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Effect of brief exercise on circulating insulin-like growth factor I 

JAMES CAPPON, JO ANNE BRASEL, SUBBURAMAN MOHAN, AND DAN M. COOPER 
Divisions of Respiratory and Critical Care and Endocrinology, Department of Pediatrics, Harbor- University 
of California at Los Angeles Medical Center, Torrance 90509; and Department of Medicine, Biochemistry, 
and Physiology, Loma Linda University and Pettis Veterans Administration Medical Center, Loma Linda, 
California 92357 

Cappon, James, Jo Anne Brasel, Subburaman Mohan, 
and Dan M. Cooper. Effect of brief exercise on circulating 
insulin-like growth factor I. J. Appl. Physiol. 76(6): 2490-2496, 
1994.-An acute insulin-like growth factor I (IGF-I) response 
to 10 min of above-lactate threshold cycle ergometer exercise 
was studied in 10 subjects (age 22-35 yr). Each subject exer- 
cised on three separate mornings after ingesting one of two 
isocaloric isovolemic liquid meals high in either fat or glucose 
or an isovolemic noncaloric placebo. The high-fat meal atten- 
uated the growth hormone (GH) response (Cappon et al., J. 
Clin. Endocrinol. Metab. 76: 1418-1422,1993). In contrast, IGF- 
I increased equally for all protocols [e.g., after the placebo meal 
IGF-I increased from 21,716 (SE) rig/ml preexercise to 25,316 
rig/ml at 10 min of exercise; P < 0.051. IGF-I peaked by the 10th 
min of exercise, like GH, and remained significantly elevated 
for only 20 min of recovery. We tested for possible GH-depen- 
dent mechanisms in which circulating IGF-I would increase l2- 
24 h after exercise. Ten subjects (age 23-32 yr) performed 10 
min of above-lactacte threshold exercise at 9, 10, and 11 A.M. 

GH was elevated after the first exercise bout (peak GH 6.05 t 
1.45 rig/ml; P < 0.001) but was significantly reduced for the 
second and third bouts (peak GH 2.52 t 0.76 and 1.50 -+ 0.40 
rig/ml, respectively). No increase in IGF-I was observed by 8 
A.M. on the following day. Heavy ergometer exercise led to brief 
and small increases in circulating IGF-I that were independent 
of circulating GH. The role, if any, of the GH-IGF-I axis in 
anabolic effects of exercise may be difficult to evaluate from 
circulating levels of IGF-I measured over short time intervals. 

growth hormone; lactate threshold 

AT LEAST TWO INDEPENDENT STUDIES of healthy hu- 
mans have demonstrated significant correlations be- 
tween physical fitness [determined by the subject’s max- 
imal oxygen uptake (VO 2 max)] and blood levels of insulin- 
like growth factor I (IGF-I) (30, 41). Presumably, the 
increased level of IGF-I, which is now known to stimulate 
growth in almost all tissues (35), reflects the increased 
anabolism (or, possibly, decreased catabolism) asso- 
ciated with physical fitness. However, the mechanisms 
linking exercise and IGF-I are unknown. The aims of this 
research were to determine whether circulating IGF-I in- 
creases 1) immediately after brief high-intensity cycle 
ergometer exercise in humans and 2) within a 24-h period 
after three consecutive brief bouts of high-intensity exer- 
cise. 

Growth hormone (GH) is likely to play a role in the 
regulation of circulating IGF-I, since exercise is known to 
stimulate GH release (19) and GH induces tissue produc- 
tion of IGF-I and elevations in serum IGF-I (36). GH is 
elevated in the circulation within minutes of the onset of 
high-intensity exercise (19), but we hypothesized that 
any acute increase in circulating IGF-I in response to 
exercise would mechanistically be GH independent. This 

is because the time required for GH-stimulated tissue 
production of IGF-I and transport to the blood is on the 
order of hours rather than minutes in animal studies 
(36). We tested the hypothesis by measuring the acute 
GH and IGF-I responses to high-intensity cycle ergome- 
ter exercise both under normal conditions and when the 
GH response to exercise was attenuated by dietary ma- 
nipulation (6). 

We also tested for possible GH-dependent increases in 
circulating IGF-I after exercise. In human subjects re- 
ceiving exogenous GH (4,37,38), IGF-I usually increases 
over a 24-h period after the first parenteral dose of GH. 
Thus, our second hypothesis was that an increase in cir- 
culating IGF-I after exercise might be observed between 
12 and 24 h after an exercise input of sufficient intensity 
to stimulate GH release. To investigate this possibility, 
healthy subjects were observed in the hospital and GH 
and IGF-I were measured for a 24-h period after three 
bouts of exercise that were sufficiently intense to in- 
crease blood GH. 

This research focused on the effect of brief periods of 
“endurance’‘-type exercise on circulating GH and IGF-I 
levels in humans, and, in this context, several points 
must be emphasized. First, although there are many data 
supporting a role for GH as a mediator of growth re- 
sponses resulting from exercise (5, 13), there is also evi- 
dence from animal models that GH is not essential for 
work-induced muscle hypertrophy or improved cardiore- 
spiratory response to training (12, 22, 23). Moreover, 
IGF-I can be stimulated in skeletal muscle tissues in re- 
sponse to increased muscle load or exercise even in the 
absence of GH (16,49,50). Second, it is not known at this 
time whether changes in tissue IGF-I are reflected in its 
plasma concentration. Finally, it is possible that differ- 
ent types of exercise can affect circulating or tissue IGF-I 
responses in different ways. We used brief periods of cy- 
cle ergometer exercise in which whole body oxygen up- 
take (00,) markedly increases, but resistive exercise can 
present an even greater stimulus to individual muscle 
groups without the parallel increase in 00,. 

METHODS 

Hypothesis 1: Any Acute Increase in Circulating IGF-I in 
Response to Exercise is Mechanistically GH Independent 

Subjects. Eleven healthy young adult volunteers (10 men, 1 
woman) participated in this study. Mean age was 29 t 4 yr 
(range 22-35 yr). All subjects were nonsmokers; none had a 
history of asthma, endocrine, or other chronic illness; and none 
was using medications or other drugs including anabolic 
agents. All subjects engaged in some sort of regular exercise, 
and the mean vozmalr was 50.5 t 9.6 ml. kg-’ l min-l. All 
body weights were within 1 SD predicted for age and height. 
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The investigation was approved by the institutional Human 
Subjects Committee, and each volunteer granted informed con- 
sent. 

ProtocoL. All subjects participated in a total of four exercise 
sessions. Each session was scheduled on a different day sepa- 
rated by at least 5 days. The first session consisted of a progres- 
sive cycle ergometer test to determine each subject’s VoZmax 
and anaerobic or lactate threshold (LT) (47). These data were 
then used to select comparable high-intensity exercise (power 
corresponding to 50% of the difference between the subject’s 
LT and Vo 2 ,,) as previously described (19). Sessions 2, 3, and 
4 consisted of 10 min of constant-power high-intensity exercise 
performed 45 min after one of three liquid meals. The liquid 
meals were based in part on the formulas of Penman et al. (40): 
1) placebo meal: one packet of Nutrasweet (4 kcal); 2) high-fat 
meal: Double Cream, a highly saturated 48% butterfat product 
(115 ml); and 3) high-glucose meal: Polycose, a glucose polymer 
solution (136.8 g). The high-fat and high-glucose meals each 
contained 520 kcal. All three beverages were mixed with water 
to reach a final volume of 260 ml. The order of the three meals 
was determined randomly for each subject. All studies were 
performed in the morning hours after an overnight fast to min- 
imize the occurrence of spontaneous GH bursts, and the sub- 
jects were instructed to desist from strenuous exercise for 24 h 
before the exercise session. Breath-by-breath gas sampling for 
the 20-min period surrounding the exercise bout was accom- 
plished with techniques previously described from our labora- 
tory (3). 

Hypothesis 2: Circulating IGF-I Response to Exercise is 
Observed Between 12 and 24 h After Exercise Input of 
Sufficient Intensity to Stimulate GH Release 

Subjects. Seven men and two women comprised the study 
sample. Mean age was 28 t 3 yr (range 23-32 yr). All subjects 
were nonsmokers, none had a history of asthma or chronic ill- 
ness, and none was using medications or other drugs. All sub- 
jects engaged in some sort of regular exercise, and the mean 
vo 2 max was 42.6 t 11.5 ml l kg-’ l min. All body weights were 
within 1 SD predicted for age and height. 

Protocol. Each subject performed a progressive cycle ergome- 
ter test to determine Vo, and LT. On a separate day and within 
3 wk of the progressive test, the subject was admitted to the 
Harbor-University of California at Los Angeles Clinical Study 
Center after an overnight fast. 

The subjects had been instructed to refrain from vigorous 
physical activity for 2 days before admission. An intravenous 
catheter was placed for subsequent venous blood sampling. At 
9, 10, and 11 A.M. the subject performed 10 min of constant- 
power cycle ergometer exercise. The power was in the high-in- 
tensity range corresponding to 50% of the difference between 
LT and Vo 2 max as previously described. Work rates (i.e., power) 
of this intensity and duration have been shown to elicit GH 
responses (19). Three exercise bouts were chosen to maximize 
the morning GH “dose” resulting from exercise. GH was mea- 
sured every 10 min starting 10 min before exercise and then for 
30 min after each exercise bout. Gas exchange was measured 
breath by breath 5 min before, during, and 10 min after each 
exercise test. After the exercise bouts, the subjects rested for 
the remainder of the day and ate a normal diet [ ~2,200 kcal/ 
day (adjusted to body size); protein 12-15%, carbohydrate 55- 
60%, and fat 30%]. Venous blood samples were obtained every 
hour for subsequent measurements of IGF-I until the subjects 
were discharged the next morning at 9 A.M. 

Laboratory Analyses 

A radioimmunoassay was used to measure serum GH using 
World Health Organization standard no. 66/217, polyclonal 

antisera generated in-house, and human GH from National In- 
stitute of Diabetes and Digestive and Kidney Diseases for iodin- 
ation purposes. The GH intra-assay variability is <lo%, inter- 
assay variability is 12.6%, and sensitivity is 0.5 g/l. Radioimmu- 
noassays are currently used in our laboratory for human IGF-I 
with antibodies provided by National Institutes of Health and 
standards purchased from Bachem. The intra-assay coefficient 
of variation is 3.3%, and the interassay coefficient is 5.4%. We 
used the acid ethanol extraction method (14) to extract IGF-I 
from binding proteins. We made no attempt to adjust the mea- 
sured plasma concentrations for possible changes in plasma 
volumes. 

Statistical Analysis 

For the hypothesis 1 protocol, a block-design repeated-mea- 
sures analysis of variance (ANOVA) was used to determine sig- 
nificance of serial changes in IGF-I and to compare the IGF-I 
responses after the high-fat, high-glucose, and noncaloric pla- 
cebo meals. For the hypothesis 2 protocol, a block-design re- 
peated-measures ANOVA was used to compare the peak GH 
response for the first, second, and third exercise bouts and to 
test for serial changes in circulating IGF-I over the 24 h obser- 
vation. In all cases sample distributions met the assumptions 
for analysis by ANOVA. When ANOVA was significant, modi- 
fied t tests (method of Duncan) was used for specific intergroup 
comparisons. Statistical significance was taken as P < 0.05. 

RESULTS 

Hypothesis 1 

The GH, glucose, lactate, pyruvate, somatostatin, and 
gas exchange responses of these subjects have been re- 
ported elsewhere (6). The mean VO, during exercise rep- 
resented 72% of the subjects’ 60, max. Peak GH was sig- 
nificantly attenuated (54% of placebo) by the high-fat 
meal. Peak GH was smaller for the placebo than the 
high-glucose protocol, but the decrease was not statisti- 
cally significant. IGF-I increased acutely after exercise 
during each of the three dietary protocols (Fig. l), and 
despite the differences in GH there was no difference in 
the pattern of the IGF-I increase among the groups. Peak 
IGF-I (mean 14% above preexercise levels) occurred at 
the end of the lo-min exercise protocol. IGF-I remained 
significantly elevated above preexercise values for 20 min 
into recovery. No substantial differences in the time 
course of the GH and IGF-I responses were observed. 

Hypothesis 2 

Gas exchange response to the exercise-X$ response 
was the same for each of the three consecutive exercise 
protocols (Fig. 2) and represented -78% of VO, max. 00, 
increased during the constant work rate exercise for all 
three bouts in all subjects, and an upward drift of TO, 
during constant exercise was associated with exercise 
performed above the subjects’ LT (1). 

GH response. GH was significantly elevated after the 
first exercise bout (mean peak GH 6.05 t 1.45 rig/ml; P < 
0.05). In contrast to the gas exchange response, there was 
a systematic reduction in the GH response to exercise 
with each consecutive lo-min exercise bout (Fig. 2). In 
fact, the small increases in GH after the second (peak 
GH 2.52 t 0.76 rig/ml) and third (peak GH 1.50 t 0.40 
rig/ml) bouts were not significantly greater than their 
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preexercise levels. The GH response to the three exercise 
bouts was virtually the same (both qualitatively and 
quantitatively) in the two women tested as in the men. 

IGF-I response. As noted above, acute increases in 
IGF-I were noted in the first set of experiments but IGF-I 
levels had returned to baseline in the 1st h of recovery. In 
this second set of experiments, IGF-I was sampled every 
-4 h; thus, the acute increases in IGF-I would not be 
noticed. Using the longer sampling intervals, we found 
no significant change in the IGF-I levels over the 24 h of 
observation (Fig. 3). 

DISCUSSION 

The data demonstrate the existence of a small but sig- 
nificant acute increase in circulating IGF-I of -14% 
after high-intensity exercise. The effect of exercise on 
IGF-I has been examined by several investigators with 
differing results (2, 25, 48). For example, Wilson and 
Horowitz (48) reported no increase in serum IGF-I in 
children after 15 min of an unspecified cycle ergometer 
exercise protocol, and Hagberg et al. (25) did not find an 
increase in IGF-I after 60 min of treadmill exercise com- 
parable to 70% of the subjects’ Vo2,,, in young and old 
adults. More recently, Bang et al. (2) reported a 26% 
increase in IGF-I at the lo-min point of a 30-min exercise 
protocol in six healthy subjects (3 men, 3 women). Fi- 
nally, heavy-resistance exercise protocols lead to in- 
creases in serum GH, but the finding of small but signifi- 
cant increases in serum IGF-I concentrations (32) with 
certain exercise regimens has not been observed by all 
investigators (31). 

There are a number of possible explanations for these 
apparent discrepancies. First, the intensity of cycle er- 
gometer or treadmill exercise is frequently determined as 
a percentage of VO, m8X, but the subjects’ VO, max is often 

275 

y 250 

\ 

F 

0 High-fat 0 High-glucose v Placebo 

* * 

m Exercise 
I  I  I  I  I  I  I  I  I  I  I  

-10 0 10 20 30 40 50 60 70 80 90 

TIME (min) 
FIG. 1. Effect of brief high-intensity exercise on serum insulin-like 

growth factor I (IGF-I) (means + SE) after noncaloric meal (placebo) 
or meals high in fat or glucose. IGF-I was significantly increased above 
baseline (* P < 0.05) at end exercise (10 min) and at 20- and 30-min 
sampling intervals. There was no effect of preexercise meal on IGF-I 
response to exercise. 

AND IGF-I 

8 + GH 

6 
C 
E 
F 
z4 
(3 

3 

3 
E 
22 
0” 
l > 

1 

0 

. : : : : : : : : : : : 
i i, 

: 

: 
* 

\T 

m exercise m 
1 I I I I I I I I J 

0 20 40 60 80 100 120 140 160 180 
TIME (min) 

FIG.. 2. Growth hormone (GH) (means t SE) and mean oxygen up- 
take (VO,) of 3 lo-min exercise bouts used to test hypothesis 2. VO, was 
same for all 3 exercise tests and demonstrated increasing slope typical 
of above-lactate threshold work intensities. GH increased significantly 
after 1st exercise bout (* P < 0.001) but was not significantly elevated 
after 2nd or 3rd bout. 

extrapolated from constant-power tests [e.g., the study 
of Bang et al. (Z)] rather than an actually measured 
value. As noted previously (11), this can lead to a sample 
population in which some subjects exercise below and 
others exercise above their LT. This is an important dis- 
tinction because hormonal and metabolic responses to 
exercise are not related to work intensity in a simple 
linear manner. For example, the rate of glucose turnover 
and serum levels of lactic acid and catecholamines are 
much higher for above- vs. below-LT exercise (11). In 
addition, our data and those of Bang et al. suggest that 
the time course of the IGF-I response is rapid, peaking at 
-10 min after the onset of exercise. The IGF-I response 
simply may not be detectable with longer sampling inter- 
vals. It is also important to note that a variety of tech- 
niques are currently used to separate IGF-I from its bind- 
ing proteins (39) and that there is no universally ac- 
cepted method to completely separate IGF-I from its 
binding proteins. Indeed, any interpretation of our data 
or comparison with other works is limited because we did 
not distinguish free from bound IGF-I. 

We believe that some of these confounding variables 
have been adequately addressed in the present study. - 
Both LT and VO, max were measured and used to identify 
a power of the same relative intensity for each subject. 
IGF-I was measured every 10 min before and after the 
exercise input. Moreover, the increase in IGF-I after ex- 
ercise was significant in the subjects under three differ- 
ent conditions. Thus, our data are most consistent with 
those of Bang et al. (2) and strongly support the exis- 
tence of a small acute exercise-associated increase in 
IGF-I after endurance-type protocols. 

Our observations support the idea that the acute IGF-I 
response to high-intensity cycle ergometer exercise is in- 
dependent of GH for several reasons. The time courses of 
the GH and IGF-I responses were roughly similar (Fig. 1; 
Ref. 6). The bulk of current evidence suggests that circu- 
lating IGF-I originates in the liver (36). A GH-dependent 
mechanism for the increase in serum IGF-I with exercise 
might require GH-stimulated synthesis of IGF-I and its 
subsequent transport to the circulation. However, the 
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time required for GH-stimulated IGF-I synthesis and 
transport appears to be much longer than what we ob- 
served in the exercise experiments. For example, D’Er- 
cole and Underwood (15) demonstrated that serum IGF-I 
began to increase only hours after intraperitoneal admin- 
istration of GH in hypophysectomized rats. As noted 
above, Marcus et al. (37) demonstrated that an increase 
in IGF-I was not detectable in the serum for several 
hours after the administration of exogenous GH in 
healthy elderly humans. A similar time scale for the IGF- 
I response after exogenous GH administration was found 
in GH-deficient prepubertal children (4, 38). 

IGF-I increases in serum after stimulation by GH, are, 
to some extent, dependent on the GH dose (36,37). But 
we found that the magnitude of the IGF-I response was 
not changed even when the GH response to exercise was 
attenuated by the high-fat meal (Fig. 1). The dissociation 
between GH and IGF-I under these circumstances fur- 
ther supports the hypothesis that the acute IGF-I re- 
sponse to exercise is GH independent. It is, of course, 
possible that preformed pools of IGF-I dissociate from 
their binding proteins under the influence of GH, result- 
ing in a rapid increase in circulating IGF-I. But in the 
study of Bang et al. (2), an exercise-induced increase in 
IGF-I was observed even in hypophysectomized patients, 
rendering any GH control over acute IGF-I increases in 
the serum highly unlikely. 

effect of exercise on IGF-I binding protein 1 (known to be 
insulin dependent), and, to our knowledge, the effect of 
brief exercise on IGF-I binding protein 3 [the main 
plasma binding protein (lo)] has not been measured. In- 
deed, the presence of binding proteins and their role in 
regulating IGF-I biological activity make it difficult to 
assess the importance of the small increase in circulating 
IGF-I that we observed. It is known from clinical studies 
that injections of recombinant IGF-I result in increased 
blood levels (44) and appear to have substantial anabolic 
effects in children with Laron type dwarfism (26, 33). 
The interaction between exercise, circulating IGF-I, and 
IGF binding proteins is not fully understood. 

Diurnal patterns of circulating IGF-I have not been 
found in humans or other mammals (18, 45), and there 
appear to be few other physiological stimuli that lead to 
rapid changes in circulating IGF-I. As noted, GH admin- 
istration increases circulating IGF-I over hours or days, 
and caloric restriction decreases IGF-I levels over days 
(10). The relatively slow changes in circulating IGF-I are 
consistent with what is currently understood about IGF-I 
dynamics: 290% of IGF-I in the serum is bound to carrier 
proteins (24), and the half-life of the predominate pro- 
tein complex is long (m 15 h). 

Clearly, the small increases in circulating IGF-I that 
we observed could result from some combination of in- 
creased influx of IGF-I into the plasma, decreased efflux 
or metabolism, or changes in the volume of the plasma 
“compartment” itself. The data that we collected, IGF-I 
serum concentrations, are insufficient by themselves to 
determine the possible roles of tissue IGF-I production, 
subsequent metabolism, or changes in the IGF-I volume 
of distribution. Dill and Costill (17) presented a calcula- 
tion to account for exercise-induced changes in plasma 
volume on the basis of alterations in hemoglobin and 
hematocrit, and this calculation is widely used to correct 
plasma concentrations for possible changes in plasma 
volume. The magnitude of plasma volume reductions 
during exercise that have been calculated using the for- 
mula of Dill and Costill is small (31) and not inconsistent 
with the increases in circulating IGF-I that we observed. 

Our measurements of total IGF-I (i.e., bound and free) 
did not allow us to determine the mechanism of the exer- 
cise-associated increase in serum IGF-I or whether the 
elevated IGF-I was bound or free. Bang et al. (2) found no 

However, we believe that the hemoglobin-hematocrit 
approach is inadequate, particularly for brief exercise 
(such as the lo-min protocol of the present study) during 
which steady states of metabolic rate or plasma volume 
redistribution are unlikely to be achieved. Moreover, re- 
cent findings that exercise in humans leads to the 
transfer of hemoconcentrated red blood cells from the 
spleen to the central circulation (20,21,34) calls to ques- 
tion an underlying assumption of the hemoglobin-hemat- 
ocrit correction. Thus, we have elected to present the 
IGF-I concentration as we measured it and as “sensed” 
by other tissues, uncorrected and unmodified. By what- 
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ever mechanism, it seems that brief high-intensity cycle 
ergometer exercise is one of the few naturally occurring 
events identified so far that can rapidly affect circulating 
IGF-I levels even to the small extent observed in this 
study. 

In testing hypothesis 2, we observed that the GH re- 
sponse to exercise was dramatically attenuated by prior 
exercise (Fig. 2). The mechanism of exercise attenuation 
of subsequent exercise-induced GH is not readily appar- 
ent. Depletion of pituitary GH stores by the first exercise 
bout is not likely, since the magnitude of the serum GH 
increase after exercise is substantially smaller than that 
often occurring even with spontaneous GH pulses (46). 
GH autoinhibition is known to occur (42), but, as can be 
seen from Fig. 2, GH was only slightly elevated before the 
next exercise session had begun. Similarly, IGF-I inhibi- 
tion of pituitary GH release is also unlikely, since the 
IGF-I increase after exercise observed in the first set of 
studies was rapid and returned to preexercise levels by 1 
h (Fig. 1) before the next exercise bout (in the hypothesis 
2 protocol) would have begun. Both high- and low-inten- 
sity exercise are associated with increases in serum free 
fatty acids (FFA) [particularly in the recovery phase 
(27)], and an increase in FFA is known to block GH se- 
cretion (9). Perhaps increased FFA after the first exer- 
cise bout inhibited GH release in response to subsequent 
exercise. Alternatively, exercise inhibition of cholinergic 
tone might attenuate subsequent GH response to exer- 
cise (8, 29). How long after an exercise bout the GH re- 
sponse to subsequent exercise returns to normal is not 
known. 

The acute increases in GH associated with the three 
exercise bouts appeared to have no effect on serum IGF-I 
over the remaining 24 h (Fig. 3). We did observe acute 
GH-independent increases in circulating IGF-I in the 
first set of experiments, but we found no evidence from a 
single day’s observation (as noted, with far longer sam- 
pling intervals) that high-intensity exercise stimulates 
increased circulating IGF-I. Several studies have demon- 
strated that combinations of diet and physical activity 
that result in negative energy balance can, after several 
days, lead to reductions in circulating IGF-I (28,43), but 
the relatively brief exercise in our protocol and the unre- 
stricted diet during the course of observation argues 
against this possibility in our subjects. Perhaps the com- 
bination of exercise and increased food intake might 
have a different effect on IGF-I than the one we ob- 
served. 

Despite the lack of a clear association between exer- 
cise, GH, and IGF-I over 1 day, our data do not rule out a 
role for exercise-modulated GH and/or IGF-I in the 
training response for several reasons. First, it is worth- 
while to compare the consequences of exogenously ad- 
ministered GH with exercise-induced endogenous secre- 
tion of GH on serum levels of GH. For example, Marcus 
et al. (37) injected 0.03 mg/kg of recombinant human GH 
in the “low dose” group of their study for which an in- 
crease in IGF-I was noted over 24 h. We calculated the 
area under the curve of serum GH vs. time in their study 
and found it to be 27 times greater than the area under 
the curve for serum GH after the three exercise bouts in 
our experiment. Individual exercise bouts simply may 

not result in sufficiently elevated serum GH levels to re- 
sult in an increase in IGF-I in 1 day. 

Second, in contrast to the elderly subjects studied by 
Marcus et al. (37) and GH-deficient children studied by 
Blethen et al. (4) who, in almost all cases, increased IGF- 
I after the administration of exogenous GH, our subjects 
were healthy young adults. Moreover, they were moder- 
ately fit (mean 00, max 43-51 ml l mine1 l kg-l), suggest- 
ing some participation in regular programs of physical 
activity. Perhaps it is simply more difficult to stimulate 
GH-dependent IGF-I increases in individuals who are al- 
ready engaging in physical activity, i.e., those who may 
have fully or partially stimulated the putative exercise- 
GH-IGF-I interaction. Interestingly, Marcus et al. found 
that by the 7th day of their study IGF-I was “chronically” 
increased and exogenous GH administration no longer 
stimulated a further increase in circulating IGF-I. Alter- 
natively, like the training response itself in which car- 
diorespiratory effects of daily exercise become apparent 
only after several weeks (7), an exercise-associated GH 
increase might not result in detectable increases in IGF-I 
for days or weeks. 

Finally, it is possible that the correlation between phys- 
ical fitness and IGF-I cited previously (30,4l) may result 
from an exercise effect on the overall pattern of GH se- 
cretion rather than from the GH effects of single exercise 
bouts. Recently, for example, Weltman et al. (46) noted a 
significant increase in the amplitude of spontaneously 
occurring GH pulses in women after 1 yr of training at 
above-LT work intensities. The mechanism of this effect 
is not known. 

In summary, we propose two possible mechanisms for 
the association of increased IGF-I levels with physical 
fitness: an exercise-GH-IGF-I interaction or a GH-inde- 
pendent direct effect of exercise on IGF-I. A small acute 
GH-independent increase in IGF-I occurred but was not 
sustained beyond -40 min postexercise. Three bouts of 
exercise increased circulating GH (although GH release 
in the 2nd and 3rd exercise bouts was attenuated) but did 
not result in increased IGF-I over 21 h of observation. 
Possible GH-dependent or GH-independent links be- 
tween bouts of exercise and the anabolic effects that 
make up, in part, the training effect may be impossible to 
detect over 1 day of observation. 

This work was supported by National Institutes of Health Grant 
HD-26939, General Clinical Research Grant RR-00425, and Grant HL- 
11907 and by the Children’s Hospital of Orange County Research and 
Education Foundation. D. M. Cooper is a recipient of the Career Inves- 
tigator Award of the American Lung Association. 

Address for reprint requests: D. M. Cooper, Bldg. N4, Harbor- 
UCLA Medical Center, 1000 West Carson St., Torrance, CA 90509. 

Received 28 September 1993; accepted in final form 29 December 1993. 

Armon, Y., D. M. Cooper, R. Flores, S. Zanconato, and T. J. 
Barstow. Oxygen uptake dynamics during high-intensity exercise 
in children and adults. J. Appl. Physiol. 70: 841-848, 1991. 
Bang, P., J. Brandt, M. Degerblad, G. Enberg, L. Kaijser, M. 
Thoren, and K. Hall. Exercise-induced changes in insulin-like 
growth factors and their low molecular weight binding protein in 
healthy subjects and patients with growth hormone deficiency. 
Eur. J. Clin. Invest. 20: 285-292, 1990. 
Beaver, W. L., N. Lamarra, and K. Wasserman. Breath-by- 



4. 

5. 

6. 

breath measurement of true alveolar gas exchange. J. Appl. Phys- 
iol. 51: 1662-1675, 1981. 
Blethen, S. L., W. H. Daughaday, and V. V. Weldon. Kinetics 
of the somatomedin C/insulin-like growth factor I: response to ex- 
ogenous growth hormone (GH) in GH-deficient children. J. C&-L. 
Endocrinol. Metub. 54: 986-990, 1982. 
Borer, K. T., and R. P. Kelch. Increased serum growth hormone 
and somatic growth in exercising adult hamsters. Am. J. Physiol. 
234 (Endocrinol. Metab. Gustrointest. Physiol. 3): E611-E616,1978. 
Cappon, J. P., E. Ipp, J. A. Brasel, and D. M. Cooper. Acute 
effects of high-fat and high-glucose meals on the growth hormone 
response to exercise. J. CZin. Endocrinol. Metab. 76: 1418-1422, 
1993. 

7. 

8. 

9. 

10. 

Casaburi, R., T. W. Storer, I. Ben-Dov, and K. Wasserman. 
Effect of endurance tranining on possible determinants of VO, dur- 
ing heavy exercise. J. AppZ. Physiol. 62: 199-207, 1987. 
Casanueva, F. F., L. Villanueva, J. Cabezas, and A. Fernan- 
dez-Cruz. Choline@ mediation of growth hormone secretion elic- 
ited by arginine clonidine and physical exercise in man. J. CZin. 
Endocrinol. Metab. 59: 526-532, 1984. 
Casanueva, F. F., L. Villanueva, C. Dieguez, Y. Diaz, J. A. 
Cabranes, B. Szoke, M. F. Scanlon, A. V. Schally, and A. 
Fernandez-Cruz. Free fatty acids block growth hormone (GH) 
releasing hormone-stimulated GH secretion in man directly at the 
pituitary. J. CZin. Endocrinol. Metab. 65: 634-642, 1987. 
Clemmons, D. R., and L. E. Underwood. Nutritional regulation 
of IGF-I and IGF binding proteins. Annu. Rev. Nutr. 11: 393-412, 
1991. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

Cooper, D. M., T. J. Barstow, A. Bergner, and W.-N. P. Lee. 
Blood glucose turnover during high- and low-intensity exercise. 
Am. J. Physicl. 257 (Endocrinol. Metub. 20): E405-E412, 1989. 
Cooper, D. M., D. Y. Moromisato, S. Zanconato, M. Moro- 
misato, S. Jensen, and J. A. Brasel. Effect of growth hormone 
suppression on exercise training and growth responses in young 
rats. Pediatr. Res. 35: 223-227, 1994. 
Cuneo, R. C., F. Salomon, C. M. Wiles, R. Hesp, and P. H. 
Sonksen. Growth hormone treatment in growth hormone-defi- 
cient adults. II. Effects on exercise performance. J. AppZ. Physiol. 
70: 695-700, 1991. 
Daughaday, W. H., M. Kapadia, and I. Mariz. Serum somato- 
medin binding proteins: physiologic significance and interference 
in radioligand assay. J. Lab. CZin. Med. 109: 355-363, 1987. 
D’Ercole, A. J., and L. E. Underwood. Estimation of tissue 
concentrations of somatomedin C/insulin-like growth factor I. 
Methods Enzymol. 146: 227-233, 1987. 
DeVol, D. L., P. Rotwein, J. L. Sadow, J. Novakofski, and 
P. J. Bechtel. Activation of insulin-like growth factor gene ex- 
pression during work-induced skeletal muscle growth. Am. J. Phys- 
iol. 259 (Endocrinol. Metub. 22): E89-E95, 1990. 
Dill, D. B., and D. L. Costill. Calculation of percentage changes 
in volumes of blood, plasma, and red cells in dehydration. J. AppZ. 
Physiol. 37: 247-248, 1974. 
Donaghue, K. C., T. M. Badger, W. J. Millard, L. S. Frisch, 
and W. E. Russell. Absence of ultradian rhythm or diurnal varia- 
tion in insulin-like growth factor-I in rats. Neuroendocrinology 52: 
l-8,1990. 
Felsing, N. E., J. Brasel, and D. M. Cooper. Effect of low- and 
high-intensity exercise on circulating growth hormone in men. J. 
CZin. Endocrinot. Metab. 75: 157-162, 1992. 
Flamm, S. D., J. Taki, R. Moore, S. F. Lewis, F. Keech, F. 
Maltais, M. Ahmad, R. Callahan, S. Dragotakes, N. Alpert, 
and H. W. Strauss. Redistribution of regional and organ blood 
volume and effect on cardiac function in relation to upright exer- 
cise intensity in healthy human subjects. Circulation 81: 1550-1559, 
1990. 

21. 

22. 

Froelich, J. W., H. W. Strauss, R. H. Moore, and K. A. 
McKusick. Redistribution of visceral blood volume in upright ex- 
ercise in healthy volunteers. J. NucZ. Med. 29: 1714-1718, 1988. 
Goldberg, A. L. Work-induced growth of skeletal muscle in nor- 
mal and hypophysectomized rats. Am. J. Physiol. 213: 1193-1198, 
1967. 

23. Gollnick, P. D., and C. D. Ianuzzo. Hormonal deficiencies and 

EXERCISE AND IGF-I 2495 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

the metabolic adaptations of rats to training. Am. J. Physiol. 223: 
278-282, 1972. 
Guler, H. P., J. Zapf, C. Schmid, and E. R. Froesch. Insulin- 
like growth factors I and II in healthy man. Estimations of half- 
lives and production rates. Acta Endocrinot. 121: 753-758, 1989. 
Hagberg, J. M., D. R. Seals, J. E. Yerg, J. Gavin, R. Ginger- 
ich, B. Premachandra, and J. 0. Holloszy. Metabolic re- 
sponses to exercise in young and older athletes and sedentary men. 
J. AppZ. Physiol. 65: 900-908, 1988. 
Heinrichs, C., H. L. Vis, P. Bergmann, P. Wilton, and J. P. 
Bourguignon. Effects of 17 months treatment using recombinant 
insulin-like growth factor-I in two children with growth hormone 
insensitivity (Laron) syndrome. CZin. Endocrinol. 38: 647-651, 
1993. 
Hicks, A. L., J. D. MacDougall, and T. J. Muckle. Acute 
changes in high-density lipoprotein cholesterol with exercise of dif- 
ferent intensities. J. AppZ. Physiol. 63: 1956-1960, 1987. 
Jahreis, G., E. Kauf, G. Frohner, and H. E. Schmidt. Influ- 
ence of intensive exercise on insulin-like growth factor I, thyroid 
and steroid hormones in female gymnasts. Growth Regul. 1: 95-99, 
1991. 
Kelijman, M., and L. A. Frohman. The role of the cholinergic 
pathway in growth hormone feedback. J. CZin. EndocrinoZ. Metab. 
72: 1081-1087, 1991. 
Kelly, P. J., J. A. Eisman, M. C. Stuart, N. A. Pocock, P. N. 
Sambrook, and T. H. Gwinn. Somatomedin-C, physical fitness, 
and bone density. J. CZin. Endocrinol. Metab. 70: 718-723, 1990. 
Kraemer, R. R., J. L. Kilgore, G. R. Kraemer, and V. D. 
Castracane. Growth hormone, IGF-I, and testosterone responses 
to resistive exercise. Med. Sci. Sports Exercise 24: 1346-1352, 1992. 
Kraemer, W. J., L. Marchitelli, S. E. Gordon, E. Harman, 
J. E. Dziados, R. Mello, P. Frykman, D. McCurry, and 
S. J. Fleck. Hormonal and growth factor responses to heavy resis- 
tance exercise protocols. J. AppZ. Physiol. 69: 1442-1450, 1990. 
Laron, Z., B. Klinger, L. T. Jensen, and B. Erster. Biochemi- 
cal and hormonal changes induced by one week of administration 
of rIGF-I to patients with Laron type dwarfism. CZin. Endocrinol. 
35: 145-150, 1991. 
Levy, W. C., M. D. Cerqueira, R. Veith, and J. R. Stratton. 
Factors influencing serial measurements of cardiac volumes by 
count-based methods: effects of elevated catecholamines, position, 
and exercise on technetium-99m-blood radioactivity concentra- 
tion. J. NucZ. Med. 33: 1324-1329, 1992. 
Lowe, W. L., Jr. Biological actions of the insulin-like growth fac- 
tors. In: Insulin-Like Growth Factors: Molecular and Cellular 
Aspects, edited by D. LeRoith. Boca Raton, LA: CRC, 1991, p. 49- 
86. 
Maiter, D., L. E. Underwood, M. Maes, M. L. Davenport, 
and J. M. Ketelslegers. Different effects of intermittent and con- 
tinuous growth hormone (GH) administration on serum somato- 
medin-C/insulin-like growth factor I and liver GH receptors in hy- 
pophysectomized rats. Endocrinology 123: 1053-1059, 1988. 
Marcus, R., G. Butterfield, L. Holloway, L. Gilliland, D. J. 
Baylink, R. L. Hintz, and B. M. Sherman. Effects of short term 
administration of recombinant human growth hormone to elderly 
people. J. CZin. Endocrinol. Metub. 70: 519-527, 1990. 
Matustik, M. C., R. W. Furlanetto, and W. J. Meyer III. 
Chronobiologic considerations in human growth hormone therapy. 
J. Pediatr. 103: 543-546, 1983. 
Mesiano, F., I. R. Young, C. A. Browne, and G. D. Thorburn. 
Failure of acid ethanol treatment to prevent interference by bind- 
ing proteins in radioligand assays for insulin-like growth factors. J. 
Endocrinol. 119: 453-460, 1988. 
Penman, E., J. A. H. Wass, S. Medbak, L. Morgan, J. M. 
Lewis, G. M. Besser, and L. H. Rees. Response of circulating 
immunoreactive somatostatin to nutritional stimuli in normal sub- 
jects. Gastroenterology 81: 692-699, 1981. 
Poehlman, E. T., and K. C. Copeland. Influence of physical 
activity on insulin-like growth factor-I in healthy younger and 
older men. J. CZin. Endocrinol. Metab. 71: 1468-1473, 1990. 
Pontiroli, A. E., R. Lanzi, L. D. Monti, E. Sandoli, and G. 
Pozza. Growth hormone (GH) autofeedback on GH response to 
GH-releasing hormone. Role of free fatty acids and somatostatin. 
J. CZin. EndocrinoZ. Metab. 72: 492-495, 1991. 
Smith, A. T., D. R. Clemmons, L. E. Underwood, C. Ben- 



2496 EXERCISE AND IGF-I 

Ezra, and R. McMurray. The effect of exercise on plasma soma- 
tomedin-Uinsulinlike growth factor I concentrations. Metabolism 
36: 533~537,1987. 

44. Thoren, M., I. L. Wivall Helleryd, and K. Hall. Effects of re- 
combinant human insulin-like growth factor I administration in 
adults with growth hormone deficiency. Acta Puediatr. 82, Suppl. 
388: 45-48,1993. 

45. Vermeulen, A. Nyctohemeral growth hormone profiles in young 
and aged men: correlation with somatomedin-C levels. J. Clin. En- 
docrinol. Metub. 64: 884-888, 1987. 

46. Weltman, A., J. Y. Weltman, R. Schurrer, W. S. Evans, J. D. 
Veldhuis, and A. D. Rogol. Endurance training amplifies the 
pulsatile release of growth hormone: effects of training intensity. J. 
Appl. Physiol. 72: 2188-2196, 1992. 

47. Whipp, B. J., J. A. Davis, F. Torres, and K. Wasserman. A 
test to determine parameters of aerobic function during exercise. J. 
Appl. Physiol. 50: 217-221, 1981. 

48. Wilson, D. P., and J. L. Horowitz. Exercise-induced changes in 
growth hormone and somatomedin-C. Am. J. Med. Sci. 293: 216- 
217,1987. 

49. Yan, Z., R. B. Biggs, and F. W. Booth. Insulin-like growth fac- 
tor immunoreactivity increases in muscle after acute eccentric con- 
tractions. J. Appl. Physiol. 74: 410-414, 1993. 

50. Zanconato, S., D. Y. Moromisato, M. Y. Moromisato, J. 
Woods, J. A. Brasel, D. LeRoith, C. T. Roberts, Jr., and 
D. M. Cooper. Effect of training and growth hormone suppres- 
sion on insulin-like growth factor-I mRNA in young rats. J. Appl. 
Physiol. 76: 2204-2209, 1994. 




