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Some spectacular results from genetic manipulation of laboratory rodents and increasing developments in human gene
therapy raise the spectre of genetic modification or ‘gene doping’ in sports. Candidate targets include the induction of muscle
hypertrophy through overexpression of specific splice variants of insulin-like growth factor-1 or blockade of the action of
myostatin, increasing oxygen delivery by raising the hematocrit through the use of erythropoietin, induction of angiogenesis
with vascular endothelial growth factors or related molecules and changes in muscle phenotype through expression of
peroxisome-proliferator-activated receptor- delta and associated molecules. Some of these potential genetic enhancements,
particularly where the genetic modification and its action are confined to the muscles, may be undetectable using current
tests. This had lead to exaggerated predictions that gene doping in athletics will be common within the next few years.
However, a review of the methods of gene transfer and the current ‘state of the art’ in development of genetic treatments for
human disease show that the prospects for gene doping remain essentially theoretical at present. Despite this conclusion, it will
be important to continue to monitor improvements in the technology and to develop methods of detection, particularly those
based on identifying patterns of changes in response to doping as opposed to the detection of specific agents.
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The concept of gene doping

Following publications from several laboratories showing

improved muscle performance through genetic manipula-

tion of laboratory rodents (for example, McPherron et al.,

1997; Barton-Davis et al., 1998), concern was raised over the

possibility of genetic enhancement of human athletes,

commonly referred to as ‘gene doping’. In response, the

Medical Committee of the International Olympic Committee

held a meeting in 2001 to discuss the potential of this abuse

of gene therapy techniques and this was followed by another

meeting held by the World Anti-Doping Agency (WADA) in

2002. In 2003, WADA declared that ‘the nontherapeutic use of

cells, genes, genetic elements or the modulation of gene

expression, having the capacity to enhance athletic perfor-

mance, is prohibited’. In the past 4 years, a number of reviews

have been written raising concerns over the potential for gene

doping (for example, Sweeney, 2004; Azzazy et al., 2005;

Haisma and de Hon, 2006; Schneider and Friedmann, 2006;

Azzazy and Mansour, 2007; Baoutina et al., 2007, 2008; Filipp,

2007), but how real is the challenge? This review will examine

laboratory studies in experimental animals where genetic

modification has been shown to modify muscle performance

and methods, whereby genetic modification might be

achieved in humans. Much of the literature in this area arises

from attempts to develop gene therapies in man, particularly

for the treatment of muscular dystrophies, such as the lethal

X-linked neuromuscular condition, Duchenne muscular

dystrophy (DMD). This review will then focus on the

potential for abuse by human athletes and the associated

risks and will finish with a consideration of the methods by

which such gene doping might be detected.

Methods of genetic manipulation

Gene therapy has a number of different definitions, but in

essence, it is the manipulation of expression of specific genes

in the body of the patient. This may be achieved by delivery

of a functional version of the gene that is defective and this

is the most common approach to single-gene disorders, such

as haemophilia A and B, cystic fibrosis and DMD. Alterna-

tively, gene transfer can be used to deliver genes encoding

proteins that modify an acquired disease, such as infection or

ischaemic heart disease. Finally, gene transfer can be used to

downregulate gene expression to avoid the activity of a

harmful gene or to modify a response to a specific stimulus.

A particular advantage of gene therapy compared to other

treatments, such as the administration of recombinant

proteins, is that by continuous production of the protein

in vivo, one avoids the peak and trough pharmacodynamics

associated with a series of injections.
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For gene therapy, a delivery system (vector) is required to

transfer the genetic material into the target cell. Viruses have

evolved specifically for transferring their genetic material

into cells to replicate themselves and, therefore, are potential

vectors for use in gene therapy. The beneficial properties

regarding gene delivery can be separated from the patho-

genic consequences of viral replication by removal of some

or all of the viral genes. This also creates space to add the

therapeutic gene(s). These replication-deficient viral vectors

are produced in cell lines that provide the viral genes

required for replication and packaging into infectious virus.

These viral genes are supplied either from stably transfected

cell lines or from transient transfections and cannot be

packaged into the subsequent viruses as they lack the

packaging signals that are only attached to the therapeutic

gene (Figure 1). Viral vectors have been generated from a

wide variety of viruses that have a range of properties

(Table 1) and some of these, such as adeno-associated virus

(AAV) have been further developed by using a range of

different serotypes that show differential tissue tropism,

thus, allowing the targeting of gene delivery to a range of

specific tissues (Gao et al., 2002; Wu et al., 2006).

Gene transfer can take place either ex vivo or in vivo. In

ex vivo gene transfer, cells are taken from the individual to be

treated, they are genetically modified in cell culture, usually

using an integrating viral vector to ensure the genetic

modification is retained through subsequent cell divisions.

The genetically manipulated cells can be screened and sorted

before being returned to the donor. This approach has

successfully treated severe combined immunodeficiencies,

using stem cells for the immune system (for example,

Hacein-Bey-Abina et al., 2002), and a similar approach has

been used for the treatment of a number of other conditions

(for example, Mavilio et al., 2006; Ott et al., 2006).

Genetically modified cells can also contribute to the repair

of damaged tissues or can be used as a platform for the

systemic delivery of therapeutic proteins, either from a

treated tissue or from an encapsulated cell implant that can

be removed, if required. The major limitations to the ex vivo

approach are the often low efficiency of subsequent engraft-

ment of the delivered cells and the need for the treatment

to be individual-specific to avoid the need for long-term

immunosuppression. Therefore, this approach requires spe-

cialized laboratories and is expensive, although this is less

true of the encapsulated implants that may be protected

from the actions of the immune system (for example,

Yanay et al., 2003).

In contrast, in vivo gene delivery means that a vector with

the gene of interest can be prepared for the treatment of

many individuals, potentially reducing the cost. This

approach also allows the use of nonintegrating vectors that

will lead to relatively short-term gene expression in mitotic

cells but long-term gene expression in post-mitotic cells,

such as neurons and muscle fibres. However, this approach

lacks the potential for selection and screening of the

genetically modified cells, which is possible with the ex-vivo

approach. The in vivo approach also carries the risk that the

vector may integrate into germ cells, both transmitting

the genetic modification to future generations and/or

potentially damaging other genes due to the random nature

of integration, the effects of which may be manifest during

development of the subsequent generations. Because of this

latter risk and the ethical issues associated with nonconsen-

sual treatment of future generations, there is currently a

moratorium on germline gene therapy and all gene therapy

protocols are required to ensure that there is no risk of

inadvertent germline genetic modification. Thus, all current

gene therapy is directed towards somatic tissues, so-called

somatic gene therapy.

Another problem with the in vivo approach is that

although viruses have evolved for efficient gene delivery to

target cells, the immune systems of the hosts have also

evolved. The first administration of a viral vector in vivo can

Figure 1 Cartoon diagram showing the production of replication-
deficient viral vectors. The viral genes required for replication and
packaging are supplied in separate units either as a transient
transfection or by stable integration into a producer cell line. The
vector plasmid carries the therapeutic construct in between the
inverted terminal repeat sequences (ITRs) that act as signals to
ensure that the material flanked by the ITRs is packaged into the viral
particles. The product is a replication-deficient viral vector, carrying
the therapeutic gene. The replication and packaging genes are not
packaged as they lack the ITR sequences.

Table 1 Viruses available as viral vectors and their properties

Virus Integration Packaging capacity Other properties

Adenovirus Remains episomal 1st/2nd generation 8 kb,
3rd generation 30 kb

Infects a wide range of tissues

Adeno-associated virus Remains episomal 4.5 kb Serotype determine specificity
Herpesvirus Episomal/latent 40–150 kb Large virus and unable to cross connective

tissue barriers in muscle
Oncoretrovirus (retrovirus) Integrating 8 kb Requires cell division for integration
Lentivirus Integrating 8 kb Does NOT require cell division
Semliki forest virus (and other alphaviridae) Cytoplasmic expression 8 kb Short-lived gene expression (5–7 days)
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generate a protective immune response that severely limits

the efficiency of subsequent administrations of the same

viral vector and leaves a permanent record of exposure to the

viral vector. Such immune responses can be avoided by

the use of a synthetic nonviral vector. In the simplest form

this is just a circular form of DNA, known as plasmid DNA.

Plasmid DNA can be readily grown in bacteria in standard

laboratories and, alongside enzymes to manipulate DNA, is

the mainstay of the molecular biology revolution. Plasmid

DNA can be purified away from protein and other con-

taminants, and in 1990, it was shown to be capable of

delivering genes into muscle after intramuscular injection

(Wolff et al., 1990). In comparison to gene delivery with viral

vectors, plasmid DNA is very inefficient but this efficiency

can be markedly increased by modifying the means of

delivery to add a physical component. The application of a

series of electrical pulses following intramuscular injection

(in vivo electroporation) can increase the efficiency of

plasmid DNA delivery over 1000-fold (Aihara and Miyazaki,

1998; Mathiesen, 1999; Mir et al., 1999) and genetically

modify the majority of the target muscle fibres (McMahon

et al., 2001). Other methods of physically enhancing

plasmid-based gene delivery include ultrasound, laser and

magnetic particles (see review by Wells, 2004). Plasmid DNA

may also be delivered to multiple muscles in a temporarily

isolated limb using a high-volume high-pressure delivery by

either the arterial or venous routes (Budker et al., 1998;

Hagstrom et al., 2004).

As an alternative to the use of physical enhancements,

plasmid delivery can also be improved by combining the

plasmid with lipid vesicles that aid penetration of the cell

membrane. These plasmid/liposome complexes can be

enhanced by the addition of proteins to target specific cell

surface receptors, essentially creating an artificial virus.

Other agents, such as polyethylenimine can also be com-

plexed with plasmid DNA to enhance delivery to cells.

Although many of these complexes work very well in cell

culture, many of them are less successful when applied in

vivo and in general none are more effective in gene delivery

to muscle than simple naked plasmid DNA.

Genes can also be manipulated in a specific manner by

the use of several different small molecules. Antisense

RNA sequences can be used to bind to the mRNA

product of a gene and prevent expression of the protein

product by either blocking translation or by causing

destruction of the mRNA by RNAse H or the siRNA pathway.

Antisense molecules can also be used to modify the splicing

pattern of a gene by blocking specific splicing recognition

sequences, leading to exclusion or inclusion of specific

exons.

Finally, an emerging field is that of developing small

molecules to specifically modify promoter activity or the

efficiency of translation thus increasing or decreasing gene

activity. Examples in the DMD field include the upregulation

of utrophin (Summit plc, Abington, UK) and the upregula-

tion of utropin, a7 integrin and insulin-like growth factor 1

(IGF-1) and the downregulation of myostatin (PTC

Therapeutics, South Plainfield, NJ, USA). Although these

molecules would not be commonly considered part of gene

therapy, the potential to specifically modify gene expression

makes them worthy of consideration as potential gene-

doping reagents.

It is important to understand that many of the most

impressive changes in muscle physiology and exercise

performance achieved in laboratory rodents, as discussed in

the following section, have been achieved through germline

genetic modification, commonly referred to as transgenesis.

Transgenics are produced by introduction of the genetic

modification into very early embryos before the germ cells

have differentiated from the somatic cells. The genetic

change can be effected either by introduction of additional

genetic material, most commonly by microinjection of a

transgene into the pronucleus of a fertilized single cell egg,

or by specific gene targeting in embryonic stem cells in

culture, most commonly to knock out a specific gene, before

reintroduction of the genetically modified cells into an early

embryo. The rodent transgenic approach ensures that the

genetic modification is present in all cells of subsequent

generations with expression controlled by the transgene or

endogenous gene promoter. These techniques are relatively

inefficient and are not currently possible in humans. Thus,

for the foreseeable future, human athletes wishing to

undergo genetic enhancement will do so by somatic gene

transfer. In contrast to germline modification, most applica-

tions of somatic gene transfer are unlikely to involve the

genetic modification of all somatic cells in the target tissue.

Somatic gene transfer may produce different results from

those seen following germline gene transfer. This is because,

in the latter case, the effect of the genetic manipulation is

usually active during development and the animal may

adapt to the change in gene expression.

Potential targets for gene doping

Growth hormone (GH) has a multitude of effects on the

body associated with growth. It has a well-documented

stimulatory effect on carbohydrate and fatty acid metabo-

lism, and a possible anabolic effect on muscle proteins.

Doessing and Kjaer (2005) also suggest a role for GH as an

anabolic agent in connective tissue in human skeletal muscle

and tendon. Recombinant GH is already being used as a

doping agent in sports.

Insulin-like growth factor 1 is a protein that stimulates

cellular proliferation, somatic growth and differentiation. It

exists in a variety of isoforms, including a liver form that

circulates systemically and local splice variants, some of

which are commonly referred to as muscle-specific forms

(Goldspink and Yang, 2004; Barton, 2006). Skeletal muscle-

specific expression of one splice variant of IGF-1 in

transgenic mice induced marked muscle hypertrophy that

escaped age-related muscle atrophy and retained the pro-

liferative response to muscle injury characteristic of younger

animals (Musaro et al., 2001). Gene transfer into muscle

using viral vectors can also counteract the age-related muscle

atrophy (Barton-Davis et al., 1998) and is additive to the

effects of training on muscle hypertrophy (Lee et al., 2004).

Thus, there is potential that the increased expression of

certain splice variants of IGF-1 in skeletal muscles may

increase strength in human athletes.
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Myostatin is a protein that acts as a negative regulator of

muscle mass. It is produced by the muscle itself and acts in

an autocrine or paracrine fashion. Mice in which the

myostatin gene has been inactivated show marked muscle

hypertrophy (McPherron et al., 1997) and a recent report

described similar muscle hypertrophy in a child carrying

mutations in both copies of the myostatin gene (Schuelke

et al., 2004). Therefore, blockade of myostatin action has the

potential to allow athletes to rapidly increase muscle mass.

This blockade can be achieved at a variety of levels, such as

increasing expression of follistatin, a natural antagonist of

myostatin, or by blocking myostatin activity using a

humanised monoclonal antibody, such as Wyeth’s MYO-

029. For a recent review of the physiological action

of myostatin and its pharmacological manipulation see

Joulia-Ekaza and Cabello (2007).

A good oxygen supply to the skeletal and cardiac muscle is

important for normal function and an increased blood

supply is required for endurance events. Erythropoietin

(Epo) is a glycoprotein that is produced by the kidney in

response to a low concentration of oxygen. Epo expression

leads to an increase in red blood cell production and

hence an increase in the oxygen-carrying capacity of the

blood. Glycosylation of Epo is tissue- and species-specific,

and recombinant proteins show a different level of post-

translational modification compared to the endogenous

protein. In addition to increased hematocrit, it has been

suggested that increased expression of vascular endothelial

growth factor and/or other angiogenic factors could

improve the microcirculation in muscle and hence provide

an increased oxygen and nutrient supply as well as

removal of waste products. Vascular endothelial growth

factor isoforms have been tested extensively in clinical trials

for ischaemic cardiac and skeletal muscle disease and

these have been recently reviewed (Yla-Herttuala et al.,

2007). Another review has concluded that ‘early clinical

trials of therapeutic angiogenesis met with limited

success, in part due to the complex spatial and temporal

regulation of angiogenesis, which requires the coordinate

action of multiple growth factors and their receptors’

(Kontos and Annex, 2007). The latter authors have suggested

the use of transcription factors, such as hypoxia-inducible

factor 1 to activate a cascade of the angiogenic factors.

Indeed, hypoxia-inducible factor 1a is activated under

conditions of endurance exercise and muscle hypoxia in

man (Ameln et al., 2005) and induces both the endogenous

expression of Epo and vascular endothelial growth factor.

Consequently, increased expression of hypoxia-inducible

factor 1a through gene transfer has the potential to

substantially improve oxygen delivery to the skeletal and

cardiac muscle.

Expression of an activated form of peroxisome-prolifera-

tor-activated receptor-d (PPAR-d) in skeletal muscle increased

the running endurance of transgenic mice to double that of

their wild-type littermates (Wang et al., 2004). PPAR d
expression induced slow muscle properties in adult rat

muscles after somatic gene transfer (Lunde et al., 2007) and

mRNA expression of PPAR a, PPAR d, PPAR-g and coactivator-1

(PGC-1a and -1b) was increased in elite human cyclists, with

an increased proportion of type I slow twitch, oxidative

fibres, when compared with normally active subjects

(Kramer et al., 2006). Thus, gene transfer of PPAR d in

athletes might improve endurance capacity by increasing the

proportion of oxidative slow twitch fibres.

Expression of PGC-1a at physiological levels in the skeletal

muscle of transgenic mice induced the oxidative phenotype

and a shift to type 1 muscle fibres, increasing resistance to

fatigue (Lin et al., 2002) and improving aerobic performance

(Calvo et al., 2008). However, another study has reported

that overexpression of PGC-1a lead to muscle atrophy

(Miura et al., 2006), indicating the potential deleterious

effects of trying to alter muscle phenotype by upregulating

expression of individual genes. In contrast, overexpression of

PGC-1b in transgenic mice lead to a marked induction of

type IIX fast oxidative fibres so that transgenic animals could

run for longer and at higher workloads than wild-type

animals (Arany et al., 2007). Hence, by using one of the

above molecules, it might be possible to manipulate the

phenotype of skeletal muscle to improve performance,

particularly for endurance athletes.

The current state of the art in gene therapy

Although gene therapy has had some notable successes in

human clinical trials, for example the correction of X-linked

severe combined immunodeficiency (Cavazzana-Calvo et al.,

2000; Hacein-Bey-Abina et al., 2002), adenosine deaminase-

severe combined immunodeficiency (Gaspar et al., 2006),

X-linked chronic granulomatous disease (Ott et al., 2006) and

the treatment of junctional epidermolysis bullosa (Mavilio

et al., 2006), the vast majority of the promise of this field is

still at the level of impressive results in animal models of

human disease, which in most cases are mice. Mice are small

tough creatures and many of the promising results have been

obtained with high vector doses. Whether the same results

can be achieved in man with acceptable doses of the

appropriate vector is still an unanswered question.

For gene therapy of DMD, a key therapeutic goal is to

genetically treat groups of muscles and ideally all muscles.

Local treatment of individual muscles, although impressive

in mice, is not really feasible in larger species due to the very

limited spread of any of the vector systems when injected

intramuscularly (for example, O’Hara et al., 2001). Local

treatment of muscle can be used for the production of

proteins, such as Epo, which is secreted into the circulation

(for example, Ye et al., 1999; Rendahl et al., 2002; Nordstrom,

2003); however, other muscle-specific approaches to athletic

enhancement are likely to have the same distribution

requirements as treating DMD, although a lower efficiency

may still produce an improved performance. Several ap-

proaches have been taken to deliver to multiple muscle

groups. Temporary isolation of a limb with a tourniquet

allows regional perfusion with viral or nonviral vectors. Such

isolation and perfusion for the delivery of cytotoxic drugs is

well established in human clinical practice.

Adenoviral vectors can be delivered systemically and

regionally (Greelish et al., 1999; Su et al., 2005). However,

the use of intraportal adenovirus caused a fatality in one

gene therapy clinical trial (Raper et al., 2003) and has been
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shown to cause similar problems in nonhuman primates at a

higher dose (Schnell et al., 2001). In contrast, AAV has

proved a very effective viral vector for both systemic and

regional delivery in species ranging from mouse to dog.

Chamberlain’s group first demonstrated very efficient delivery

to all skeletal muscles in the mouse using AAV serotype 6

(Gregorevic et al., 2004). Subsequently, a number of groups

have shown similar results with several different AAV

serotypes (Zhu et al., 2005; Bartoli et al., 2006; Ghosh et al.,

2007). Regional and systemic delivery of antisense sequences

has also been achieved using AAV (Goyenvalle et al., 2004;

Denti et al., 2006). Regional delivery in the dog limb has

been demonstrated for Factor IX and b-galactosidase (Arruda

et al., 2005; Su et al., 2005). It should be noted that the doses

of AAV used for efficient systemic delivery in the mouse are

in the order of 4�1012 vector particles. To scale this up to

adult human, treatment would require something in the

order of 2�1015 vector particles, a dose that currently

exceeds the capacity of the majority of academic and

commercial production facilities.

For many applications of gene therapy, it is important to

control the tissue in which the gene is expressed. This can

be achieved by the specific tissue tropism of particular

viruses and their different serotypes or modifications to the

envelope proteins. Additionally, the expression of the

transgene can be controlled by the choice of promoter.

Many gene therapy experiments to date have used viral

promoters as they allow high-level expression but are not

tissue restricted. Much effort has been put into development

of tissue-specific promoters and a highly efficient recombi-

nant muscle-specific promoter based on the muscle creatine

kinase gene has recently been described (Salva et al., 2007).

For systemically secreted products, such as Epo, it will also

be necessary to use an inducible genetic system to avoid

excess expression and dangerous polycythemia. A variety of

systems are under development, including a rapamycin-

regulated expression (Ye et al., 1999), a tetracycline-regulated

system (Rendahl et al., 2002) and an anti-progestin-regulated

expression (Nordstrom, 2003).

Other methods of genetic modification that have recently

been demonstrated to be effectively delivered by the

systemic route include several different chemistries of

antisense oligonucleotides for restoration of dystrophin

expression in the mdx mouse model of DMD (Lu et al.,

2005, Alter et al., 2006) and a specialised form of stem cells,

mesoangioblasts, that effectively restored dystrophin expres-

sion in the golden retriever dog model of DMD (Sampaolesi

et al., 2006).

Potential for abuse

Unlike many other forms of doping in sports, gene therapy

products are not yet available to the medical profession and

in many cases, due to their potential to irreversibly modify

the genome, are likely to be subject to greater licensing

restrictions than current pharmaceutical agents. Thus, the

major concerns in the short to medium term lie with

the ability of illicit production of the gene-doping agents.

The potential for abuse of the different systems for gene

delivery is very variable and depends heavily on the ease of

production of sufficient material.

Adenovirus and AAV can be relatively easily generated at

small-scale levels, suitable for cell culture experiments, in

many laboratories. However, for use in rodents, much higher

titres are required and this requires specialist facilities.

Currently, very few, if any, laboratories can produce

sufficient virus to treat a whole dog, although several labs

have treated individual limbs. In contrast, plasmid DNA is

much easier to grow in large quantities and the purity of the

product can be more easily monitored. Plasmids are grown in

bacteria and they must be carefully purified away from any

contaminants, such as bacterial lipopolysaccharides, that

can cause inflammation and fever. However, the methods for

doing this have been well developed and are within the

capability of most laboratories. As the DNA is of bacterial

origin, it will include sequences that can activate the innate

immune system, commonly referred to as immunostimula-

tory sequences. To avoid these problems, several approaches

have been adopted. The first approach has been to develop

methods to excise the plasmid backbone, which contains

the greatest number of immunostimulatory sequences (Chen

et al., 2005; Tolmachov et al., 2006). The second has been

to develop plasmids in which the immunostimulatory

sequences have been removed (Yew and Cheng, 2004).

As previously mentioned, plasmid gene transfer is

relatively inefficient but can be very substantially enhanced

by physical methods of delivery. In vivo electroporation can

be used to create a local muscle ‘factory’ from which proteins

can be secreted into the circulation for action on distant

targets, for example Epo and GH. For manipulation of

muscle phenotype, such as decreasing myostatin or increasing

IGF-1, the perfusion of a limb, temporarily isolated from the

general circulation by application of a tourniquet, would

appear to be a relatively ‘low-tech’ method that could be

used by an illicit laboratory. However, the success of this

approach has yet to be demonstrated in man. We have

recently observed that intravenous low-pressure systemic

plasmid delivery to cardiac and skeletal muscle can be

enhanced by combination with clinically approved contrast

microbubbles and local application of clinical ultrasound

(Alete et al., unpublished observations) and such a method

would be well within the capabilities of an illicit operation.

The production of oligonucleotides that are highly

resistant to enzymatic degradation is currently limited to a

small number of suppliers due to patent issues and this

reduces the potential for undetected genetic manipulation in

athletes using these reagents.

Risks with gene doping

Risks associated with gene doping fall into two main areas.

Firstly, the product and the procedures for delivery of the

product carry risks. Secondly, the uncontrolled expression of

the genes may in themselves be harmful. The production of

viral vectors requires considerable purification and testing

for replication-competent virus. Adenoviral vectors have

been clearly associated with morbidity in some human

gene therapy trials and in one case death after vascular
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administration in 1999 (Raper et al., 2003). AAV vectors

appear to have a better safety profile, although they have yet

to be administered in man at the high titres required for

efficient systemic delivery to all skeletal muscle in rodents.

Plasmid DNA can provoke the innate immune system,

leading to inflammation and fever, although this can be

largely avoided by careful preparation and use of immuno-

stimulatory sequence-depleted plasmids as noted above.

Growth hormone and IFG-1 are both potent mitogens and

antiapoptotic agents, which could lead to an increased risk

of oncogenesis and a number of studies have highlighted

this risk (reviewed in Perry et al., 2006). Similarly, over-

expression of hypoxia-inducible factor 1 and the angiogenic

factors could potentially lead to better vascularisation of

developing solid cancers and so might promote increased

tumour growth.

Overexpression of Epo has a number of potential safety

risks. Administration of Epo causes an increase in hematocrit

and this makes the blood more viscous and increases the

load on the heart. Potential consequences include blockage

of the microcirculation, stroke and heart failure. In addition,

the production of Epo following gene transfer has caused

autoimmune anaemia in macaques (Chenuaud et al., 2004,

Gao et al., 2004).

Complete blockade of myostatin activity, as seen in both

induced and spontaneous myostatin knockout mice, has

recently been demonstrated to lead to a decrease in mass-

specific muscle force such that the larger muscles of the

myostatin null mice did not generate significantly more

force than their wild-type counterparts (Amthor et al., 2007).

In addition, there was a shift to a faster more glycolytic

phenotype suggesting impairment of the oxidative capacity

of the muscle. Whether similar effects will be the result of

long-term partial blockade of myostatin remains to be seen

but clearly represents a potential problem for some classes of

athlete.

Detection problems and solutions

At present, detection of doping in sports is based on two

approaches. The main and currently most important is the

detection of the specific substance itself but increasingly this

is being augmented by the second approach, which is the

detection of the consequences of administering the doping

agent.

For systemically expressed proteins, such as Epo, these

monitoring methods are in place (Lippi et al., 2006).

Currently, recombinant GH can be detected by analysis of

the ratios of the 20 and 22 kD isoforms of GH, as it is only the

22 kD isoform that is available in the recombinant form. A

recent study has shown that markers of GH action, circulating

IGF-1 and a marker of collagen turnover, N-terminal

extension peptide of procollagen type III (P-III-P), can also

detect GH abuse (Powrie et al., 2007). Indeed, gene transfer

into muscle to produce secreted proteins may actually be

easier to detect, as one study has shown that the glycosyla-

tion pattern of erythropoietin produced from skeletal muscle

differs from that produced by the kidney (Lasne et al., 2004).

A problem with detection of Epo and GH recombinant

protein doping is that both have short half-lives in the

circulation and, thus, are difficult to detect once treatment

has been withdrawn. In contrast, a significant disadvantage

of genetic modification is that treatment cannot easily be

withdrawn unlike protein or drug treatments. To be able to

control the levels of a secreted gene product, that is, to be

able to effectively withdraw treatment, the genetic modifica-

tion will need to be under the control of an inducible

promoter system as described previously. However, the

agents used to switch the promoter on or off are not

normally found in people except as the result of medical

treatment, for example rapamycin, tetracycline and anti-

progestins. Thus, these agents should be detectable and

would provide indirect evidence of possible gene doping in

the absence of authorised therapeutic use.

Small molecules that induce specific genetic alterations are

unlikely to pose a major detection problem, as a necessary

prerequisite for development of their therapeutic use will be

a specific assay to detect levels of the small molecule to

ensure that therapeutic levels are achieved. Provided the

manufacturer could be persuaded to make such an assay

available to WADA accredited labs, detection of this sort of

doping will be similar to the existing testing regime. There

may be more of a problem where the molecule is sequestered

and continues to have a prolonged action in the target

organ. For example, we have observed continued exon

skipping in the dystrophin transcript up to 14 weeks after a

single intramuscular injection of a morpholino antisense

molecule with concomitant expression of a modified

dystrophin in the treated muscle of the dystrophic mdx

mouse (Wells et al., unpublished). Nonsequestered morpho-

linos are rapidly cleared from the blood and are undetectable

within 48–72 h of administration.

Some genetic modifications will be very difficult to detect.

Muscle-specific expression of splice variants of IGF-1 can

lead to muscle hypertrophy and better repair but will not

lead to increased IGF-1 levels in the blood. Equally,

expression of antisense reagents within muscles, for example

to reduce the levels of myostatin, will also be hard to detect

as levels of circulating myostatin are low in man. Detection

of transferred genetic material may pose a problem as current

doping detection relies on urine and blood samples and it is

generally considered that any form of tissue biopsy would be

unacceptable. However, if there is evidence that gene doping

is taking place in the athletic community, it might be

possible to consider muscle biopsy in cases where gene

doping is strongly suspected. The usual method using a large

biopsy needle is unlikely to be acceptable due to the damage

caused, the need for local anaesthesia and the potential for

haematoma formation. In contrast, a new method for biopsy

using fine needle aspirates and real-time PCR seems to avoid

these issues and appears sufficiently sensitive to pick up

evidence of genetic manipulation (Guescini et al., 2007). It is,

however, limited by the same issues associated with all

muscle-sampling techniques in that the area sampled may

not be indicative of the whole muscle and where gene

delivery has been less than 100% efficient, the biopsy may

not be sampling the treated area. It is possible that muscle

damage, as the result of physical exertion, may release low

levels of the transferred genetic material into the circulation
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and the potential to detect such material has very recently

been reviewed by Baoutina et al. (2008). They concluded that

the potential for such detection was limited and posed

significant technical challenges.

The most efficient methods of genetic modification

involve the use of viral vectors. In most cases, these lead to

immune responses that limit repeated treatment. These

immune responses can be easily detected and serve as a

possible indicator of genetic manipulation. However, it will

not always be possible to distinguish these immune

responses from those arising from natural infections, unless

particularly exotic serotypes of viral vectors have been used.

In addition, viral vectors may have been used for therapeutic

purposes (see below).

Methods of the future will likely examine changes in gene

expression, particularly in white blood cells (transcrip-

tomics), changes in protein expression in blood or urine

(proteomics) and changes in the metabolites found in blood

or urine (metabonomics). A major challenge with these

indirect approaches lies in the determination of what levels

are normal and what changes provide unambiguous evi-

dence of doping. There is likely to be substantial variation

due to individual genetic profiles, diet and other environ-

mental factors, and it would be unfair to ban an individual

from competition simply because, for example, their en-

dogenous genetic makeup means that they exhibit higher

than normal levels of specific gene products. Thus, to be able

to use the changes in patterns of mRNA, proteins or

metabolites, it may be necessary to take longitudinal samples

for each individual athlete to determine their normal

baseline values. This would impose a very significant

regulatory burden and additional costs, and is clearly a

matter that requires further research and debate within the

international community.

Will athletes be prevented from benefiting from
novel treatments for disease?

One concern that is commonly raised when discussing gene

doping is whether the present prohibition will prevent

athletes from benefiting from developments in gene therapy

approaches to treat disease (for example, Schneider and

Friedmann, 2006). In many cases, this is probably an

unnecessary concern, as a system for therapeutic use exemp-

tions already exists for conventional drugs on the banned list.

Clearly, if the genetic therapy produced a long-lasting effect

that also enhanced athletic performance then there would be

concerns. For example, Epo gene therapy could be used to

treat anaemia but would also be likely to offer an athletic

advantage and as such would very probably be precluded

from treatment of a competing athlete. A more difficult area is

likely to lie in the treatment of athletic injuries where gene

therapies may induce more rapid healing or less side effects

from the repair process, such as adhesions and fibrosis. Studies

in this field are limited and there is no clear evidence

supporting long-term enhanced athletic performance arising

from such gene therapies in animal studies. For instance,

expression of growth and differentiation factor 5 (Gdf5) in

the region of a joint-associated tendon repair improved the

range of movement but did not change the biomechanical

properties in a mouse model (Basile et al., 2008).

Conclusions

Although genetic manipulation has produced some very

impressive results in animal models of human disease, it has

only shown significant beneficial effects in a limited number

of human trials. There are still major technological hurdles

in translating experimental results in rodents through to

application in man. Gene therapy products for human

disease that may be of benefit to athletes are not yet

available and only a limited subset of gene-delivery systems

could be developed by illicit laboratories. Thus, the prospects

for gene doping remain essentially theoretical at present,

which is in marked contrast to articles that suggest that

genetically modified athletes may be competing in the next

Olympic games. However, the field as a whole should

continue to be closely monitored. Despite the risks asso-

ciated with untested gene-doping procedures and products,

it seems likely that some athletes will be tempted to

experiment as was demonstrated with the use of the designer

steroid tetrahydrogestrinone (THG), which had not been

tested before use. Further research is clearly required to

ensure that methods of testing for the effects as well as for

specific agents potentially involved in gene doping are

developed to prepare for and pre-empt any possible gene

doping.
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