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Abstract

Background: Use of genetic doping or gene transfer technology will be the newest and the lethal method of doping in fu-
ture and have some unpleasant consequences for sports, athletes, and outcomes of competitions. The World Anti-Doping
Agency (WADA) defines genetic doping as "the non-therapeutic use of genes, genetic elements, and/or cells that have the
capacity to enhance athletic performance". The purpose of this review is to consider genetic doping, health damages and
risks of new genes if delivered in athletes.

Methods: This review, which is carried out by reviewing relevant publications, is primarily based on the journals available in
GOOGLE, ELSEVIER, PUBMED in fields of genetic technology, and health using a combination of keywords (e.g., ge-
netic doping, genes, exercise, performance, athletes) until July 2010.

Conclusion: There are several genes related to sport performance and if they are used, they will have health risks and

sever damages such as cancer, autoimmunization, and heart attack.
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Introduction

Early information on doping has been reported
from the early Olympic Games in the third cen-
tury; thus doping is not a new-fangled event. In
early Olympic compositions, some athletes used
drugs and ergogenic substances to enhance their
performances by increasing strength and over-
coming fatigue. This has been continued but in
new and various forms (1, 2). Current reports
show the utilizing of steroids, strychnine, oxygen,
and mixtures of brandy, cocaine and blood dop-
ing by cobalt (3) and considerably highly devel-
oped methods that usually involve the addition
of substances naturally existing in the body such
as sex hormones, erythropoietin (EPO), and so
on (4). Recently, by scientific development in dif-
ferent branches, especially medicine, the methods,
and substances of doping have been altered. Gene
transfer technology or gene therapy in medicine
is one of the new branches that influence the out-
comes of the games and competitions (5). Genetic
doping is a consequence of human genome project

and gene therapy. Athletes, coaches and trainers
are looking for gene therapy to enhance factors of
their fitness and to overcome fatigue, but this cli-
nical method is primarily designed to help pa-
tients with severe diseases (e.g. hemophilia, immu-
nodeficiency) (6, 7).

There are several complexities and problems with
genetic manipulation in athletes such as health
risk, money, testing, detection, ethical consid-
erations, and others (6, 8, 9). The most impor-
tant reason in the prohibited list of World Anti-
Doping Agency (WADA) is health of athletes.
In spite of these side effects and risks, athletes
use illegal substances, drugs, and methods. In a
famous study on Olympic athletes, 98% of ath-
letes reported that they would use forbidden sub-
stances if these substances were undetectable and
they assured success, and over 50% reported that
they would use the same undetectable substance
if it did not let them win for 5 yr (10). Other re-
ports indicate that team physicians, coaches, and
trainers managed athletes to use performance-en-
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hancing substances and methods, which had some
side effects and oppressed unaware athletes (2).
East German physicians were instances who pre-
scribed female athletes great dosage of anabolic
steroids from 1974 to 1989. A number of women
are unfruitful, have deepened voices and do not
have breasts, have deformed children and, in case
of one woman, she used so many steroids and de-
veloped so many male characteristics that she wanted
a sex-change operation to become a man (2).

It is necessary to update a data of possible strate-
gies on gene doping and genetic complications. In
addition, there are not reviews on side effects,
health risks, and damages of genetic doping in
sports. In the present review, health risk and
damages of various forms of genetic doping in re-
cent years have been discussed. Therefore, the pri-
mary section discussed the potentials of gene ther-
apy and then argued genetic doping. Then, the
possibilities of using some novel genes, which are
used in genetic doping in order to improve ath-
letic performance in endurance and strength sports,
are discussed including damages and risks of genes.
In the final section, other complexities of gene
doping including detection and ethics concepts have
been discussed.

Searching Method

This review which is carried out by reviewing re-
levant publications is primarily based on the jour-
nals available in GOOGLE, ELSEVIER, PUB-
MED the in fields of genetic technology, and health
using a combination of keywords (e.g. genetic dop-
ing, genes, exercise, performance, athletes). The
electronic prepublications, that is, articles that are
made available on the website of a journal before
being published in print, are not included in the
current review. One important group of updated
studies is the human gene map for fitness, per-
formance, and health-related fitness phenotypes
that was reviewed in this review until July 2010.

Gene therapy is the base of genetic doping

In gene therapy, genetic materials are transferred
to incorrect or damaged cells to treat human sever
diseases (11). This is a new build-up method

which appeared in the 20" century and involves
some developed technologies such as gene divi-
sion and refinement, vector choice (viral and non-
viral nature), transfer technique, and so on (12).
DNA, RNA or genetically altered cells can be ge-
netic materials that are used in this approach. In
this procedure, a healthy therapeutic gene that in-
ters in a vector is delivered to a malformed cell
and then therapeutic gene compensates for an
absent or abnormal gene (13). This may be a
new approach to treat genetic disorders such as
hemophilia A and B, cystic fibrosis, infection or
ischemic heart disease and others (14). Moreover,
this can be used to up-regulate a healthy gene for
over expression of specific genes and enhanced
performance. The link between gene therapy and
sports is obvious because first gene therapy trials
are performed with doping-related proteins, ery-
thropoietin, and growth hormone. Gene therapies
have some undetectable side effects and in some
instances cause death in persons. For instance, Jesse
Gelsinger (18 yr old) who had a rare liver dis-
ease was killed by gene therapy. He participated
in a gene therapy research at University of Penn-
sylvania (15). Hence, no gene therapy protocols
have been accepted for medical practice by US
Food and Drug Administration (7).

Vectors and health risks

Many vectors are used to deliver genes or genetic
materials to flaw cells or tissues. These vectors
are divided into two groups: viral and non-viral.
The important non-viral vector is liposome. It is
usually easier to produce and has relatively low
toxicity and immunogenicity. The efficiency of gene
delivery by non-viral vectors is low because this
is hindered by a low transfection rate. A more
efficient method for gene transfer is a viral vec-
tor, that is, a virus is used as a vector for gene
therapy (16). In viral vector transfer system, all
viral genes for pathogenic proteins are eliminated
and replaced by preferred genes (s). The most
common viruses have been summarized in Table
1. Infection of viral vectors with recombined wild-
type virus is an important side effect of vectors
that has lethal consequences (12).
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Gene therapy for sport injuries by growth factors
Another application of gene therapy is to heal se-
vere sport injuries. In some cases, sport injuries are
so hard that they force athletes into eliminating
sports. Gene therapy by the use of specific genes
can help to treat some injuries of anterior cruciate
ligament, meniscus, and bones (Table 2). It is im-
portant that the approach should be safe and have
health and healing consequences. In healing severe
disorders such as Duchene muscular dystrophy can-
cer, Gaucher's disease, or cystic fibrosis, gene ther-
apy may be the final chance; therefore, side effects
are undesirable in athletes. However, as there are
not any reports on the risks of this process, it may
have some health risks such as the risk of inser-
tional mutagenesis (17), abnormal regulation of cell
growth, toxicity from chronic over expression of
the growth factor and cytokines, and malignancy.

Genetic doping

Genetic doping is used to explain the potential mis-
use of gene therapy as a performance-enhancing
agent (18). The problem of genetic doping was dis-
cussed for the first time in 2001 Commission of
International Olympic Committee (IOC) that argued
the use of gene therapy in sports. In addition,
WADA discussed genetic development in sports
at Cold Spring Harbor in New York and included
the gene doping in 2004 WADA prohibited list
and World Anti-Doping Code. Both the WADA
and the International Olympic Committee (IOC)
have expressed some topics about the possibility of
genetic doping in sports. Accordingly, the method
of genetic doping has been included in the list of
illegal classes of substances and prohibited methods.
In the latest updated of prohibited list of WADA
(2010) the transfer of cells or genetic elements (e.g.
DNA, RNA, Peroxisome Proliferator Activated Re-
ceptor 6 [PPARGJ] agonists [e.g. GW 1516] and
PPARGS-AMP-activated protein kinase [AMPK] axis
agonists [e.g. AICAR]) and the use of pharmacol-
ogical or biological agents are prohibited. (19).

Risks of gene delivery in animal and human re-
searches

There are several risks associated with gene doping
that are general and also specific and unique for

any genes. Some general risks of genetic manipu-
lation are summarized in Fig.1. Other risks as-
sociated with particular gene products have been
demonstrated in the same animal models showing
the capability of gene doping. For example, re-
cently, Hakimi et al. reported the over-expres-
sion of PEPCK-C re-patterns of energy metabo-
lism, which led to greater prolonged existence in
PEPCK-Cmus mice (20). Decisions about the
safety of gene therapy are based on interventions
data in animal models as compared to similar in-
terventions of human beings. Pathogenesis of hu-
man diseases and advances in gene therapy pri-
marily can be studied in animal models of human
diseases. It is a problem that animal models do not
completely mimic human conditions. For example,
the CFTR gene that related to cystic fibrosis does
not have the same pulmonary effects in animals as
in human beings. Health risks related to the spe-
cific proteins expressed in genetic doping in human
beings are more severe than other forms of doping.

Genetic doping and human gene map for per-
formance and health-related fitness phenotypes
It is possible to use all genes that have an effect
on physiological procedure related performance,
muscle activity and potentials of systems involve
exercise. Some researchers around the world are
trying to identify genes that have potentials to
enhance athletic performance. Human gene map for
performance and health-related fitness phenotypes
are new researches that have been annually up-
dated since 2000.

These updated review papers have discussed the
specific genes and genetic data related to the phy-
sical performance phenotypes and cardio-respira-
tory endurance, elite endurance, athlete status, mus-
cle strength, other muscle performance traits (21,
22). In early version of the gene map, 29 loci were
described (23). The 2001 map included 71 loci on
the autosomes and two on the X chromosome (23)
and 2003 map included 109 autosomal gene entries
and QTL as well as 2 X chromosome assignments.
Moreover, this paper discussed some sequence
variants in 15 mitochondrial genes relevant to fit-
ness and performance phenotypes (21). In their
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newest review, Bray et al. evaluated all studies re-
lated to human gene map for performance and
health-related fitness phenotype published until 2006
and 2007 (24). Results of this study indicated that
there were 214 autosomal gene entries and quan-
titative trait loci and seven others on the X chro-
mosome that have relevance with sport perform-
ance and fitness map. Furthermore, a new result in
this study was the influence of 18 mitochondrial
genes on fitness and performance phenotypes. In
another new paper, it was reported that more than
239 fitness genes were discovered (25). These
results together with advances in human gene ther-
apy have been shown to create an outlook for us-
ing genes, genetic elements, and cells that have the
capacity to raise athletic performance (25). Some
important genes related sport performance pheno-
types are summarily listed in Table 3.

Genes in Endurance and Muscle-Strength Phe-
notypes

Aerobic or oxidative phosphorylation is the ma-
jor energy system in sports events or exercises,
which lasts more than 1 min. Oxygen delivery sys-
tem in active muscle may be limited by metabo-
lism capacity of skeletal muscles that relates to
capillary density, mitochondrial content, and type
of fiber, proportion of slow twitch (ST) to fast
twitch (FT). This is a problem and limits the ath-

lete's performance. Therefore, it may be concluded
that any genes that can enhance capacity of oxy-
gen-carrying system (e.g. EPO gene), capillary den-
sity (e.g. VEGF), mitochondrial content (e.g. PPAR
0) and slow twitch fiber (e.g.: ACTN2) may have
potentials for doping of endurance athletes.

Some common genes that may be used to en-
hance endurance capacity include Erythropoietin
(EPO), Hypoxia inducible factors (HIFs), Ac-
tinin binding protein 2 (ACTN2), Angiogenic fac-
tors (VEGF, FGF, Angiopoietins, TGF-b, PDGF-
BB), Peroxisome proliferator activated receptor-
delta (PPAR 9), Endorphins, Enkephalins, Growth
hormone (GH)/Insulin-like growth factor-1 (IGF-
1). In the other athletic performances, strength,
speed, power and anaerobic capacity are the main
factors that indicate elite performance. These fac-
tors relate to some genes that are expressed more in
athletes with exercise training than any other per-
sons. Several important genes related to strength
performance are Insulin like growth factor-1 and 2
(IGF-1& 2), Myostatin, Growth hormone (GH),
Actinin binding protein 3 (ACTN3), Angiotensin I
converting enzyme (ACE). Some important genes
related to elite aerobic and strength athletic per-
formance are summarized in Table 3 and in the
following section, some of them that have poten-
tials in genetic doping will be more discussed, with
a focus on health risk and side effects (Table 4).

Table 1: Properties of viral and nonviral vectors that have used for delivery of specific genes in to impaired cells for cured
disease or sport injuries (17, 19)

Vectors Properties

Viral
Infects a wide range of tissues, Low toxicity/immunogenicity, Infects only mitotically, active

Adenoviruses cells, Low capacity for gene insert.

Serotype determine specificity, Low toxicity/immunogenicity
High persistence of gene transferred, Low capacity for gene insert.

Adeno-associated virus

Large virus and unable to cross connective tissue barriers in muscle, Infects. mitotic/

Herpesvirus or Herpes simplex postmitotic cells Large insert capacity Immune rejection common.

Requires cell division for integration, immunogenicity Infects only, mitotically active cells,

Oncoretrovirus (retrovirus) low capacity for gene insert.

Lentivirus Does not require cell division
Semliki forest virus Short-lived gene expression
Nonviral

Liposome Low efficiency of gene delivery
DNA gene gun Low immunogenicity

DNA-protein complex Naked DNA Easy to produce
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Table 2: This table indicates effects of growth factors on musculoskeletal tissues (17)

Tissue injured Growth Factor Actions of gene Health risks
Treating inherited disorders such as
Skeletal muscle bFGF, NGF, IGF-1 ,TGF-beta Duchene, muscular ystrophy, improved Muscle tumor

BMP-2, bFGF, TGF-beta, EGF,

healing of sports-related muscle injuries

Regeneration of damaged articular

Cartilage IGF-1, CDMP cartilage ?
Anterior cruciate ~ PDGF-AB, EGF, bFGF, BMP-2, Improve healing of the ACL or
ligament IGF-1, TGF-beta "ligamentization" of the ACL graft Muscle or tendon rupture
Menisous TGF -alpha, bFGF, BMP-2, EGF, Acceleration of the graft healing and Slow immune rejection, sup-
PDGF-AB, IGF-1 Restructuring of meniscus pression of the immunogenicity
Bone BMP-2, IGFs ,TGF-beta, bFGF Promote bone healing Skeletal Tumor
Table 3: Genes and phenotypes related to endurance and muscular strength of athletes (24, 25)
Genes Phenotypes Genes Phenotypes
AMPDI1 RPE DIO1 Grip strength
PPARGCIA PAEE/VO2max, GDF8 Hip flexion
ADRB2 VO2max MYLK Isometric strength
HLAA VO2max NR3C1 Arm and leg strength
IL-6 PWCmax TNF ** Stair climb time
CFTR VO2peak CFTR Peak anaerobic power
ADRBI1 VO2peak CNTFR KE eccentric; slow velocity
SCGB1A1 FEV1 after exercise IGF2 Grip strength
UCP2 Exercise efficiency CNTF KE concentric, fast velocity
HIF1A VO2max (age interaction) ACTN3 Baseline isometric strength
BDKRB2 Muscle efficiency VDR Grip and quadriceps strength
HP Walking distance IGF1 KE one repetition maximum
ACE VO2max COL1A1 Grip strength
CKM VO2max ACE muscle strength
MTNDS5 VO2max
MTTT VO2max
AMPD1 VO2max
ATP1A2 VO2max
HIF1A VO2max (age interaction)
ACE VO2max, Power output
APOE VO2max
CKM VO2max
MTNDS5* VO2max

*Mitochondrial DNA. ** training response, VO2max, maximal oxygen uptake; VE/VCO2, ratio of ventilation to carbon
dioxide consumption; Wmax, maximal power output; a-vDo2, arterial-venous oxygen difference; VE, ventilation; RPE,
rating of perceived exertion; PWC, physical working capacity; FEV, forced expiratory volume.
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Table 4: Potential genes and its health risks

Potential syste{n/target Physiologic response Health risks Sport reference
genes tissue
Increases RBCs and oxygen delivery High increase in blood viscosity,
EPO Hematologic system gene product properties are Obstructing regular blood flow and Endurance 26-32
glycoprotein hormone. heart, Severe immune response
. - . Enhance cancer growth and spread
HIFs Hematologlc and Regulates transcription at hypoxia heart attack , increase viscosity and Endural_lce 329,34
immune systems response elements aerobic
blood pressure
ACTN?2 expressed in ST and ACTN3, 9 Sprint and
ACTN 2,3 Muscular system in endurance and ACTN3 ’ endurance 36,37
VEGF Vascular er_ldotheh_um Development of new blood vessels Cancer , tumo_r , Immune response Endurance 13, 38,
and angiogenesis and specific risk factors 39,40
Associated with the formation of ST
and can induced in FT fibers, Over expression of sex hormones Speed and 41-44
PPAR 8 Masculae system, maybe role in body weight metabolic disorders Endurance
control by promotes fat metabolism
Endorphins Increases risk of overuse of musculoskeletal
Tpans, CNS, PNS Pain modulation and cardiovascular system, Increase stress and ~ Endurance 26
Enkephalins
Pressure on heart, sudden dead
Intracranial hypertension, Visual changes,
Headache, Nausea, Vomiting, Peripheral
HGH/IGF-1 Endocrine and Increases muscle size, power, edemg, Carpal tunne_l syndrome, Arthralgia, Etrength  45-49
muscular system and recovery myalgia, Acromegalic features such as nose
ind jaw, Enlargement, Cardiomegaly, Arthralgias,
insulin resistance and diabetes, Cancer
A negative muscle mass regulator,
Myiostatin Muscular system and this lead to limited restriction Damage of tendons ligament and bone Etrength 50,51
of muscle growth
and ACE-I in endurance ACE-D Eprint,
ACE Skeletal muscle involved in sprint & power, Angioedema , ? Power, 54-57
regulates blood pressure Endurance
Myoblast proliferation and 58.59
Interleukin-15 Skeletal muscle muscle-specific myosin heavy Cancer risk, Musculoskeletal damage strength ’
chain (MHC) expression

Abbreviations: EPO, erythropoietin; HIF, hypoxic inducible factors; ACTN3, actinin binding protein 3; VEGF, vascular
endothelial growth factor, PPAR-delta, peroxisome proliferators-activated receptor (delta); HGH, human growth factor;
IGF-1, insulin-like growth factor; ACE, angiotensin-converting enzyme; FT, fast twitch; CNS, central nervous system, PNS,
peripheral nervous system ST, slow twitch.
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* Cancer
* Virus infection

e Autoimmunization

* Heart attack & Stroke
* Damage of Skeletal muscle

* Rapture of Tendons & ligaments

Fig. 1: Genetic doping and some health damages that may be relate to both the vector used (DNA, chemical, viral) and the
encoded transgene.

Erythropoietin (EPO)

Physiological effects

In all sports particularly in endurance events, oxy-
gen delivery system is essential to physical activity,
exercise, and athletic performance. There are some
illegal and banned methods to enhance capacity
of oxygen delivery system including blood trans-
fusion, altitude, hypoxic rooms, and treatment with
erythropoietin (EPO). Using EPO is common in
therapeutic protocols of anemia patients but is a
method that athletes use, and is banned. Erythro-
poietin is a 165-amino-acid (34 kDa) glycopro-
tein hormone that by affecting kidneys increases
red blood cells (RBCs). In response to hypoxia
and low blood oxygen conditions, EPO is syn-
thesized by kidneys and then EPO gene by acting
on erythroid stem cells, stimulates erythropoietin
and EPO hormone increases. Similar to this proce-
dure, by injection of EPO genes into the body,
EPO hormone increases in an extraordinary amount
(26). However, there is a controversial natural

increase in red blood cells in athletes. Eero Mén-
tyranta, Finnish Nordic skier won two gold medals
in Winter Olympic Games in Innsbriick, Austria
(1964). It was clear later that Méntyranta had a
naturally genetic mutation of EPO that enhanced
capacity of oxygen delivery system by a 25%-
50% increase in red blood cells (26).

Side effects and health-related risk factors

Researches on side effects and health risks of in-
jected genes are rare and some researchers solely
published a few papers on some side effects of
gene delivery in human beings and animals. EPO
hormone has potential health risks that may cause
sudden death during and after sports. Some dan-
gerous side effects of doping with EPO include: a)
increased extraordinary hematocrit; this could en-
hance the probability of stroke, heart attack in
monkeys and mice (13), b) increased thrombotic
activity (2), ¢) autoimmune anemia (27, 28) and
blood thromboses (29), d) increased arterial sys-
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tolic BP from an average of 177 to 191 mm Hg
during exercise (30), E) increased peripheral re-
sistance during exercise (31), f) increased stress
on the heart during heavy strenuous and prolonged
exercises. Unexpected elevated arterial BP due to
recombinant human EPO (thEPO) injection during
exercise may have been the reason for the deaths
of some young athletes in the past decades (32).

Repoxygen may have been the first product to
be associated with genetic doping

Repoxygen is a gene therapy drug that has re-
cently developed and in response to low oxygen
concentration, has an effect on the release of ery-
thropoietin (EPO) in mice (33). This drug is used
intramuscularly in response to hypoxia and induces
syntheses of EPO transgene. Athletes especially en-
durance athletes could use repoxygen as a means
of increasing the number of their red blood cells.
Due to its supposed properties, it may be impossi-
ble to detect repoxygen currently, WADA under the
2006 Prohibited List, prohibited repoxygen both in
and out of competitions.

Hypoxia inducible factors

Physiological effects

Hypoxic inducible factors (HIFs) increase EPO
and oxygen transport capacity. Mechanisms of hy-
poxia as they occur in tissues with conditions that
increase oxygen demand such as exercise are com-
plicated, HIFs has help to known this complex
mechanisms (3). In hypoxia condition, activity of
genes is modulated by HIFs (29, 34). The other
effects of HIFs are healing procedures for some
disorders related to the alteration of oxygen me-
tabolism such as cancer, inflammation, heart attack,
and stroke.

Side effects and health-related risk factors

HIFs may have dangerous outcomes and enhance
cancer by stimulating genes which encode angio-
genic genes such as Vascular Endothelial Growth
Factor (VEGF), Angiotensinl (Angl), angiotensin2
(Ang2) and Matrics Metaloprotenas (MMPs) (35)
as well as other proteins related to the growth of
cells (34) if used in healthy human.

Actinin binding proteins (ACTN2, ACTN3)
Physiological effects

Two important members of actinin-binding pro-
teins that relate to exercise and athletic perform-
ance are a-actinin alleles ACTN2 and ACTN3.
Alpha-actinins maintain the structure of the myofi-
brillar array and regulate myofiber contraction (36).
It is reported that sprint athletes in comparison
with control groups have more A-Actinin-3. With
correlation of A-Actinin-3 frequencies with fast
twitch myofibers, it could be concluded that this
allele has a positive effect on force and velocity
of muscle action (37). Other reports indicate that
ACTN2 genes code has effects on muscular
endurance (7, 36).

Side effects and health-related risk factors
No investigation surveyed the side effects and
health risks of ACTN alleles.

Angiogenic factors (VEGF, FGF, Angiopoietins,
TGF-b, and PDGF-BB)

Physiological effects

Angiogenic factors are mediators of angiogene-
sis process in response to hypoxia and low oxy-
gen condition and metabolic changes after training
in skeletal muscle. The important angiogenic fac-
tors are vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), Angiopoietins,
transforming growth factor beta (TGF-b), Plate-
let-derived growth factor (PDGF-BB). Angio-
genesis process is controlled by stimulators and
inhabitations. Exercise is a strong stimulator by in-
duced a low oxygen condition and increases meta-
bolic factors that active formation new blood ves-
sels to meet needs of skeletal with exercise train-
ing. Angiogenic gene therapy is primarily a po-
tential technique to treat pathological states related
to reduce blood flow to tissues such as coronary
heart disease and peripheral vascular obstruction,
which is the death of tissues in the body’s extre-
mities because of inadequate oxygen supply (38-
40). Use of angiogenic factors by athletes increases
the potentials of circulation system by increasing
blood vessels, oxygen, and nutrients for all organs.
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Side effects and health-related risk factors
Some health risks of gene delivery of angiogenesis
factors in patients and in athletes are cancer, tumor,
immune response and specific risk factors that can
relate to each factor (13).

Peroxisome proliferator activated receptor-delta
(PPAR 9)

Physiological effects

One of the newest groups of genes that may be
used in gene therapy protocols is the peroxisome
proliferator-activated receptors (PPARs). These
modulated nuclear receptors transform the expres-
sion of specific genes. There are three distinct sub-
types of PPARs including PPAR alpha (a), delta
(8), and gamma (y). Each subtype is expressed in a
particular tissue and generates heterodimers with
the retinoid X receptor to affect transcription of
a specific gene (41). The peroxisome proliferator-
activated receptor delta (PPAR-delta) gene may
be used for endurance athletes with increasing
biogenesis of mitochondria and oxidative phos-
phorylation capacity, and changing the FT to ST
fibers (42). These results have been confirmed by
reports of some investigators on increased PPAR-
delta gene in elite endurance athletes (43, 44).

Side effects and health-related risk factors
There are not any studies about health risks and
side effects of PPARs genes. Regarding the phy-
siological effects, it can be mentioned that some
side effects may exist by PPARs over expression
of sex hormones and metabolic disorders.

Endorphines, Enkephalins

Physiological effects

Pain is a warning signal and should not be con-
nived. In addition, athletic performance may be
restricted by pain in injuries as well as in com-
petitions. Athletes who use a plenty of anti-inflam-
matory drugs and pain-relieving remedies try to
maintain numerous painful injuries and to enhance
performance. Nowadays, pain relievers are used
as an over-the-counter by the majority of athletes.
Endorphins and enkephalins are pain-relieving pep-
tides that help individuals to work for a longer
period without pain. The genes that increase these

peptides could be used in the relief of severe pain in
diseases and injuries of athletes (26). These genes
also increase the capacity of pain tolerance and
time of performance in response to increase painful
metabolic factors such as lactate acid, acute and
chronic injury in athletes.

Side effects and health related risk factors
Endorphins and enkephalines by blocking pain
receptors enhance pain threshold, while these re-
ceptors act as a defensive mechanism against injury.
By blocking pain receptors, risks of overuse of
musculoskeletal system and cardiovascular system
and also stress and pressure on heart and injury
of this systems and sudden death will increase.

Growth hormone (GH)/Insulin-like growth fac-
tor-1 (IGF-1)

Physiological effects

GH is an anabolic hormone that increases growth
of all tissues specifically skeletal muscle by in-
duced insulin like growth factor (Igf-1). IGF-1
has anabolic effects and is made in the liver as
well as muscles and other locations like brain.
IGF-1 genes give rise to an increase in muscle bulk
in mice and regulate skeletal muscle growth and
regeneration (45). Over expression of exogenous
IGF-I in mice results in increased muscle fiber
size and number without any exercise program
(46). Combining IGF-1 with other growth factors
or with strength training programs may lead to
even greater responses in muscle growth (46). It
combines with a phenotypic shift in more fatigue-
resistant and oxidative slow fibers. People with
degenerative muscle conditions such as muscular
dystrophy may benefit from gene therapy with ana-
bolic hormones like growth hormone or insulin-
like growth factor-1 (IGF-1).

Side effects and health-related risk factors

There are some severe side effects in GH treated
patients or athletes such as intracranial hyperten-
sion, visual changes, headache, nausea, vomiting,
peripheral edema, carpal tunnel syndrome, arthral-
gia, myalgia, acromegalic features such as nose
and jaw enlargement, hypertension, cardiomegaly,
increased cardiovascular risk arthralgias, insulin re-
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sistance and diabetes (45). In addition, IGF-I-
treated individuals may be stricken with tumor,
because some studies reported that IGF-1 was
expressed in 17 different tumors (47- 49). There-
fore, use of these genes may have a potential risk
of several tumors and cancers.

Mpyostatin blocker

Physiological effects

Myostatin has a negative effect on skeletal muscle
growth and is a member of transforming growth
factor B (TGFp) family (50). Myostatin blockers
are those groups of peptides that block the my-
ostatin and increase muscle mass by hypertrophy
and hyperplasia in null mice. Example of my-
ostatin blocker can be seen in a certain breed of
cattle through natural mutation (Fig. 2). Blocking
of this negative regulatory protein has noticeable
advantages for users such as muscles hypertro-

phy, less fat of body. A new example of mutation
can be seen in a child who was born in Berlin with
a stupendous mutation, which turns off the my-
ostatin gene (51). This boy (4.5 yr old) is similar
to a bodybuilder's physique (Fig. 2). The effect
of blocking the antigrowth factor of myostatin in
human beings and animals has been showed in Fig. 2.

Side effects and health-related risk factors

One of the side effects in gene therapy and dop-
ing with myostatin blockers is over expression of
these genes and increased muscles over their natu-
ral size, which as a result increases overload on
tendons and bones, or damages differential stresses
on them. Increasing muscle mass within a short
time without heart adaptation may promote some
pathological conditions of heart such as hyper-
tonic cardiomyopathy and increased heart attack.

a)

Angiotensin-converting enzyme (ACE)
Physiological effects

It is reported that continually suppression of An-
giotensin-converting enzyme develops the aerobic
performance (53, 54). Some studies on elite high-
altitude mountaineers (54), endurance rowers (55),
elite short-distance and swimmers (56) suggest that
there are two alleles at the ACE I/D polymorphism
which have differing effects on athletic perform-
ance, with the I allele favoring endurance ability
and the D allele improving performance in sprint
or power events. ACE affects not only the skeletal
muscle function but also exercise-induced left
ventricular hypertrophy (LVH) (57).
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b)
Fig. 2: The effect of blocking the antigrowth factor of myostatin in human beings and animals. a) A natural genetic
mutation in this breed produces a truncated, ineffective form of myostatin, which allows muscle growth to go unchecked, b)

an uncommon mutation in myostatin blocker genes in a German 4.5-year-old boy who is similar to a bodybuilder's physique
(6, 51, 52).

©)

Side effects and health-related risk factors
Angioedema is a severe side effect of ACE gene
therapy with an incident 0.1%-0.5% in patients
(56, 57). There are not any reports on the use of
ACE genes and their side effects in healthy per-
sons or athletes.

Interleukin-15

Physiological effects

Interleukin-15 (IL-U) is a growth factor, which
is vastly expressed, in skeletal muscle. This growth
factor by increasing muscle mass may be a can-
didate for genetic doping (58). Some findings in-
dicate that IL-15 affects parameters associated
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with stimulated myocytes and muscle fibers to
increase the amounts of contractile proteins and
hypertrophy of skeletal muscle fiber (59).

Side effects and health-related risk factors
IL-15 genes may be similar to IGF-1 which in-
creased some risks such as cancer, musculoskeletal
damages.

Phosphoenolpyruvate carboxykinase (PEPCK)
Physiological effects

Phosphoenolpyruvate carboxykinase (PEPCK) has
some effects on the process of metabolism in se-
veral tissues such as liver and kidney cortex. This
mitochondrial enzyme catalyzes the conversion of
oxaloacetate to phosphoenolpyruvate (19, 42). In
liver and adipose tissues, PEPCK regulates glu-
coneogenesis and glyceroneogenesis. Hakimi et al.
(2010) reported over expressed PEPCK in skele-
tal muscle, increased endurance, physical activity,
and life span and decreased body fat of mice
(60). These results may increase the probability of
using gene encoding of PEPCK in genetic doping.

Side effects and health-related risk factors
There are no investigations into the side effects
or risk of using PEPCK in sport.

Genetic doping and other complications

Ethical consideration about genetic manipulation
(genetically modified infants, genetically modified
athletes) in sport is one of the important issues about
genetic doping. This consequence of gene doping
changes the future of elite sport. Below, this issue
may give rise to some ethical questions in future that
are challenging the world of sport, and related ethi-
cal committees must deal with them and such com-
mittees must find answers for these questions (9).
Is it necessary to absolutely ban gene
manipulation in athletes?

[IIs it necessary to allow athletes to use gene
technology only to improve injuries or specific
diseases?

"1Despite difficulties in detection of gene doping in
future, do we witness doubts about the nature of
sport?
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"IShould we deprive genetically modified athletes
from sport competitions or prepare specific com-
petitions for them?

Detection of genetic doping is another complica-
tion (61). It is approved that genetic doping de-
tection is a complicated process and requires ex-
perience, specific knowledge about any genes; it
is very costly and needs interdisciplinary scientific
procedures (62).

Conclusion

There are several complications about genetic dop-
ing and genetic manipulation in sport. It seems that
damage of athletes, competitions and sports is very
important. Gene therapy is the base of genetic dop-
ing and still has potential risks, is performed in
laboratory settings in a protective procedure and
is used to treat severe diseases. Genetic doping has
several health risks and damages and is likely to
be done in secret without protective actions; as a
result, further unpredictable health damages are
expected. Human gene map for performance now
has over 220 gene entries and mitochondrial genes,
these genes have potential for genetic doping. In
this novel updated review, we are trying to create
a new base to survey damages and health risks of
genetic doping. There are some investigations into
health risks of famous genes mentioned in this
paper. It is expected that genetic doping will go
into the athletic sports. Therefore, national and in-
ternational scientific sport communities and anti-
doping agencies all over the world should manage
protective actions such as teaching athletes, man-
age practicable detection strategies, and focus more
on this issue so that they can overcome it.
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