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Willis, P. E., S. G. Chadan, V. Baracos, and W. S.
Parkhouse. Restoration of insulin-like growth factor I action
in skeletal muscle of old mice. Am. J. Physiol. 275 (Endocri-
nol. Metab. 38): E525–E530, 1998.—This study examined the
effects of long-term chronic voluntary wheel exercise on the
ability of insulin-like growth factor I (IGF-I) to stimulate
rates of protein synthesis in the soleus muscle of old C57Bl/6
mice. Factors contributing to any changes in hormone action
were analyzed at the level of hormone receptor binding,
protein content, and gene expression. Chronic exercise re-
sulted in an increased skeletal muscle mass (10–22%) and a
56% increase in IGF-I-stimulated rates of protein synthesis
(P , 0.05). IGF-I receptor mRNA was increased 46%, IGF-I
receptor protein was increased 65%, and the binding capacity
of the IGF-I high-affinity site was increased sixfold (P , 0.05)
with chronic wheel exercise. Insulin receptor protein content
was decreased 35% (P , 0.05), whereas GLUT-4 content was
increased 47% with chronic exercise (P , 0.05). This study
demonstrates that old animals retain a plasticity for IGF I
receptor and glucose transporter expression that may have
valuable physiological consequences.
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INSULIN-LIKE GROWTH FACTOR I (IGF-I) is an anabolic
hormone that stimulates DNA synthesis, cell prolifera-
tion, protein synthesis, and glucose transport (26). The
main role of IGF-I in skeletal muscle is in the promo-
tion of protein synthesis, and decline in the circulating
levels of this hormone with aging is thought to be a
contributing factor in age-associated skeletal muscle
atrophy (24). However, recent studies (6, 27, 28) have
shown that IGF-I is unable to stimulate protein synthe-
sis and amino acid transport in aged rat and mouse
muscles. The aged rat skeletal muscle has also demon-
strated resistance to insulin, suggesting that the resis-
tance to the action of these two hormones may occur in
parallel with aging.

Despite this observation, the degree of resistance to
IGF-I or insulin varied depending on the metabolic
process concerned in the aged rat skeletal muscle.
Specifically, age-associated resistance to the stimula-
tion of protein synthesis was greater for IGF-I than
insulin, whereas the declines in IGF-I or insulin-
mediated glucose transport were similar (6). The age-
associated skeletal muscle resistance to the actions of

IGF-I and insulin in rats was associated with large
decreases in IGF-I receptor number, whereas insulin
receptor levels were unchanged (6). Similarly, aged
mouse muscle that also showed resistance to the action
of IGF-I had a large decline in IGF-I receptor number
(27). These findings suggest that the mechanisms ac-
counting for the parallel resistance to IGF-I and insulin
observed with aging may be different, despite the fact
that these two hormones share common postreceptor
events, including the phosphorylation of insulin recep-
tor substrate 1 and activation of phosphatidylinositol
3-kinase (PI3-kinase).

We have recently shown a restoration in the ability of
IGF-I to stimulate protein synthesis in IGF-I-resistant
aged mouse skeletal muscle after a single acute bout of
moderate intensity aerobic exercise (27, 28). The in-
creased action of IGF-I was associated with increases in
the IGF-I receptor binding capacity, affinity, and IGF-I
receptor mRNA, with no significant increase in IGF-I
receptor protein content (27). However, the effects of
exercise training on IGF-I responsiveness in IGF-I-
resistant tissues remains to be examined. In contrast to
IGF-I, the effects of exercise training on insulin action
in insulin-resistant tissues have been studied exten-
sively. Exercise training has been shown to improve
glucose tolerance in insulin-resistant tissues (4) and to
improve the responsiveness of skeletal muscle to insu-
lin (2, 11, 20). The improved insulin action is linked to
concurrent training-induced elevations in GLUT-4 con-
tent, which are thought to parallel improvements in
oxidative capacity (2, 19, 23). Whether exercise train-
ing similarly restores IGF-I action and the mechanisms
for any alteration in the responsiveness to IGF-I re-
mains to be examined.

Thus one of the goals of this study was to employ
exercise wheels over an extended period to assess the
effects of chronic activity on IGF-I action. The use of
voluntary wheel exercise for aged animals has the
additional advantage of modestly increasing the level
of activity of senescent animals, a situation not too
different from the aims of exercise programs geared for
seniors. Specifically, we hypothesized that long-term
chronic physical activity in old animals would restore
the ability of IGF-I to stimulate skeletal muscle protein
synthesis rates. We therefore analyzed the effects of
long-term chronic voluntary wheel exercise on IGF-I
action in skeletal muscle of aged mice. The factors
contributing to any changes in IGF-I action were
analyzed at the level of hormone receptor binding,
protein content, and gene expression. Insulin receptor
content was also assessed to identify any parallel
changes in this protein with changes in IGF-I receptor
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protein. GLUT-4 content was assessed to determine
whether long-term physical activity could overcome the
aged skeletal muscles’ apparent lack of plasticity asso-
ciated with low training intensities.

METHODS

Chemicals. L-[2,6-3H]phenylalanine, 125I-labeled IGF-I, and
[a-32P]CTP were obtained from Amersham (UK). Plasmid
vector pGEM3, EcoR I, and SP6 polymerase were obtained
from BRL GIBCO (Burlington, ON, Canada). Recombinant
IGF-I was obtained from Calbiochem (San Diego, CA). Rabbit
polyclonal IgG specific for the b-chain of the IGF-I receptor,
mouse monoclonal IgG specific for the insulin receptor b-chain,
and goat polyclonal IgG specific for GLUT-4, and the second-
ary antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). All other reagents were from Sigma (St.
Louis, MO).

Animals. Female C57Bl/6 mice were obtained at 12 mo of
age from Charles River Breeding Laboratories (QC, Canada),
housed under laminar airflow, maintained on a 12:12-h light-
dark cycle (lights on 5:00 AM) with food (PMI Feeds Labora-
tory Rodent Diet 5001, St. Louis, MO) and water available ad
libitum. Animals were maintained in our holding facilities for
3 mo after arrival to control for the stress of transport and
differences in housing and dietary conditions. Animals were
randomly assigned to either control or chronically exercised
groups (n 5 23–27 for each group). Chronically exercised
animals were individually housed in cages with a freely
rotating exercise wheel for up to 9 mo beginning at 15 mo of
age. Animal activity patterns were continuously monitored as
previously described (18). Exercise wheels were removed 48 h
before the animals were killed. All animals were fasted for 12
h before being killed to avoid the influence of the last feeding
on IGF-I action. All animals were killed at the same time of
day. Citrate synthase, phosphofructokinase, and malate dehy-
drogenase activities were measured in control and chroni-
cally exercised soleus muscle homogenates according to the
methods of Alp et al. (1). Animals were killed at 18, 21, and 24
mo of age, and the soleus, gastrocnemius, and extensor
digitorum longus were carefully dissected to assess muscle mass.

Effects of IGF-I on soleus muscle rates of protein synthesis.
Rates of protein synthesis were determined as described
previously (27). Briefly, soleus muscles were preincubated in
medium consisting of Krebs-Ringer bicarbonate (KRB) buffer
[119 mM NaCl, 4.8 mM KCl, 1.25 mM MgSO4, 25 mM
NaHCO3, 1.24 mM NaH2PO4, and 1.0 mM CaCl2 (pH 7.4)], 5
mM glucose, 0.05% BSA (99% fatty acid free; wt/vol), 2 mM
HEPES-NaOH at pH 7.4, 0.3 µg/ml chloramphenicol, and 20
nM IGF-I. Muscles were then transferred into fresh medium
of the same composition containing 0.1 µCi/ml L-[2,6-
3H]phenylalanine (55 Ci/mmol) and 1 mM unlabeled phenyl-
alanine for 3 h. Contralateral muscles were incubated in the
absence of IGF-I. Protein synthesis was measured by calculat-
ing the rate of incorporation of [3H]phenylalanine into TCA-
precipitable material, and intracellular phenylalanine was
measured fluorometrically by HPLC analysis using methods
of Jones and Gilligan (15). Muscle protein synthesis rates
were calculated from protein-bound radioactivity and intracel-
lular specific activity of phenylalanine for each muscle.
Intracellular specific activity was not significantly different
between groups and across treatments.

IGF-I receptor gene expression. Total RNA was extracted by
the method of Chomczynski and Sacchi (5) and IGF-I receptor
expression was determined as previously described (27).
Briefly, a 265-bp rat IGF-I receptor cDNA containing bases
complementary to 15 bases of the 58-untranslated sequence

as well as to the region encoding the signal peptide and the
first 53 amino acids of the a-subunit (kindly provided by Dr.
Werner, National Institutes of Health, Bethesda, MD) was
subcloned into the plasmid vector pGEM3. The plasmid was
linearized with EcoR I, purified, and used to generate
[a-32P]CTP-labeled antisense RNA with SP6 polymerase.
Solution hybridization-RNase protection assays were carried
out on 15 µg of total RNA. Protected hybrids were extracted
with phenol-chloroform, ethanol precipitated, and separated
electrophoretically on a 6% polyacrylamide-6 M urea denatur-
ing gel. RNA isolated from Caenorhabditis elegans or tRNA
acted as the negative control. Rat poly(A)1 RNA acted as the
positive control. Autoradiographic films were taken from each
gel and quantified using scanning densitometry.

IGF-I receptor binding studies. A solubilized crude mem-
brane fraction was isolated from mouse gastrocnemius muscle,
and binding experiments were performed essentially as de-
scribed in Willis et al. (27). Briefly, 125I-IGF-I binding to
400–800 µg of the solubilized crude membrane fraction was
carried out in a final volume of 200 µl of binding buffer [50
mM HEPES (pH 8.0), 150 mM NaCl, 0.3 g/l BSA, 100 U/ml
bacitracin, and 0.25% Triton X-100] in the presence of 0.014
nM 125I-IGF-I (2,000 Ci/mmol) and with increasing concentra-
tions of unlabeled IGF-I (10210 to 1026 M). The bound
receptors were precipitated, the supernatant was aspirated,
and the radioactivity of the pellet was counted. Nonspecific
binding (,10–20%) was estimated as that occurring in the
presence of 1026 M unlabeled IGF-I, and this was subtracted
from the total activity. Displacement binding curves were
generated, and the nonlinear curve-fitting LIGAND program
(17) was used to obtain the equation of the line of best fit for
the ligand binding experiments.

Immunoblotting. Crude membrane protein (200 µg) was
mixed with 13 urea buffer [2% b-mercaptoethanol, 8 M urea,
0.054 M SDS, 0.1 M Tris (pH 6.8)], boiled for 5 min, and
separated by SDS-PAGE on 10% polyacrylamide gels. Pro-
teins were then transferred to polyvinylidene difluoride mem-
brane (PVDF), visualized with Ponceau red (0.2% in 3% TCA,
Sigma), washed in 50 mM Tris (pH 7.4)-150 mM NaCl-0.5%
Triton X-100 (TTBS), and subsequently blocked in TTBS
containing 3% BSA. After washing, membranes were incu-
bated overnight with primary antibody (rabbit polyclonal IgG
specific for b-chain of the IGF-I receptor, mouse monoclonal
IgG specific for insulin receptor b-chain, goat polyclonal IgG
specific for GLUT-4, or rabbit polyclonal IgG specific for p85a
subunit of PI3-kinase; primaries 1:3,300 and secondaries
1:30,000) at 4°C. After three washes in TTBS, membranes
were incubated at room temperature with the appropriate
secondary antibody (anti-mouse, anti-goat, or anti-rabbit
IgG-horseradish peroxidase) and subsequently washed. The
proteins were visualized by the enhanced chemiluminescence
and quantitated by laser densitometry (LKB Pharmacia).

Statistical analysis. For the determination of differences in
rates of protein synthesis between contralateral muscles in
the presence or absence of 20 nM IGF-I, a paired Student’s
t-test was used. Comparisons between control and chronically
exercised groups were determined using an unpaired Stu-
dent’s t-test. P # 0.05 was considered statistically significant.

RESULTS

The activity patterns of the mice exposed to volun-
tary exercise wheels are shown in Table 1. Each value
represents the average for at least 11 animals exercis-
ing over a 3-mo period. The number of runs per hour for
each animal did not differ significantly from 15 to 24 mo
of age. However, values for average run time (227%),
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average running velocity (230%), and average total
distance (254%) that each animal ran per day were
significantly less with increasing age. No significant
differences in muscle mass were noted between groups
at 18 mo of age (Fig. 1). By 21 mo of age, both the soleus
(19%) and extensor digitorum longus (13%) muscles
were significantly larger than their age-matched con-
trols (Fig. 1). After the 9 mo of exposure to the exercise
wheels, the soleus muscle mass was increased 22% and
the extensor digitorum longus muscle mass increased
12% relative to controls (P , 0.05). Although the
chronically exercised gastrocnemius muscle was larger
than age-matched controls at both 21 (6%) and 24 mo of
age (10%), these differences failed to reach significance
(Fig. 1). Overall body mass was not altered by the
chronic exercise (Table 2), whereas the soleus muscle
mass was significantly increased in the chronically
exercised animals compared with the control animals
(Fig. 1). Despite the increase in soleus muscle mass,
citrate synthase, phosphofructokinase, and creatine
kinase activities were unaffected by the chronic physi-
cal activity (Table 2).

IGF-I was unable to stimulate rates of protein synthe-
sis in the control animals (Fig. 2). In contrast, chroni-

Fig. 1. Soleus (A), gastrocnemius (B), and extensor digitorum longus
(C) muscle mass in control and chronically exercised animals as a
function of age. Each value represents mean 6 SE for n 5 6
animals/group for 18-mo-old animals, n 5 12 animals/group for
21-mo-old animals, and n 5 12 for control and n 5 13 for trained
24-mo-old animals. *Significantly different from control animals of
same age, P , 0.05; **significantly different from age-matched
control, P , 0.05.

Fig. 2. Rates of protein synthesis in control (C) and chronically
exercised (E) old animals determined in presence or absence of 20 nM
insulin-like growth factor I (IGF-I). Measurements were made 48 h
after cessation of chronic exercise. Each value represents mean 6 SE
for n 5 6 animals for C and n 5 5 animals for E. *Significantly
different from C group (no IGF-I), P , 0.05.

Table 1. Voluntary exercise data for the chronically
exercised animals

Age, mo
No. of

Runs/h

Duration
of Run,

min

Velocity
of Run,
m/min

Distance
Run, m/day

16–18 2.960.2 9.760.5 12.560.5 4,2206267
19–21 2.960.2 8.660.7* 11.060.7* 3,2926373*
22–24 2.660.1 7.160.4* 8.860.5* 1,9496263*

Values are means 6 SE for 18-mo-old animals (n531), 21-mo-old
animals (n525), and 24-mo-old animals (n511). Voluntary exercise
data are for number of runs per hour, average run time of each run,
average velocity of each run, and total distance run per day for mice
aged 16–24 mo. Data are only tabulated for 12-h dark cycle.
*Significantly different from 16- to 18-mo-old data, P , 0.05.

Table 2. Effects of chronic exercise on animal
and soleus muscle mass, PFK, CK, and
CS activities in 24-mo-old mice

Control
Chronic
Exercise

Animal wt, g 31.360.9 31.260.8
Soleus muscle wt, mg 7.960.3 9.660.4*
Activity, µmol ·g21 ·min21

Soleus PFK 24.361.4 29.062.6
Soleus CK 364619 383633
Soleus CS 31.261.1 35.462.5

Values are means 6 SE; n 5 6 animals/group. PFK, phosphofructo-
kinase; CK, creatine kinase; CS, citrate synthase. *Significantly
different from control, P , 0.05.
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cally exercised animals’ rates of protein synthesis were
significantly increased (58%) in the presence compared
with the absence of IGF-I (Fig. 2). IGF-I receptor
expression in the gastrocnemius muscles of old animals
is illustrated in Fig. 3. The gastrocnemius muscles of
the chronically exercised animals demonstrated a sig-
nificant 46% increase in mRNA levels relative to the
control gastrocnemius muscles, with no change in total
RNA (Table 3). Scatchard analysis of the chronically
exercised animals’ IGF-I displacement curves revealed
a significant approximately sixfold increase in binding
capacity and a 75% decrease in affinity of the high-
affinity site (Table 3). IGF-I receptor protein content
was significantly increased (66%), whereas insulin
receptor protein content was significantly decreased
35% (Fig. 4). GLUT-4 protein content was increased
47% in the exercised animals (Fig. 4).

DISCUSSION

The results of the present study have demonstrated
that low-intensity exercise can alter IGF-I action, IGF-I,
and insulin receptor content as well as GLUT-4 content
in aged skeletal muscle. These current data are the first
to show that chronic voluntary wheel exercise can
restore IGF-I action in old mouse muscle that before
exercise was unable to respond to the anabolic actions
of IGF-I. IGF-I receptor mRNA was elevated with
chronic activity and was associated with an increase in
IGF-I binding capacity and IGF-I receptor protein. The
restoration of IGF-I action may have contributed to the
increased muscle mass observed in the chronically
exercised mice.

Changes in IGF-I receptor binding could be contribut-
ing to the enhanced IGF-I action after chronic exercise
in skeletal muscles of the old animals. Steady-state

binding to the membrane-enriched fraction with IGF-I
exhibited curvilinear Scatchard plots. Although this
could be explained by negative cooperativity (7), high-
affinity IGF-I receptors have been successfully sepa-
rated from the low-affinity binding sites (25). Chronic
wheel exercise resulted in a sixfold increase in high-
affinity site binding capacity. This finding of a large
increase in high-affinity binding site number is consis-
tent with the acute exercise-induced 10-fold increase in
binding capacity of the high-affinity site previously
demonstrated in old mice (27). The large increase in
high-affinity site binding capacity in this study oc-
curred despite the observation that IGF-I receptor
mRNA and IGF-I receptor protein were only increased
46 and 65%, respectively. This finding may be attrib-
uted to the 100–1,000 times more IGF-I low-affinity
than high-affinity sites (25). Thus any selective in-
crease in the capacity of the high-affinity site would
have minimal effect on IGF-I receptor protein as deter-
mined by immunoblots.

Our results provide evidence that the increases in
IGF-I receptor expression as a consequence of long-
term exercise result from regulation at the level of the
IGF-I receptor gene as well as possible regulation at the
mRNA and/or protein turnover levels. Because IGF-I
receptor mRNA per unit total cellular total RNA was

Fig. 3. IGF-I receptor expression by solution
hybidization-RNase protection assay in gastrocne-
mius muscles of old C and E animals. Measure-
ments were made 48 h after animals were re-
moved from exercise wheels. Results are
expressed in arbitrary units measured by scan-
ning densitometry. Values represent means 6 SE
for n 5 6 animals/group. *Significantly different
from C values, P , 0.05.

Table 3. Receptor binding and gene expression in
control and chronically exercised 24-mo-old mice

Control
Chronic
Exercise

Crude membrane protein, mg/g
tissue 54.063.2 55.962.7

IGF-I HA binding capacity
nmol/mg membrane protein 0.05260.010 0.30060.128*
nM21 · (109 M21) 27.465.2 6.962.9*

Total RNA, µg/g tissue 595646 624627
IGF-I receptor mRNA

AU/15 µg total RNA 10065 14667*
AU/g tissue 3,9676198 6,0606242*

Values are means 6 SE; n 5 6 animals/analysis. Separate animals
were used for the binding and mRNA analyses. IGF-I, insulin-like
growth factor I; HA, high affinity; AU, arbitrary units. *Significantly
different from control, P , 0.05.

Fig. 4. Insulin receptor, IGF-I receptor, and GLUT-4 protein content
as assessed by immunoblots of C and E animals. Results are
expressed in arbitrary units measured by scanning desitometry.
Values represent means 6 SE for n 5 6 animals/group. *Significantly
different from C values, P , 0.05.
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elevated, the increase in IGF-I receptor content with
exercise is likely to be due to an increase in gene
transcription. However, we cannot rule out the possibil-
ity that exercise resulted in changes in IGF-I receptor
protein stability and/or IGF-I receptor mRNA turnover.
The chronic exercise also induced a small decline in
binding affinity (75%) of the high-affinity site. This
finding is contrasted by our acute exercise study in
which we observed a large increase (14-fold) in affinity
(27). It thus appears that the acute and chronic exercise
elicited different responses in terms of their effects on
IGF-I affinity.

In this study, levels of receptor protein for insulin and
IGF-I do not respond similarly to the chronic exercise.
Insulin receptor levels were decreased by the chronic
activity, whereas IGF-I receptor protein content was
increased. The decrease in insulin receptor protein
content is in contrast to other studies reporting either
no change (12) or an approximate doubling of insulin
receptor number (8) as assessed by ligand binding after
chronic exercise in young rats. These differential effects
of exercise on insulin receptor protein content may be
attributed either to the higher relative intensity exer-
cise bouts used for younger animals or, alternatively, to
an age-associated difference in the ability of skeletal
muscle to upregulate insulin receptor levels. The neces-
sity of increasing IGF-I receptor protein content may be
linked to its age-associated declines (27) and its more
important role of stimulating protein synthesis as
opposed to its role in increasing glucose transport (21).
In contrast, impaired insulin action with aging in
skeletal muscle has been associated with decreases in
insulin-stimulated tyrosine kinase activity, insulin re-
ceptor autophosphorylation, decreased GLUT-4 levels,
and decreased glucose transporter translocation to the
plasma membrane (3). The increased GLUT-4 content
may compensate for any age-associated decreases in
insulin receptor function, since increases in insulin
responsiveness have been associated with increases in
GLUT-4 transporter content (2, 11, 20).

The exercise-induced increase in GLUT-4 content
observed in this study is similar in magnitude to other
exercise studies employing adult (9–11) and old rats
(29). However, other investigators failed to demon-
strate a significant increase in GLUT-4 in aged rats
with exercise (13, 16). The finding of a significant
increase in our study may be attributed to the threefold
longer exercise program employed and the finding that
GLUT-4 decreases with age in the rat (13, 16). Thus the
increases that we observed in GLUT-4 may be due not
only to the chronic activity but also to an attenuation of
this age-associated decline in GLUT-4 content.

The increase in skeletal muscle mass as a result of
the long-term activity may have been due to the nearly
twofold increase in the action of IGF-I. However, other
factors, such as a decrease in the rates of protein
degradation, may also have contributed to the in-
creased muscle mass. This increase in muscle mass
occurred without a substantial increase in citrate syn-
thase activity. This finding is in agreement with the
observations of Gulve et al. (13) and implies that only a

minimal intensity level of exercise is necessary to
prevent age-associated skeletal muscle atrophy.

In summary, chronic activity increased muscle mass
and restored the ability of old skeletal muscle to
respond to IGF-I. This indicates that exercise may be
involved in the prevention of IGF-I insensivity in aged
animals. This restoration of IGF-I action was associ-
ated with increases in IGF-I binding, IGF-I receptor
mRNA, and IGF-I receptor protein. In contrast, insulin
receptor protein content was decreased after training,
implying potentially different mechanisms for the par-
allel insulin and IGF-I resistance frequently observed
in aged skeletal muscle. This study demonstrates that
old animals retain a plasticity for IGF-I receptor and
glucose transporter expression that may have valuable
physiological consequences.
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