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Autocrine and/or Paracrine 
Insulin-Like Growth Factor-I 

Activity in Skeletal Muscle
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Similar to bone, skeletal muscle responds and
adapts to changes in loading state via mecha-
nisms that appear to be intrinsic to the muscle.
One of the mechanisms modulating skeletal mus-
cle adaptation it thought to involve the autocrine
and/or paracrine production of insulinlike growth
factor-I. This brief review outlines components of
the insulinlike growth factor-I system as it relates
to skeletal muscle and provides the rationale for
the theory that insulinlike growth factor-I is in-
volved with muscle adaptation.
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List of Abbreviations Used

4E-BP eukaryotic initiation factor-4E
binding protein

eIF-4E eukaryotic initiation factor 4E
FGF fibroblast growth factor
GH growth hormone
IGF-I insulinlike growth factor-I
IGFR1 insulinlike growth factor type 1

receptor
IP3 inositol 3,4,5-trisphosphate
IRS-1 insulin receptor substrate

MAPK mitogen activated protein kinases,
also known as ERKs

MGF mechanogrowth factor
mRNA messenger ribonucleic acid
mTOR mammalian target of rapamycin
PIP2 phosphatidylinositol 3,4-

bisphophate
HMGCoA �-hydroxy-�-methylglutaryl-Co-

enzyme A

Glossary

18s � A ribosomal ribonucleic acid of approx-
imately 1900 nucleotides; Identified by rate
of sedimentation in ultracentrifugation (s
value), this RNA in combination with a num-
ber of proteins forms the small ribosomal
subunit in eukaryotes.

AKT � cellular homolog of the v-akt oncogene
also known as protein kinase B. AKT is an
important member of numerous intracellular
signaling cascades including one providing
protection from programmed cell death
(apoptosis).

ERK � members of a family of mitogen acti-
vated protein kinases, these enzymes are key
members of signaling cascades that transmit
receptor mediated signals from the cell mem-
brane to initiate changes in effector enzyme
activity including alterations in gene tran-
scription. ERK activity is associated with cell
proliferation in numerous tissues.

(continues)



It has long been recognized that bone can adapt
to changes in loading via mechanisms that are,
at least in part, intrinsic to the bone tissue.48 In
this context, the presence and importance of au-
tocrine and paracrine growth factor signaling,
in particular signaling involving IGF-I has been
recognized for some time.

Similar to bone, skeletal muscle is a highly
plastic tissue that constantly adapts to the func-
tional demands imposed by the activities of the
individual. In mammalian skeletal muscle, this
adaptation can include changes in the size and
the qualities of the myofibers that comprise the
muscle.10 This cellular level adaptation is spe-
cific to the muscle that is experiencing the al-
teration in activity pattern. For example, a pro-

gram of focused arm resistance training will not
result in adaptation in the leg musculature (Fig
1). The simplest explanation for this observa-
tion is that the regulatory mechanisms that
modulate the cellular level adaptation in a given
muscle most likely reside within that muscle.
To elicit adaptation of a specific muscle via
some central mechanism, for example changes
in the circulating levels of some hormone,
would require that all nontarget tissues must in
some way down regulate their response to the
circulating signal leaving only the impacted
muscle to respond and adapt. This local control
hypothesis has been verified in vivo. For exam-
ple, in rats the circulating hormone and growth
factor milieu can be depressed drastically via
surgical hypophysectomy that prevents addi-
tional growth25 (Fig 2). However, the muscles
of these hypophysectomized rats can respond to
increased loading with substantial compen-
satory hypertrophy.25 Insulinlike growth factor-
I peptide and mRNA expression also is sub-
stantially increased in the overloaded muscles
from hypophysectomized and control rats. How-
ever, the circulating IGF-I is very low in the hy-
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(continued)
MEK � a kinase upstream from the ERKs. The

activation of this enzyme is critical for ERK
signaling. MEK has been viewed as a promis-
ing target for pharmaceutical intervention to
inhibit cell proliferation.

PI3K � a family of enzymes fundamental to a
myriad of cellular signaling pathways in eu-
karyotes. Signaling via class I PI3Ks gener-
ally is linked to cell surface receptors. Down
stream processes mediated by PI3K activa-
tion can include cellular proliferation or dif-
ferentiation depending on context.

RAS � a family of proteins that are key links in
the transmission of cell surface receptor sig-
nals to intracellular signaling pathways.

Raf � this kinase is activated by binding with
activated RAS. Raf kinase activity can initi-
ate a series of phosphorylations that transmit
signals from the cell surface receptor via the
ERKs.

S6K1 � an enzyme activated by phosphoryla-
tion of elements down stream from PI3K.
Activated S6K1 phopsyorylates the S6 pro-
tein of ribosomes. This event promotes the
initiation of translation of messenger ribonu-
cleic acids.

Shc � proteins containing SH2 domains act as
adaptors that recognize proteins that have
been phosphorylated on tyrosine residues and
link them to other proteins such as receptors
to promote intracellular signaling.

Fig 1. The specificity of adaptation is shown. Al-
though it may seem like a simple concept, it is im-
portant to remember that changes in the loading
state of individual muscles or muscle groups elicit
adaptation specific to the affected muscles.



pophysectomized rats. The low circulating lev-
els of IGF-I most likely account for much of the
somatic growth deficit in these rats.

In traditional endocrinology, IGF-I (origi-
nally called somatomedin C) appears as a com-
ponent of the somatic growth and development
system mediated by GH (originally Soma-
totrophin). Much of the literature concerning
the role of IGF-I in relation to skeletal muscle
appears in two major contexts: (1) IGF-I as a
component of the GH control axis60,74; and (2)
the role of IGF-I in myogenesis during the
process of development.23 In the GH context,
much of the emphasis has been on the insulin-
like metabolic and anabolic effects of IGF-I. In
developmental scenarios, the role of IGF-I in
stimulating mitogenic and myogenic processes
has been the major point of emphasis. In con-
trast to these established theories the concept
of a major role for GH-independent, autocrine
and/or paracrine functions of IGF-I has been
developed relatively recently.23

To understand the importance of intrinsic
regulation via autocrine and/or paracrine signal-
ing, it is instructive to consider some cellular
processes such as myofiber regeneration, that
appear to be regulated or modulated by IGF-I.
Severe myofibrillar injury results in the death of
some myofibers leaving behind the basal lamina
and some satellite cells. Satellite cells are small
mononucleated skeletal muscle stem cells lo-
cated between the basal lamina of the muscle
and the sarcolemma of myofibers (There is evi-
dence that multiple muscle stem cell popula-
tions may be contributing to processes tradi-
tionally ascribed to satellite cells).16 As a result
of the injury to myofibers, satellite cells are mo-
bilized to begin regeneration.16,49–51,61 The ini-
tial events after satellite cell activation have
been reported to be a proliferative response in
that some or all of the activated satellite cells un-
dergo at least one mitotic cycle.8,49,55,62 After
this initial phase, some of the activated cells
and/or their progeny are thought to differentiate
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Fig 2. Muscle hypertrophy in a nongrowth environment is shown. Hypophysectomy drastically reduces
the circulating levels of numerous growth factors and hormones thereby preventing somatic growth.
However, the muscles of nongrowing hypophysectomized rats will hypertrophy in response to over-
loading. Percent change values are based on muscle mass, which is normalized to body weight.
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into myoblastlike cells. In regenerating muscle,
these myoblasts either can fuse with each other
to form new myofibers or become incorporated
into surviving myofibers9,39,43,49 (Fig 3). If the
capacity of satellite cells to proliferate is elim-
inated, for example via irradiation, the regen-
eration process is inhibited.16,27,50 There is ev-
idence that locally produced, autocrine and/or
paracrine IGF-I, may be important in the re-
generation process. Jennische et al30,31 showed
that IGF-I immunoreactivity was detected in
the cytoplasm of myoblasts and myotubes and
in satellite cells during muscle regeneration.
LeFaucheur and Sebille36 reported that anti-
bodies that neutralized either IGF-I or FGF ac-
tivity, reduced the number and size of regener-
ating myofibers after muscle injury and that the
antiIGF-I treatment had a higher potency.

With the muscle regeneration process in

mind, an examination of the known effects of
IGF-I on skeletal muscle cell types provides
insight into the potential importance of this
growth factor. In studies involving established
cell lines and primary satellite cell cultures, li-
gation of the IGF-I receptor has been shown to
initiate intracellular signaling cascades involved
in key mitogenic and myogenic responses11,15,23

(Fig 4). One pathway activated by IGF-I in-
volves Ras-Raf signaling to extracellular re-
sponse kinases and has been shown to promote
increased cell proliferation.23 A second impor-
tant pathway activates PI3K. Phosphatidylinos-
itol 3-kinase activation is central to numerous
important cellular processes including protec-
tion from apoptosis via AKT activation and al-
teration in intracellular calcium via the inositol
phosphate cascade. In addition, PI3K activation
increases the initiation of translation via alter-

Fig 3. Satellite cells and myo-
fiber regeneration is shown. Se-
verely injured myofibers degen-
erate. In response to the injury
satellite cells proliferate, differen-
tiate, and fuse to form new multi-
nucleated myofibers.



ations in the phosphorylation state of 4E-BP1
and S6K1. The activation of S6K1 is of particu-
lar interest in that it enhances the translation of
mRNAs encoding ribosomal proteins and elon-
gation factors, integral components of the pro-
tein synthesis machinery.70 In addition to gener-
alized anabolic effects, the activation of portions
of the PI3K signaling cascade is associated with
the differentiation of muscle cells in culture.11,15

Interestingly, the processes of cellular prolifera-
tion and differentiation generally are thought
to be mutually exclusive. In fact, studies have
shown that activation of one of the two primary
signaling pathways (Ras-Raf versus PI3K) gen-
erally will inactivate portions of the other.24,52

Among the well-characterized growth factors,
IGF-I is relatively unique in that it has been re-
ported to stimulate both of these processes, pos-
sibly via temporal modulation.56

There is evidence that the mitogenic and
myogenic effects of IGF-I that render it useful
for muscle regeneration also might be impor-
tant for the adaptation of muscle to increased
loading. Numerous in vivo activity models,
such as increased loading, stretch and eccentric
contraction are known to result in myofibrillar
increases in IGF-I and IGF-I mRNA expres-
sion.1,2,7,17,18,28,32,57,72,73 Experimental manipu-
lation of muscle IGF-I levels, in the absence of
changes in loading state, also has been shown
to induce muscle hypertrophy.3,14,71

As with myofiber regeneration, IGF-I is
known to stimulate numerous processes that
would promote skeletal muscle hypertrophy.
The utility of insulinlike anabolic effects for
promoting muscle hypertrophy is obvious.46

However, the impact of IGF-I on muscle satel-
lite cells is of particular interest. In the case of
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Fig 4. Insulinlike growth factor-I receptor related intracellular signaling pathways are shown. Ligation of
the IGF-I receptor results in anabolic, mitogenic (proliferation of satellite cells) and myogenic (differenti-
ation of satellite cells) processes. In addition, IGF-I may provide protection from apoptosis and may stim-
ulate increases in cellular calcium. 4E-BP-eIF-4E binding protein; AKT-Cellular homolog of the v-akt
oncogene, an S/T protein kinase-Ca2�-Calcium; ERK-Extracellular signal-regulated kinase; IGF-I-
insulinlike growth factor-I; IGFR1-insulinlike growth factor type 1 receptor; IP3-Inositol 3,4,5-trisphos-
phate; IRS-1-Insulin receptor substrate; MEK-MAPK/ERK kinase; mTOR-Mammalian target of ra-
pamycin; PI3K-Phosphoinositide-3 kinase; PIP2-Phosphatidylinositol 3,4-bisphosphate; RAS-a GTPase;
RAF-a serine/threonine kinase; S6K1-p70 S6 kinase; Shc-SH2-containing collagen-related proteins



Number 403S
October, 2002 Insulin-Like Growth Factor-I Activity in Skeletal Muscle S193

the hypertrophy response, satellite cell-derived
myoblasts are thought to fuse with existing
myofibers much as they would with damaged
but still viable myofibers after injury.12,44,58,59,64

The importance of this response is suggested by
the fact that: (1) mature mammalian skeletal
muscle fibers maintain a relatively finite, fiber
type specific, relationship between the size of
the myofiber and the number of myonuclei pre-
sent in a given myofiber,5,6,13,20,29,40,42,65,67,69

(2) mammalian myofibers become permanently
differentiated shortly after birth and do not un-
dergo mitotic division or directly increase their
myonuclear number (myonuclear division).12,66

Therefore, the requirement for additional nu-
clei to support hypertrophy appears to be met
via the proliferation, differentiation, and fu-
sion of muscle satellite cells providing the new
myonuclei needed to support the hypertrophy
process5,42,47,53,54,59 (Fig 5).

One of the more interesting recent develop-
ments regarding IGF-I has been the identifica-
tion of an unique IGF-I isoform that is ex-
pressed in response to changes in the loading

state of skeletal muscles.73 This isoform, MGF,
has been shown to be upregulated markedly in
response to stretch and increased loading.41,45 It
appears that muscles produce a generalized tis-
sue type IGF-I and the loading sensitive MGF
isoform with differing time courses suggesting
distinct roles for these two growth factors.28,45

The key role of IGF-I in muscle regeneration
and adaptation argues for an increased aware-
ness of the potential for injury, illness, or iatro-
genic impacts on the functioning of this system.
For example, the IGF-I receptor seems to be sen-
sitive to inhibition by components of proinflam-
matory cytokine intracellular signaling path-
ways19,26,68 and to share common intracellular
signaling components with these cytokines.33

Sensitivity of the muscle IGF-I system to proin-
flammatory cytokines may contribute to the
catabolic effects of these cytokines on skeletal
muscle.21,22,25,34,35,37,38 Injury or illness also may
result in patient inactivity and muscle disuse. It
appears that some forms of disuse cause the
number of myonuclei to decrease via nuclear
apoptosis4,42 and that IGF-I may partially ame-

Fig 5. Satellite cells and myo-
fiber hypertrophy is shown. Simi-
lar to the processes involved with
myofiber repair and regeneration,
IGF-I may stimulate the contribu-
tion of satellite cells to compen-
satory hypertrophy responses.
Incapacitation of the mitotic capa-
bilities of satellite cells prevents
muscle regeneration and muscle
hypertrophy. Blocking IGF-I sig-
naling also blocks hypertrophy.



liorate this process.4 In addition, glucocorti-
coids (methylprednisolone, triamcinolone) are
known to modulate IGF-I abundance and IGF-I
effects in muscle whereas HMGCoA reductase
inhibitors (Pravastatin, Simvastatin) may inter-
fere with PI3K signaling.63 Therefore, numer-
ous commonly prescribed drugs may unwit-
tingly impair the IGF-I system in muscles.

The proper functioning of skeletal muscle
is important for positive outcomes in the set-
ting of orthopaedic medicine and in a broader
quality of life context. It appears that the IGF-
I system may function in an autocrine and/or
paracrine mode as an intrinsic mediator of
muscle repair and adaptation. As such, aware-
ness of this system may provide useful in-
sights in patient care settings.
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