, although we will use the abbre-
viation PED for the sake of brevity throughout this man-
uscript. Moreover, there is widespread misperception that
PED use is safe or that the adverse effects are manageable,
when in fact the adverse health effects of PED use remain
understudied and underappreciated. Similarly, at a na-
tional policy level, the limited resources allocated to this
problem focus primarily on the detection and deterrence
of athletes using PEDs to gain a competitive advantage,
and not on the health concerns associated with PED use by
both athletes and nonathlete weightlifters. With at least 3
million PED users in the U.S. alone, PED use ranks ahead
of type 1 diabetes and HIV infection in prevalence, and yet
the resources allocated to address PED use as a public
health problem are negligible in comparison with these
diseases. This scientific statement aims to synthesize the
available information on the medical consequences of
PED use among nonathlete weightlifters, identify gaps in
our knowledge, and focus the attention of the medical
community and policymakers on PED use among nonath-
lete weightlifters as an important public health problem.
Clearly, this issue deserves substantially greater investiga-
tion of its prevalence, medical consequences, mechanisms,
prevention, and treatment than it has received to date.
Because androgenic-anabolic steroids (AASs) are the most
frequently used class of PEDs among athletes and non-
athlete weightlifters, this review has devoted greater space
and attention to the health consequences of AAS.

Il. Definitions

PEDs are pharmacologic agents that athletes and nonath-
lete weightlifters use to enhance performance. The term
doping refers to the use of PEDs in competitive sports. For
the purpose of this statement, we define nonathlete
weightlifters as individuals whose goal is to become leaner
and more muscular, often simply for personal appearance,
and not to participate in formal sports competitions.
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There are several categories of PEDs that are currently
popular among nonathlete weightlifters and athletes.
Lean mass builders, the most frequently used PEDs, are
generally promyogenic (anabolic) drugs that increase
muscle mass or reduce fat mass. By far the most prevalent
illicit drugs in this category are AASs, which are the pri-
mary focus of this report. Among nonathlete weightlifters,
the use of AASs represents a higher proportion of overall
PED use than that of all other categories of PEDs
combined.

Historically, the term AAS reflected the view that an-
drogenic and anabolic effects of androgens could be dis-
sociated and that, in comparison with testosterone, some
androgens were more anabolic than androgenic. In the
1980s, Dr Jean D. Wilson (3), citing the singularity of the
androgen receptor, suggested that androgenic and ana-
bolic activity of androgens could not be dissociated.
Therefore, he and others have argued that the term AAS is
a misnomer and should be abandoned (4).

However, a large body of data emerged in the late
1990s that revealed that the selectivity of androgen recep-
tor signaling could be mediated at multiple levels of the
steroid hormone interactome that encompasses (in addi-
tion to the androgen receptor) an interacting web of chap-
erone proteins, a repertoire of 300 or so coactivators and
corepressors, elements of the chromatin, effector proteins,
and transcription factors that bind specific regions of the
androgen-responsive genes (5-9).

Although the precise molecular mechanisms that me-
diate tissue-selective actions of selective androgen recep-
tor modulators (SARMs) are not fully characterized, a
growing body of evidence suggests that ligand specificity
can be imparted by the recruitment of a specific repertoire
of tissue-specific coactivators and corepressor proteins,
the variations in the level of expression of the coregulator
proteins in different tissues, the regulation of chromatin
remodeling, differential activation of signaling pathways
in the prostate vs the skeletal muscle, and differential sus-
ceptibility to the action of the steroid 5 a-reductase en-
zyme (6, 7, 10, 11). These landmark discoveries have re-
instated the view that multiple levels of the androgen
receptor interactome contribute to tissue-specific actions
of the androgen receptor ligands, and can be targeted to
achieve the desired tissue specificity. Indeed, a number of
SARMs have achieved relative differentiation of andro-
genic and anabolic activity, being preferentially more po-
tentin the muscle than in the prostate (5-9, 12, 13). Several
publications have described the mechanistic basis of tissue
specificity (5-13). This growing body of literature suggests
that despite the singularity of the androgen receptor pro-
tein, tissue selectivity of ligand action can be achieved.
Therefore, we decided to use the term AAS for this state-
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ment. Another reason for retaining the use of the term AAS
is that this term is widely used and understood by the
media, lay public, and policymakers.

In addition to AASs, nonathlete weightlifters and ath-
letes also use human GH (hGH) and IGF-1 because these
PEDs have recently become available on the black market
at reduced cost (14). Similarly, some nonathlete weight-
lifters use the hormone insulin for its potential anabolic
effects (15). Finally, some nonathlete weightlifters use
clenbuterol, a B-adrenergic agonist that is thought to pos-
sess possible anabolic properties. Clenbuterol and other
illegal stimulants, such as amphetamine, and some hor-
mones, such as thyroid hormones, also have thermogenic
(fat-burning) properties that make them popular among
nonathlete weightlifters.

Competitive athletes tend to use several other catego-
ries of PEDs in addition to AASs. For example, some com-
petitive bodybuilders use diuretics (eg, furosemide and
thiazides) to improve muscle definition onstage. Some
boxers or wrestlers use diuretics to reduce body weight so
they can compete in a lower weight class. Diuretics may
also dilute the urine, which can reduce the concentration
of the PED below the limit of detection. Blood boosters
(erythropoietins, other erythropoiesis-stimulating
agents [ESAs], and transfusions) increase endurance in
events such as cycling, long-distance running, and ski-
ing. Athletes also may combine AASs and erythropoi-
etins to train harder and recover faster. Masking drugs
reduce the ability to detect a banned substance. For
instance, epitestosterone can mask the detection of tes-
tosterone use. And tranquilizers (benzodiazepines and
opiates) reduce anxiety in events that require steady
nerves (such as archery), and opiates can mask pain
during competition.

Figure 1.
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The World Anti-Doping Agency (WADA), an interna-
tional agency that oversees the implementation of the an-
tidoping policies in all sports worldwide, maintains a list
of substances (drugs, supplements, etc,) that are banned
from use in all sports at all times, banned from use during
competition, or banned in specific sports (16). WADA’s
Anti-Doping Program is based on the WADA Code, a
universal document that contains comprehensive guide-
lines for best practices in international and national anti-
doping programs (17). WADA also publishes the doping
violation thresholds for banned substances.

I1l. The Process of Data Gathering and
Synthesis

The SSTF selected the chair (S.B.) of the statement devel-
opment group. The chair selected a 6-member expert
panel (approved by The Endocrine Society) with expertise
in the use and health consequences of PEDs. The expert
panel conducted its deliberations regarding the scientific
statement content through multiple teleconferences, writ-
ten correspondence, and a face-to-face meeting. All pan-
elists volunteered their time to prepare this Scientific State-
ment without any financial remuneration.

Three librarians associated with the writing team cre-
ated search sets for the major categories and topics that the
writing group prepared. These search sets included the
WADA prohibited substances (divided into each sub-
stance subgroup), illicit/performance enhancing/doping
terms, anatomy/organ/disease terms, detection/screening
terms, and epidemiology/risk terms.

Figure 1 provides an example of how these sets were
combined for each category of PEDs. We used these terms

S1 Androgens +
Anabolic Agent +

Terms*

S1 Androgens +
Anabolic Agent +

Terms*

S1 Androgens +
Anabolic Agent +

Terms*

lllicit/Performance Anatomy/Disease Results
Enhancing/Doping Terms

Terms + =
lllicit/Performance -

Enhancing/Doping Detect|9n/ Results
Terms + Screening Terms =
Illicit/Performance Epidemiology/ Results
Enhancing/Doping + Risk Terms —

Terms

Figure 1. An example of the combined search sets researchers used for each category of PEDs.
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to search the PubMed database for articles written in Eng-
lish or translated into English. We supplemented this by
searching the bibliographies of major review articles pub-
lished in these content areas. We also added to the refer-
ence list any additional references that were known to the
members of the writing group but did not appear in this
search. The expert panel reviewed and synthesized evi-
dence in their areas of expertise and prepared the Scientific
Statement. The SSTF, the Advocacy and Public Outreach
Core Committee, and the Council of The Endocrine So-
ciety reviewed the Scientific Statement. We incorporated
their comments into the final version.

The expert panel recognizes that randomized trials of
PED use in the doses that athletes and nonathletes typi-
cally use them (which may range up to several thousand
milligrams of testosterone or its equivalent per week) will
never be possible because of ethical concerns. Even if it
were possible to conduct randomized trials of PEDs, they
would be constrained by the inability to replicate the high-
risk behaviors, the multiplicity of PED and accessory drug
use, and the psychologic, genetic, and behavioral attri-
butes of actual PED users. No systematic prospective ob-
servational studies of PED users exist. Thus, most of the
evidence about the medical consequences of PED use has
emerged from case-control studies, case reports, and ret-
rospective surveys and, as such, is generally not of high
quality. Therefore, studies of PEDs in animal models pro-
vide important comparisons with the human data.

IV. Factors Contributing to the Limited
Appreciation of the Adverse Effects of PEDs

Given the high prevalence of PED use, and in particular the
high prevalence of AAS use (the largest category of illicit
PEDs), one might ask why their adverse effects are not
better understood and why policymakers have not allo-
cated more resources to investigate and mitigate the public
health impact of PEDs. Several factors may explain why
the issue of PED use and its adverse health effects has
remained neglected.

First, public attention is focused almost entirely on PED
use among elite athletes, with an emphasis on how these
drugs enable athletes to illicitly gain a competitive advan-
tage. Hence, there appears to be a widespread misconcep-
tion that PED use is primarily a phenomenon among a
small group of highly competitive elite athletes. This mis-
perception has distracted attention from the health risks
associated with PED use and the fact that PED use is not
limited to elite athletes but involves a much larger group
of nonathlete weightlifters. And although testing is a ma-
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jor preoccupation in athletics, it is virtually nonexistent
elsewhere, in part because of the high cost of PED testing.

Second, researchers cannot ethically conduct con-
trolled studies of the long-term adverse effects of PEDs in
normal volunteers, especially when using supraphysi-
ologic doses. Therefore, most of our knowledge comes
from studies of PED users in the field (supplemented with
studies in animals). These uncontrolled human studies are
subject to inherent methodologic limitations including se-
lection bias (eg, individuals experiencing adverse effects
may be more likely or less likely to present for study than
those without such effects), information bias (eg, individ-
uals are retrospectively reporting use of illicit drugs of
uncertain potency and authenticity, often used years be-
fore the time of index evaluation), and confounding vari-
ables (eg, PED users frequently consume a wide range of
other PEDs, frequently use classical drugs of abuse, and
may also display additional risk factors for diseases that
are associated with weightlifting (diet, use of needles, and
other aspects of their lifestyle).

Third, because widespread illicit PED use did not ap-
pear in the general population until the 1980s and 1990s,
the great majority of the world’s PED users are still under
the age of 50 today (18). As such, this relatively young
population has not reached the age of risk for a range of
diseases, such as cardiovascular problems, that typically
arise later in life. This likely explains why, to date, only
occasional case reports have highlighted acute medical
events and deaths associated with PEDs. And it’s likely
that some of the long-term effects of PEDs will only now
start to become visible as the older members of the PED-
using population reach the age of risk for these phenom-
ena. Therefore, current observations likely underestimate
the full magnitude of medical consequences of PEDs that
will become evident over the next 2 or 3 decades.

Fourth, PED use in the general population is usually
covert. PED use typically begins after the teenage years and
therefore evades scrutiny of parents or high school teach-
ers. Consequently, national surveys focusing on teenagers,
such as high school students, will underestimate the total
number of individuals who ultimately use PEDs, because
the great majority of such individuals initiate use after
their teenage years (19). Also, it has been our observation
that people are less apt to disclose PED use than other
forms of drug use, perhaps because doing so would ac-
knowledge that their physical prowess is largely due to
chemical enhancement (20, 21).

Fifth, PED users often do not trust physicians; in one
study, 56% of AAS users reported that they had never
disclosed their AAS use to any physician (21). Thus, phy-
sicians are often unaware of the prevalence of PED use

(22-24).
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Sixth, PED use rarely brings individuals to emergency
rooms, because the most widely used class of PEDs, AASs,
rarely precipitate a medical emergency comparable to an
overdose of alcohol or heroin. Thus, surveillance tech-
niques such as the Drug Abuse Warning Network (25) do
not capture AAS users. Collectively, these many factors
may conspire to keep nonathletic AAS use out of view, and
thus obscure the magnitude of this public health problem.

V. A History of PED Use

A recent report on the use of illegal PEDs in professional
baseball by Senator George Mitchell acknowledged the
widespread use of PEDs by athletes in the United States,
further emphasizing the fact that PED use is far more prev-
alent in the United States and the world than most are
willing to acknowledge (26).

The use of PEDs in sports is not a new phenomenon;
documentation exists of a variety of potions, plants, and
animal extracts that early Olympic athletes used to im-
prove performance in ancient Greece. Other reports have
reviewed this history in detail. Figure 2 provides a brief
timeline of the evolution of PED use from its beginnings in
modern professional sports to its much wider use by the
general population.

Long before the isolation and synthesis of testosterone
in the 1930s, Brown-Séquard and later Zoth and Pregl
recognized that testicular extracts could improve physical
and mental energy, as well as muscle strength (27-30).
Shortly after the successful synthesis of testosterone, Boje
(31) suggested that sex hormones might enhance physical
performance. The Germans allegedly administered AASs
to soldiers going into combat (32). The Germans also al-
legedly gave athletes testosterone in preparation for the
1936 Berlin Olympics (32). However, the most cited ex-
ample of systematic use of AASs in elite sports is that of the
Soviet weightlifting team in the 1952 and 1956 Olympics.
Dr John Ziegler, a physician associated with the U.S.
weightlifting team, learned about the use of AASs by the
Russian team at the weightlifting championships in Vi-
ennain 1954 (32, 33) and experimented with testosterone
on himself and other weightlifters in the York Barbell Club
in New York (33). AAS use, which had been exclusive to
strength-intensive sports, spread gradually to other sports
and to nonathlete weightlifting over the ensuing decades
(32, 33).

In particular, Ben Johnson’s positive test for stanozolol
at the Seoul Olympic Games in 1988 brought widespread
public attention to AASs. The most egregious example of
state-sponsored doping was uncovered in the former Ger-
man Democratic Republic after the fall of the Communist
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government in 1990 (34); classified documents revealed a
comprehensive secret state program to improve national
athletic performance using PEDs with the complicity of
the state and the sports medicine physicians. Recently, the
relentless glare of media limelight surrounding the detec-
tion of PED use by elite athletes such as Lyle Alzado, Mark
Maguire, Barry Bonds, Floyd Landis, Marion Jones, and
Lance Armstrong has added to the allure of PEDs and
contributed to the widely held misperception that PED use
is largely limited to elite athletes and is therefore not a
widespread public health problem.

Although officials have banned PEDs from Olympic
competition since 1967, and the International Olympic
Committee has prohibited AAS use since 19735, it was not
until 1991 that the U.S. Congress designated AASs as
Schedule III controlled substances. In 2004, the Anabolic
Steroid Control Act amended the Controlled Substances
Act and expanded its definition of anabolic steroids. The
new definition, which does not require proof of muscle
growth, identified 59 specific substances (including their
salts, esters, and ethers) as anabolic steroids and listed
them as Schedule III controlled substances.

Most of the PEDs that athletes and nonathlete weight-
lifters used before the 1990s were pharmacologic agents
approved for medicinal or veterinary use. By the 1990s,
various androgen precursors became available over the
counter as unregulated nutritional supplements. Andro-
gen precursors are either inactive or weak androgens that
the body converts into potent androgens. These include
naturally occurring precursors to testosterone such as
4-androstenediol, 5-androstenediol, 4-androstenedione,
and dehydroepiandrosterone as well as precursors to syn-
thetic AASs, including 4-norandrostenedione, 4-noran-
drostenediol, and 5-norandrostenediol, which the body
converts to nandrolone. The widespread, unregulated sale
of dietary supplements on the Internet has greatly in-
creased the number of anabolic steroids available. Of even
greater concern is the introduction of synthetic anabolic
steroids such as 17-desmethylstanozolol, methylclostebol,
and methyltrienolone into the market as dietary supple-
ments. A partial list of steroids contained in dietary sup-
plements can be found at www.supplement411.org. The
Steroid Control Act of 2004 banned most of these sub-
stances. However, we are now seeing novel synthetic de-
signer androgens, such as tetrahydrogestrinone (35, 36)
and madol (37). Because these designer steroids have not
undergone toxicologic or safety testing in humans or an-
imals, they potentially pose an even more serious health
risk than the more traditionally used AASs, which have
received some level of animal or human testing.
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Figure 2.

19135 - Testosterone first isolated by David et al.

1940’s - Widespread use of testosterone and other AAS to treat the
“male climacteric” and various medical conditions

19'62 - Mr.Olympia bodybuilding contest premieres

1970’s - Widespread dissemination of AAS throughout elite sports
i

1981 - First edition of the “Underground Steroid Handbook” published
i

1983 - Second, expanded edition of the “Underground
T Steroid Handbook” appears

1987 - In revised position stand, American College of Sports
Medicine concedes that AAS are effective for muscle gains

1989 - Monitoring the Future Study adds AAS to
T its annual high school questionnarie

1990’s - DEA enforcement largely eliminates domestic
illicit AAS production, but has little effect on
supply of AAS from overseas

1996 - “Gl Joe Extreme” action toy, with the equivalent
1 of a 26-inch bicep and a 55-inch chest, released

2000-Present - Increasingly frequent cases of elite athletes
exposed for using performance-enhancing drugs

20%3 - The World Anti-Doping Code first adopted

2005 - In letter to House Committee on Government Reform, GAO
T reports finding “hundreds” of websites selling AAS

2006 - Floyd Landis was stripped of his title after
testing positive for synthetic testosterone

2007 - Operation Raw Deal: DEA seizes 11.4 million
T dosage units of AAS in largest seizure ever

2008-present - News stories regarding use of AAS by military and by
private security contractors in Iraq and Afghanistan

1 News stories regarding use of AAS by law
2008-present - enforcement officers in many U.S. cities

20"I 2 - Lance Armstrong retroactively stripped of his titles
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Ruzicka and Butenandt - 1939
?

Russians use AAS for weightlifting - 1954
championships in Vienna

International Olympic Committee first bans AAS - 1968
and performs drug testing at Montréal games 1

American College of Sports Medicine publishes position - 1977
paper stating that AAS are ineffective for muscle gains

“Conan the Barbarian” and “Rambo” - 1982
released by Hollywood

Federal Anti-Drug Abuse Act of 1988 changes AAS - 1988
distribution from a misdemeanor to a felony T

Buckley and colleagues report that 6.6% of 1
12th-grade boys report use of AAS - 1988

The East German state-sponsored - Early 1990’s
doping program revealed

Anabolic Steroid Control Act of 1990 becomes law, - 1991
reclassifying AAS as Schedule Ill controlled substances t

WADA established by 10C - 19799

National Institute on Drug Abuse (NIDA) announces national - 2000
multimedia public education program on AAS T

Anabolic Steroid Control Act of 2004 signed into law, - 2004
expands list of prohibited AAS and urges increased penalties. T

Congressional hearings on use of AAS in - 2005
baseball and other aspects of AAS abuse T

Operation Gear Grinder: DEA targets eight Mexican 1
manufacturers estimated to sell $56,000,000 of AAS - 2005
annually in the United States

Mitchell report on AAS use in Major League - 2007
Baseball generates widespread publicity

WADA Code amended - 20{)9

Norwegian terrorist Anders Behring Breivik - 2011
describes use of steroids in preparation and
execution of mass murder of 77 people

PRESENT

Figure 2. An historical timeline of the evolution of image- and PED use.

VI. Epidemiology of PED Use

A. Age of onset

Although it is widely believed that AAS use is common
among teenagers, the great majority of AAS use begins
after the teenage years (Figure 3). Data on high school drug

use from the University of Michigan’s Monitoring the Fu-
ture study provides valuable information concerning the
youngest AAS users (38). As shown in Figure 3, some 2%
of American high school students report having used AAS
in the past 12 months. Although the annual prevalence
figures may well be inflated as a result of false-positive
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Figure 3.

USE
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% seeing ‘great risk’ in using once or twice
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20. Notably, the median age of onset
across all studies consistently fell
into the narrow range of 22 to 24

Percent
I
T

years. However, the actual median
age of onset is probably higher, be-
cause at the time of recruitment,
many study candidates had not com-
¥ 60 pleted the age range of risk for start-
ing AAS use.
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—80

—40

B. Prevalence of use
Although AAS use is widespread
in Western countries, the United
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DISAPPROVAL

% disapproving of using once or twice
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States appears to have the largest ab-
solute number of AAS users. This is
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steroids
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amphetamines

100 .. .
not surprising because the United

States is the most populous country
with substantial AAS use, and likely
the first country in which AAS use
began to spread from elite athletics
to the general population (18).

A recent study (19) based on data
from American surveys of school
and youth populations used mathe-
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Figure 3. The estimates of the prevalence of AASs, cocaine, heroin, and amphetamine use
among 12"-grade students from the Monitoring the Future study. The Monitoring the Future
survey question states, “Steroids, or anabolic steroids, are sometimes prescribed by doctors to
treat certain conditions. Some athletes, and others, have used them to try to increase muscle
development. On how many occasions (if any) have you taken steroids on your own—that is,
without a doctor telling you to take them?” The limitations of these data include the potential
for false positives from a respondent’s lack of understanding of the question as well as the
potential underestimation of the problem because AAS users do not begin using steroids until

they reach their early 20s.

responses to the steroid question, the data suggest that
AAS use may have declined since the year 2000 when the
media widely publicized adverse Congressional comments
regarding PED abuse. However, we cannot exclude the
possibility that this might not reflect a true decline in AAS
use, but rather a decline in false-positive responses as stu-
dents became better informed about AAS and hence less
likely to misinterpret the steroid question on the survey.

We have found 9 studies from the United States, Aus-
tralia, and the United Kingdom since the year 2000 that
provide at least some data on age of onset of AAS use.
These included 6 studies that evaluated AAS users in per-
son and 3 Internet surveys of AAS users (19).

In the largest Internet study, only 1 of 1955 male AAS
users (0.05%) reported starting AAS use before age 15,
and only 6% started before age 18 (39). In 5 other studies,
collectively evaluating 801 AAS users, only 12 (1.5%)
started before age 16, and 199 (24.8 %) started before age

matical models to generate estimates
of the lifetime prevalence of AAS use
in the United States (this value
should technically be called the cu-
mulative incidence, although the
term lifetime prevalence is generally
used in studies of substance abuse
and other psychiatric disorders). Im-
portant to note, this study took into
account the fact that anonymous
surveys of American high school stu-
dents almost always overestimate the prevalence of AAS
use because students erroneously answer that they have
used steroids when in fact they have used corticosteroids,
rather than actual AASs, or have used over-the-counter
supplements that the students incorrectly believe are ste-
roids (41). After adjusting for this source of bias and ap-
plying the mathematical models, the analysis produced an
estimate that 2.9 to 4.0 Americans have used an AAS at
some time in their lives.

The AAS users at greatest risk for adverse effects are likely
those who develop AAS dependence and accumulate many
years of AAS exposure. Therefore, this same study sought to
estimate the number of Americans who had experienced
AAS dependence. To do so, the investigators combined the
data from 10 studies that collectively diagnosed AAS depen-
dence in 1248 AAS users; we also included a recently pub-
lished paper that tabulates these studies (19, 42-51).
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Applying a random-effects model to these 10 studies,
the analysis yielded an estimate that 32.5% (95 % confer-
ence interval, 25.4%-39.7%) of AAS users develop AAS
dependence. Applying this proportion to the above esti-
mates of the overall American AAS-using population, it
follows that in the United States alone, about 1 million
men have experienced AAS dependence at some time. As
noted in the analysis, virtually all of these AAS-dependent
individuals are likely to be male, because only 2 of the 363
cases of AAS dependence found in the 10 pooled studies
described above were female. Thus, the lifetime prevalence
of AAS dependence in American men is likely in the same
general range as that of HIV infection or of type 1 diabetes,
both of which afflict fewer than 1 million American men
(52, 53).

The use of PEDs is not limited to the United States. High
rates have been consistently documented in Scandinavia
(54-59), Brazil (60, 61), and British Commonwealth
countries (62-65) and more recently in continental Eu-
rope (66—68). By contrast, AAS use is rare in East Asian
countries such as China, Korea, and Japan, perhaps be-
cause these cultures place less emphasis on male muscu-
larity, as explained in recent reports (69, 70).

C. The types and patterns of PED use

AASs are the most commonly used PEDs, with testos-
terone, boldenone, and trenbolone being the most fre-
quently detected drugs among illicit PED users in the
United States (Figure 4). Although boldenone is a veteri-
nary steroid not approved for human use, this fact has not
diminished its popularity among illicit AAS users. In the
small subgroup of PED users who are elite athletes,
WADA most commonly detects testosterone, stanozolol,
and nandrolone, and the highest prevalence of positive
tests occur in bodybuilding, power lifting, weightlifting,
boxing, and kickboxing.

PED users often combine multiple drugs, including
classical drugs of abuse such as opiates (71-75). Most AAS
users engage in high-intensity exercise to maximize ana-
bolic gains. The combined use of AAS and opiates enables
the user to continue training despite muscle and joint pain.
Inevitably, some individuals develop opioid dependence.
In particular, nalbuphine hydrochloride (Nubain) is pop-
ular among weightlifters (74) and is associated with other
substance abuse. Arvary and Pope (72) have suggested
that AAS could act as a gateway drug to opioid depen-
dence. In another study of 223 men entering a drug treat-
ment program, AAS use was considerably higher (25%)
among opioid users compared with men using other drugs
(5%) (75). In yet another recent study, 50% of dependent
AAS users met Diagnostic and Statistical Manual of Men-
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tal Disorders-IV criteria for a lifetime history of opioid
abuse or dependence as compared with 8 nondependent
AAS users (19%) and 5 nonusers (7%) (45). In 1 case
report of a man with AAS dependence, naloxone precip-
itated symptoms suggestive of opiate withdrawal, even
though the man denied using opiates (76). AASs may also
interact with heroin in accidental drug overdoses (73).

Recent studies increasingly suggest that the use of AASs
and other PEDs often occurs in conjunction with use of
multiple classical drugs of abuse (77, 78). PED users are
increasingly encountered in needle-exchange programs,
where they may sometimes represent most of the clientele
(79, 80).

AAS use has also been linked to alcohol use in humans
(81) and rats (82). Chronic AAS use may make rats sus-
ceptible for alcohol intake. Steroid-induced alterations in
opioid peptides in the brain reward system may explain the
increased sensitivity to alcohol (82). Other studies have
observed an imbalance in dopaminergic pathways in the
nucleus accumbens, a brain area involved in reward, lead-
ing to speculation that the alterations in the actual pepti-
dergic and monoaminergic systems promote the reward-
ing effects of ethanol, thereby increasing alcohol intake
(83). Additional studies have reported increased sensitiv-
ity to cocaine (84) and amphetamine (85) in rats exposed
to high doses of AAS. Thus, AASs may induce effects on
the brain reward system that may render individuals sus-
ceptible to other drugs of abuse.

Athletes and nonathlete weightlifters that use AASs
commonly combine different steroids (stacking) in cycles
of increasing and decreasing concentrations (pyramiding).
Most stacks will include both androgens and nonsteroidal
drugs. The latter are typically chosen to provide further
anabolic effects (hGH, IGF-1, and insulin), to counteract
negative side effects of AAS (aromatase inhibitors and es-
trogen receptor antagonists), to enhance fatand water loss
(diuretics, thyroid hormones, and B2-adrenergic receptor
agonists), to reactivate endogenous testosterone produc-
tion at the end of a cycle (gonadotropins), and to reduce
the risk of detection (diuretics and probenecid) (86, 87).

Side effects of these nonsteroidal drugs include head-
ache, nausea, nervousness, diarrhea, perspiration, hot
flushes, and bone pain (88). Athletes may add epitestos-
terone to normalize their testosterone to epitestosterone
(T/E) ratios, thus avoiding testosterone-use detection. Re-
searchers have not adequately investigated interactions of
AAS with nonsteroidal drugs.

D. Association of PED use with other high-risk behaviors
Athletes and nonathlete weightlifters that use PEDs of-
ten engage in other high-risk health behaviors. In addition
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Figure 4. The types of PEDs used by competitive athletes based on the WADA's 2011 testing data (A) and by nonathlete weightlifters from a
recently published study by Dr Pope (B). A, The types of PEDs used by competitive athletes based on WADA's 2011 testing data. B, The types of
PEDs used by nonathlete weighlifters. Because WADA tests only athletes participating in certain competitive sports events, the data in A do not
provide information about the frequency of use of various PEDs by nonathlete weightlifters. The distribution of AAS use by nonathlete
weightlifters shown in B differs substantially from that among athletes tested by WADA in A. Although testosterone, stanazolol, and nandrolone
were the AASs most frequently found in WADA's tests of athletes, testosterone, boldenone, trenbolone, and nandrolone were the AAS most

frequently found in nonathlete weightlifters (19).

to the risks associated with concomitant use of other drugs
such as alcohol and opiates with AASs (77), users of high
doses of AAS may be more susceptible to rage, antisocial
and violent behaviors, and suicidality. Sharing of needles
and other paraphernalia and unprotected sex may increase
the risk of infections such as hepatitis and HIV (89-93).
The use of PEDs, especially in conjunction with analgesics
or stimulants, may allow athletes to engage in extremely
high-intensity exercise, increasing the risk of musculosk-
eletal injuries.

VIl. Adverse Health Effects of PEDs

Because AASs, hGH, insulin, and erythropoietins are
the most frequently used PEDs, we address the medical
consequences of their use in detail below.

A. Androgenic-anabolic steroid

1. Clinical pharmacology
An androgen is a sex hormone that promotes the de-
velopment and maintenance of the male sex characteris-
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tics; testosterone is the principal secreted androgen in men.
Androgens have both androgenic (masculinizing) effects
(development of male secondary sex characteristics, in-
cluding hair growth) and anabolic effects (increase in skel-
etal muscle mass and strength). For decades, pharmaceu-
tical companies have attempted to develop androgens that
have preferential anabolic activity and reduced or no an-
drogenic activity; these compounds have been referred to
as anabolic steroids. Although some steroidal compounds
available to date are preferentially anabolic, most gener-
ally have both androgenic and anabolic effects. Therefore,
for the sake of uniformity and accuracy, we have used the
term AAS to describe these compounds that are structur-
ally related to testosterone, bind to androgen receptor, and
exert masculinizing as well as anabolic effects to varying
degrees. The literature uses a number of terms (anabolic
steroids, androgenic steroids, and androgens) to describe
these androgen derivatives.

Testosterone remains popular, both among elite ath-
letes and nonathlete weightlifters, because of its low price,
relatively ready access, and the challenges in distinguish-
ing exogenous from endogenous sources of testosterone.
Numerous AASs have been synthesized by structural mod-
ifications of the testosterone molecule (12, 94). These
structural modifications may alter the relative anabolic or
androgenic activity, the binding affinity for the androgen
receptor, coactivator recruitment, metabolic clearance,
susceptibility to presystemic metabolism, and aromatiza-
tion (12, 94).

Testosterone is metabolized rapidly in the body; how-
ever, esterification of the 17B-hydroxyl group renders the
molecule more hydrophobic. When these esters of testos-
terone (such as testosterone enanthate and cypionate) are
administered in an oily suspension, they are released very
slowly into the aqueous plasma because of their hydro-
phobicity. This extends their duration of action. These
esters are readily de-esterified to testosterone in the body.

Investigations of the structure-activity relationships
(Figure 5) have established that removal of the 19-methyl
group increases the anabolic activity; thus, 19-nortestos-
terone (nandrolone) is a potent AAS and a very popular
training drug that accounts for a large number of positive
tests (94). 7a-Alkyl substitutions of the 19-nortestoster-
one molecule may further increase the anabolic to andro-
genic activity. 17a-Alkyl substitutions render the mole-
cule resistant to degradation; thus, 17a-alkylated
androgens can be administered orally. Stanozololisa 17a-
alkylated androgen that can be taken orally or by injec-
tion. Orally administered 17a-alkylated androgens are
hepatotoxic. Stanozolol is also nonaromatizable. Other
substitutions in the steroid A ring may alter the suscepti-
bility of the steroid molecule to aromatization. A number
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of nonsteroidal SARMs, which display tissue-specific ac-
tivation of androgen signaling, are in development (8, 13).
Although the U.S. Food and Drug Administration has not
approved these novel nonsteroidal SARMs for clinical use,
some of them are already being sold illicitly on the
Internet.

Athletes and nonathlete weightlifters take AASs orally,
transdermally, or by im injection; however, the most pop-
ular mode is the im route. Oral preparations have a short
half-life and are taken daily, whereas injectable androgens
are typically used weekly or biweekly. A number of trans-
dermal testosterone preparations have become available
recently, but it is difficult to deliver large amounts of tes-
tosterone using the transdermal formulations. Users may
supplement their program of injections and pills with top-
ical gels to provide a constant low-level testosterone
supply.

The mechanisms by which AASs improve athletic per-
formance are not fully understood. Testosterone admin-
istration increases skeletal muscle mass (95-97) by induc-
ing the hypertrophy of both type 1 and 2 fibers (98);
testosterone does not change the absolute number or the
relative proportion of type 1 and 2 fibers (98). Testoster-
one administration increases the number of muscle pro-
genitor cells (satellite cells), which contribute to muscle
fiber hypertrophy (99). Testosterone promotes myogenic
differentiation of muscle progenitor cells (100, 101). Upon
binding to its cognate androgen receptor, the liganded
androgen receptor associates with B-catenin and other
proteins, and the complex translocates into the nucleus
where it binds transcription factor-4 and activates a num-
ber of Wnt target genes, including follistatin (100-102).
Follistatin blocks the effects of a number of TGF-8 family
members, including myostatin and activins, and plays an
essential role in mediating testosterone’s effects on myo-
genic differentiation (102). Most of the anabolic effects of
testosterone appear to be mediated through androgen re-
ceptor signaling. Testosterone stimulates circulating GH
and IGF-1, although circulating GH is not essential for
mediating testosterone’s effects on muscle mass (103).
However, im IGF-1 receptor signaling plays an important
role in mediating the effects of testosterone on myogenesis
(104). The conversion of testosterone to dihydrotestoster-
one by steroid Sa-reductase is not essential for mediating
its effects on the muscle (105).

Testosterone increases maximal voluntary strength and
leg power but does not increase specific force (104). Tes-
tosterone also promotes mitochondrial biogenesis and
quality control and increases net oxygen delivery to the
tissue by increasing red cell mass and tissue capillarity.
Testosterone also increases the circulating levels of 2,3-
biphosphoglycerate, which shifts the oxygen:hemoglobin
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Figure 5.

Figure 5. Structure-activity relationships of steroidal androgens. AAS compounds are derivatives of testosterone. Structural modifications of the
testosterone molecule based on rational structure-activity relationships have yielded numerous derivatives that differ in their affinity for the
androgen receptor, coactivator recruitment, susceptibility to presystemic metabolism, aromatization, metabolism and duration of action, and
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anabolic to androgenic activity. Novel orally active nonsteroidal SARMs are being developed for their clinical applications in sarcopenia associated

with aging and chronic illnesses, although these compounds have not yet been approved for any indication. These oral nonsteroidal SARMs are

not widely abused by nonathlete weightlifters because of their relative inaccessibility.
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curve to the left, thereby facilitating oxygen unloading
from oxyhemoglobin (HbO,) (106-108). The observa-
tions that testosterone improves neuromuscular transmis-
sion and upregulates acetyl cholinesterase expression in
the frog hind limb model (109, 110) have led to specula-
tion that testosterone may reduce reaction time, which
may contribute to improved performance in sprint events
or in sports requiring a high level of hand-eye coordina-
tion, such as baseball.

Testosterone administration may also affect mood and
motivation, which may indirectly affect athletic
performance.

2. Adverse effects

Adverse effects of AASs on several organ systems have
begun to emerge. Of particular concern are cardiovascular
effects, hematologic effects, psychiatric and neuropsycho-
logic effects, and hormonal and metabolic effects (Table
1). There are also a variety of apparently less frequent
effects on various other bodily tissues.

a. Cardiovascular effects. For decades, individual case re-
ports or small case series have described a variety of car-
diovascular effects, including cardiomyopathy (111-
116), myocardial infarction (117-127), cerebrovascular
accidents (128-130), conduction abnormalities (131-
134), and coagulation abnormalities (121, 135-139), in
known or suspected AAS users. Several recent reviews
have summarized these reports (115, 140-144). More re-
cently, larger controlled studies, using a variety of meth-
odologies, have supported these findings. In a recent post-
mortem pathologic study, comparing 87 deceased men
testing positive for AAS with 173 control men (145), AAS
users exhibited significantly greater cardiac mass even af-
ter adjusting for body mass, age, and history of trauma.
Another pathologic study (146) found ventricular hyper-
trophy, associated with fibrosis and myocytolysis, after
cardiac death in 4 AAS users. Recent conduction studies
have demonstrated decreased cardiac electrical stability
(147), abnormal tonic cardiac autonomic regulation
(148), and ventricular repolarization abnormalities in
AAS users (149); the last finding has also been demon-
strated in rats that received AAS (150). Perhaps most im-
portantly, numerous recent controlled studies (using echo-
cardiography [140, 151-157] or cardiac magnetic
resonance imaging [158] to compare AAS users with non—
AAS-using athletes and/or nonathletes) have demon-
strated cardiomyopathy in AAS users, characterized by
decreased ventricular ejection fractions and reduced dia-
stolic tissue velocities. One study also found decreased
aortic elasticity in AAS users (159). These changes may be
profound but may be at least partially reversible after AAS
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Table 1. Adverse Events Associated With Anabolic-
Androgenic Steroid Use?
Organ System/Effect Severity
Cardiovascular
Dyslipidemia, ++
atherosclerotic disease
Cardiomyopathy ++
Cardiac conduction +
abnormalities
Coagulation +
abnormalities
Polycythemia +
Hypertension +
Neuroendocrine (males)
HPT suppression, ++
hypogonadism from
AAS withdrawal
Gynecomastia +
Prostatic hypertrophy +/—
Prostate cancer +/—
Virilizing effects
Neuroendocrine (females) ++
Neuropsychiatric
Major mood disorders: ++
mania, hypomania,
depression
Aggression, violence +
AAS dependence ++
Neuronal apoptosis, +/—
cognitive deficits
Hepatic
Inflammatory and +
cholestatic effects
Peliosis hepatis (rare) +
Neoplasms (rare) +
Musculoskeletal
Premature epiphyseal +
closure (in adolescents,
rare)
Tendon rupture +
Kidney
Renal failure secondary +
to rhabdomyolysis
Focal segmental +
glomerulosclerosis
Neoplasms (rare) +/—
Immune +/—
Immunosuppressive
effects
Dermatologic
Acne +
Striae +

@ Severity is scored as follows: ++, well-recognized and probably of serious
concern; +, well-recognized but either less common or causing less serious
morbidity; +/—, possible risks whose relation to AAS use remains poorly
understood.

abstinence (160). However, loss of tissue elasticity appears
likely due at least in part to increased fibrotic content
resulting from direct AAS-induced cellular injury (146,
161) and hence may be irreversible.

In addition to their direct effects on cardiac tissue, AAS
cause dyslipidemia, characterized by decreased high-den-
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sity lipoprotein cholesterol (HDL-C) and increased low-
density lipoprotein cholesterol (LDL-C)—an established
risk profile for atherosclerotic disease (162, 163). This
effect is particularly associated with orally administered
17-a-alkylated AAS (162, 164, 165). One imaging study
of 14 professional weightlifters with long-term AAS ex-
posure found coronary-artery calcium scores much higher
than expected for men of comparable age (166). Athero-
sclerotic coronary disease may contribute to many of the
cases of myocardial or cerebral infarction reported in
young men with known or suspected AAS use (141, 143,
162,167).

b. Psychiatric effects in humans. Numerous field studies have
described psychiatric symptoms associated with illicit
AAS use, including major mood disorders (87, 168-170).
These psychological studies have included interview stud-
ies assessing psychiatric history in AAS users, on-drug vs
off-drug (51,171-173); comparisons of AAS users vs non-
users using interviews or psychological rating scales (47,
51, 174-180); and/or longitudinal assessments of AAS
users over intervals of AAS use vsintervals of nonexposure
(181-185). In general, these field studies have suggested
that some AAS users exhibit hypomanic or manic symp-
toms during AAS exposure (characterized by irritability,
aggressiveness, exaggerated self-confidence, hyperactiv-
ity, reckless behavior, and occasional psychotic symp-
toms) and depressive symptoms during AAS withdrawal
(characterized by depressed mood, loss of interest in usual
activities, hypersomnia, anorexia, loss of libido, and oc-
casional suicidality). However, these psychiatric effects
appear to be idiosyncratic, with a majority of users dis-
playing few such symptoms and only a small minority
showing severe or disabling symptoms. Tentative evidence
suggests that mood disorders are more common in indi-
viduals using higher doses of AAS, especially at levels
equivalent to more than 1000 mg of testosterone per week
(168, 186). However, there are no clear predictors of AAS-
induced psychiatric effects, and it appears that there are
wide variations in individual sensitivity to both androgen
excess (187, 188) and androgen withdrawal or depriva-
tion (189, 190). Certainly, psychosocial factors account
for many of the differences in psychiatric vulnerability
observed among AAS users (191-194). However, these
factors alone cannot fully explain the variation among
AAS users, because a similar variation has been observed
with blinded administration of supraphysiologic doses of
AAS to normal volunteers (87, 195) and also in the be-
havior of laboratory animals that were given AAS
(196-198).

Occasional field observations have also documented
strikingly aggressive or violent behavior in some AAS us-
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ers who had no history of such behaviors. These have
included cases of previously normal individuals commit-
ting murder or attempted murder (181, 199-201) or dis-
playing other uncharacteristically aggressive behavior
while using AASs (169, 202-204). Although the causal
relationships between AAS use and aggressive behaviors
may vary, and AASs are not necessarily the proximal trig-
ger to violence (205-210), the phenomenon of AAS-in-
duced aggression is sufficiently established that it likely
meets the American Daubert standard for admissibility as
legal testimony (179) (ie, it may be regarded by the court
as a phenomenon that is testable, subject to peer review
and publication, and generally accepted in the relevant
scientific community).

Although our discussion has involved primarily field
studies of illicit AAS users, some controlled laboratory
studies have also examined the psychiatric effects of AAS.
However, a majority of these studies have used a maxi-
mum dose of only 300 mg of testosterone enanthate or
equivalent per week (193, 211-216), a dose much lower
than generally self-administered by illicit users, who typ-
ically use at least 500 mg per week (2, 49, 51, 168, 217)
and often well over 1000 mg per week (2, 79, 168, 171,
172,182, 185). Thus, it is inappropriate to use these low-
dose laboratory studies to gauge the experience of illicit
users. However, there have now been 4 additional labo-
ratory studies that have assessed psychiatric symptoms in
individuals receiving the equivalent of at least 500 mg of
testosterone per week (95, 195, 218-220). Of 109 men
treated under blinded conditions in these studies, 5 (4.6 %)
displayed hypomanic or manic syndromes on AAS vs none
on placebo. These latter studies offer clear evidence for a
biologically mediated psychiatric effect of supraphysi-
ologic doses of AAS, although they still likely underesti-
mate the prevalence of such effects amongillicit users, who
may ingest much higher doses. Also, in human subjects,
studies have reported increased aggressive responsiveness
to provocation (221).

c. Bebavioral effects in preclinical models. Animal studies have
provided important insights into the specific neurochem-
ical changes and the mechanisms underlying the various
behaviors associated with AAS use. Many of the central
nervous system (CNS) effects and behaviors observed in
humans in association with AAS use at high doses are
related to brain circuits that function similarly in other
mammalian species. Indeed, several studies carried out in
animal models confirm that changes in defensive and of-
fensive aggression, dominant behavior, anxiety, and sen-
sitivity to other abused drugs often mimic what has been
observed in human subjects abusing AASs. For example,
AAS has been shown to increase the expression of opioid
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tolerance in mice (222). Although it is difficult to precisely
scale androgen doses from rodents to humans, when ad-
justed according to body surface area using the U.S. Fed-
eral Drug Administration guidelines (223), the doses
tested in animal studies (up to 7.5 mg/kg) appear to fall
within the range of human AAS use.

The effect of AAS on aggressive behavior has been stud-
ied extensively in many laboratories. A recent article re-
viewing the impact of AAS exposure on brain circuits cru-
cial for the expression of anxiety and aggressive behavior
compared these effects in relation to different classes of
AAS; the study examined potential signaling mechanisms
as well as aspects of their action in relation to age and sex
(224). The study revealed that these steroids induce pro-
found effects on aggression as well as the signaling mol-
ecules and receptors in pathways related to aggression.

The administration of testosterone propionate has been
shown to significantly increase aggressive behavior in cyn-
omolgus monkeys (225); similar observations were later
recorded in rodents. The type of aggression, which we
record in our experimental animal models, is character-
ized as defensive aggression, measured by means of spe-
cific approaches to provoke the animals. Chronic expo-
sure to testosterone has also been shown to increase male
aggressive response patterns without altering the male sex-
ual behavior or body weight (226). Additional studies
have confirmed that high doses of AASs could elicit ag-
gressive behavior in both rats and hamsters (82,227-230).
However, different steroids may exhibit different potency
in this regard (231, 232). Furthermore, AASs can induce
both offensive (229) and defensive behaviors (82, 228),
and various strains of rats exhibited different responses to
provocation (82, 228).

A variety of signaling pathways are involved in medi-
ating the effects of AASs on aggressive behaviors observed
inrodents. The brain pathways associated with aggression
include neural circuits that use signaling by excitatory
amino acid systems and monoaminergic and peptidergic
neurotransmitters. The changes within each neurotrans-
mitter system within different neural circuits are specific
for the type of AAS used. The key brain regions involved
in aggressive behavior include the anterior hypothalamus,
periaqueductal gray, and amygdaloid nuclei (particularly
the central and medial amygdala). For instance, a tachy-
kinin (substance P) pathway originating in the central
amygdala and innervating the hypothalamus and the peri-
aqueductal gray is activated in rats chronically treated
with supraphysiologic doses of AAS (233), whereas an
enkephalinergic pathway was downregulated. All these
events were consistent with increased sensitivity toward
provocation (82,233). AAS exert additional effects on the
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glutamate system, also known to be involved in aggressive
behavior (230, 234).

Another amino acid of interest with respect to aggres-
sive behavior is y-aminobutyric acid (GABA). AASs elicit
both acute modulation of GABA(A) receptor-mediated
currents and chronic regulation of the expression of the
GABA(A) receptor and forebrain GABAergic transmis-
sion (235).

The serotonergic system also may have an important
function in the control of the aggressive dominance in-
duced by AAS (236). The serotonergic 5-hydroxytrypta-
mine (SHT),, or SHT, receptors may play a role in the
mediation of emotional states and behavioral changes that
we see among human AAS users (237).

A role of dopaminergic pathways in AAS-induced ag-
gression has also been suggested. AAS exposure affects
dopamine receptors in brain areas included in the func-
tional anatomy of aggression (238, 239).

A typical feature seen in individuals taking steroids
seems to be a competitive and dominant behavior. Studies
have used experimental animal models to better under-
stand the relationship between and AAS use and compet-
itive behavior under various conditions. For instance, re-
searchers have studied competition and locomotor
activity response to a sedative dose of ethanol after AAS
exposure in rats (240). The rats treated with AASs exhib-
ited enhanced dominant behavior in the competition test
compared with controls. Ethanol did not affect the AAS
groups’ locomotor activity, whereas the controls showed
decreased locomotor activity. Also, AAS animals had sig-
nificantly lower levels of serotonin in basal forebrain and
dorsal striatum compared with controls. These results
have led to the hypothesis that AAS use may constitute a
risk factor for disinhibitory behavior, partly by affecting
the serotonergic system. An additional study on dominant
behavior assessed pair-housed male rats for dominance
status based on their behavior and alterations in body
weights (228). Throughout the study, the rats had limited
social interactions on a daily basis. After 1 week, rats re-
ceived nandrolone or placebo, and their behavior was ob-
served over 2 months. Dominant AAS-treated rats spent
more time on highly aggressive behaviors than the dom-
inant placebo-treated rats. In addition, the probability for
highly aggressive behaviors was maintained for the AAS-
treated rats throughout the study, whereas it was de-
creased for the placebo-treated rats. These observations
are similar to the relatively long-term behavioral changes
we see in humans after AAS use.

d. Dependence in humans. As noted above, it appears that
about 30% of AAS users may develop AAS dependence,
which in some instances may be part of a larger pattern of
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dependence on PEDs, involving additional agents such as
hGH and CNS stimulants (14, 86).

Unlike most dependence-inducing drugs, which typi-
cally deliver an immediate reward of intoxication, AASs
produce few intoxicating effects and are instead taken pri-
marily for the delayed reward of increased muscle mass
and decreased body fat. Despite these differences, AAS
dependence may nevertheless become a chronic and po-
tentially dangerous disorder. One group has suggested
that AAS dependence may develop via any or all of 3 dif-
ferent pathways, namely a body image pathway, a neu-
roendocrine pathway, and a hedonic pathway (241).

The body image pathway refers to the observation that
many individuals initiate AAS use because they exhibit
symptoms of muscle dysmorphia, a form of body dysmor-
phic disorder where individuals develop severe preoccu-
pations that they are not adequately muscular (242-246).

Muscle dysmorphia appears closely associated with
AAS use (247-252). Individuals with such concerns often
become extremely anxious if they stop AAS use and lose
even a little muscular size (45, 80, 241). Thus, they often
quickly resume AAS, which contributes to the AAS de-
pendence syndrome.

Neuroendocrine factors also contribute to AAS depen-
dence (253). Because exogenous AAS suppresses hypo-
thalamic-pituitary-testicular (HPT) function (254), users
will gradually develop suppressed testosterone levels and
may become hypogonadal upon discontinuation of AAS
use. Although illicit AAS users employ various techniques
to minimize hypogonadism associated with AAS with-
drawal (eg, self-administration of clomiphene and/or hu-
man chorionic gonadotropin at the end of a cycle of AAS
use) (255), many will display profound hypogonadism for
weeks or months after discontinuing use. The associated
symptoms of fatigue, loss of libido, and depression may
prompt some users to quickly resume using AAS to treat
these dysphoric symptoms.

e. Dependence in preclinical models. Finally, animal studies
have provided strong support for a third, hedonic pathway
to AAS dependence, likely mediated by nongenomic path-
ways via membrane receptors rather than by the classical
genomic effects of AASs. Reports that AAS abusers often
experience mental effects within 15 to 20 minutes of AAS
administration also favor the nongenomic effects through
membrane receptors rather than the classical androgen
receptor-mediated genomic effects. In fact, studies have
reported steroid binding sites on both GABA and the N-
methyl-p-aspartate neurons (256). Studies have also re-
ported interaction of AAS with o-receptors (257). The
function of these receptors remains poorly understood,
although there is some overlap with the opioid system
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(257, 258). These sites are recognized by neurosteroids
produced endogenously in the brain. AASs also may in-
teract with enzymes involved in neurosteroid metabolism,
thereby modulating the action of these neurosteroids,
which are known to produce effects on various behaviors
(256, 259).

Rats and mice display conditioned place preference to
testosterone (260-262), and male hamsters will self-ad-
minister testosterone to the point of death (263). AASs
enhance B-endorphin in the ventral tegmental area and
may thereby activate the brain reward system. Interest-
ingly, the opioid antagonist naltrexone can block testos-
terone self-administration in hamsters (263). These ob-
servations, combined with others, suggest that opioidergic
mechanisms may be involved in the hedonic pathway to
AAS dependence (157, 263).

f. Neurotoxicity. Recent evidence suggests that supraphysi-
ologic levels of testosterone and other AASs exhibit apo-
ptotic effects in a variety of cell types (161, 264-269),
including human neuronal cells (270). Two subsequent
studies have now also demonstrated neurotoxic effects of
supraphysiologic AAS in mammalian neuronal cells (271,
272). A recent animal study found spatial memory deficits,
as assessed by the Morris water maze, in rats after supra-
physiologic AAS exposure (273). Collectively, these find-
ings raise the ominous possibility that long-term users of
high-dose AAS might develop potentially irreversible cog-
nitive deficits (270, 271). In a pilot study exploring this
possibility among 31 AAS user and 13 nonuser weight-
lifters, one group of investigators found significant deficits
in visuospatial memory among AAS users as opposed to
nonusers; and within the AAS-users group, these deficits
were significantly associated with a total lifetime burden
of AAS exposure (79). Thus, the possibility of AAS-in-
duced neurotoxicity clearly demands further study.

g. Neuroendocrine effects. As mentioned above, AASs sup-
press HPT function (254, 274). When individuals stop
taking AASs after a lengthy course of use (ie, several
months or longer), HPT activity may be suppressed for
months (275), or years (276, 277); and some individuals
may never regain normal testosterone levels. Furthermore,
AAS may also produce direct toxic effects on the testis
(278), which may be irreversible, so that some AAS users
will continue to display primary hypogonadism even after
hypothalamic and pituitary functions have returned to
normal (279). Several case reports have described success-
ful treatment of AAS-induced hypogonadism with clomi-
phene (280, 281), human chorionic gonadotropin (277),
and/or human menopausal gonadotropin (277). How-
ever, case reports also have described failure with these
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interventions (279, 282). To date, we are not aware of any
systematic treatment studies in AAS-induced hypogonad-
ism. The suppression of pituitary LH and FSH secretion by
AAS can be associated with suppression of spermatogen-
esis and infertility in men and menstrual irregularity and
infertility in women.

b. Infectious complications. In addition to the direct adverse
effects of AAS, illicit users are vulnerable to infectious
complications associated with use of contaminated nee-
dles, contaminated products obtained on the black mar-
ket, or other risks associated with weightlifting and AAS
use. Although needle-sharing appears uncommon in mod-
ern American AAS users (91,217, 283), one recent Inter-
net survey found that 65 of 500 AAS users (13%) reported
unsafe needle practices, including needle sharing, needle
reuse, and sharing of multiple-dose vials. Moreover, re-
spondents to Internet surveys are likely better educated
and more affluent than the population of AAS users as a
whole (39, 87), so that Internet surveys likely underesti-
mate the prevalence of unsafe practices in the global pop-
ulation of AAS users. Thus, it is not surprising that the
literature has documented various infectious complica-
tions of AAS use, including the blood-borne pathogens,
HIV, hepatitis B, and hepatitis C, as well as skin and soft
tissue infections, most notably due to community-ac-
quired methicillin-resistant ~ Staphylococcus — aureus
(MRSA). The first report of HIV infection in an AAS user
surfaced nearly 30 years ago (284), and subsequent re-
ports in both the United States (285) and Europe (286)
have documented additional cases. AAS users have also
contracted hepatitis B and C (92, 287). The greatest risk
for transmission of HIV and other diseases in AAS users
appears to arise from needle sharing and other unsafe nee-
dle practices (90, 288). This is likely because of the fre-
quent use of injectable preparations, such as testosterone
and nandrolone, among long-term illicit AAS users.

However, unsafe needle practices represent only one
possible risk factor for HIV and other infections in AAS
users. For example, a study of homosexual men in London
gyms found that current AAS users were significantly
more likely than never-users to report unprotected anal
intercourse with partners of unknown serostatus, even in
analyses adjusting for potential confounders (289). Given
that AASs are widely used by homosexual men, both il-
licitly (93) and as prescribed treatments for the wasting
syndrome associated with HIV infection (290), there is a
clear opportunity for the spread of HIV both through nee-
dles and sexual practices. AAS users are also likely to have
spent time in prison (1, 201, 209, 210, 291, 292), and
prisoners, in turn, are well-documented to display an el-
evated risk for hepatitis and HIV (293-297).
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Studies have linked community-acquired MRSA colo-
nization and soft tissue infection with competitive sports
participants (298). Additional research has linked injec-
tion of drugs with community-acquired MRSA infection
(299). Studies have also reported soft tissue abscesses re-
lated to anabolic-steroid injections (300, 301).

i. Effects on other organ systems. AAS use is associated with
dose-related increases in hemoglobin and hematocrit, and
polycythemia is a frequent adverse event of AAS use (106,
302-306). Androgens stimulate erythropoiesis by increas-
ing sensitivity to erythropoietin, suppressing hepcidin
transcription, and increasing iron availability for eryth-
ropoiesis (304-306).

Muscular AAS users engaged in heavy weightlifting can
display rhabdomyolysis (307), sometimes with massive
elevations of serum creatine kinase levels (308 -311), lead-
ing to myoglobinemia, myoglobinuria, elevated creatinine
levels, decreased glomerular filtration rate (312), and the
occasional progression to acute renal failure (51, 308).
Notably, one recent case series has documented 10 cases
of focal segmental glomerulonephritis among frequent
AAS users (313).

AASs may occasionally cause hepatotoxicity, with con-
sequences including peliosis hepatis (an accumulation of
blood-filled cysts in the liver) (314-316), and various
types of hepatic tumors (316-322). Virtually all AAS-as-
sociated hepatotoxic effects are associated with orally ac-
tive 17a-alkylated AASs (321, 323-325). The frequency
of AAS-induced hepatotoxicity is likely overestimated,
however, because rhabdomyolysis from heavy workouts
can increase transaminases (307, 326), and this finding
may be erroneously interpreted as evidence of abnormal
liver function (327).

AASs may cause adverse musculoskeletal effects (328,
329), especially tendon rupture (329-337), attributable
both to the disproportionate strength of hypertrophied
muscles (338) and to possible deleterious effects of AAS on
the architecture of the tendons themselves (339-341).
AASs may affect the immune system (342), the lungs
(343), and possibly other organ systems (18) and might
cause acne (344), although knowledge in these areas re-
mains limited. Notably, there is little evidence of an asso-
ciation between AAS use and cancer, with the exception of
rare reports of hepatic cancers (322), intratesticular leio-
myosarcoma (345), and renal cell carcinoma (346, 347).
Conspicuous by their absence are reports of prostate can-
cer in AAS users. To date, there is no clear evidence that
androgen administration causes prostate cancer; we are
aware of only 2 case reports of prostate cancer in body-
builders, both published more than 20 years ago (348,
349). However, the possibility remains that high doses of
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AAS administered during the peripubertal period may ex-
ert long-term epigenetic effects and may increase the risk
of prostate-related events later in life. Given that older
AAS users (who started AAS use in their peripubertal years
in the 1980s) are just now entering the fifth decade of their
life, we may have more evidence regarding AAS use and
prostate cancer in the coming years.

3. Detection

Given the mounting evidence of adverse effects related
to PED use, there is strong justification for the need to
improve methods for detecting illicit PED use and elimi-
nating abuse by both athletes and nonathletes, despite oc-
casional arguments by some authors that PEDs be explic-
itly allowed in athletic competitions (350-352).

Some of the adverse effects seen in patients who use
AASs may include infertility, gynecomastia, sexual dys-
function, hair loss, acne, muscular appearance, and tes-
ticular atrophy. Some indicators that might suggest AAS
use are increased hemoglobin and hematocrit; suppressed
LH, FSH, and testosterone levels; low high-density lipo-
protein cholesterol, and low sperm density. Mass spec-
trometry-based tests (available in many commercial lab-
oratories) can detect AASs in urine. Testosterone abuse is
more difficult to detect, but high testosterone, in associ-
ation with suppressed LH and FSH levels, should raise
suspicion of testosterone abuse. A T/E ratio of more than
4 can confirm testosterone abuse, although it is rarely nec-
essary to check testosterone levels in the clinical setting.
Often direct questioning will result in an admission by a
patient that he or she is using AASs.

In 1982, Donike and coworkers (353) first reported a
method for detecting testosterone abuse. They based their
method on the fact that exogenously administered testos-
terone is predominantly excreted in the urine as the gluc-
uronide conjugate. By determining the T/E ratio, they
eliminated the influence of urine density variations. The
mode of the population distribution of T/E ratios is about
1:1, and early research suggested that ratios above 6:1
were linked to doping. WADA has decreased the ratio
consistent with doping to 4:1. In the early 1990s, intra-
individual biologic variability of the T/E ratio began to be
used in combination with population ranges to detect dop-
ing (354). Sottas et al (355) reported a predictive model
that compared the T/E ratio and other steroid concentra-
tions with previous results from individual athletes.

Genetic differences in testosterone metabolism can al-
ter the T/E ratio and result in a false-negative test (356).
Studies have linked deletion polymorphisms of uridine
diphospho-glucurosyl transferase 2B17 (UGT2B17) (the
major enzyme for testosterone glucuronidation) with sig-
nificantly lower T/E ratios (357). Because of the high fre-
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quency of this polymorphism among East Asian popula-
tions, the likelihood of a false-negative test is higher in
these populations than in Caucasian populations. Addi-
tionally, studies have shown variations in UGT2B17 copy
number, which may affect T/E ratios among populations
from Africa, Europe, and East Asia (358, 359).

A test based on gas chromatography/combustion/iso-
tope ratio mass spectrometry can detect the difference in
13C/'2C ratios (CIRs) in endogenous and exogenous tes-
tosterone (360). The CIRs for androsterone, etio-
cholanolone, 5a- and 5B-androstanediol, and testoster-
one are documented. As an internal reference, tests use an
endogenous steroid either upstream of the steroid of in-
terest or from another steroid pathway, such as pregnane-
diol. The difference between the CIRs of the 2 steroids
should be less than 3%. The use of the CIR in conjunction
with the steroid profile results can provide a definitive
answer about whether the athlete used a pharmaceutical
testosterone product or not.

The detection of synthetic anabolic steroids by gas
chromatography/mass spectrometry began in the mid
1980s (361-363). Use of either magnetic sector or or-
bitrap mass spectrometers in the high mass resolution
mode significantly decreased limits of detection and
lengthened the detection window (364). The emergence of
liquid chromatography/tandem mass spectrometry as a
routine testing tool has allowed researchers to analyze a
number of additional compounds, such as stanozolol
(365), tetrahydrogestrinone (35), and clenbuterol (366),
with much greater sensitivity.

B. Human GH

Human GH is a metabolic hormone in adults with fused
epiphyses of the long bones. Those with hGH deficiency
experience a loss of its anabolic and lipolytic activities,
which is characterized by decreased lean body mass and
increased fat mass with abdominal obesity, loss of bone
mineral density, diminution of muscle strength and aero-
bic capacity (maximal oxygen uptake [VO,,,..]), and re-
duced physical performance and quality of life, usually
noted as diminished well-being. Most of these findings of
hGH deficiency are reversed by recombinant hGH (rhGH)
replacement, although restoration may take months to a
few years and might not be complete (367). In addition to
rhGH, GH-releasing peptides, ghrelin mimetics, and other
growth factors are now available on the Internet, although
we do not have data on the prevalence of their use.

1. Clinical pharmacology

The GH gene cluster on chromosome 17q24.2 contains
5 GH-related genes consisting of 2 GH genes (GH-N and
GH-V) and 3 related chorionic somatomammotropin
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genes, also known as placental lactogen genes (368). The
pituitary GH-secreting cells express the GH-N gene,
whereas the placenta expresses GH-V and chorionic so-
matomammotropin genes (368). The rhGH produced for
therapeutic purpose is a 191-amino-acid, 22 129 molec-
ular weight, single-chain polypeptide, which is similar to
the product of the native GH-N gene, which makes de-
tection of GH doping challenging (356, 369). The pre-
dominant circulating form of GH secreted by the pituitary
is the 22K form often referred to as the 22K-GH (368).
Alternate splicing of the GH-N gene yields another GH
isoform, the 20K-GH variant, whose structure is similar to
that of the 22K-GH except for the deletion of the residues
32to46. Additionally, studies have described several post-
translationally modified monomeric GH isoforms and oli-
gomeric series of at least up to pentameric GH (355, 360).
Thus, in healthy adults, circulating endogenously pro-
duced GH exists in multiple isoforms, including 22K, 20K,
and other oligomeric and acidic GH isoforms; this heter-
ogeneity of isoforms distinguishes endogenous GH pro-
duction from exogenously derived GH, which yields only
a single 22K isoform (368, 369).

In GH-deficient adults, replacement therapy with
rhGH improves fat and protein metabolism, leading to a
partial reversal of these abnormalities but not complete
restoration to normal (367). The metabolic actions of
hGH also interact with those of insulin (and perhaps
IGF-1) to control fat. hGH enhances lipolysis and fatty
acid oxidation as well as carbohydrate and protein me-
tabolism during both the fasted and fed states. In the fasted
state, GH secretion increases and it partitions metabolic
fuels from fat by stimulating lipolysis and fatty acid oxi-
dation to provide energy to protect from catabolism. At
the whole-body level, GH suppresses glucose oxidation
and utilization while at the same time enhancing hepatic
glucose oxidation. GH also antagonizes insulin action,
promotes protein anabolism and the acquisition of lean
body mass, and reduces urea synthesis, blood urea con-
centration, and urinary urea excretion. In adults with GH
deficiency, rhGH replacement restores muscle strength to-
ward normal over several years, but even after 3 years, the
muscle strength in these persons is well below that of
healthy controls. Impaired exercise capacity in GH-defi-
cient individuals, as measured by the VO,,,., method, in-
creased virtually to the level in healthy controls after rhGH
replacement.

In healthy adults, hGH regulates all of the activities
mentioned above (protein anabolic effects), spares protein
oxidation, increases lean body mass (extracellular water
and body cell mass), and decreases fat mass (367). Despite
these changes in body composition, there is little evidence
that hGH in supraphysiologic doses affects physical per-
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formance (368, 370, 371). A systematic review of ran-
domized trials concluded that although GH increases lean
body mass, it may not improve strength (370). The sys-
tematic review seemed to indicate that hGH may in fact
decrease exercise capacity and may be associated with ad-
verse events (370). Birzniece and colleagues (372) sum-
marized the data, noting that the scientific literature does
not support claims that hGH administration enhances
physical performance, but there is some evidence regard-
ing the effects of hGH on some athletic performance out-
comes, such as anaerobic capacity. Only a few studies have
shown positive effects on athletic performance (373-375).
The first was a study of abstinent anabolic steroid-depen-
dent competitive athletes who were likely in a mild cata-
bolic state (373). The second was a study of recreational
athletes who received a combination of a modest dose of
rhGH and moderately supraphysiologic doses of testos-
terone in a controlled trial (374). This study showed that
rhGH administration was associated with improvement in
sprint capacity in those receiving the combination of
drugs, but the increases in sprint capacity were not sus-
tained 6 weeks after discontinuation of the drug (374).
Although results might show only a small decrease in time
to complete the sprint event, these seemingly minor dif-
ferences may be crucial in elite athletic competitions. The
anabolic effects observed with the doses of rhGH use in
randomized trials may not fully reflect those that might be
associated with the massive doses and combinations used
in the real world. Furthermore, PED users typically take
cocktails of PEDs often in high doses, and thus few state-
ments can be made implicating the effect of one or another
pure agent, especially at low doses. However, the lack of
experimental evidence does not necessarily diminish the
allure of hGH for athletes. The expectation that supras-
physiologic levels of hGH (or IGF-1) might increase an
individual’s athletic performance is enough to encourage
use. Even if the administration of rhGH does not increase
athletic performance, some elite athletes may take it to
purportedly recover more rapidly (eg, from soft tissue
damage) and allow for more vigorous training.

2. Adverse effects

There are no systematic studies of the adverse effects of
GH use. Therefore, most of the information is anecdotal,
and these reports are often confounded by concurrent use
of other PEDs, especially AASs. The likely adverse effects
include edema, excessive sweating, myalgias and arthral-
gias, carpal tunnel syndrome, and diabetes (Table 2).
Much of the information about potential adverse effects of
rhGH use in supraphysiologic doses has been inferred
from the studies of patients with acromegaly, a disease of
excessive GH production with elevated GH levels at all
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Table 2. Adverse Events Associated With rhGH Use?®

Organ System/Effect Severity
Cardiovascular

Cardiomyopathy ++

Heart failure +

Hypertension +
Metabolic: diabetes ++
Dermatologic

Excessive seating +

Coarsening of skin +
Musculoskeletal

Acral enlargement +

Carpal tunnel syndrome +

Osteoarthritis +
Other: increased risk of cancers +/—=

@ Severity is scored as follows: ++, well-recognized and probably of serious
concern; +, well-recognized but either less common or causing less serious
morbidity; +/—, possible risks whose relation to AAS use remains poorly
understood.

times (usually for many years). GH excess in patients with
acromegaly is characterized by acral enlargement, exces-
sive sweating, hypertension, congestive heart failure, car-
diomyopathy, sleep apnea, arthropathy, carpal tunnel
syndrome, increased insulin resistance, neuropathy, dia-
betes, and increased mortality (376). Retrospective anal-
yses of patients with acromegaly have suggested increased
frequency of benign and malignant neoplasms (377-
380).Thyroid nodules and cancers, colonic polyps and
cancers, and endometrial and cervical cancers are the most
frequently reported neoplasms in patients with acromeg-
aly (377-380).

3. Detection

Two tests have been developed for the detection of
rhGH: a direct method that measures variants of GH pro-
duced by the pituitary gland (381) and a biomarkers
method based on the GH-induced release of IGF-1 and the
N-terminal propeptide of procollagen type III (P-III-NP)
(382, 383). In the variants or isoforms test, one immuno-
assay detects primarily pituitary isoforms of GH including
the 22-kDa isoform, oligomers of the 22-kDa isoform, and
some other isoforms. The second immunoassay primarily
detects the monomeric 22-kDa GH found in rthGH prep-
arations. When a subject receives GH, it increases the con-
centration measured by the second assay and suppresses
the pituitary forms, decreasing the concentration. The re-
sult is a dramatic increase in the ratio of the 2 assays (re-
combinant/pituitary). The main limitation of any direct
GH test is the short serum half-life of GH, which limits the
detection window to less than 24 hours.

The biomarkers test is based on a score calculated from
the age of the athlete, the IGF-1 concentration, and the
P-III-NP concentration (384). By combining the 2 tests,
one can correctly classify subjects who had received GH
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from normal subjects for a period of at least 7 to 10 days.
We can measure the concentration of IGF-1 by immuno-
assay and, more recently, by liquid chromatography tan-
dem mass spectrometry. The P-III-NP is measured by im-
munoassay and can stay elevated for several weeks even
after discontinuation of rhGH use (385).

C. Insulin

Insulin is purportedly a PED, but most information on
illicit insulin use is anecdotal. Athletes and nonathletes
often use it after heavy workouts to enhance recovery. It
is popular because it is cheap and available. The ingestion
of glucose is vital to this type of doping, given the glucose-
lowering action of insulin, especially in those with normal
tissue insulin sensitivity. The rationale of injecting insulin
as a PED relates to its mediation of increases in the trans-
port of glucose and amino acids into skeletal muscle and
its effects on muscle fibers. By infusing insulin along with
stable isotopes of glucose and amino acids into human
muscle (quadriceps), Biolo and coworkers (386) were able
to demonstrate an approximately 70% increase in the
fractional synthetic rate of muscle protein. They also re-
ported a decrease in the concentrations of the essential
amino acids, implicating incorporation into the muscle
fiber. There was little effect on protein breakdown. The
investigators concluded that insulin promoted muscle
anabolism primarily by stimulating protein synthesis in-
dependently of any effect on the transmembrane transport
of glucose or amino acids.

Insulin use also accelerates lipogenesis, inhibiting the
release of free fatty acids (a muscle fuel); this is especially
significant for endurance athletes. However, athletes can
gain additional weight (adipose tissue as well), which
could be detrimental to performance in many sports, es-
pecially those separated into weight classes.

D. Erythropoiesis-stimulating agents

1. Clinical pharmacology
a. Erythropoietins. Erythropoietin is a glycoprotein hor-
mone that regulates red cell production. It is produced by
the peritubular interstitial fibroblasts of the kidney and the
perisinusoidal cells in the liver. In adults, the kidneys are
the dominant source of circulating erythropoietin, al-
though the liver is an important contributor to erythro-
poietin production in the fetal and perinatal period.
Erythropoietin stimulates erythropoiesis by binding to
specific receptors on the surface of red cell progenitors,
activating the Janus kinase 2 signaling pathway, and pro-
moting the survival of these progenitors. Erythropoietin
receptors are expressed maximally on colony-forming
units (erythroid [CFU-E] cells) and regulate further dif-
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ferentiation of these cells. The burst-forming units (ery-
throid [BFU-E]), proerthyroblasts, and basophilic eryth-
roblasts also express erythropoietin receptors. In addition
to its effects on erythropoiesis, erythropoietin also plays a
role in wound healing, angiogenesis, and the brain’s re-
sponse to hypoxic injury.

Recombinant erythropoietins are effective in treating
anemia associated with chronic kidney disease, myelodys-
plasia, cancer, and chemotherapy. ESAs include the re-
combinanterythropoietins and other agents that stimulate
erythropoiesis.

ESA use is most prevalent in endurance sports, such as
distance running, cycling, race-walking, cross-country
skiing, biathlons, and triathlons (387). ESAs increase net
oxygen delivery to the muscle by increasing red cell mass
(VO,,ax) and thereby improving endurance. ESA use in
cycling started around 1990 and became widespread by
1998. A number of elite cyclists in the Tour de France,
including Floyd Landis and Lance Armstrong, have ad-
mitted to using PEDs including erythropoietin. A number
of antidoping activists, Greg LeMond, Sandro Donati, etc,
have documented the widespread use of ESAs in profes-
sional cycling.

2. Adverse effects

Erythropoietins increase red cell mass and plasma vis-
cosity and thereby augment the risk of thrombosis, car-
diovascular events, and stroke (Table 3). Although there
has been considerable media speculation that erythropoi-
etin could have been implicated in the deaths of as many
as 18 European professional bicycle racers between 1987
and 1991, there is no forensic documentation from veri-
fiable sources substantiating this claim (388, 389). Meta-
analyses of randomized trials in patients with cancer and
in those with end-stage renal disease have revealed an in-
creased risk of mortality, thromboembolic events, cardio-
vascular events (including myocardial infarction and
stroke), and hypertension.

3. Detection
Since the 2000 Olympics, WADA has used a combina-
tion of biochemical and hematologic tests to detect re-

Table 3. Adverse Events Associated With
Erythropoietin Use®

Adverse Event Severity
Thromboembolic events ++
Increased risk of stroke ++
Increased risk of cardiovascular events ++
Hypertension +
Increased risk of death +++

Severity is scored as follows: +, mild to moderate; ++, potentially severe and
life-threatening; +++, very severe.
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combinant erythropoietin. The biochemical tests on urine
are based on the differences in the electrophoretic mobility
of recombinant erythropoietin and endogenous human
erythropoietin, reflecting differences in glycosylation pat-
terns and the isoelectric point. An isoelectric focusing
method separates the isoforms of erythropoietin, which
are detected using double immunoblotting chemiluminis-
cence (390, 391). The test is quite sensitive and can detect
about 10 pg/mL of erythropoietin in the urine. The iso-
electric point for each erythropoietin glycoform is deter-
mined by the presence of charged groups on the carbohy-
drate moieties. The carbohydrate of recombinant
erythropoietin, expressed from Chinese hamster ovary or
baby hamster kidney cells, is different from that expressed
in human kidney cells (392).

Reichel et al (393) has reported a n SDS-PAGE method
for detecting erythropoietin that also uses double immu-
noblotting chemiluminiscence. The method separates the
erythropoietin glycoforms on the basis of their hydrody-
namic volume. Chemiluminiscence produces a single
broad band; the position of the band is relatively sensitive
to the carbohydrate content of the erythropoietin (392).

Recent studies have reported that a membrane-assisted
isoform immunoassay test has excellent sensitivity (394,
395). Because this test is performed on a membrane sup-
port, we can use either antibodies or lectins that separate
various glycoforms in conjunction with the immune de-
tection to assess whether the erythropoietin is native or
recombinant.

However, the test may be negative if the sample is col-
lected after 3 or 4 days of erythropoietin use, especially
after administration of low doses. New models that also
incorporate the measurement of hemoglobin, erythropoi-
etin levels, and soluble transferrin receptor levels provide
greater sensitivity, especially in users who may have taken
small or moderate doses of recombinant erythropoietin
several days or weeks before the test. Direct detection of
blood transfusions and ESAs (erythropoietin, novel eryth-
ropoiesis stimulating protein darbepoetin alpha, and con-
tinuous erythropoietin receptor activator) is often
difficult. Therefore, there’s a growing trend toward mon-
itoring biomarkers of erythropoiesis (hemoglobin, hemat-
ocrit, and reticulocytes) over time (for an individual ath-
lete) and analyzing these data using analytical models to
identify patterns suggestive of doping (396). This type of
monitoring is referred to as the Athlete Biological Pass-
port. With this information, athletes can either be sanc-
tioned directly based on their profile or targeted with con-
ventional doping tests. Both the International Cycling
Union and other federations that have implemented the
Passport to target athletes for the presence of ESAs have
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reported a reduction of blood doping among their athletes
(397).

Studies are also exploring the excretion of plasticizers
as indicators of autologous blood transfusion (398, 399).

VIII. The Interactive Effects of PEDs and Sports
Injury

PEDs have potential not only for direct medical conse-
quences but also for exacerbating other conditions. As
previously stated, PEDs, especially when used in combi-
nation with other analgesics such as opiates and nonsteroi-
dal anti-inflammatory drugs, may allow the athletes to
engage in extremely intensive training exercises even in the
face of previous injury, thus greatly increasing the risk of
musculoskeletal injury.

Another concern relates to the possible interaction of
AASs with CNS injuries, including traumatic brain injury
and posttraumatic stress disorder. In recent years, clinical,
scientific, and public attention has focused on the chronic
neurologic and behavioral effects of head injuries in foot-
ball players and soldiers (400). These may represent the
accumulated effects of repeated mild head trauma (in foot-
ball players) or the lasting response to blast exposure (in
soldiers). Unfortunately, we lack substantial clinical or
basic science evidence to address this issue. Although the
armed forces monitor blast injuries, they do not routinely
test troops for AAS use (401). Conversely, sports federa-
tions may test players for AAS but lack comparable data
on concussive injuries.

Basic science has also largely overlooked the potential
interaction of AASs and traumatic brain injury. For many
neurologic conditions, estrogen is neuroprotective in fe-
males (402). This is particularly true for response to hy-
poxic-ischemic brain damage, as occurs with stroke.
Whether testosterone at physiologic levels reduces or ex-
acerbates neuronal injury in males remains unresolved
(403). One emerging hypothesis is that endogenous an-
drogens may be harmful during the acute phase of isch-
emic brain injury but can have beneficial effects during
recovery. Even so, it is unclear how this may translate to
the elevated levels of androgens characteristic of AAS use.
Under these circumstances, the cellular targets and mech-
anisms of action may be substantially different from the
effects at normal physiologic levels.

IX. Gene Doping

Gene doping refers to the use of nucleic acid sequences
(delivered either as naked DNA or through viral vectors)
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and/or normal or genetically modified cells to enhance
sports performance (385, 404, 405). Gene doping has not
been detected in any sports event to date, although many
experts have predicted that gene doping will become a
reality in the near future (385, 404-408). Currently, it
remains a theoretical but plausible threat in competitive
sports, but because of its complexity and expense, gene
doping is unlikely to be easily accessible to nonathlete
weightlifters or to become a major public health problem
in the near future.

The conceptual and technological framework of gene
therapy in humans has largely been developed in heredi-
tary diseases and some types of cancer (409, 410). The
methods used to deliver genetic material include the naked
DNA, viral vectors, and genetically modified stem cells.
Viral vectors are the most frequently used approach for
delivery of genetic material (385,404 -407). Applying an-
tisense RNA sequences or inhibitory RNAs, blocking
splicing recognition sequences, or using exon skipping can
also modify gene expression. The approved gene therapies
include alipogene tiparvovec for the treatment of lipopro-
tein lipase deficiency and recombinant human adenovirus-
p353 to inhibit cancer cell growth (409, 410). Gene therapy
has also shown promise in SCID-X1, Leber’s congenital
amaurosis, and some forms of muscular dystrophies. De-
spite its enormous promise, the progress in the gene ther-
apy field has lagged substantially behind the early expec-
tations because of technological and safety issues.

A number of genes have been considered as candidates
for doping, including erythropoietin, IGF-1, hGH, fol-
listatin, myostatin, androgen receptor, peroxisome pro-
liferator-activated receptor-9, a-actinin 3, cytosolic phos-
phoenolpyruvate carboxykinase, vascular endothelial
growth factor, fibroblast growth factor, and endorphin
and encephalin (385, 404, 405). In early trials in rhesus
macaques, gene therapy with the erythropoietin gene was
associated with the development of severe polycythemia,
hyperviscosity, and autoimmunity (411-413). Subse-
quent studies have reported long-term regulated expres-
sion of erythropoietin in mice and macaques (411-413).
Transgenic mice with lifelong hyperexpression of IGF-1
exhibit larger muscle mass but have substantially short-
ened lifespan (414, 415). Studies have explored a number
of strategies to inhibit myostatin, including the expression
of myostatin propeptide, which blocks myostatin action;
the expression of follistatin, which inhibits the action of
myostatin and other TGFB family members; or the hyper-
expression of a modified myostatin gene, which lacks a
cleavage site in the myostatin protein, resulting in reduced
production of active myostatin protein (416-419).

In addition to the methodologic problems that have
limited the success of gene therapy to date (such as limited
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expression of the recombinant protein and gene silencing),
many safety issues remain to be resolved (385, 404-408).
These safety concerns include immune reactions to the
vector proteins or to the recombinant protein itself; the
viral vector integrating with host genome in an unpredict-
able manner; the viral vector integrating with tumor sup-
pressor genes, which could increase the risk of cancers; the
unregulated hyperexpression of the recombinant protein
(eg, IGF-1), which could pose serious health problems,
especially as users get older; and the genetic material trans-
fecting the germ cells and transmitting to the offspring.
Currently, there are no WADA-approved methods for the
detection of gene doping. However, researchers are devel-
oping novel technologies to detect gene doping based on
structural differences in the transgene or differences in the
posttranslational modifications of the recombinant pro-
teins (40, 421, 422).

X. Gaps in Our Knowledge

The long-term adverse consequences of PED use remain
inadequately studied (Table 4). Uncontrolled studies, ret-
rospective reviews, and case reports indicate that PED use
is associated with serious health consequences including
the increased risk of death as well as the risk of cardio-
vascular, psychiatric, metabolic, endocrine, neurologic,
infectious, hepatic, renal, and musculoskeletal disorders.
To date, no systematic prospective studies of the medical
consequences of PED use exist. Widespread misperception
that PEDs are safe or associated with manageable adverse
effects has contributed to their growing use and to a sub-
stantial neglect of PED use as a serious public health prob-
lem. Therefore, long-term observational studies to deter-
mine the health risks associated with PED use are a public
health imperative. Randomized trials would be both un-
ethical and inappropriate for studying the adverse health
effects of PEDs, because such trials cannot be ethically
designed with safety as a primary endpoint. Furthermore,
such hypothetical trials could not duplicate the highly su-
praphysiologic doses of PEDs or long durations of PED
exposure experienced by illicit users, nor could such trials
recreate the lifestyle factors and other high-risk behaviors
associated with PED use. Thus, an observational study
design, implemented by establishing a registry, may not
only provide better evidence than randomized trials but
may be the only feasible method of collecting scientifically
meaningful and valid outcome data for this form of illicit
substance use. There is an urgent need to establish such
long-term prospective studies and registries.

PED use appears to be far more prevalent than is gen-
erally believed and is widespread among nonathlete
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Table 4. The Gaps in Our Knowledge and the
Recommendations of the Panel

Gaps in Our Knowledge: Unmet Need Recommendation

There is a lack of prospective, systematically
gathered data on the long-term adverse
health effects of PED use.

Establish prospective
observational
cohort studies
(registries) to
determine the
long-term health
effects of PED use.

There is a lack of reliable and current Establish
epidemiological data on the frequency of epidemiologic
PED use among the general population. surveys to

determine the
prevalence of PED
use in the general
population.

Perform human and
animal studies to
determine the
mechanisms by
which PEDs exert
their adverse
effects on the
health of users.

Conduct randomized
trials of various
therapeutic
strategies (such as
estrogen receptor
antagonists,
aromatase
inhibitors, or opiate
antagonists) to
treat AAS
withdrawal
syndrome and to
treat the
complications of
PED use.

The mechanisms by which PEDs exert their
adverse health effects remain poorly
understood.

There are no randomized trials of therapies to
treat or prevent the complications of PED
use, especially strategies to treat AAS
withdrawal syndrome, which is an important
contributor to AAS dependence and
continued use.

weightlifters. Therefore, epidemiologic surveys to deter-
mine the prevalence of PED use and the evolving patterns
of PED use in the general adult population are an equally
important priority.

The mechanisms by which PEDs exert their adverse
health effects also remain unclear and need further inves-
tigation. Animal models may be particularly useful in
studying the mechanistic pathways that contribute to the
adverse effects of PEDs. An understanding of these mech-
anistic pathways may unveil targets for therapeutic
intervention.

AAS withdrawal is another issue that needs further in-
vestigation. When AAS users stop taking steroids, they
often experience distressing symptoms associated with a
suppressed HPT axis. There are no data from intervention
trials of therapeutic modalities (eg, estrogen receptor an-
tagonists, aromatase inhibitors, and opiate antagonists) to
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mitigate the AAS withdrawal syndrome and facilitate re-
covery of the HPT axis. Therefore, therapeutic trials to
treat the AAS withdrawal syndrome are equally
important.

We also need to further investigate the interactive ef-
fects of PEDs with sports injuries and other high-risk be-
haviors as well as innovative approaches to enhance public
awareness of the serious health consequences of PEDs.
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