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It is generally accepted that the primary mechanisms governing skeletal muscle hypertrophy are
satellite cell activation, proliferation, and differentiation. Specific growth factors and hormones
modulate satellite cell activity during normal muscle growth, but as a consequence of resistance
exercise additional regulators may stimulate satellite cells to contribute to gains in myofiber size
and number. Present knowledge of the regulation of the cellular, biochemical and molecular
events accompanying skeletal muscle hypertrophy after resistance exercise is incomplete. We
propose that resistance exercise may induce satellite cells to become responsive to cytokines
from the immune system and to circulating hormones and growth factors. The purpose of this
paper is to review the role of satellite cells and growth factors in skeletal muscle hypertrophy

that follows resistance exercise.
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INTRODUCTION

Located between the basal lamina and the sarco-
lemma of myofibers is a population of postnatal
myogenic stem cells called satellite cells (Fig. 1;
Mauro, 1961). During normal muscle growth, sat-
ellite cells contribute nuclei (Moss and Leblond,
1970; Cardiasis and Cooper, 1975a) by proliferat-
ing, differentiating and fusing to existing myofibers
(Moss and Leblond, 1970). Satellite cell-derived
myonuclei are no longer capable of dividing but
begin to produce muscle-specific proteins that
increase myofiber size (Allen ef al., 1979; Giddings
et al., 1985; Bourke ef al., 1995) in a process known
as hypertrophy.
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Resistance exercise may functionally be defined
as the progressive overload of a skeletal muscle
resulting in muscle growth. More specifically,
resistance exercise results in an increased myofiber
cross-sectional area and myofiber number, signifi-
cant myofiber hypertrophy (MacDougall et al,
1984; Alway et al., 1992; Crill et al., 1998) and a
change in myofiber constituents (Pette and Staron,
1997). Resistance training initially may cause
muscle damage ranging from a few macromol-
ecules (Staron et al., 1990; Staron et al., 1994) to
large tears in the sarcolemma, basal lamina, and
supportive connective tissue, as well as damage
within the contractile and cytoskeletal proteins of
the myofiber. This myotrauma initiates the release
of growth factors that influence satellite cells in a
cascade of regenerative events which ultimately
lead to myofiber hypertrophy (Allen et al., 1979;
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Fig. 1. Schematic drawing of a satellite cell surrounded by the
basal lamina and the sarcolemma of the juxtaposed myofiber.
In this pocket, the satellite cell remains inactivated until
stimulated to proliferate and differentiate. During differen-
tiation, satellite cells fuse with the myofiber and become
myonuclei. Myonuclei are responsible for protein synthesis for
both myofiber maintenance and growth.

Grounds, 1998). In this paper we discuss the re-
lationship between satellite cells, the immune sys-
tem, and various growth factors that may influence
the skeletal muscle hypertrophy observed following
resistance exercise.

THE IMMUNE SYSTEM, CYTOKINES AND
GROWTH FACTORS

Similarities exist between the acute inflammatory
response to infection and the immune response to
muscle damage induced by resistance exercise
(Sharp and Koutedakis, 1992). Following resist-
ance exercise, neutrophils from the blood increase
in number in the area of the myotrauma (Smith
et al., 1994). Damaged myofibers release agents
that stimulate and attract macrophages and lym-
phocytes to the injured tissue (Figs 2 and 3; Allen
et al., 1995; Kimura et al., 1996). The macrophages
remove cellular debris, an important step for
maintaining the structure of muscle during repair
(Robertson et al., 1993; Grounds, 1998), and also
produce cytokines which activate myoblasts,
macrophages and lymphocytes (Nathan, 1987;
Cantini et al., 1994; Cantini and Carraro, 1996).
T-lymphocytes, in particular, are stimulated to
move into the damaged area where they bind to
adhesion molecules in the regenerating myofiber
and release their own library of cytokines
(Beauchamp et al., 1992). Other factors released
from the damaged myofibers and the surrounding
tissue activate the processes of myofiber regener-
ation. Hepatocyte growth factor (HGF) has been
shown to be the active factor in ‘crushed’ muscle
extracts (Allen et al., 1995). In addition, leukemia
inhibitory factor (LIF), interleukin-6 (IL-6), and
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Fig. 2. Satellite cells may mediate muscle repair following a
muscle injury. (a) Myofiber damage occurs. (b) Neutrophils
and macrophages are attracted to the injury site where they
phagocytose cellular debris and chemotactically attract satel-
lite cells. (¢) The interaction between the satellite cells and
macrophages is mediated by cytokines such as interleukin-6.
(Figure adapted from The Equine ATHLETE 6: 7-12, 1996,
with permission.)

interleukin-15 (IL-15) all appear to be part of a
currently emerging model of muscle repair (Austin
and Burgess, 1991; Barnard et al, 1994; Cantini
et al, 1995; Bischoff, 1997; Jiang and Hiscox,
1997).
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Fig. 3. Illustration of factors probably involved in the resolution of muscle repair. Extrinsic factors stimulate each stage of muscle
repair. FGF: fibroblast growth factor, GH: growth hormone, HGF: hepatocyte growth factor, IGF-I: insulin-like growth
factor-1, IL-6: interleukin-6, IL-15: interleukin-15, LIF: leukemia inhibitory factor. (Figure adapted from The Equine ATHLETE

6: 7-12, 1996, with permission.)

LIF is a cytokine produced by a number of
different cells, including macrophages and myo-
blasts (Barnard et al., 1994; Grounds and Davies,
1996; Kurek et al., 1996a). Muscle cells have high
affinity receptors for LIF (Bower et al., 1995) and
respond to LIF by increased proliferation in vitro
(Barnard et al, 1994). The proliferative effect
of LIF lasts 10 days after a 3-day exposure (Austin
et al, 1992; Kurek et al, 1996a). LIF also
stimulates increased size in newly established myo-
tubes in vivo (Barnard et al., 1994; Kurek et al.,
1996a). The long-term effect of an initial LIF
treatment may be due in part to the stimulation of
autocrine secretion of LIF by the muscle cells
themselves (Barnard et al, 1994; Kurek et al,
1996b) or to the retention of LIF within the tissue
(Barnard et al., 1994).

Originally detected in hepatic tissue (Miyazawa
et al., 1989) and referred to as the crushed muscle

mitogen (Allen er al, 1995), HGF was first
identified as a mitogen for mature hepatocytes
(Michalopoulos, 1992). HGF was also shown to
have a direct effect on the proliferation and differ-
entiation of primary cultures of satellite cells (Allen
et al., 1995; Bischoff, 1997). Recently, HGF was
found in non-injured adult rat skeletal muscle,
suggesting that HGF may play an autocrine/
paracrine role with satellite cells (Tatsumi et al.,
1998). This is supported by the observation that
mouse myoblasts secrete HGF and possess HGF
receptors (Anastasi et al., 1997). HGF also seems
to function as a chemo-attractant for satellite cells
(Bischoff, 1997) and is secreted by damaged tissue
in amounts corresponding to the severity of the
damage (Kimura et al., 1996). Regenerating muscle
secretes HGF for the first 3 days after injury
(Jennische et al., 1993). HGF may function, in part,
to activate satellite cells in the area of myofiber
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damage and initiate their proliferation (Cantini and
Carraro, 1996).

IL-6 is a cytokine that is often associated with
LIF (Kurek et al., 1996b). Macrophages near the
damaged myofiber secrete an unknown factor,
possibly HGF, which attracts satellite cells and
stimulates them to release I1L-6 in vitro (Cantini
et al, 1995). This was also demonstrated with
myoblasts and monocytes (Bartoccioni et al.,
1994). Once released by satellite cells, IL-6 synchro-
nizes other satellite cells and induces cellular apop-
tosis of neutrophils and macrophages localized in
the trauma site (Cantini and Carraro, 1996). This
phase of muscle repair might be a driving factor in
resolving the inflammatory reaction (Grounds
and Davies, 1996; Haugk et al., 1996). It appears
that IL-6 may act as a signal for promoting
satellite cell proliferation and fusion and as a
regulatory factor for resolving inflammation by
inducing apoptosis of infiltrating macrophages and
neutrophils in regenerating muscle (Cantini et al.,
1995).

IL-15 is secreted by a number of cell types
including T-lymphocytes, macrophages, and myo-
fibers (Grabstein et al, 1994). IL-15 functions
primarily to induce T-cell proliferation, B-cell
maturation, natural killer cell cytotoxicity, and
T-cell chemotaxis (Kivisakk ef al., 1998). Recently,
it has been shown that IL-15 stimulates differen-
tiation of myoblasts into myotubes and their sub-
sequent accumulation of myosin heavy chain
(Quinn et al., 1994; Quinn et al., 1995), suggesting
that IL-15 assists in satellite cell-mediated myofiber
regeneration.

OTHER ENDOCRINE AND
ENVIRONMENTAL FACTORS

The skeletal muscle growth occurring as a result of
chronic resistance exercise is regulated by various
mechanisms. The immune system (discussed pre-
viously), other blood-borne factors, and local/
environmental factors must work in concert to
facilitate satellite cell involvement in myofiber
repair and hypertrophy (Fig. 3). During muscle
hypertrophy, fibroblast growth factor (FGF)
increases the proliferation of satellite cells (Allen
et al., 1984). FGF appears to be synthesized by all
cells in the body and possesses high affinity for
heparan sulfate proteoglycans (extracellular pro-
teins) (Allen et al., 1986; Bischoff, 1989; Hannon
et al., 1996, Brandan and Larrain, 1998). Yamada
et al. (1988) suggested that FGF might initiate
muscle repair following exercise.
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A great deal of attention has been focused on the
effect of insulin-like growth factors (IGFs) on
increased muscle protein formation after exercise
(Brameld et al, 1998; Grounds, 1998; Hossner
et al, 1997). An increase in IGF-I has been
reported in muscle after acute resistance exercise
(Yan et al, 1993). In vitro studies suggest that
IGF-I stimulates satellite cells to proliferate, differ-
entiate and fuse with growing myotubes (Dodson
et al., 1985; Florini et al., 1991; Delany et al., 1994;
Fryburg et al., 1995; Goldspink et al., 1995).

Insulin stimulates skeletal muscle growth by aug-
menting protein synthesis (Jefferson, 1980) and
facilitating the entry of glucose into cells (Stadel
and Lefkowitz, 1989; Kahn and Goldfine, 1993;
Koyama et al., 1997; Shearer et al., 1997). Insulin
also induces mitosis and differentiation of satellite
cells. At physiologic levels, insulin stimulates pro-
tein synthesis and glucose uptake in satellite cells
(McFarland et al, 1995) and decreases protein
degradation in cultured myotubes (Harper et al,
1987; McFarland et al, 1995; Svanberg et al.,
1996). Insulin possesses a high affinity for the
insulin receptor and a lower affinity for the IGF-I
receptor (Zaph et al., 1978; Foley et al, 1982;
Kahn and Goldfine, 1993). At greater than physio-
logical levels, insulin stimulates satellite cell pro-
liferation and differentiation, presumably due to
interaction with IGF-I receptors (Dodson et al.,
1985; Dodson et al., 1988; Doumit and Merkel,
1991).

There is great interest in optimizing growth
hormone levels to enhance muscle growth fol-
lowing resistance exercise (Chandler et al, 1994;
Hartman et al, 1993). Growth hormone has a
short half-life (20-25 min) (Martin, 1978), a large
molecular size (21.5 kDa) and is synthesized by and
released from the anterior pituitary gland in a
pulsatile fashion (Martin, 1978). Resistance exer-
cise stimulates the release of growth hormone, with
levels being dependent on the intensity of the
exercise (Fry and Kraemer, 1997). Growth hor-
mone acts as a repartitioning agent to induce fat
metabolism toward mobilization for use in skeletal
muscle tissue growth, resulting in an overall
increase in lean body mass. In addition, growth
hormone stimulates cellular uptake and incorpor-
ation of amino acids into protein in several tissues,
including skeletal muscle (Hartman ez al., 1993).
Recent evidence suggests that growth hormone
may act directly on specific populations of satellite
cells and not on others (unpublished observation).

Leptin is a polypeptide hormone that is the
product of the obese gene and is absent in the
genetically obese (ob/ob) mouse. Its absence results
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in hyperphagia, hypothermia, and infertility
(Zhang et al., 1994). Leptin treatment of ob/ob
mice restores fertility, blunts appetite, and selec-
tively reduces body fat (Campfield er al, 1995;
Pelleymounter ez al., 1995). Plasma levels of leptin
are directly proportional to adipose mass, and
healthy or fit individuals would be expected to have
reduced levels of serum leptin. Studies in exercising
humans show that blood Ileptin levels do not
change in response to chronic or acute exercise
independent of body fat (Hickey et al, 1996;
P’erusse et al., 1997; Racette et al., 1997). However,
after 12 weeks of aerobic exercise training, serum
leptin concentrations were reduced by 17.5% in
women, but were unaffected in men (Hickey et al.,
1997). Thus, leptin may be differentially affected by
gender in exercising humans.

Many of the effects of leptin on appetite and
metabolism are thought to be mediated by the
hypothalamus, via a reduction in neuropeptide Y
(Stephans et al., 1995; Schwartz et al., 1996). More
recently, direct effects of leptin on peripheral tissues
have been shown in vitro. For example, leptin
directly reduces the expression of acetyl-CoA car-
boxylase, the rate-limiting enzyme for lipid syn-
thesis, in adipocytes (Bai et al., 1996). In addition,
leptin has direct effects on skeletal muscle, increas-
ing fatty acid oxidation while reducing triglyceride
synthesis in isolated skeletal muscle in vitro (Muoio
et al., 1997). In a manner similar to the effect of
insulin, leptin also stimulates glucose transport and
glycogen synthesis in C,C,, myoblasts (Berti et al.,
1997), a muscle cell line derived from mouse leg
muscle. Collectively, these observations suggest an
overall metabolic role for leptin in skeletal muscle.
Interestingly, leptin also stimulates proliferation of
the pluripotent mouse embryonic stem cell line
(Takahashi et al., 1997) that is capable of differen-
tiating into skeletal muscle, adipose or cartilage.
This may suggest that an increase in leptin at a
specific stage of embryonic growth may enhance
skeletal development. By analogy, leptin may also
stimulate satellite cells (the postnatal muscle stem
cells) to differentiate, contributing to adult myo-
fiber hypertrophy. Thus, leptin appears to have
specific effects on the metabolism of tissue types
that are directly involved in body composition,
with the potential to enhance muscle mass while
reducing body fat.

The role of anabolic steroids such as testosterone
in enhancing muscle growth has been known for
years (Florini, 1987; Celotti and Cesi, 1992). It is
generally accepted that anabolic steroids are direct
regulators of secondary sexual characteristics like
muscling and muscle patterning. Anabolic steroids
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also augment muscle growth by stimulating fat
catabolism, which enhances muscle definition
(Kibble and Ross, 1987). Recently it was suggested
that anabolic steroids possess regulatory effects on
satellite cells in vitro (Joubert and Tobin, 1995;
Doumit et al., 1996).

IMPACT OF RESISTANCE EXERCISE

Resistance exercise influences the remodeling of the
extracellular matrix that surrounds myofibers
(Darr and Schultz, 1987; McCall et al, 1996;
Grounds, 1998). The extracellular matrix, some-
times referred to as the endomysium, is composed
of numerous molecules including glycoproteins,
collagen, laminin, heparin sulfate, and proteo-
glycans, which play a role in cell growth (Tono
et al., 1996; Nishimura et al., 1997; Grounds et al.,
1998; Velleman et al., 1998). It is postulated that
the extracellular matrix stores and releases growth
factors that stimulate satellite cells to proliferate
and differentiate (Fig. 4) (Kelso ez al., 1989; Timpl,
1993; Hannon et al, 1996; Melo et al, 1996;
Tatsumi et al., 1998). Recent work by Velleman
et al. (1996), suggests that the proteoglycan,
decorin, binds to growth factors and controls the
flux of growth factors to and from the extracellular
matrix. As myofibers undergo hypertrophy in
response to resistance exercise, the extracellular
matrix also increases to support muscle growth
(MacDougall et al, 1982; Bischoff, 1989;
McCormick and Schultz, 1994). For skeletal
muscle to sustain resistance exercise protocols, it is
essential that adequate blood flow is provided
(Snyder et al., 1992; Delp and Laughlin, 1998).
Therefore, at the onset of exercise an increase in
cardiac output is followed by an increase in overall
blood flow to the muscle (Snyder ez al., 1992). This
hyperemia, along with potential tissue damage,
initiates the cascade of events resulting in the
recruitment of neutrophils and macrophages
(Cantini and Carraro, 1995; Stewart et al., 1997).
This also initiates the inflammatory process that
will eventually remove damaged tissue (Bangsbo
et al, 1991; Tidball, 1995; Delp and Laughlin,
1998). Additional systemic as well as local
mitogenic factors are supplied to the muscle tissue
and are likely to stimulate satellite cells (Fig. 3;
Jacobs et al., 1995). In addition, as muscles increase
in size, blood flow dynamics adjust to support the
hypertrophy (Degens et al., 1992; McCall et al,
1996).

Resistance exercise stimulates motor neurons
to release factors that induce satellite cells to
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Fig. 4. Illustration of satellite cells (sc) of myofiber (mf)-secreted extracellular matrix (ECM), with the proteoglycan (PG) binding
free growth factor (A) and regulating sc and mf exposure to the growth factor. Following release from the PG, the growth factor
may then interact with its cellular receptor, resulting in a cell response. ECM damaged by resistance exercise may release growth
factors that stimulate satellite cells. A glycosaminoglycan (GAG), such as heparan sulfate binds to the PC core protein and may
protect ECM macromolecules from proteolysis (reprinted from Domestic Animal Endocrinology 13: 107-126, 1996, with

permission).

proliferate (Staron er al, 1994; Nikovits and
Stockdale, 1996). For example, the area under the
motor neuron location/junction on a myofiber con-
tains a higher concentration [20 X ] of satellite cells
(Wokke et al., 1989). However, the physiological
significance of the higher concentration of satellite
cells is unknown. Though resistance training
usually does not cause neural damage or dener-
vation, it has been suggested that nerves impinging
upon a damaged myofiber may stimulate satellite
cells (Cardasis and Cooper, 1975b; Barjot et al.,
1998). Bischoff (1989) reported that there was an
increase in activity of the satellite cells located
around the site of a detached motor end plate.
However, the level of direct interaction between the
nerves and satellite cells varies between muscle
bundles within the same individual and even
among myofibers in the same muscle (Eberstein
and Eberstein, 1996).

SUMMARY

Regardless of the type of exercise protocol, resist-
ance exercise may damage the intracellular and/or
extracellular tissue of skeletal muscle, which then
releases signaling factors that stimulate and attract
immune cells to the trauma site. Cytokines from
activated immune cells, along with muscle-derived

Fig. 5. Photomicrograph of a satellite cell-derived myotube
( x 200; stained with Giemsa). Research with satellite cells
from exercised individuals will help elucidate the satellite cell
involvement in the muscle hypertrophy that follows resistance
exercise (reprinted from Tissue and Cell 19: 159-166, 1987,
with permission).

signaling factors, stimulate satellite cell prolifer-
ation. Hyperemia within the damaged muscle
supplies satellite cells with anabolic endocrine
agents and growth factors, which regulate satellite
cell population expansion and subsequent fusion
into myotubes. Further research will help define
specific regulation mechanisms initiated by resist-
ance exercise, leading to knowledge about satellite
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cell mediation of skeletal muscle hypertrophy
(Fig. 5).

ACKNOWLEDGEMENTS

This paper is supported by the Washington State
Agricultural Research Center and the Colorado
State Agricultural Research Center. Contributors
(MVD and KB) are participants of the U.S.D.A.
Regional Research Project NC-131, ‘Molecular
Mechanisms Regulating Skeletal Muscle Growth
and Differentiation.’

REFERENCES

ALLEN RE, MERKEL RA, YOUNG RB, 1979. Cellular aspects of
muscle growth: myogenic cell proliferation. J Anim Sci 49:
115-127.

ALLEN RE, DopsoNn MV, Lurten LS, 1984. Regulation of
skeletal muscle satellite cell proliferation by bovine pituitary
fibroblast growth factor. Exp Cell Res 152: 154-160.

ALLEN RE, DobpsoN MV, BoxHORN LK, Davis SL, HOSSNER
KL, 1986. Satellite cell proliferation in response to pituitary
hormones. J Anim Sci 62: 1596-1601.

ALLEN RE, SHEEHAN SM, TAayLOoR RG, KeEnDALL TL, RICE
GM, 1995. Hepatocyte growth factor activates quiescent
skeletal muscle satellite cells in vitro. J Cell Physiol 165:
307-312.

ALwAY SE, GRUMBT WJ, STRAY-GUNDERSEN J, GONYEA W],
1992. Effects of resistance training on elbow flexors of
highly competitive bodybuilders. J App! Physiol 72: 1512—
1521.

ANASTASI S, GIORDANO S, STHANDIER O, GAMBAROOTA G,
MaLoONE R, ComocGLio P, Amati P, 1997. A natural
hepatocye growth factor/scatter factor autocrine loop in
myoblast cells and the effect of the constitutive Met Kinase
activation on myogenic differentiation. J Cell Biol 137:
1057-1068.

AUSTIN L, BURGESS A, 1991. Stimulation of myoblast prolifer-
ation in culture by leukemia inhibitory factor and other
cytokines. J Neurol Sci 101: 193-197.

AusTIN L, Bower J, KUREK J, Vakakis N, 1992. Effects of
leukaemia inhibitory factor and other cytokines on murine
and human myoblast proliferation. J Neurol Sci 112: 185-
191.

Ba1Y, Zuanc S, Kmm KS, Lee JK, Kim KH, 1996. Obese gene
expression alters the ability of 30A5 preadipocytes to
respond to lipogenic hormones. J Biol Chem 271: 13,939-
13,942.

BanGsBo J, GoLLNick PD, GraHaM TE, SALTIN B, 1991.
Substrates for muscle glycogen synthesis in recovery from
intense exercise in man. J Physiol 434: 432-440.

BarjoT C, ROUANET P, VIGNERON P, JANMOT C, D’ALBIS A,
Cacou F, 1998. Transformation of slow- or fast-twitch
rabbit muscles after cross-reinnervation or low frequency
stimulation does not alter the in vitro properties of their
satellite cells. J Muscle Res Cell Motil 19: 25-32.

BARNARD W, BOwWER J, BROWN M, MURPHY M, AUSTIN L,
1994. Leukaemia Inhibitory Factor (LIF) infusion stimu-

269

lates skeletal muscle regeneration after injury: injured
muscle expresses LIF mRNA. J Neurol Sci 123: 108-113.

BarTocciont E, MicHAELIS D, HOHLFELD R, 1994. Consti-
tutive and cytokine-induced production of interleukin-6 by
human myoblasts. Immunol Lett 42: 135-138.

BeaucHamP JR, ABRAHAM DJ, Bou-GHARIOS G, PARTRIDGE
TA, OLseN 1, 1992. Expression and function of heterotypic
adhesion molecules during differentiation of human skeletal
muscle in culture. Am J Pathol 140: 387-410.

BerTi L, KELLERER M, CaPP E, HarRING HU, 1997. Leptin
stimulates glucose transport and glycogen synthesis in
C2C12 myotubes: evidence for a P13-Kinase mediated
effect. Diabetologia 40: 606-609.

BiscHOFF R, 1989. Analysis of muscle regeneration using
single myofibers in culture. Med Sci Sports Exerc 21:
S164-S172.

BiscHOFF R, 1997. Chemotaxis of skeletal muscle satellite cells.
Dev Dyn 208: 505-515.

BourkEe DL, WYLIE SR, THEON A, BANDMAN E, 1995. Myosin
heavy chain expression following transfer into regenerating
chicken muscle. Basic Appl Myol 5: 43-56.

Bower J, Vakakis N, NicoLa N, AustiN L, 1995. Specific
binding of leukemia inhibitory factor to murine myoblasts in
culture. J Cell Physiol 164: 93-98.

BraAMELD JM, BUTTERY PJ, DawsoN JM, HARPER JM, 1998.
Nutritional and hormonal control of skeletal-muscle cell
growth and differentiation. Proc Nutr Soc 57: 207-217.

BrANDAN E, LARRAIN J, 1998. Heparan sulfate proteoglycans
during terminal skeletal muscle cell differentiation: possible
functions and regulation of their expression. Basic Appl
Myol 8: 107-115.

CamMPFIELD LA, SmitH FJ, Guisez Y, DEvos R, BURN P, 1995.
Recombinant mouse OB Protein: evidence for a peripheral
signal linking adiposity and central neural networks. Science
269: 546-548.

CANTINI M, MaAssIMINO ML, BrusoN A, CATANI C, LIBERA
LD, CArRrRARO U, 1994. Macrophages regulate proliferation
and differentiation of satellite cells. Biochem Biophys Res
Comm 202: 1688-1696.

CANTINI M, MasiMINO ML, Rarizzi E, RossiNt K, CANTANI C,
LiBERA LD, CARRARO U, 1995. Human satellite cells pro-
liferation in vitro is regulated by autocrine secretion of IL-6
stimulated by a soluble factor(s) released by activated mono-
cytes. Biochem Biophys Res Comm 16: 49-53.

CanTINT M, CarrARO U, 1995. Macrophage released factor
stimulates selectively myogenic cells in primary muscle
culture. Neuropathol Exp Neurol 54: 121-128.

CANTINI M, CARRARO U, 1996. Control of cell proliferation by
macrophage-myoblast interactions. Basic Appl Myol 6: 485—
489.

CArDASIS CA, CoorER GW, 1975a. An analysis of nuclear
numbers in individual muscle fibers during differentiation
and growth: a satellite cell-muscle fiber growth unit. J Exp
Zool 91: 347-358.

CARrDASIS CA, CooPER GW, 1975h. A method for the chemical
isolation of individual muscle fibers and its application to a
study of the effect of denervation on the number of nuclei
per muscle fiber. J Exp Zool 191: 333-346.

CeLotTl F, Cest PN, 1992. Anabolic steroids: A review of their
effects on the muscles, of their possible mechanisms of
action and of their use in athletics. J Steroid Biochem Mol
Biol 43: 469-477.

CHANDLER RM, BYRNE HK, PATTERSON JG, Ivy JL, 1994.
Dietary supplements affect the anabolic hormones after
weight-training exercise. J Appl Physiol 76: 839-845.



270

CriLL M, Campros G, STARON RS, et al, 1998. Different
resistance training protocols and skeletal muscle fiber hyper-
trophy. Med Sci Sports Exerc 30: S207.

Darr KC, ScuurLtz E, 1987. Exercise induced satellite cell
activation in growing and mature skeletal muscle. J Appl
Physiol 63: 1816-1821.

DEeGeNs H, Turek Z, Hoorp LJ, VAN'T HOF MA, BINKHORST
RA, 1992. The relationship between capillarization and fibre
types during compensatory hypertrophy of the plantaris
muscle in the rat. J Anat 180: 455-463.

DELANY AM, PasH JM, CANALIS E, 1994. Cellular and clinical
perspectives on skeletal insulin-like growth factor 1. J Cell
Biochem 55: 328-333.

DeLp MD, LauGgHLIN MH, 1998. Regulation of skeletal
muscle perfusion during exercise. Acta Physiol Scand 162:
411-419.

DobpsoN MV, ALLEN RE, HossNer KL, 1985. Ovine somato-
medin, multiplication-stimulating activity and insulin pro-
mote skeletal muscle satellite cell proliferation in vitro.
Endocrinology 117: 2357-2363.

DopsoN MV, MATHISON BA, BRANNON MA, MARTIN EL,
WHEELER BA, McFarLaND DC, 1988. Comparison of ovine
and rat muscle-derived satellite cells; Response to insulin.
Tissue and Cell 20: 909-918.

Doumit ME, MERKEL RA, 1991. Influence of insulin-like
growth factor-I (IGF-I) and insulin on proliferation and
differentiation of porcine satellite cells. J Anim Sci 69: 316.

Doumit ME, Cook DR, MERKEL RA, 1996. Testosterone
up-regulates androgen receptors and decreases differen-
tiation of porcine myogenic satellite cells in vitro.
Endocrinology 137: 1385-1394.

EBERSTEIN H, EBERSTEIN S, 1996. Electrical stimulation of
denervated muscle: is it worthwhile? Med Sci Sports Exerc
28: 1463-1469.

Frormi JR, 1987. Hormonal control of muscle growth.
Muscle Nerve 10: 577-598.

Frorint JR, Ewton DZ, Roor SL, 1991. Insulin-like growth
factor I stimulates terminal myogenic differentiation by
induction of myogenin gene expression. Mol Endocrinology
5: 718-724.

FoLEy TP, NissLey SP, STEVENS RL, et al, 1982. Demon-
stration of receptors for insulin and insulin-like growth
factors on Swarm rat chondroscarcoma chondrocytes. J Bio/
Chem 257: 663-679.

Fry AD, KraeMER WJ, 1997. Resistance exercise overtraining
and overreaching: Neuroendocrine responses. Sports Med
23: 106-129.

FrYBURG DA, JAHN LA, HiLL SA, OLIVERAS DM, BARRETT
EJ, 1995. Insulin and insulin like growth factor-I enhance
human skeletal protein anabolism during hyperamino-
acidemia by different mechanism. J Clin Invest 96: 1722—
1729.

GIDDINGS CJ, NEAVES WB, GonyEA W, 1985. Muscle fiber
necrosis and regeneration induced by prolonged weight-
lifting exercise in the cat. Anat Rec 211: 133-141.

GoLDpsPINK DF, Cox VM, SmitH SK, EAVES LA, OSBALDESTON
NJ, LEe DM, MANTLE D, 1995. Muscle growth in response
to mechanical stimuli. Am J Physiol 268: E288-E297.

GRABSTEIN KH, EISENMAN J, SHANEBECK K., et al, 1994.
Cloning of a T cell growth factor that interacts with the beta
chain of the interleukin-2 receptor. Science 264: 965-968.

Grounps MD, Davies M, 1996. Chemotaxis in Myogenesis.
Basic Appl Myol 6: 469-483.

GROUNDS MD, McGREACHIE JK, DAVIEs MJ, SOROKIN LM,
MALEY MA, 1998. The expression of extracellular matrix

Cell Biology International, Vol. 24, No. 5, 2000

during adult skeletal muscle regeneration: How the
basement membrane, interstitium and myogenic cells
collaborate. Basic Appl Myol 8: 129-141.

GrounDps MD, 1998. Age-associated changes in the response
of skeletal muscle cells to exercise and regeneration. Ann NY
Acad Sci 854: 78-91.

HannoN K, Kubpra AJ, McAvoy MJ, CrLase KL, OLwIN BB,
1996. Differentially expressed fibroblast growth factors regu-
late skeletal muscle development through autocrine and
paracrine mechanisms. J Cell Biol 132: 1151-1159.

HARPER JM, SoAR JB, BUTTERY PJ, 1987. Changes in protein
metabolism of ovine primary muscle cultures on treatment
with growth hormone, insulin, insulin-like growth factor I or
epidermal growth factor. J Endocrinology 112: 87-96.

HarTMAN ML, VELDHUIS JD, THORNER MO, 1993. Normal
control of growth hormone secretion. Horm Res 40: 37-47.

Hauck KL, ROEDER RA, GarBerR MJ, QuInN LS, 1996.
Crushed muscle extracts: A model system to investigate
growth factors regulation of satellite cell activities in meat
animals. Basic Appl Myol 6: 163-173.

Hickey MS, ConsIDINE RV, ISRAEL RG, et al., 1996. Leptin is
related to body fat content in male distance runners. Am J
Physiol 271: E938-E940.

Hickey MS, HouMmaArD JA, CoNSIDINE RV, et al, 1997.
Gender dependent effects on exercise training on serum
leptin levels in humans. Am J Physiol 272: E562-ES566.

HossNer KL, McCusker RH, DopsoN MV, 1997. Insulin-
like growth factors and their binding proteins in domestic
animals. J Anim Sci 64: 1-15.

Jacoss SC, WokkE JH, BAR PR, BootsmMa AL, 1995. Satellite
cell activation after muscle damage in young and adult rats.
Anat Rec 242: 329-336.

JErFrFERSON L, 1980. Role of insulin in the regulation of protein
synthesis. Diabetes 29: 487-496.

JenniscHE E, EKBERG S, MATEIKA GL, 1993. Expression of
hepatocyte growth factor in growing and regenerating rat
skeletal muscle. Am J Physiol 265: C122-C128.

JiaNnG WG, Hiscox S, 1997. Hepatocyte growth factor/scatter
factor, a cytokine playing multiple and converse roles.
Histology Histopathology 12: 537-555.

JOUBERT Y, ToBIN C, 1995. Testosterone treatment results in
quiescent satellite cells being activated and recruited into cell
cycle in rate Lavator Ani muscle. Dev Biol 169: 286-294.

KaAaHN RC, GoLDFINE AB, 1993. Molecular determinants of
insulin action. J Diabet Comp T: 92-105.

KeLso TA, SHEAR CR, Max SR, 1989. Enzymes of glutamine
metabolism in inflammation associated with skeletal muscle
hypertrophy. Am J Physiol 257: E§85-E894.

KiBBLE MW, Ross MB, 1987. Adverse effects of anabolic
steroids in athletes. Clin Pharm 6: 686-692.

Kmura F, Mivazakli M, Suwa S, 1996. Increased levels of
human hepatocyte growth factor in serum and peritoneal
fluid after partial hepatectomy. Am J Gastroenterol 91:
116-121.

KivisaAkk P, MaTusevicius D, HE B, SODERSTROM M,
FREDRIKSON S, Link H, 1998. IL-15 mRNA expression is
up-regulated in blood and cerebrospinal fluid mononuclear
cells in multiple sclerosis (MS). Clin Exp Immunol 111:
193-197.

Kovyama K, CHEN G, L Y, UNGErR RH, 1997. Tissue
triglycerides, insulin, resistance, and insulin production:
implications for hyperinsulinemia of obesity. Am J Physiol
273: E708-E713.

KUREK JB, AUSTIN L, CHEEMA SS, BARTLETT PF, MURPHY M,
1996a. Upregulation of leukemia inhibitory factor and



Cell Biology International, Vol. 24, No. 5, 2000

interleukin-6 in transected sciatic nerve and muscle follow-
ing denervation. Neuromusc Disord 6: 105-114.

KuUrek JB, KANNOURAKIS N, MURPHY M, AUSTIN L, 1996b.
Leukemia Inhibitory Factor and Interleukin-6 are produced
by diseased and regenerating skeletal muscle. Muscle Nerve
19: 1291-1301.

MacDouacaLL JD, SALE DG, ELDErR CB, SuttoN JR, 1982.
Muscle ultrastructural characteristics of elite powerlifters
and bodybuilders. Eur J Appl Physiol 48: 117-126.

MacDouGaLL JD, SALE DG, ALwAy SE, SutTtoN JR, 1984.
Muscle fiber number in biceps brachii in bodybuilders and
control subjects. J Appl Physiol 57: 1339-1404.

McCaLL GE, BYrNEs WC, DIckKINSON A, PATTANY PM,
FrLEck SJ, 1996. Muscle fiber hypertrophy, hyperplasia, and
capillary density in college men after resistance training.
J Appl Physiol 81: 2004-2012.

McCorMmick KM, ScHULTZ E, 1994. Role of satellite cells in
altering myosin expression during avian skeletal muscle
hypertrophy. Dev Dyn 199: 52-63.

McFARLAND DC, PesaLL JE, GIKERSON KK, YE WV, WALKER
JS, WELLENREITER R, 1995. Comparison of in vitro proper-
ties of satellite cells derived from the pectorialis major and
biceps femoris muscles of growing turkeys. Basic Appl Myol
5: 27-32.

MAaRTIN JB, 1978. Neural regulation of growth hormone
secretion. Med Clin North Am 62: 327-336.

MAURO A, 1961. Satellite cell of skeletal muscle fibers. Biophys
Biochem Cytol 9: 493-495.

MELo F, CAREY DJ, BRANDAN E, 1996. Extracellular matrix is
required for skeletal muscle differentiation but not myo-
genin expression. J Cell Biochem 62: 227-239.

MicHaLorpouLos G, 1992. Liver regeneration and growth
factors: old puzzles and new perspectives. Lab Invest 67:
413-415.

Mivazawa K, TsuBoucH! H, NAkA D, et al., 1989. Molecular
cloning and sequence analysis of cDNA for human hepato-
cyte growth factor. Biochem Biophys Res Comm 163: 967—
973.

Moss FP, LesonD CP, 1970. Nature of dividing nuclei in
skeletal muscle of growing rats. Cell Biol 44: 459-462.

Muoio DM, Doum GL, Fieporek FT Jr, Tapscort EB,
CoLEMAN RA, 1997. Leptin directly alters lipid partitioning
in skeletal muscle. Diabetes 46: 1360-1363.

NatHAN CF, 1987. Secretory products of macrophages. J Clin
Invest 79: 319-326.

Nikovits W JR, STockDALE FE, 1996. Cellular and molecular
bases of skeletal muscle fiber diversity. Basic Appl Myol 6:
407-415.

NisHiMURA T, Onmva K, HATTORI A, TAKAHASHI K, 1997.
Developmental expression of extra-cellular matrix com-
ponents in intramuscular connective tissue of bovine
semitendinosus muscle. Histochem Cell Biol 107: 215-221.

PELLEYMOUNTER MA, CULLEN MJ, BAKER MB, HEcHT R,
WINTERS D, BoonE T, CoLLINS F, 1995. Effects of the obese
gene product on body weight regulation in ob/ob mice.
Science 269: 540-546.

P’ERUSSE L, CoLLIER G, GAGNON J, et al., 1997. Acute and
chronic effects of exercise on leptin levels of humans. J Appl
Physiol 83: 5010.

PeETTE D, STARON RS, 1997. Mammalian skeletal muscle fiber
type transition. Int Rev Cytol 170: 143-223.

QuINN LS, STEINMETZ B, MaAs A, ONG L, KaLEkO M, 1994,
Type-1 insulin-like growth factor receptor overexpression
produces dual effects on myoblast proliferation and differ-
entiation. J Cell Physiol 159: 387-398.

271

QuinN LS, Haugk KL, GRABSTEIN KH, 1995, Interleukin-15:
a novel anabolic cytokine for skeletal muscle. Endocrinology
136: 3669-3672.

RACEeTTE SB, CorpPack SW, LANDT M, KLEIN S, 1997. Leptin
production during moderate-intensity aerobic exercise. J
Clin Endocrinol Metab 82: 2275-2277.

ROBERTSON TA, MALEY ML, GROUNDS MD, PAPADIMITRIOU
JM, 1993. The role of macrophages in skeletal muscle
regeneration with particular reference to chemotaxis. Exp
Cell Res 207: 321-331.

ScawaArTZ MW, BaskiN DG, Bukowskl TR, Kunper JL,
FosTEr D, LAsSER G, PRUNKARD DE, et al., 1996. Specificity
of leptin action on elevated blood glucose levels and
hypothalamic neuropeptide Y gene expression in ob/ob
mice. Diabetes 45: 531-535.

SHARP NC, KouTeDAKIS Y, 1992. Sports and the overtraining
syndrome: Immunological aspects. Brit Med Bull 48: 518—
533.

SHEARER JD, CouLTeER CF, ENGELAND WC, RoTH RA,
CALDWELL MD, 1997. Insulin is degraded extracellularly in
wounds by insulin-degrading enzyme (EC 3.4.24.56). Am J
Physiol 273: E657-E664.

SmitH LL, KEATING MN, HoOLBERT D, SpraTT DJ,
McCaMMON MR, SmiTH SS, ISRAEL RG, 1994. The effects of
athletic massage on delayed onset muscle soreness,
creatine kinase and neutrophil count: a preliminary report.
J Orthoped Sports Phys Ther 19: 93-99.

SNYDER GK, FARrReLLy C, CoeLHO JR, 1992. Capillary
perfusion in skeletal muscle. Heart Circ Physiol 31:
HS828-HS832.

StaDEL JM, LEerkowiTz RJ, 1989. Dual regulation of
adenylate cyclase by stimulatory and inhibitory pathyways.
In: Degroot LJ, ed. Endocrinology. Pennsylvania, W. B.
Saunders. 75-89.

STARON RS, MaLicky ES, LroNArRDI MJ, FALKEL JE,
HaGgerMaN FC, DubLEY GA, 1990. Muscle hypertrophy
and fast fiber type conversions in heavy resistance trained
women. Eur J Appl Physiol 60: 71-79.

STARON RS, KArRAPONDO DL, KRAEMER WIJ, et al., 1994.
Skeletal muscle adaptations during early phase of heavy-
resistance training in men and women. J Appl Physiol 76:
1247-1255.

STEPHANS TW, BASINKI M, Bristow PK, BUE-VALLESKEY JM,
BURGETT SG, CRrAFT L, HALE J, ef al, 1995. The role of
neuropeptide Y in the antiobesity action of the obese gene
product. Nature 377: 530-532.

STEWART NT, Foss M, CARrRARO U, et al, 1997. Muscle
regeneration is modulated by satellite cell-macrophage
interactions at the site of muscle injury: Prospective clinical
applications. J Equine Vet Sci 17: 172-219.

SVANBERG E, MOLLER-LOSWICK A, MATTHEWS D,
KOrNER U, ANDERSSON M, LunpHoLM K, 1996.
Effects of amino acids on synthesis and degradation of
skeletal muscle proteins in humans. 4Am J Physiol 271:
E718-E724.

TakaHAsHI Y, OKIMURA Y, MizuNo I, et al., 1997. Leptin
induces mitogen-activated protein kinase-dependent pro-
liferation of C3HI10t1/2 cells. J Biol Chem 272: 12,897—
12,900.

Tatsumi R, ANDERSON JE, NEVORET CJ, HALEVY O, ALLEN
RE, 1998. HGF/SF is present in normal adult skeletal
muscle and is capable of activating satellite cells. Dev Biol
194: 114-128.

TipBALL JG, 1995. Inflammatory cell response to acute muscle
injury. Med Sci Sports Exerc 27: 1022-1032.



272

TivpL R, 1993. Proteoglycans of basement membranes.
Experimentia 49: 403-416.

ToNo OkA S, TANASE S, MuKE T, TANAKA H, 1996. Transient
expression of collagen type XIV during muscle development
and its reappearance after denervation and degeneration.
J Histochem Cytochem 44: 907-918.

VELLEMAN SG, YEAGER JD, KRIDER H, CARRINO DA,
ZIMMERMAN SD, McCormick RJ, 1996. The avian low score
normal muscle weakness alters decorin expression and
collagen crosslinking. Connect Tiss Res 34: 33-39.

VELLEMAN SG, McFArRLAND DC, Coy CS, 1998. Skeletal
muscle satellite cells: identification of heparan sulfate pro-
teoglycan. Basic Appl Myol 8: 115-121.

WOKKE JJ, VANDENOORD CM, LEPPINK GJ, JENNEKENS FI,
1989. Perisynaptic satellite cells in human external inter-

Cell Biology International, Vol. 24, No. 5, 2000

costal muscle-A quantitative and qualitative study. Anat Rec
223: 174-180.

YaMaDA S, BUFFINGER N, STROHMAN R, 1988. Heparin binding
growth factors and muscle hypertrophy. J Cell Biol 107: 594A.

YaN Z, Biges RB, Bootn FW, 1993. Insulin-like growth
factor immunoreactivity increases in muscle after acute
eccentric contraction. J Appl Physiol 74: 410-414.

ZaprH JE, ScHOENLE E, FrRoEscH ER, 1978. Insulin-like growth
factors I and II: Some biological actions and receptors
binding characteristics of 2 purified constiuents of non-
suppressive insulin-like activity of human serum. Eur J
Biochem 87: 285-296.

ZHANG Y, PrROENCA R, MAFFE1 M, BARONE M, LEOPOLD L,
FrRIEDMAN JM, 1994. Positional cloning of the mouse obese
gene and its human homologue. Nature 372: 425-431.



	SATELLITE CELL REGULATION FOLLOWING MYOTRAUMA CAUSED BY RESISTANCE EXERCISE
	INTRODUCTION
	Fig. 1

	THE IMMUNE SYSTEM, CYTOKINES AND GROWTH FACTORS
	Fig. 2
	Fig. 3

	OTHER ENDOCRINE AND ENVIRONMENTAL FACTORS
	IMPACT OF RESISTANCE EXERCISE
	Fig. 4

	SUMMARY
	Fig. 5

	ACKNOWLEDGEMENTS
	REFERENCES


