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REVIEW

Regulation of muscle mass by growth hormone and
IGF-I

CP Velloso

King’s College London, Division of Applied Biomedical Research, London, UK

Growth hormone (GH) is widely used as a performance-enhancing drug. One of its best-characterized effects is increasing
levels of circulating insulin-like growth factor | (IGF-I), which is primarily of hepatic origin. It also induces synthesis of IGF-I in
most non-hepatic tissues. The effects of GH in promoting postnatal body growth are IGF-I dependent, but IGF-I-independent
functions are beginning to be elucidated. Although benefits of GH administration have been reported for those who suffer
from GH deficiency, there is currently very little evidence to support an anabolic role for supraphysiological levels of systemic
GH or IGF-I in skeletal muscle of healthy individuals. There may be other performance-enhancing effects of GH. In contrast, the
hypertrophic effects of muscle-specific IGF-1 infusion are well documented in animal models and muscle cell culture systems.
Studies examining the molecular responses to hypertrophic stimuli in animals and humans frequently cite upregulation of IGF-I
messenger RNA or immunoreactivity. The circulatory/systemic (endocrine) and local (autocrine/paracrine) effects of GH and

IGF-I may have distinct effects on muscle mass regulation.
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Introduction

Skeletal muscle comprises about 40% of the body mass in
humans. An adequate muscle mass is critical for health as
muscle has several important functions: locomotion, breath-
ing, thermogenesis, protection of internal organs, glucose
and fat metabolism. The regulation of muscle mass is of
interest to a diverse group of people. There are those, such as
power athletes and body builders, who are primarily
interested in increasing their muscle mass. Others are
concerned with preventing muscle loss. This is critical for
the frail elderly, those with myopathies, cancer, sepsis, HIV/
AIDS and other diseases, those suffering from reduced
mobility as a result of injury, and astronauts. The mechanisms
regulating muscle mass maintenance are widely studied due
to the importance of this tissue for health.

Muscle is a highly plastic tissue able to adapt to changing
functional demands. Increased load on muscle results in an
increase in its mass or hypertrophy, whereas unloading or
disuse leads to a decrease in mass or atrophy. Exercise is a key
regulator of muscle mass, as is nutrition (Rennie et al., 2004).

Hormonal factors are also important. It is evident that
men have a greater muscle mass than women. This is
primarily due to the anabolic effects of testosterone. Indeed,
anabolic steroids have long been used by body builders due
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to their dramatic effects on muscle bulk. Growth hormone
(GH) and insulin-like growth factor I (IGF-I) have a key role
in the regulation of body size in growing animals but their
role in adults is less clear. IGF-I clearly has anabolic activity
but its mechanism of action as an endocrine, circulating
hormone may be distinct from its activity as an autocrine/
paracrine growth factor.

This review begins with a basic introduction to the GH/
IGF-I axis and the mechanisms of muscle mass regulation.
The evidence for an effect of these molecules on muscle mass
in human, animal and cell culture models is examined
followed by a discussion of their use as performance-
enhancing drugs.

The GH/IGF-I axis

GH or somatotropin is a peptide hormone produced and
secreted mainly by the somatotroph cells of the anterior
hypophysis (pituitary gland). GH secretion occurs in a
pulsatile pattern and is regulated by hypothalamic hor-
mones. GH-releasing hormone induces GH secretion,
whereas somatostatin (somatotropin release inhibiting factor
hormone) inhibits its secretion (Goldenberg and Barkan,
2007). In addition, the peptide ghrelin is a potent GH
secretagogue that is synthesized in the hypothalamus, the
pituitary and the stomach (Kojima et al., 1999). Various
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stimuli affect the frequency and magnitude of the GH pulses:
gender, age, adiposity, sleep, diet and exercise. Conse-
quently, serum GH levels vary greatly throughout the day.

The GH receptor (GHR) is ubiquitously expressed (Frick
et al., 1998) and GH has direct effects on most tissues,
including skeletal muscle (d’Ercole et al., 1984; Gostelli-Peter
et al., 1994; Jorgensen et al., 2006). GH binding results in
dimerization of two GH receptors and intracellular signalling
involves the Janus kinase and the signal transducers and
activators of transcription (Stat) pathway (Smit et al., 1996).

GH stimulates the synthesis of IGF-I in most tissues
(Figure 1; d’Ercole et al., 1984; Gostelli-Peter et al., 1994).
The liver is the organ chiefly responsible for the production
of serum IGF-I. GH administration causes rapid upregulation
of IGF-I mRNA and protein in the liver (Mathews et al., 1986)
and animals with liver-specific IGF-I deletions show only 10-
25% of serum IGF-I levels compared with controls (Sjogren
et al., 1999; Yakar et al., 1999). Unlike GH, serum IGF-I levels
are quite stable in healthy humans and show little day-to-
day intraindividual variability. Serum IGF-I levels above or
below the normal age-corrected range are a good indicator of
GH dysfunction (Buckway et al., 2001), although care must
be taken to consider other factors such as malnutrition and
liver problems that affect serum IGF-I. GH secretion is
regulated by a negative feedback system in that elevated
serum IGF-I inhibits GH secretion (Figure 1; Berelowitz et al.,
1981; Bermann et al., 1994).
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Figure 1 Schematic representation of the growth hormone (GH)/
insulin-like growth factor | (IGF-) axis. GH is synthesized in the
pituitary and induces synthesis of IGF-I in most tissues (liver and
muscle). The liver is the main source of circulating IGF-I (cIGF-I)
although some cIGF-l comes from other tissues, including muscle.
cIGF-l is part of a negative feedback loop regulating GH release. IGF-I
synthesized in muscle (mIGF-I) in response to exercise or GH acts in
an autocrine/paracrine way to stimulate hypertrophy.
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The effects of IGF-I are mediated mainly by the type 1 IGF
receptor (IGFR1), which has tyrosine kinase activity and
signals through the phosphatidylinositol 3 kinase (PI3K)/
AKT pathway (Figure 2). IGF-I also binds to the insulin
receptor (IR) but with much lower (about 100-fold lower)
affinity than to the IGF1R (Pandini et al., 2002). The IR and
IGF1R are dimeric transmembrane receptors and can form
functional hybrids. The roles of hybrid receptors in cellular
responses remains unclear.

There are six IGF-binding proteins (IGFBPs). The IGFBPs
were initially isolated from serum and are proteins of about
30kDa able to bind IGF-I and IGF-II but not insulin (Bach
et al.,, 1993). Most serum IGF-I is found in a tripartite
complex with IGFBP3 and the acid labile subunit (ALS).
IGF-IGFBP complexes can leave the circulation and access
tissue unless they are bound to the ALS. In serum, they
increase the circulating half-life and delivery of IGF-I to
tissues. In tissues, they modulate IGF action as they have
higher affinity for IGFs than the receptors. IGFs are released
by proteolysis of IGFBPs or binding of the IGFBPs to the
extracellular matrix (Parker et al., 1998). IGFBPs can also
be phosphorylated and this affects their affinity for IGFs
(Kajantie et al.,, 2002). IGF-independent actions have
been described for most IGFBPs and can involve intracellular
localization (Xu et al., 2004) or integrin binding (Jones et al.,
1993).

Mechanisms of muscle mass regulation

There are two main mechanisms by which muscle mass may
be increased: hypertrophy or an increase in myofibre size
and hyperplasia or an increase in myofibre number. It is
generally accepted that the number of fibres within a muscle
is fixed during the perinatal period (Stickland, 1981). It has
been suggested, however, that myofibre splitting occurs if a
myofibre becomes too large (Antonio and Gonyea, 1993),
but this has not been reported in humans. New myofibres
may also form as a result of fusion of satellite cells (see
below) and small myotubes and myofibres expressing
myogenic markers can be found in human muscle after
training (Kadi and Thornell, 1999). Nevertheless, the con-
sensus is that an increase in muscle cross-sectional area (CSA)
is primarily due to an increase in myofibre CSA rather than
myofibre number.

The balance between protein synthesis and degradation
is a critical determinant of muscle CSA (Gibson et al., 1988;
reviewed in Baar et al., 2006). Net protein synthesis results
in greater myofibrillar content which is accommodated in a
larger myofibres. Significant myofibre hypertrophy also
requires an increase in the number of myonuclei so that a
constant myonuclear domain (volume of cytoplasm sup-
ported by a single nucleus) is maintained. In a muscle, the
ratio of DNA/protein is fairly constant (Roy et al., 1999).

Myofibres are post-mitotic cells, and their nuclei do not
proliferate. New myonuclei are provided by a population
called satellite cells (reviewed in Zammit et al., 2006). These
cells lie just under the basal lamina of myofibres, and are
normally found in a quiescent state. Once activated by
exercise or muscle damage, satellite cells proliferate and fuse



with existing muscle fibres, thus providing new nuclei for
hypertrophy and repair. The absence of a satellite cell
proliferative response following y-irradiation of the muscle
limits hypertrophic gains (Rosenblatt and Parry, 1992).

There are many signalling pathways involved in regulating
muscle mass (Figure 2; Glass, 2005; Shavlakadze and
Grounds, 2006). A central player appears be the PI3K/AKT
pathway as it activates protein synthesis and inhibits protein
degradation. Crucially, the PI3K/AKT pathway is activated by
exercise and lies downstream of the IGF-I and insulin
receptors. Both insulin and IGF-I can stimulate protein
synthesis in skeletal muscle (Bolster et al., 2004).

There are three AKT isoforms (AKT1, AKT2 and AKT3) and
it appears that AKT1 is important for growth regulation,
whereas AKT2 is involved in metabolism (Cho et al., 2001).
Downstream of AKT is mTOR. It forms two complexes with
other molecules, mTORC1 and mTORC2. The first is
involved in regulating protein synthesis and is sensitive to
rapamycin. Hence the name mTOR: mammalian target of
rapamycin. The second is involved in controlling the actin
cytoskeleton and is not sensitive to rapamycin. The complex
goes on to activate the translational regulators 4E-BP1 and
p70S6-K. Phosphorylation of 4E-BP1 results in release of
elF4E, which is required for binding of mRNA to the
ribosome. This initiates translation. Phosphorylation of
p70S6-K increases translation of ribosomal and other
mRNAs containing a 5’ tract of oligopyrimidines. Therefore,
mTORC1 may regulate both ribosomal biogenesis and
translation initiation. It can also be activated directly by
essential amino acids such as leucine (Kimball et al., 1999).

Protein synthesis also depends on the energy status in the
muscle as it is an ATP-dependent process, and therefore is
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also regulated by the AMP-dependent kinase AMPK (Bolster
et al., 2002). Treatment of rats with an AMPK-activating drug
leads to a reduction in protein synthesis accompanied by a
decrease in activation of mTOR, p70S6K and 4E-BP1.

Protein degradation resulting from disease or disuse can
be inhibited by AKT activation. This occurs because AKT
phosphorylates and thereby prevents nuclear translocation
of the FOXO family of transcription factors. FOXO1 and
FOXO3 regulate the expression of two ubiquitin protein
ligases in muscle: muscle atrophy F-box or atrogen-1
(MAFbx) and muscle RING finger 1 (MuRF1; Stitt et al.,
2004). Ubiquitin ligases link ubiquitin to proteins thereby
targeting them for degradation by the ubiquitin-
proteasome, an ATP-dependent proteolysis complex.

Another pathway of protein degradation in skeletal muscle
is autophagy, the bulk degradation of proteins and organelles
by lysosomal enzymes. The mechanisms responsible for the
induction and regulation of the autophagy programme are
poorly understood but appear to involve FOXO transcription
factors as well, in particular FOXO3. Autophagy can be
inhibited by AKT, but not rapamycin. Thus, FOXO3 controls
the two major systems of protein breakdown in skeletal
muscle, the ubiquitin—proteasomal and autophagic/
lysosomal pathways (Mammucari et al., 2007).

GH and IGF-1 in the regulation of body and muscle
growth

GH regulates postnatal body growth. In both mice and
humans, GH deficiency or GH insensitivity (Laron’s
syndrome caused by inactivating mutations of the GH
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Figure 2 Signalling pathways regulated by insulin-like growth factor | (IGF-I) and/or exercise. Exercise has been shown to activate several
different pathways in muscle. They include AKT, MAPK (ERK1, ERK2) and calcineurin. Exercise also induces synthesis of IGF-I in muscle. IGF-IR
signals through many of the same pathways as exercise. Signalling through phosphatidylinositol 3 kinase (PI3K)/AKT is of particular importance
as this increases protein synthesis and inhibits protein degradation via inactivation of FOXO transcription factors. Interestingly, although
exercise activates AKT and induces increased protein synthesis, it also increases protein degradation (not illustrated), probably as a result of
increased protein remodelling. If net protein synthesis results, this will lead to muscle hypertrophy. Thus, exercise and IGF-I have overlapping

but distinct effects on muscle.
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receptor gene) minimally affect birth size, but lead to
reduced growth during childhood and adolescence resulting
in diminished stature (Savage et al., 1993; Zhou et al., 1997;
Efstratiadis, 1998). Supraphysiological GH in the young leads
to pituitary gigantism, whereas adult-onset GH tumours
result in a condition called acromegaly characterized by
overgrowth of bony tissue (brow and lower jaw protrusion,
enlargement of the extremities), osteoarthritis, carpal tunnel
syndrome, headaches, cardiomyopathies, hyperglycaemia,
hypertension and diabetes mellitus (Ayuk and Sheppard,
2006). In mice, enlargement of the heart and general
increase in organ size are features of systemic GH over-
production or administration (Kopchick et al., 1999).

The growth-promoting effects of GH are mainly mediated
by IGF-I (Le Roith et al., 2001; Mauras and Haymond, 2005;
Walenkamp and Wit, 2007). IGF-I infusion into hypophy-
sectomized rats promotes growth in the absence of GH
(Behringer et al., 1990). However, the IGF-I knockout mouse
is less growth retarded than the IGF-I and GHR double
knockout, suggesting that GH also has IGF-I-independent
effects (Lupu et al., 2001). There are effects that cannot be
mimicked by infusion of IGF-I. It has been demonstrated
that GH administration increases skeletal muscle IGF-I
mRNA production in hypophysectomized rats 20-fold,
whereas the increase observed after IGF-I treatment is only
2.5-fold (Gostelli-Peter et al., 1994). This may be relevant to
skeletal muscle mass regulation as the autocrine/paracrine
levels of IGF-I appear to be more important than the
systemic/circulating levels of IGF-I as discussed later.

IGF-1, unlike GH, is critical for intrauterine growth (Baker
etal., 1993; Liu et al., 1993; Powell-Braxton et al., 1993). The
IGF-I and IGFIR knockout mice have birth weights of 60 and
45% of normal, respectively (Liu et al., 1993), whereas mice
with severe GH deficiency or GH insensitivity have normal
birth weight. Disruptions in the IGF-I signalling pathway
also result in reduced intrauterine growth as observed in
mice deficient in Aktl (Cho et al., 2001), insulin receptor
substrate-1 (IRS-1) and IRS-2 (Araki et al., 1994; Tamemoto
et al., 1994). Critically, high levels of circulating IGF-I do not
seem to be required for intrauterine growth as liver-specific
IGF-I knockouts show similar body weight to controls at
birth and up to 3 months of age (Sjogren et al., 1999; Yakar
et al., 1999). The liver-specific knockout has some postnatal
growth reduction compared with wild types, but it is not as
severe as in the total IGF knockout (Baker et al., 1993). This
implies that locally produced, autocrine/paracrine IGF-I
plays an important role in pre- and postnatal growth.
Another explanation, however, is also plausible. The free,
bioavailable IGF-I levels in the liver knockouts may be
similar to those in the wild-type animals. If this is the case,
the change in circulating IGF-I might not be expected to
have any effect.

Insulin also binds to the IGF-IR and this may explain some
of its growth promoting effects (Kjeldsen ef al., 1991).
Conversely, IGF-I binds to the insulin receptor and shares
its hypoglycaemic effect (Schoenle et al., 1991; Clemmons
et al.,, 1992). It is more likely, however, that the shared
intracellular signalling pathways or the activities of hybrid
receptors are responsible for the common activities of IGF-I
and insulin.
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In addition to regulating growth during development,
activation of the IGFR1 affects cell proliferation and
differentiation (Liu et al., 1993). The importance of IGF-I
activity during development is reflected in the fact that the
IGF-IR knockouts are embryonic lethal and die of respiratory
failure (Liu et al., 1993). Depending on the genetic back-
ground of the animals, up to 15% of IGF-I knockouts survive
to adulthood but are infertile and growth retarded (Baker
et al., 1993).

Muscle mass increases in proportion to body size during
the growth phase. The growth-promoting effects of GH and
IGF-I in young animals and humans are well documented,
but increases in muscle mass are usually in proportion to the
increase in body size. Rodents reach sexual maturity around
6 months, but this does not necessarily coincide with a
cessation of body growth. Many studies use animals that are
6-12 weeks of age making it difficult to separate the effects of
GH and IGF-I on body growth versus muscle mass.

It is therefore noteworthy that in the GH receptor knock-
out mouse, the absolute muscle weight as well as the ratio of
muscle to body weight is reduced as compared with wild-
type animals (Sotiropoulos et al., 2006). Myofibre CSA, but
not number, was also reduced suggesting that systemic GH
does have a role to play in regulating muscle mass in this
model. As these mice have a reduction in circulating IGF-I
and tissue IGF-I expression is at least in part GH dependent,
it is difficult to separate the effects of the two hormones. It
has been shown that mice lacking IGF1R specifically in
muscle have smaller muscles than their wild-type counter-
parts as well as reduced myofibre CSA (Kim et al., 2005a). GH
administration leads to increased muscle weight and myo-
fibre CSA in wild-type animals, but not in the muscle IGF1R
knockouts. Thus, the effects of GH on muscle in animals are
likely to be mediated by IGF-I.

GH, IGF-l, exercise and muscle mass in humans

Care must be taken in extrapolating animal studies to
humans, as species differences do exist, but the data seem
to indicate similar roles for GH and IGF-I in the regulation of
postnatal growth. In humans, GH deficiency results in a
similar growth pattern to primary IGF-I deficiency, under-
lining the role of GH-dependent IGF-I production
(Walenkamp and Wit, 2007). It is also interesting to note
that the growth response following treatment of GH-
deficient patients with GH is better than that observed after
treating patients suffering from GH insensitivity with IGF-I
(Savage et al., 2006; Walenkamp and Wit, 2007). This may be
due to the IGF-I-independent effects of GH as discussed in
the previous section. Alternatively, the low levels of IGFBP3
found in GH-insensitive patients may result in shorter IGF-I
half-life and thus the diminished effects of the infused
protein.

People with GH deficiency (GHD) tend to have increased
body fat and decreased fat-free mass in comparison to
control subjects. They also have decreased muscle strength
and exercise tolerance (Ayuk and Sheppard, 2006; Molitch
et al., 2006; Woodhouse et al., 2006). Strength has been
shown to increase in GHD patients following 6 months of



GH administration (Cuneo et al., 1991), but changes in
myofibre CSA were not observed (Cuneo et al., 1992). This
suggests that GH does not affect muscle mass in adult
humans.

Observations in people with acromegaly suggest that
chronic high levels of circulating GH and IGF-I may actually
be detrimental to muscle function. Although people with
acromegaly have large muscles, they have less specific force
(force per CSA) than expected and they often present
histological signs of myopathy (Nagulesparen et al., 1976;
Woodhouse et al., 2006). Furthermore, people with acrome-
galy tend to have smaller type II than type I fibre CSAs. This
is in contrast to the general population. As type II fibres are
important for power generation, this could account for their
relative weakness. Overexpression of human GH in trans-
genic mice has been reported to increase the percentage of
type I fibres (Dudley and Portanova, 1987) and in GH
receptor knockout mice there are fewer type I fibres and
more type II fibres relative to the wild-type animals
(Sotiropoulos et al., 2006). Taken together, these observa-
tions argue for a negative rather than positive effect of long-
term supraphysiological circulating GH (or IGF-I) on power
output and strength. It is important to remember, however,
that people with acromegaly have had the disease for many
years and often present other hormonal abnormalities.
Therefore, they are not the best model for assessing the
effects of supraphysiological GH in otherwise healthy
people.

Controlled trials have examined the effects of GH or
placebo administration in combination with resistance
exercise, a known anabolic stimulus, in healthy young and
elderly human subjects. Studying healthy elderly subjects is
of interest because they represent a model of GH deficiency
in that circulating levels of GH and IGF-I decline with age.
Although a cause and effect relationship remains to be
demonstrated, significant loss of muscle mass is also
associated with increased age (sarcopaenia). The landmark
studies of Rudman et al. (1990, 1991) showed that GH
administration results in increased lean body mass and
decreased fat/muscle ratio in elderly subjects. The question is
whether this is due to an increased muscle mass.

Taaffe et al. (1994, 1996) showed that in healthy elderly
men (mean age 70.3 years) myofibre CSA and strength gains
were not different between those following a resistance
training programme in combination with recombinant
human GH (thGH) or placebo. In two other studies, both
on 31 elderly males (mean age > 70 years), GH plus exercise
had no effect over placebo plus exercise on strength, power
or hypertrophy gains following 12 weeks (Lange et al., 2002)
or 6 months (Hennessey et al., 2001) administration and
training.

Measuring protein synthesis and breakdown rates is a
much more sensitive technique for assessing the anabolic
effects of GH administration on muscle, and has the
advantage that acute and short-term studies can be
performed. The rate of muscle protein turnover is slow and
changes in muscle mass over periods of less than 3 months
are difficult to detect (Rennie, 2003). It must
be noted that exercise results in both increased protein
synthesis and breakdown and that it is net protein synthesis
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which is the important outcome for hypertrophy (Rennie
et al., 2004).

Welle et al. (1996) reported differences in strength
following 12 weeks GH administration in older men (mean
age 66 years), but did not observe differences between GH
and placebo groups in terms of mean fractional rates of
myofibrillar protein breakdown or mean postabsorptive
fractional rate of myofibrillar protein synthesis. Superior
increases in whole body protein synthesis have been
observed in both young (mean age 23 years; Yarasheski
et al., 1992) and old (mean age 67 years; Yarasheski et al.,
1995) untrained subjects undertaking resistance exercise in
combination with GH relative to those on placebo, but
interestingly, this effect was not mirrored in quadriceps
protein synthesis rates, suggesting that the GH effects are not
on muscle tissue. Yarasheski et al. (1993) also demonstrated
that there was no effect of 2 weeks GH administration on
quadriceps protein synthesis rates or whole body protein
breakdown in young experienced weight lifters (mean age 23
years). The data suggest that there is no beneficial effect of
administering GH in combination with an exercise pro-
gramme for muscle mass gains.

Increased muscle protein synthesis and net whole body
protein synthesis have, however, been reported in elderly
subjects with low serum GH following 1 month GH or IGF-I
treatment (Butterfield et al., 1997). No measurements of
muscle size or function were undertaken. Increased muscle
protein synthesis was also observed in young, healthy men
following GH administration at rest and after an overnight
fast (Fryburg et al., 1991; Fryburg and Barrett, 1993). As an
exercise bout can affect protein synthesis for up to 72h
(Rennie et al., 2004), it is possible that in studies employing
exercise protocols the exercise stimulus masks any effects of
GH administration.

Despite the observations of an effect of GH and IGF-I on
protein synthesis, the fact remains that gains in muscle mass
are not observed in healthy subjects after long-term GH
administration so any benefits are unlikely to be due to
muscle mass gains. In the GH plus exercise groups, circulating
IGF-I levels and fat-free mass were consistently increased in
comparison to placebo groups. Thus, it is possible to
extrapolate that increasing circulating IGF-I would also be
without consequence for muscle mass in healthy humans.
Administration of IGF-I acutely activates muscle protein
synthesis (Fryburg et al., 1995), but similarly to GH a 1-year
administration did not result in increased lean body mass
(Friedlander et al., 2001). The effects of GH on fat-free mass
may be due to water retention, which is a known side effect
of GH administration, or to an increase in soft tissue due to
the stimulatory effects of GH on collagen synthesis.

Despite the lack of evidence for anabolic activity of GH in
healthy humans, there is evidence for anticatabolic activity
of GH as well as IGF-I. In a study comparing infusion of IGF-I
with GH, it was demonstrated that both agents reduce
negative nitrogen balance during calorific restriction in
humans. A single dose of GH was administered during 24-h
period, whereas IGF-I was infused continuously for 16 h each
day. Serum IGF-I concentrations were threefold higher in the
IGF-I-treated subjects compared with those on GH, but the
treatments were equally effective at reducing the negative
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nitrogen balance. This suggests that the GH treatment was
more potent (Clemmons et al., 1992), which is in line with
GH having both IGF-I-mediated and direct effects. Alterna-
tively, it may be due to the negative feedback inhibition of
endogenous GH release or on autocrine/paracrine actions of
the tissue IGF-I in the IGF-I treatment group. It is
noteworthy that neither GH nor IGF-I resulted in positive
nitrogen balance.

A subsequent study was performed to compare IGF-I
treatment alone and in combination with GH (Kupfer
et al., 1993). The protocols were identical as were the effects
of IGF-I on its own, but the combination of IGF-I and GH
was much more effective resulting in a positive nitrogen
balance within 2 days of initiation of treatment. Muscle
protein synthesis was not measured, so it remains to be
established whether these effects apply to muscle or other
tissues. The effects of GH in combination with IGF-I on
protein synthesis and the applicability for the treatment of
diseases associated with catabolism, particularly those for
which GH treatment on its own has proven ineffective,
remain to be determined.

Combined IGF-I/IGFBP3 injection also seems to be very
effective in increasing net protein balance across the leg in
burn patients who are catabolic but was not effective in non-
catabolic patients (Herndon et al., 1999). It has been shown
in endurance-trained athletes, that 1 and 4 weeks GH
administration reduced leucine oxidation during exercise
by 50%, and increased the rate of non-oxidative leucine
disposal at rest (a measure of protein synthesis) and during
exercise (Healy et al., 2003). This may be of benefit for
protein sparing in endurance athletes, but a muscle-specific
effect was not determined.

In summary, normal GH/IGF-I function does have a role
in the development and maintenance of muscle mass, as
gathered from evidence in GH-deficient patients, burn
patients, hypophysectomized animals, and animal models
in which GH receptor and IGF-IR activity are lacking. GH or
IGF-I administration have, however, no proven benefits for
muscle mass in healthy subjects in whom GH function is
normal (Figure 3). In most animal studies, GH is adminis-
tered while the animals are still growing and this may
confound the results in comparison to administration in
fully grown animals. In addition, the species differences
between rodents and humans in the functioning of the

GH cIGF-I mIGF-|
supraphysiological - o T
physiological o T T
deficient l l l

Figure 3 Overview of the effects of different levels of growth
hormone (GH), circulating IGF-I (cIGF-I) and IGF-I synthesized in
muscle (mIGF-I) on muscle mass and/or performance. In healthy
subjects, supraphysiological GH and cIGF-I have no effect on muscle
mass. In contrast, supraphysiological levels of mIGF-I increase muscle
mass and may play a role in the hypertrophic adaptation to exercise.
Deficiency in GH or IGF-I results in reduction in muscle mass.
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GH/IGF-1 axis must be taken into account. Studies with
transgenic and knockout animals are also complicated by the
fact that the embryonic development of the tissue can be
affected and this can have different consequences to altering
gene expression once the animal has reached maturity.

Autocrine and paracrine effects of IGF-I

Direct infusion of either GH or IGF-I into rat muscle does
result in increased mass providing evidence that it is the
local autocrine/paracrine rather than systemic endocrine
effects that are important for hypertrophy (Adams and
McCue, 1998). GH infusion also leads to increased IGF-I
protein in the infused muscle, so it is likely that the
hypertrophic effects of GH are mediated by locally produced
IGF-IL.

In support of this, there is strong evidence that the effects
of GH in bone are mediated by locally produced IGF-I. GH
stimulates longitudinal bone growth when injected directly
into the proximal tibial epiphyseal growth plates of hypo-
physectomized rats, but only on the injected side (Isaksson
et al., 1982). Coinfusion of anti-IGF-I antiserum together
with GH into the arterial supply of the hindlimb completely
abolishes the effect of GH (Schlechter et al., 1986). GH
treatment also increases the number of IGF-immunoreactive
cells and IGF-I messenger RNA expression in the proliferative
zone of the growth plate.

Resistance exercise is an anabolic stimulus to which there
is almost always hypertrophic adaptation. In animal models,
compensatory hypertrophy of an exercised muscle is accom-
panied by increases in IGF-I mRNA and IGF-I peptide
production specifically in the exercised muscle, and this
precedes increases in muscle DNA and protein content
(Adams and Haddad, 1996). IGF-I upregulation is also
observed in muscle after stretch-induced myofibre hyper-
trophy (Czerwinski et al., 1994) and during muscle regenera-
tion following injury (Levinovitz et al., 1992). Coleman et al.
(1995) first reported that expression of IGF-I under control of
a muscle-specific promoter in transgenic mice leads to
significant hypertrophy confined to muscle tissue without
affecting circulating levels of IGF-I or body size. Other
muscle-specific IGF-I transgenics exist, and muscle-specific
IGF-I overexpression has been shown to prevent age-related
atrophy and to ameliorate myopathic phenotypes (Musaro
et al., 2001, Shavlakadze et al., 2005).

Local upregulation of IGF-I also seems to augment the
resistance training response even in animals with normal GH
status. In rats, direct injection into muscle of an adenoviral
vector encoding IGF-I in combination with resistance
training increased both mass and force production over
and above either treatment alone (Lee et al., 2004). Injection
of IGF-I vectors also prevented loss of muscle mass following
a detraining period. Resistance exercise must, however, have
had additional effects to upregulating local IGF-I production
as it was more effective than IGF-I at increasing muscle mass.
Indeed a recent paper showed that mechanical stimulation
can induce hypertrophy in MKR mice, which overexpress a
dominant-negative insulin receptor specifically in skeletal
muscle that inhibits both IR or IGFIR signalling



(Spangenburg et al., 2008). This is surprising but not
altogether unexpected as there are other pathways that are
regulated by activity in muscle and can result in AKT
signalling. AKT phosphorylation was also not impaired in
the MKR mouse in response to overload.

Histological observations suggest that exercise and IGF-I
have different modes of action (Lee et al.,, 2004). IGF-I
stimulates the fusion of satellite cells with existing fibres, as
determined by an increase in the number of myofibres with
centrally versus peripherally located nuclei. Resistance
exercise on its own does not appreciably increase the number
of centrally located nuclei. Centrally located nuclei are
considered to be an index of newly fused nuclei or new
myofibre formation. As the myofibre matures, the nuclei
move to the periphery of the cell. Thus, it is possible that
exercise did not induce appreciable satellite cell activation
and fusion or that exercise is important for maturation of
fibres and peripheral localization/maturation of myofibres.
Alternatively, persistent increased IGF-I may actually delay
myofibre maturation.

Comparable studies in humans have understandably not
been performed. There are however several reports of IGF-I
mRNA upregulation following resistance exercise (Bamman
et al., 2001; Hameed et al., 2003, 2004; Kim et al., 2005b). In
one study, increased IGF-I immunoreactivity was also
observed, but the antibody used cross reacts with IGF-II, so
the results may be not be specific (Fiatarone-Singh et al.,
1999). Net release of IGF-I by muscle during endurance
exercise has been observed in humans by measuring arterial
venous differences in hormone concentrations (Brahm et al.,
1997).

In line with the autocrine—paracrine theory of IGF-I action,
the endocrinological status of animals and humans does not
seem to affect the ability of muscles to hypertrophy
following exercise. Hypophysectomized rats that have
decreased circulating GH and IGF-I are able to hypertrophy
to the same extent as controls (DeVol et al., 1990). Humans
with GH deficiency or the very elderly with low GH and IGF-I
also adapt to resistance exercise by increasing muscle mass
and strength.

Likewise, systemic GH status does not seem to affect
exercise-induced upregulation of muscle IGF-I mRNA in rats
(DeVol et al., 1990). In elderly humans, GH administration
neither causes an increase in muscle mass nor induces
IGF-mRNA upregulation in muscle despite increasing serum
IGF-1 (Taaffe et al.,, 1996). GH administration alone has,
however, been shown to affect the expression of a 3’ splice
variant of IGF-I (IGF-IEa) in the muscles of elderly men
(Hameed et al., 2004). The discrepancy between the results of
Hameed et al. and Taaffe et al. may be explained by the fact
that not all IGF-I mRNA measured by the latter was IGF-IEa.
Three IGF-I 3’ splice variants have been identified in human
muscle. These splice variants share common sequences,
which were the ones measured by Taaffe et al. Thus, if
fluctuations in one isoform are compensated by decreases in
another, unchanged total IGF-I transcript levels will be
observed if common regions are used for quantification. The
structure and putative functions of the IGF-I splice variants
in muscle are discussed elsewhere (Shavlakadze et al., 2005;
Barton, 2006).
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Interplay between systemic and locally produced
IGF-I

The interactions between circulating and local IGF-I expres-
sion may also play a role in regulating muscle mass. In
contrast to transgenic mice overexpressing IGF-I under
control of muscle-specific promoters, transgenics over-
expressing IGF-I more ubiquitously, under control of the
metallothionein promoter, have increased concentration of
IGF-I in serum (Mathews et al.,, 1988). They also exhibit
increased body weight and organomegaly, but only modest
improvement in muscle mass. In another model where IGF-I
expression is controlled by a muscle-specific promoter, but
the construct contains a somatostatin signal peptide to
ensure secretion, increased circulating and muscle IGF-I
levels are observed, but muscle hypertrophy is not
(Shavlakadze et al.,, 2006). This contrasts sharply with
animals in which IGF-I is expressed in muscle without
leading to concomitant increases in serum IGF-I (Coleman
et al., 1995; Musaro et al., 2001). It is possible that increased
circulating IGF-I affects GH and thus has consequences for
the synthesis of autocrine/paracrine levels of IGF-I. Alter-
natively, increased circulating IGF-I may directly inhibit
either muscle IGF-I synthesis or the effects of locally
produced IGF-I. Indeed, it has been reported that IGF-I
mRNA is downregulated in cultured muscle cells following
IGF-I treatment (Frost et al., 2002).

Recently, we observed that GH administration does not
upregulate IGF-IEa in skeletal muscles of young men
(M Aperghis et al., 2004) whereas in older men, GH resulted
in increased skeletal muscle IGF-IEa (Hameed et al., 2004). In
the young men, GH administration led to serum IGF-I levels
that were supraphysiological, whereas in older men serum
IGF-I levels after treatment were equivalent to the pretreat-
ment levels observed in young men. The effects of supra-
physiological versus normal circulating IGF-I on muscle
hypertrophy and local IGF-I production remain to be
investigated in detail.

Cell culture studies

A simple and useful system to study signalling pathways in
skeletal muscle is cultured muscle cells or myoblasts derived
from muscle explants. They can be induced to proliferate
and differentiate in vitro. Differentiation involves irreversible
cell cycle arrest and fusion into multinucleated myotubes
that express muscle-specific markers such as myogenin,
sarcomeric myosin heavy chain and muscle creatine kinase.
Unlike myotubes formed during embryonic development,
cultured myotubes do not mature into myofibres. This
in vitro model is nevertheless useful to distinguish between
the effects of IGF-I on proliferation, differentiation and
hypertrophy as IGF-I can be added or signalling can be
modulated at different stages of the differentiation process.

Treatment of proliferating C2C12 myoblasts (a rodent cell
line) with IGF-I leads to increased proliferation, but once the
cells have stopped proliferating, treatment leads to increased
fusion and hypertrophy of resulting myotubes (Rommel
et al., 2001). Hypertrophy is also observed following IGF-I
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treatment of primary avian (Vandenburgh et al., 1991) and
human muscle cells (Jacquemin et al., 2004, 2007).

IGF-I increases the size of human myotubes whether
treatment begins while myoblasts are still proliferating or
after proliferation has ceased (Jacquemin et al., 2004, 2007).
IGF-I appears to regulate human myotube size by activating
protein synthesis, inhibiting protein degradation and indu-
cing fusion of reserve cells. During differentiation in culture,
the majority of cells exit the cell cycle and fuse, but there is
always a small number of so-called reserve cells that remain
mononucleated. Fusion of a greater proportion of reserve
cells increases the number of nuclei found within myotubes
(fusion index) and this will result in larger myotubes.
Inhibition of several pathways (p42MAPK, calcineurin,
AKT) reduces the fusion index and protein synthesis
responses of human myoblasts to IGF-I treatment. On the
other hand, inhibition of GSK3, a negative regulator of
protein synthesis, mimics these responses in the absence of
IGF-I. Inhibition of the p38 MAPK pathway has no effect,
which is consistent with a role for this in myoblast
proliferation rather than differentiation.

The effect of IGF-I on reserve cell recruitment appears to be
indirect and to result from increased production of the
cytokine interleukin-13 by treated myotubes. It remains to
be demonstrated whether induction of satellite cells fusion is
induced by interleukin-13 in vivo and whether expression on
this cytokine in muscle is regulated by IGF-I. It is also unclear
whether fusion of nuclei is a cause or consequence of
activation of protein synthesis and cell size increase. The
latter seems more likely as the phenotype of cells treated
with rapamycin is much more dramatic than those treated
with other inhibitors.

Treatment of mouse primary muscle cells with IGF-I or
GH increases myotube size to the same extent (Sotiropoulos
et al.,, 2006). In agreement with the studies on human
myoblasts using IGF-I, the GH treatment experiments
resulted in larger myotubes with more nuclei and seemed
to involve the signalling via the transcription factor NFATc2
(Figure 4). This would suggest that in culture the effects of
GH on muscle size are also mediated by IGF-I as demon-
strated in vivo (Kim et al., 2005a). Combined GH and IGF-I
treatment was, however, more effective in increasing
myotube size than either hormone on its own. Furthermore,
hypertrophy of GHR—/— myotubes following IGF-I treat-

GH

ment was inferior to that of wild-type myotubes. These
observations suggest that GH also has IGF-I-independent
effects. This is supported by a comparison of the phenotypes
of GHR—/— and IGF-I-/— knockout animals (Lupu et al.,
2001).

Other effects of GH and IGF-I

In adult humans, GH administration is lipolytic and causes
increase in serum-free fatty acids. In turn, this inhibits
glucose uptake to the heart, adipose tissue and muscle and
may underlie the hyperglycaemia and insulin resistance
associated with acromegaly. GH also causes an increase in
water absorption by the gut and sodium retention leading to
extracellular fluid accumulation, carpal tunnel syndrome
and hypertension. For a more in depth discussion of these
effects of GH, the reader is referred to two comprehensive
and recent reviews (Woodhouse et al., 2006; Gibney et al.,
2007).

GH and IGF-I have opposite metabolic effects. In the study
of Clemmons et al. (1992) GH administration caused
hyperglycaemia, whereas IGF-I administration caused hypo-
glycaemia. Combination of the two hormones attenuated
the hypoglycaemic and hypoinsulinaemic effects of IGF-I
and conversely the hyperglycaemic, hyperinsulinemic ef-
fects of GH (Kupfer et al., 1993). The hormones had opposite
effects on IGBP3 with IGF-I causing a reduction of this
molecule in serum, whereas coadministration with GH
resulted in increased IGFBP3. Given the effects of combined
administration, it seems plausible that the side effects of
administering either protein on its own negate the benefits,
whereas the combination of the two hormones annuls the
side effects and potentiates the benefits. Administration of
IGF-1 with IGFBP3 also seems to ameliorate some of the side
effects (Herndon et al., 1999).

GH as a performance-enhancing drug

Resistance and endurance exercise induce GH release. The
higher the exercise intensity, the greater the magnitude of
the peak GH pulse (Gibney et al., 2007). IGF-I also increases
slightly after acute exercise. Chronic exercise leads to
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protein synthesis--...

299 IGF-1
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Figure 4 Effects of growth hormone (GH) and circulating IGF-I (IGF-I) on cultured myotubes. Both GH and IGF-l induce myotube
hypertrophy. IGF-I increases protein synthesis and inhibits protein degradation. In addition, it induces fusion of myoblasts by upregulating
synthesis of interleukin (IL)-13. It is possible that the IL-13 response is secondary to protein synthesis, with new nuclei being recruited only
when required to maximize growth. Indeed treatment of cultures with rapamycin, inhibitor of mTOR, inhibits both hypertrophy and increase in
fusion index of IGF-I-treated myotubes (Jacquemin et al., 2007). Cotreatment of cultures with GH and IGF-I induces greater hypertrophic gains
than either treatment alone. Thus, the hormones have distinct and overlapping effects on cells.
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increased levels of both IGF-I and GH in serum, and athletes
tend to have higher values than the general population,
suggesting a role for GH and IGF-I in exercise adaptation
(Healy et al., 2005). These observations along with the role of
GH on postnatal body growth led to the suggestion that
treatment with GH is anabolic for muscle. The use of GH and
IGF-I is banned by the World Anti Doping Agency not only
because of the principle of fair play in competitive sports, but
also because of the adverse effects of supraphysiological
doses on health. In addition, although rhGH has been
available since 1985, GH extracted from the pituitary glands
of human cadavers is still available in some countries.
Administration from this source carries a significant risk of
infection of transmissible brain diseases such as Creutzfeldt—
Jakob Disease.

The use of GH in amateur and professional sports seems to
be widespread, although the evidence is quite strong that
supraphysiological GH administration does not potentiate
the effects of exercise on muscle mass and strength in
healthy individuals. IGF-I use is probably more limited as it is
less readily available than GH.

The attraction of GH abuse may be due to several reasons
(Rennie, 2003; Rigamonti et al., 2005; Saugy et al., 2006;
Gibney et al., 2007). First, GH is lipolytic although this
benefit may not always be evident in well-trained athletes
with low body fat (Deyssig et al., 1993). Second, GH has
known effects on collagen and bone turnover and it has been
suggested that its supraphysiological administration may
strengthen connective tissue thereby paralleling increase in
strength brought about by exercise (or other measures such
as anabolic steroids), thus decreasing risk of injury to these
tissues. Third, GH has anectodal side effects such as
improving skin tone, eyesight and recovery time from
injury, all of which may be considered beneficial to the
athlete undergoing strenuous training. Fourth, athletes often
take performance-enhancing substances in combination, a
practice known as stacking. Appropriate, placebo controlled
trials using GH in combination with other substances are
few. Fifth, at the higher doses reportedly used by athletes,
GH may be more effective than at the doses approved for
research studies, which are limited due to complications
associated with GH administration. The fluid retention
which occurs with GH is usually well tolerated and most
subjects are happy to remain on GH. Athralgia, carpal tunnel
syndrome, oedema and atrial fibrillation are reported in
studies using GH administration sometimes leading subjects
to withdraw.

Exercise performance (maximal oxygen uptake, ventila-
tory threshold and muscle strength) is lower than predicted
for age, gender and height in GHD patients and these
improve with GH replacement (Woodhouse et al., 2006).
These improvements are in proportion to increased lean
body mass. This suggests that body composition and
metabolic adaptations rather than increased muscle mass
may be responsible for performance gains. The effects on fuel
metabolism, VO,max and ventilatory threshold may be of
consequence to athletes seeking to improve endurance
(Woodhouse et al., 2006; Gibney et al., 2007). A combination
of testosterone and GH led to improved body composition
and VOzmax in elderly men, suggesting that GH does have a
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performance-enhancing effect (Giannoulis et al., 2006). GH
also improves aerobic performance in those who have a
history of androgenic anabolic steroid use (Graham et al.,
2007).

Conclusion

The mechanisms that lead to muscle adaptation to overload
are not completely understood. Neither are those that
regulate muscle mass development and maintenance. GH
and IGF-I clearly play a role in muscle development pre- and
postnatally. In GHD adults, there is evidence that serum GH
affects muscle mass maintenance, but in healthy adults
neither GH nor IGF-I has or enhances the hypertrophic
effects of exercise. In contrast, much evidence supports the
hypertrophic effect of autocrine/paracrine IGF-I in animals
and suggests that it may play a role in adaptation to overload
in both animals and humans. Increased muscle expression of
IGF-I also enhances the effects of training in animals. Local
injection of GH or IGF-I protein or plasmids is effective in
animal models and may eventually be used with therapeutic
ends. There is evidence for an effect of GH on other
performance parameters that is related to increased lean
body mass as opposed to increased skeletal muscle mass.
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