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Abstract

Doping in sport is a widespread problem not just among elite athletes, but even more so

in recreational sports. In scientific literature, major emphasis is placed on doping

detection, whereas detrimental effects of doping agents on athletes’ health are seldom

discussed. Androgenic anabolic steroids are well known for their positive effects on

muscle mass and strength. Human growth hormone also increases muscle mass,

although the majority of that is an increase in extracellular fluid and not the functional

muscle mass. In recreational athletes, growth hormone does not have major effect on

muscle strength, power or aerobic capacity, but stimulates anaerobic exercise capacity.

Erythropoietin administration increases oxygen-carrying capacity of blood improving

endurance measures, whereas systemic administration of beta-adrenergic agonists may

have positive effect on sprint capacity, and beta-adrenergic antagonists reduce muscle

tremor. Thus, there are certain drugs that can improve selective aspects of physical

performance. However, most of the doping agents exert serious side-effects, especially

when used in combination, at high doses and for a long duration. The extent of

long-term health consequences is difficult to predict, but likely to be substantial, espe-

cially when gene doping is considered. This review summarises the main groups of

doping agents used by athletes, with the main focus on their effects on athletic perfor-

mance and adverse effects.

Introduction

Doping in sport is a well-known phenomenon and is now
reported on a daily basis by the media worldwide. Most
reports, however, focus on elite athletes. Little attention
has been devoted to the use of performance-enhancing
and body-image-enhancing drugs in recreational ath-
letes, the group with the highest rates of drug misuse.
There is no doubt that doping among elite athletes will
always be in focus. The power of a dream (Citius, Altius,
Fortius) and potentially lucrative rewards may drive ath-
letes to seek victory at any cost despite the Olympic creed
that ‘the essential thing is not to have conquered, but to
have fought well’. Spectators appreciate observing ath-
letes at their fastest, highest and strongest; but expect
that this reflects their athletic ability and not their doping
skills. Many elite athletes who abuse performance-
enhancing substances have escaped detection and many
recreational athletes are never going to be tested. Thus,
we only can speculate how widespread doping actually is
in elite and recreational sports.

Substantial research effort has been devoted to the
development of reliable doping detection assays, as sum-
marised elsewhere.1 What is rarely discussed is the adverse
effects and long-term health consequences of
performance-enhancing drugs. This lack of emphasis on
health risks of doping agents in the scientific literature has
resulted in a prevalent belief among athletes that the only
adverse consequence of doping is the risk of being caught.
In a survey when athletes were asked if they are willing to
misuse performance-enhancing drugs that would guaran-
tee an Olympic medal if they could not be caught, 98% of
athletes said yes.2 When asked if they would take the drug
even if they then died from its adverse effects but with a
guarantee that they won every competition for the next
5 years without getting caught, an amazing 50% also
replied yes.2 In a recent paper summarising athletes’
attitudes, it was reported that reasons for doping include
not only athletic success, financial gain and improved
recovery after injury, but also the assumption that other
athletes also use them.3 Coaches appear to be the main
influence and source of information for athletes, and
many athletes feel pressured to dope.4 Thus, there is a
need to change the attitude towards doping in sport.
Educational programmes are warranted, particularly for

Funding: None.
Conflict of interest: None.

bs_bs_banner

Internal Medicine Journal 45 (2015)

© 2014 Royal Australasian College of Physicians
239

mailto:v.birzniece@uws.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fimj.12629&domain=pdf&date_stamp=2015-03-03


recreational athletes to grasp the health consequences of
performance-enhancing and body-image-enhancing
drugs.

There is an extensive list of prohibited substances by
the World Anti-Doping Agency (WADA) (https://wada
-main-prod.s3.amazonaws.com/resources/files/WADA-
Revised-2014-Prohibited-List-EN.PDF). This review will
summarise the main groups of performance-enhancing
agents used by athletes, with a particular focus on their
effects on athletic performance and potential adverse
effects.

Anabolic androgenic steroids (AAS)

AAS are the most commonly used substances to improve
exercise performance and/or body image of an athlete.
AAS are used often in combination with other substances
to increase anabolic/performance-enhancing effect
(growth hormone (GH), insulin, insulin-like growth
factor (IGF)-I), to enhance fat and water loss (diuretics,
β2-adrenoreceptor (β2-AR) agonists) or to reduce
side-effects of androgens (aromatase inhibitors, selective
oestrogen receptor modulators (SERM)). Athletes com-
monly combine different steroids (called stacking) and
use ASS in cycles. A recent meta-analysis of 187 studies
determined a 3.3% global lifetime prevalence of AAS use
in mixed population, with the prevalence rate for males
being significantly higher than that in females (6.4% and
1.6%, respectively).5 AAS abuse has been reported in
11% of adult gym users, 39% of bodybuilders and a
staggering 67% of powerlifters.6,7 Thus, AAS abuse rates
may be extremely high, and health professionals should
be alert to this practice.

Effects on muscle mass and strength

The effect of testosterone on muscle mass is dose-
dependent. The evidence comes from a study by Bhasin
and colleagues showing that high-dose testosterone
administration in healthy adults results in an increase in
lean body mass (LBM) in a dose-depended manner, with
the highest dose of 600 mg/week, (approximately six
times the physiological rate of testosterone production)
resulting in a 9-kg increase in LBM over 20 weeks of
testosterone administration.8 AAS administration also
increases muscle strength, as summarised elsewhere.9

Circulating testosterone levels positively correlate with
the change in muscle strength and testosterone potenti-
ates the effect of exercise on muscle strength.8,10 Thus,
testosterone exerts not only an anabolic effect, but also a
substantial effect on muscle strength.

Although the effect of AAS on muscle strength is well
known, androgens have not been shown to improve

endurance, maximal oxygen consumption (VO2max) or
lactate threshold in healthy adults.11,12 Studies in elderly
subjects show improvement in aerobic capacity with tes-
tosterone administration, especially when used in com-
bination with GH; however, in healthy adults with
normal testosterone levels AAS may not increase aerobic
capacity beyond normal. Potential positive effects on
physical performance by AAS may also relate to the
capacity of testosterone to increase haemoglobin and
haematocrit, reduce reaction time and increase tolerance
for hard training.

Side-effects of AAS

AAS abuse is linked with many serious side-effects
(Fig. 1). AAS use in supra-physiological doses is associ-
ated with cardiovascular complications, with recent
reports of sudden cardiac death in young otherwise
healthy athletes who have been abusing testosterone for
several years.13,14 A study that investigated the cause of
death among AAS users reported that around 35% of
AAS users had chronic cardiac changes.15 The most
common findings are concentric cardiac hypertrophy,
dilated cardiomyopathy, fibrosis and myocytolysis, with
significantly lower left ventricular ejection fraction and
diastolic dysfunction.13,16,17 Left ventricular hypertrophy
may persist even after AAS cessation. Finally, AAS abuse
is linked to acute myocardial infarction and fatal ven-
tricular arrhythmias.18 As many AAS users also abuse
GH, the effect on myocardial hypertrophy is potentiated
by concomitant use of GH.19

Other side-effects relate to suppression of the
hypothalamic-pituitary-testicular axis. Although sup-

Figure 1 The most frequently reported adverse effects of anabolic

androgenic steroid abuse.
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pression of pituitary gonadotropin secretion is potentially
reversible, largely depending on the duration of AAS
abuse, hypogonadism may persist for prolonged periods
of time after androgens are discontinued.20 AAS users
may have a reduction in testicular size, sperm count,
sexual dysfunction and other symptoms like
gynaecomastia, which results from an increase in oestro-
gen aromatised from testosterone. In women, AAS abuse
associates with breast atrophy, hirsutism, clitoral enlarge-
ment and menstrual irregularity. Other androgen-related
side-effects include acne, male pattern balding and an
increase in haemoglobin. Hepatic dysfunction and neo-
plasms have been reported, mostly in relation to oral
testosterone abuse.21 Muscle rupture, tendon and liga-
ment injuries are also reported, which may result from a
disproportionate increase in muscle mass without an
increase in strength of supporting tissue.22,23

Special attention should be drawn to psychiatric side-
effects. Many studies have reported an association
between AAS use and aggression, violent behaviour,
mood swings and mania.24 In AAS-dependent users, the
psychological/psychiatric symptoms are more prevalent
and severe, with twice as many subjects reporting anxiety
and major depression compared with AAS users without
dependence.25 There is also an increased risk of other
drug and alcohol abuse and an increased risk of suicidal
and homicidal death. The use of AAS associates with
antisocial behaviour and violence, and there is a complex
interaction with criminal activity. When 6362 police
cases and 5779 prison inmates were analysed, 33.5% of
the cases from the police and 11.5% of the inmates tested
positive for AAS.26 Other drug abuses were detected in
60% of these cases, indicating a frequent polysubstance
abuse among AAS users.26

In a recent review on AAS and polypharmacy in
weightlifters lifetime, opioid abuse is reported up to three
times more often in AAS users than in non-users, and
50% of those with androgen dependence also abuse
opioids.24 It is reported that 27% of AAS users also abuse
human GH, and within the subgroup of heaviest AAS
users (diagnosed with androgen dependence), 70% had
used hGH and/or IGF-I.27 AAS use may also be combined
with over-use of alcohol, caffeine, ephedrine, β-AR
agonists, thyroid hormones or cannabis, and AAS users
are up to 30 times more likely to report past-year cocaine
or heroin use compared with non-users.24 Animal studies
show that AAS tolerance/dependence is related to opioid
mechanisms and the higher the dose of testosterone the
higher the death rates.28

There is an increase in mortality rates in AAS abusers.
In competitive powerlifters suspected to have abused
AAS for several years, risk of death is up to five times
higher than that of controls.29 A study that investigated

the cause of death among AAS users reported that out of
34 male AAS abusers, 27% were victims of homicide,
32% committed suicide, and 35% of deaths were classi-
fied as accidental.15 Deaths were related to impulsive
behaviour characterised by violent rages, mood swings
and other drug intake. Thus, it is difficult to separate the
specific adverse effects of AAS abuse from broader issues
of lifestyle and risk-taking behaviour among users.

Growth hormone

Human GH is one of the major anabolic hormones and is
abused together with AAS in about 25% of AAS users.27

GH abuse is popular among athletes probably because of
the perceived benefit on muscle mass and function, as
well as difficulty of detection. GH increases whole body
protein synthesis in healthy young men and conserves
protein during exercise; however, this effect appears to be
lost in highly trained athletes.30,31 GH has no additional
effect on quadriceps muscle protein synthesis rate in men
undertaking resistance training.30 Moreover, GH admin-
istration in healthy young men stimulated collagen but
not myofibrillar protein synthesis.32 These findings
suggest that although GH stimulates whole body protein
accretion, it probably does not result in a specific anabolic
effect on skeletal muscles, especially in highly trained
athletes.

Effects of GH on body composition

A systematic review reported that GH increases LBM in
healthy adults.33 Importantly, the GH-induced increase in
LBM is accompanied by a concomitant expansion of the
extracellular water (ECW) volume.11 As the LBM consists
of ECW plus a functional cellular compartment (body cell
mass) when the ECW component is removed from the
LBM, no significant increase in body cell mass is observed
with GH administration.11 Thus, fluid retention accounts
for most of the increase of LBM induced by GH. The effect
of GH on LBM is potentiated by androgens, and com-
bined administration of GH and testosterone does
increase body cell mass.11 These findings suggest that
only when GH is combined with testosterone, an increase
in functionally active muscle mass occurs.

Effects of GH on physical performance

A systematic review of 27 studies comprising a total
number of 303 healthy adults in whom the effects of GH
on various measures of athletic performance, such as
muscle strength and endurance were analysed, con-
cluded that claims that GH enhances physical perfor-
mance are not supported by the scientific literature.33 In
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the largest study of nearly 100 recreational athletes, both
muscle strength and muscle power were not affected by 8
weeks of blinded GH administration.11 Moreover, 12
weeks of GH administration combined with exercise did
not enhance muscle strength compared with exercise
alone.30 These studies show that in healthy adults,
administration of GH does not significantly improve
muscle strength and power.

Studies have found no significant effect of GH on
VO2max.33 In a study involving 30 healthy young men
and women, no significant effect was observed on
VO2max or on maximum achieved power output during
exercise after 4 weeks of GH treatment.34 Furthermore,
changes in IGF-I did not correlate with changes in
oxygen uptake or maximum achieved power output.34 In
recreational athletes, GH administration alone or with
testosterone for 8 weeks also had no effect on VO2max.11

Thus, all the double-blind placebo-controlled studies in
healthy adults show no effect on VO2max, muscle
strength or power with GH administration with doses up
to 67 μg/kg/day (Table 1).

Recently, a novel-enhancing effect of GH on anaerobic
muscle performance has been discovered.11 Sprint capac-
ity (which relies significantly on anaerobic muscle func-
tion) was increased significantly with GH administration
in the group of men and women combined by 3.9%, and
in men co-administered GH and testosterone by 8.3%.
The increase in sprint capacity was no longer present 6
weeks after GH discontinuation.11

Potential benefits of GH in athletes

Evidence suggests that during early stages of acromegaly,
GH excess may initially improve physical performance,
increasing tolerance for hard training and shortening
recovery time after exercise.38 GH may also be beneficial

in accelerating recovery from soft-tissue injury. It is well
known that GH stimulates connective tissue formation.
Two weeks of GH administration increased collagen syn-
thesis in skeletal muscle and tendon by up to sixfold in a
placebo-controlled study in healthy young men,32 and
animal studies show that tendons heal faster after treat-
ment with IGF-I, a mediator of GH action.39 Thus, GH
may be important in strengthening the supporting con-
nective tissue of muscle.

It is important to consider the potential role of the
placebo effect in any studies of drug effects on athletic
performance. In a blinded, placebo-controlled study of
GH and testosterone effects in recreational athletes,11 all
the participants were asked to indicate whether they
thought that they received placebo or active treatment.
Remarkably, 81% of men and 31% of women perceived
improved performance and thought they have received
active treatment when they in fact received placebo.40

Moreover, changes in measured performance were also
higher for those participants in the placebo group who
believed that they were on active treatment, with a sig-
nificant increase in a measure of muscle power.40 These
results suggest that for some people, and especially for
men, the placebo effect may be responsible for the per-
ceived athletic benefit of doping with GH.

Adverse effects of GH

Between 40% to 80% of healthy adults who have
received GH in controlled prospective studies report side-
effects. Most of the acute side-effects of GH administra-
tion arise from fluid retention (Fig. 2). These include
oedema, paraesthesia, carpal tunnel syndrome and
arthralgias.33 Other side-effects reported are sweating,
fatigue, dizziness and insulin resistance/hyperglycaemia.
High doses of GH can induce rapid negative effects on

Table 1 The effects of growth hormone on physical performance reported in double-blind placebo-controlled studies in healthy adults

Studies Participants GH treatments GH doses Outcome measures

Lange et al.35 Highly trained men (7) 4 h pre-exercise 2.5 mg VO2max did not change; GH prevented two

subjects from completing the exercise

protocol

Irving et al.36 Fit lean men (9) 0.75 to 3.75 h

pre-exercise

10 μg/kg VO2max reduced, no change in power output

Berggren et al.34 Active volunteers

(15 men, 15 women)

4 weeks 33 μg/kg/day

67 μg/kg/day

VO2max, power output, muscle mass did not

change

Deyssig et al.37 Highly trained men (22) 6 weeks 30 μg/kg/day No effect on muscle strength

Meinhardt et al.11 Recreational athletes

(63 men, 33 women)

8 weeks 2 mg/day VO2max, muscle strength, power did not change;

anaerobic exercise capacity increased

Yarasheski et al.30 Untrained men (18) 12 weeks combined

with exercise

40 μg/kg/day for

5 days/week

Muscle strength improved with exercise, but

similar improvement in placebo and GH groups

GH, growth hormone; VO2max, maximal oxygen consumption.
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cardiac morphology and function, significantly increasing
left ventricular wall thickness due to concentric remod-
elling.41 Interestingly, GH doping is associated with an
increase in fatigue, muscle pain after exercise and
reduced concentration, which is opposite to the effect of
physiological GH replacement in GH deficient patients.
Thus, excess GH may induce worsening of quality of life.
Evidence from patients with acromegaly show that pro-
longed excess of GH causes myopathy with hypertrophic,
but functionally weaker muscles, hypertension, cardiac,
metabolic and articular complications, increased risk of
diabetes, malignant neoplasms and reduction in life
expectancy.

Concomitant administration of AAS with GH results in
additive toxicity; particularly fluid retention and myocar-
dial injury. Both hormones may also interact to induce
insulin resistance, prostate hypertrophy and possibly
cancer.45,46

Other doping agents

Insulin and IGF-I

Insulin and IGF-I are increasingly used as doping agents.
IGF-I is produced in the liver and is the primary mediator
of the effects of GH. The actions of insulin and IGF-I that
may enhance performance include protein anabolism,
glucose uptake and glycogen storage in muscle. Insulin
promotes net amino acid uptake and protein anabolism

in skeletal muscle by reducing protein breakdown,
whereas IGF-I stimulates protein synthesis.47 The effects
of IGF-I on glucose metabolism largely resemble those of
insulin. However, during IGF-I infusion, insulin levels
drop and so does the fat-sparing effect of insulin.48 Thus,
insulin and IGF-I stimulate muscle anabolism and may
increase glucose availability for exercising muscle to use.

An increasing number of body builders and other ath-
letes abuse insulin. A web-based survey identified 41
non-diabetic insulin users, out of which 95% also used
AAS and practised polypharmacy.49 Most of the subjects
reported the side-effect of hypoglycaemia (57%) and one
reported unconsciousness. Other reports also indicate
that insulin abuse can lead to hypoglycaemia and even
coma and death.50,51

There are two types of IGF-I preparations: IGF-I used
alone and IGF-I used with its binding protein IGFBP-3.
Combining IGF-I with IGFBP-3 results in less severe side-
effects and longer half-life resulting in a sustained
increase in circulating IGF-I levels.52 The effect of IGF-I
on physical performance in healthy adults has not yet
been studied in appropriately designed trials. Similar to
insulin, the most common side-effect of IGF-I abuse is
hypoglycaemia. As IGF-I promotes cell proliferation,
inhibits apoptosis and interacts with pathways that have
an established role in carcinogenesis, IGF-I abuse has a
potential to increase cancer risk.53 In human breast
cancer cells, AAS causes a dose-dependent increase in
aromatase expression and oestradiol production, the
effect potentiated by concomitant IGF-I treatment.54

Moreover, AAS and IGF-I co-administration induce sig-
nificant cancer cell proliferation.54 In humans, a positive
relationship between circulating IGF-I and the incidence
of prostate and colorectal cancers has been reported.55,56

Thus, insulin and IGF-I abuse would seem to entail a
significant theoretical increase in cancer risk.

Erythropoietin

Many of the elite athletes in cycling have been implicated
in discoveries of erythropoietin (Epo) doping. It is abused
because of its ability to increase oxygen-carrying capacity
of blood. The efficacy in stimulating erythropoiesis is
dose-dependent. As summarised in a paper by Heuberger
and colleagues, Epo administration in untrained or
trained athletes elevates haemoglobin by up to 12% and
haematocrit by up to 19%, the effects associated with an
increase in VO2max and significant improvement in
endurance measures.57 Prolonged administration of Epo
improved submaximal exercise performance by about
50%, independently of the increase in VO2max.58 Similar
approaches of doping include altitude training and
blood transfusions. Altitude training increases Epo and

Figure 2 Summary of side-effects reported in double-blind placebo-

controlled studies in healthy adults of growth hormone (GH) administra-

tion. Data are presented as cumulative percent of the subjects reporting

side-effects during GH and placebo administration.11,30,34,41–44 ( ), Acne;

( ), palpitations; ( ), mood changes; ( ), reduced concentration; ( ),

fatigue; ( ), muscle pain after exercise; ( ), muscle pain; ( ), arthralgia;

( ), sweating; ( ), pins and needles; ( ), fluid retention.

Doping in sport

© 2014 Royal Australasian College of Physicians
243

 14455994, 2015, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

j.12629 by U
niversity N

apoli Parthenope, W
iley O

nline L
ibrary on [06/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



erythrocyte volume, without affecting blood volume.59

Target altitude between 2000 and 2500 m has been
shown to produce an optimal acclimatisation response
for sea-level performance, with a positive relationship
between altitude and increase in VO2max.59 Thus, by
increasing blood oxygen-carrying capacity, exercise per-
formance is expected to improve.

Epo abuse however can result in serious health conse-
quences. Adverse effects of recombinant human Epo
include injection site reactions, nausea, headache, dizzi-
ness, arthralgia, allergic and anaphylactic reactions. Epo
can elevate blood pressure, at least in part by lowering
systemic and cerebral vascular conductance that is inde-
pendent of its effect on haematocrit.60 As Epo increases
blood viscosity, coagulation and platelet reactivity, risk of
thrombosis is elevated, as summarised elsewhere,57 along
with increased risk for myocardial infarction and stroke. A
meta-analysis in more than 9000 cancer patients indicated
that treatment with Epo increases the risk of thrombosis.61

Whether this is true in healthy athletes is less clear,
although cerebral sinus thrombosis has been described in
a professional cyclist after 3 months of doping with Epo
and concomitant polypharmacy, including GH abuse.62

Pure red-cell aplasia is also reported, which is character-
ised by a progressively developing severe anaemia, with
almost complete absence of red cell precursors and pres-
ence of Epo autoantibodies.63 Epo may promote
angiogenesis, increase tissue oxygenation and inhibit
apoptosis; hence, Epo might favour cancer progression
and aggressiveness.64,65 Thus, abuse of recombinant Epo
may increase aerobic exercise capacity, but this effect
comes in combination with increased risk for thrombosis,
autoimmune reactions and possibly cancer.

Beta-adrenergic agents

AR agonists are targets for doping in sport, because of
their bronchodilator, anabolic and anti-inflammatory
actions.66 However, the majority of studies have demon-
strated a limited effect of inhaled β2-AR agonists on
aerobic exercise performance despite an improvement in
lung function. Moreover, 6 weeks of salbutamol inhala-
tion in male athletes did not result in significant improve-
ment in endurance, strength or muscle power.67 A
systematic review concluded that there are no significant
effects for inhaled β2-AR agonists on endurance, strength
or sprint performance, whereas systemic β2-AR agonists
may have a positive effect on physical performance in
healthy subjects.68 Combined inhalation of β2-AR
agonists (salbutamol, formoterol and salmeterol) also did
not improve swim performance in elite swimmers, but
there was an increase in swim ergometer sprint perfor-
mance.69 In contrast, oral salbutamol has been shown to

have a significant positive effect on sprint capacity in
recreational athletes, increasing sprint capacity by almost
15% after acute salbutamol administration.70 The
improvement in maximal anaerobic power has been
shown in both trained and untrained men. Thus, there
may be a significant positive effect on certain aspects of
performance, particularly with oral β2-AR agonists.

There are side-effects with frequent use of β2-AR
agonists. Major concern relates to cardiovascular
stimulatory effects. Tachycardia is a common feature of
β2-AR agonists, but more serious adverse effects, includ-
ing supraventricular and ventricular arrhythmias, myo-
cardial ischaemia and even sudden cardiac failure have
been reported.71,72 However, this at least partly can be
avoided by using highly selective β2-AR agonists, like
formoterol, which may improve the safety profile.

β2-AR antagonists also are abused by athletes, mostly
to relieve anxiety and muscle tremor. However, besides
negative effects on metabolism and body composition,
β2-AR antagonists also reduce endurance and sprint
capacity.73 Thus, doping with β2-AR antagonists may be
detrimental for muscle anabolism and strength, and
aerobic and anaerobic exercise capacity, but may alleviate
muscle tremor and therefore be abused in sports, such as
archery and shooting.

Gene doping

There is no conclusive evidence that gene doping has
been used in sports, although the extent of current and
future use of gene therapy among athletes is difficult to
predict. Gene doping is defined as the transfer of genetic
material to improve athletic performance. Main tech-
niques used for delivering genes include direct injection
of a gene into a muscle; intravenous or intramuscular
injection of a virus containing a gene of interest; or ex vivo
gene transfer into cells that are subsequently trans-
planted into the recipient.

For gene doping, practically every known gene can be
used, with most likely targets being the genes that play a
major role in stimulating endurance, muscle strength and
power, recovery after injuries, pain tolerance, psychologi-
cal well-being and motivation. Evidence for selection of
target genes comes from studies exploring the role of gene
polymorphism in determining athletic performance.74

Potential targets for gene doping are considered Epo,
IGF-I, myostatin, vascular endothelial growth factor
(VEGF), fibroblast growth factor, α actinin 3 (ACTN3),
peroxisome proliferator-activated receptor δ (PPARδ),
cytosolic phosphoenolpyruvate carbohykinase (PEPCK-
C), endorphin, enkephalin, brain-derived neurotrophic
factor (BDNF) and others.74–76 IGF-I is a very attractive
candidate for gene therapy, as animal studies show
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increased muscle mass, accelerated muscle and nerve
regeneration in IGF-I transgenic mice models,77 and
muscle strength response to training is influenced by IGF-I
genotype in humans.78 However, prolonged IGF-I over-
expression has high potential to induce unwanted side-
effects, such as cardiac hypertrophy, systolic dysfunction
and cancer development. Since mutation in the gene-
encoding myostatin, a member of the transforming
growth factor β family, increases muscle growth and
strength,79 myostatin inhibitors would be potential doping
agents of interest. Moreover, studies on ACTN3 polymor-
phism have also generated much interest, indicating that
by increasing ACTN3 copies, sprinting ability may be
stimulated, whereas by diminishing ACTN3 copies, endur-
ance may be enhanced.76 Modulation of psychological
factors, such as pain perception (endorphins,
enkephalins), response to stress (BDNF), mood and moti-
vation (monoamines, BDNF), is another highly attractive
area for gene therapy in sports.75

There are few studies that have used gene therapy in
humans, as development of gene therapy is restricted to
certain types of diseases. Local VEGF gene transfer shows
good results in patients with lower limb ischaemia.80

There are also short-term increases in Epo serum levels
after re-implantation of dermal core samples transfected
with Epo cDNA into the skin of patients with chronic
renal failure.81 However, gene therapy poses potential
major health risks, such as liver damage, tumour devel-
opment or development of autoimmune disease, as both
the virus used and the protein itself can cause an immune

reaction. For example, following intramuscular Epo gene
administration, non-human primates develop severe
autoimmune anaemia.82 These are predictable potential
side-effects; however, alterations of gene expression may
bring unknown risks to athletes’ health. Gene doping
could also affect germ cells, producing permanent altera-
tions that could be transmitted to future generations.
Thus, adverse effects of gene therapy are difficult to
predict. As studies in humans are lacking, long-term con-
sequences are unknown and complications of gene
doping may be apparent only many years later.

Conclusion

Certain doping agents can improve specific aspects of
physical performance in athletes. Serious health risks are
associated with doping in healthy adults, although our
knowledge on this may be just a tip of an iceberg com-
pared with what harm it causes in reality. Athletes often
abuse substances in much higher doses than in the avail-
able placebo-controlled studies, and often combine
several agents. Thus, data from research studies may in
fact underestimate the side-effects of doping agents. Edu-
cational programmes should be implemented to improve
athletes’ knowledge on health risks of performance- and
body image-enhancing agents. It is also important for
health professionals to be alert to clinical presentations,
which might be caused by doping, as patients will often
not willingly disclose this as the likely aetiology of their
complaint.
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Abstract

Pulmonary arterial hypertension (PAH) is a leading cause of morbidity and mortality in

patients with systemic sclerosis (SSc). Approximately one in 10 will develop PAH during

their lifetime. These patients have a worse prognosis than those with PAH due to other

causes. The most common clinical feature of SSc-PAH in the early stages is non-specific

exercise intolerance that can be erroneously attributed to other manifestations of SSc.

Screening provides an opportunity for early identification of SSc-PAH and prompt

initiation of therapies with the potential to improve quality of life and survival. Inter-

national guidelines recommend annual transthoracic Doppler echocardiography (TTE),

but TTE has limitations. The tricuspid regurgitant jet required for estimating the systolic

pulmonary artery pressure is absent in up to 39% of patients, including a proportion

with PAH. This has prompted a move to new screening algorithms that are less depend-

ent on TTE. Not all pulmonary hypertension (PH) in patients with SSc is PAH. Other

causes include PH secondary to left heart disease, interstitial lung disease-related PH,

chronic thromboembolic PH and pulmonary veno-occlusive disease. With the advent of

evidence-based therapies, including newer agents such as macitentan, riociguat and

selexipag, the establishment of centres with expertise in PAH and the focus on early

detection, there has been considerable improvement in survival. The role of anti-

coagulation for SSc-PAH has been the subject of a recent meta-analysis of nine obser-

vational studies that suggests it may confer a survival benefit, but to date, there have

been no randomised controlled trials to confirm this.
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