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Physical Fitness, Endurance Training, and the Growth 
Hormone-Insulin-Like Growth Factor I System in 
Adolescent Females 

ALON ELIAKIMt, JO ANNE BRASEL, SUBBURAMAN MOHAN, 
THOMAS J. BARSTOW, NANCY BERMAN, AND DAN M. COOPER 

Divisions of Respiratory and Critical Care and Pediatric Endocrinology, Department of Pediatrics, 
Harbor-University of California-Los Angeles Medical Center (A.E.,, J.A.B., T.J.B., N.B., D.M.C.), 
Torrance, California 90509; the Departments of Medicine, Biochemistry, and Physiology, Loma Linda 
University, Pettis Veterans Administration Medical Center (KM.), Loma Linda, California 92357 

ABSTRACT 
We examined the relationship between physical fitness and cir- 

culating components of the GH-insulin-like growth factor I (IGF-I) 
system [i.e. GH, GH-binding protein (GHBP), IGF-I, and IGF-binding 
proteins l-5 (IGFBP-1 through -5)l in adolescent females (age range, 
15-17 yr). The study consisted of 1) a cross-sectional protocol (n = 23) 
in which GH-IGF-I components were correlated with fitness, as es- 
timated by thigh muscle volume and maximal 0, uptake; and 2) a 
prospective study in which fitness, GH-IGF-I system components, and 
osteocalcin were examined before and after a 5-week period of en- 
durance-type training (control, n = 6; trained, n = 10). The cross- 
sectional analysis revealed significant (P < 0.05) positive correlations 
between fitness and 1) mean 12-h overnight GH levels, 2) GHBP, and 
3) IGF-I. Muscle volume was negatively correlated with both IGFBP-2 

and -4. The prospective training study was associated with 1) in- 
creases in circulating osteocalcin (39 2 14%; P < 0.007), and 2) 
decreases in IGF-I (- 14 2 5%; P < 0.05) and IGFBPB (- 10 + 4%; P < 
0.04). Unexpectedly, IGFBP-3 fell in both control (-8 2 2%; P < 0.01) 
and trained subjects (- 5 2 3%; P < 0.05), and GHBP was reduced only 
among control subjects (-10 ? 7%; P < 0.04). 

In summary, fitter adolescent girls tended to have increased mean 
serum GH, GHBP, and IGF-I. In contrast, brief endurance training 
led to increases in muscle mass and serum osteocalcin that were not 
accompanied by increases in GH or IGF-I. In fact, training may, in the 
short term, have led to a catabolic state hormonally expressed by 
reductions in IGF-I and IGFBPB. (J Clin Endcxrinol Metub 81: 3986- 
3992,1996) 

I T IS BECOMING increasingly apparent that there exist 
substantial adaptations of the GH-insulin-like growth 

factor I (IGF-I) axis to physical activity and exercise. Acutely, 
GH increases dramatically and IGF-I modestly (in adult men) 
in response to brief exercise (l-3). Moreover, physically fit 
adults have generally higher levels of circulating IGF-I and 
increased amplitude of spontaneous GH pulses (4-6). En- 
durance-type training programs (lasting for a month or 
more) have been associated with increases in circulating 
IGF-I in older males (but not older females) and in mature 
rats (7,8). In contrast, in training programs in which energy 
expenditure clearly exceeds energy intake, the level of cir- 
culating IGF-I falls even though trainingeffects had occurred 
[e.g. female gymnasts (9)]. 

In this study, we focused on possible GH-IGF-I adapta- 
tions to exercise in adolescent females, a group known to be 
at high risk for physical inactivity (10) and in whom the long 
term consequences of a sedentary lifestyle can be profound. 
We hypothesized that 1) fitness would be correlated with GH 
output and circulating IGF-I, and might be related to circu- 
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lating GH-binding protein (GHBP) and IGF-binding proteins 
(IGFBPs) as well (we measured IGFBP-1 through -5); and 2) 
an endurance-type training intervention would lead to in- 
creases in GH secretion and circulating IGF-I. 

The data reported here were obtained as part of a cross- 
sectional and prospective interventional study of 44 adoles- 
cent females who were randomly divided into a control or a 
trained group (n = 22 each) (11). We demonstrated a marked 
training effect after only 5 weeks, during which time max- 
imum oxygen uptake (irO,max) increased by 12.1%, and 
thigh muscle mass increased by 4.3%. Moreover, daily en- 
ergy expenditure was 15.3% greater in the trained VS. the 
control subjects. 

In the present study, we examined the relationship be- 
tween circulating growth factors and both the functional 
adaptations to training (assessed by progressive cycle er- 
gometer exercise testing) and structural adaptations. The 
latter were measured by 1) magnetic resonance imaging 
(MRI) of the thigh to detect muscle hypertrophy, and 2) 
serum osteocalcin levels to indicate new bone formation (12). 

Subjects and Methods 

Sample population 

All 44 girls who participated in the study completed the full 5-week 
protocol as members of either the control or the trained group. We 
anticipated that not all subjects (or their parents or guardians) would 
agree to blood sampling, especially for the overnight GH studies. At the 
beginning of the study, 23 subjects agreed to blood sampling as outlined 
below, and the data from these subjects constituted the initial cross- 
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sectional portion of the study. Subsequently, 16 subjects (6 from the 
control group and 10 from the trained group) agreed to repeat these 
measurements following the experimental protocol. 

The participants were all students at Torrance High School (Torrance, 
CA) and enrolled in an anatomy and physiology class during the sum- 
mer of. 1995 (July-August) with class hours from 0800-1230 h. No 
attempt was made to recruit subjects who participated in competitive 
extramural athletic programs. The study was designed to examine late 
pubertal subjects with an age range of 15-17 yr. Measurements of height, 
weight, and body mass index [body mass index (wt/ht2), an indirect 
estimate of lean body mass (13)] were made using standard techniques. 
Assessment of pubertal status was performed by examination in all 
subjects. Twenty-one of 23 subjects were found to be at Tanner level V, 
1 subject was at Tanner stage IV-V, and 1 subject was at Tanner stage 
III-IV. 

All subjects participated in the 2-h daily teaching program. During 
the remaining time, the trained group members underwent endurance- 
type training, consisting of running, aerobic dance, competitive sports 
(e.g. basketball), and occasional weight-lifting. Training was directed by 
a member of the Torrance High School faculty. The control group sub- 
jects participated in a computer workshop designed to improve their 
computer skills and used this time to analyze some of the data collected 
from the study. No attempt was made to influence extracurricular levels 
of physical activity in either the control or trained groups. The study was 
approved by the institutional human subject review board, and in- 
formed consent was obtained from the subjects and their parents or 
guardians. 

Measurements of maximal oxygen uptake (?O,max) 

Each subject performed a ramp-type progressive exercise test on a 
cycle ergometer in which the subject exercised to the limit of her tol- 
erance. Gas exchange was measured breath by breath (14), and the 
vO,max was determined as previously described in children and ad- 
olescents (15). Measurements were made before and immediately after 
the 5-week training protocol. 

MRI of thigh musculature 

Studies were performed before and immediately after the 5-week 
protocol in all subjects. We chose to examine the musculature of the right 
thigh because these muscles would be largely involved in the endurance- 
type training program described above. MRI has been used previously 
to assess the effects of training on muscle mass (11, 16, 17). 

Blood sampling protocols 

Subjects were admitted to the Clinical Research Center at Harbor- 
University of California-Los Angeles Medical Center, and an indwelling 
heparin lock catheter was inserted in a forearm vein at 1800 h. Baseline 
blood samples were collected for determination of circulating GHBP, 
IGF-I. IGFBP-1 through -5, osteocalcin, and estradiol levels. Serial blood 
sampling for GH was?ni&ted at 2000 hand continued for 12 h. Samples 
were collected at approximately 20-min intervals. Subjects were re- 
stricted to limited physical activity (e.g. walking in the confines of the 
Clinical Research Center). The overnight protocol occurred the week 
before and during the week after the completion of the training inter- 
vention. No subjects trained during the day preceding the overnight 
blood sampling. 

GH 

GH serum concentrations were determined using the fluoroimmu- 
noassay technique (18). The monoclonal antibody pair was obtained 
from Gedix Bioiex (iah Carlos, CA). Europium-lab&d streptavidin was 
obtained from Delfia fwallac. Gaithersbura, MD). The interassav coef- 
ficient of variation (CG) ranged from 5.7-lE.l%, and the intraasiay CV 
ranged from 4.9-8.3%. The assay sensitivity was 0.1 ng/mL. 

GHBP 

GHBP was measured using the ligand-mediated immunofunctional 
assay (19). The interassay CV ranged from 9.7-12.9%, and the intraassay 
CV ranged from 6.3-8.9%. The assay sensitivity was 7.8 pmol/L. 

IGF-I 

IGFs were extracted from IGFBPs using the acid-ethanol extraction 
method (20). A double antibody RIA was performed to measure serum 
IGF-I concentrations. Polyclonal recombinant IGF-I antiserum was ob- 
tained from the NIH (Baltimore, MD). Radiolabeled [‘25111GF-I trarer -_---- 
was purchased from imersham (Arlington Heights, Ii). ItiF- was ob- 
tained from Bachem Chemicals (Torrance. CA). The IGF-I interassal7 I-V 
ranged from 5.4-7.5%, and the Atraassay ?V ranged from 4.5-6.2’zThk 
assay sensitivity was 0.1 ng/mL. 

IGFBP-1 through -5 

IGFBP-1 and -3 were measured by coated tube immunoradiometric 
assays. IGFBP-2, -4, and -5 were measured by RIA. IGFBP-1 through -3 
were measured using commercially available kits (Diagnostic S-Gie& 
Laboratories, Webster, TX). IGFBP-4 and -5 were measured in oaks m- “ - .  % ”  

author’s laboratory (S:M.),’ as recently described (21, 22). For IGFBP-1. ._ -_ _, 
the interassay CV ianged’from 1.7-6.?%, and the intraa&ay CV ranged 
from 2-4%. The assav sensitivitv was 0.11 ne/mL. For IGFBP-7 the 
interassay CV was 6.i%, and td intraassay eV was 6.5%. The zs& 
sensitivity was less than 0.6 ng/mL. For IGFBP-3, the interassay CV 
ranged from 0.6-1.9%, and the intraassay CV ranged from 1.8-3.9%. The 
assay sensitivity was 0.5 ng/ mL. For IGFBP-4, the interassay CV was less 
than 8.1%, and the intraassay CV was less than 5%. The assay sensitivity 
was less than 0.5 ng/mL. For IGFBP-5, the interassay CV was less than 
8%, and the intraassay CV was less than 4%. The assay sensitivity was 
less than 5 ng / mL. 

Osteocalcin 

Serum levels of osteocalcin were assayed by an immunoradiometric 
assay kit using two monoclonal antibodies developed against the 5-13 
and 25-37 regions of osteocalcin (ELSA Osteo kit, CIS-US, Bedford, MA). 
Inter- and intraassay CVs were less than 8% and 5%, respectively. The 
sensitivity of this assay was 0.7 ng/mL. 

Estradiol 

Estradiol was measured by RIA using the Diagnostic System Labo- 
ratories ultrasensitive kit (DSL-4800). The interassay CV ranged from 
9.7-12.2%, and the intraassay CV ranged from 6.5-6.9%. The assay 
sensitivity was 2.2 pg/mL. 

Statistical analysis 

GH peaks (number, width, and amplitude) were determined using 
the statistical algorithms developed previously (23). Standard tech- 
niques of regression and correlation were used for the cross-sectional 
studies relating GH-IGF-I axis components and the functional and struc- 
tural fitness variables. Paired t tests were used to compare the effects of 
training on functional and structural fitness variables and on the hor- 
monal data. Statistical significance was taken at the P < 0.05 level. Data 
are presented as the mean 2 SE. 

Cross-sectional study 

Results 

Preirifervenfion data. Mean preinterventional data for 

height, weight, body mass index, VO,max per kg BW, thigh 
muscle volume per kg BW, mean overnight GH level, num- 
ber of GH peaks, GH peak width and amplitude, GHBP, 
IGF-I, IGFBP-1 through -5, estradiol, and osteocalcin are 

shown in Table 1. The fitness variables (vO,max and muscle 
mass) were normalized to body weight. This is a commonly 
used strategy to limit the confounding effect of body weight 
alone on exercise variables (24, 25). 

Correlations between fitness and GH-IGF-1 axis. There were 
significant correlations between the mean overnight GH 
level and TjO,max per kg (r = 0.36; P < 0.05) and between 
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TABLE 1. Anthropometric, fitness, and hormonal characteristics 
of the participating subjects (cross-sectional study, n = 23) 

Mean t SE 

Ht (cm) 
Wt (kg) 
BMI (kg/m2) 
VO,max (mUmin * kg) 
Thigh muscle vol (cm?kg) 
GH (ng/mL) 
GH peaks (no.112 h) 
GH peak width (min) 
GH peak height (ng/mL) 
GHBP (pmoI/L) 
IGF-I (ng/mL) 
IGFBP-1 (ng/mL) 
IGFBP-2 (ng/mL) 
IGFBP-3 (ng/mL) 
IGFBP-4 (ng/mL) 
IGFBP-5 (ng/mL) 
Estradiol (pg/mL) 
Osteocalcin (ng/mL) 

160.4 ? 1.0 
58.1 2 2.5 
22.5 2 0.8 
27.1 t 0.8 
16.9 5 0.5 
2.24 k 0.3 
2.9 ” 0.3 
157 ? 9 
5.9 -c 0.6 
394k 32 
441 t 19 
5.3 + 1.4 
178 % 19 

3684 ‘- 192 
282 2 17 
256? 11 

84 + 15 
34.5 2 3.5 

0 
. 

GHBP and VO,max per kg (r = 0.42; P < 0.03). The corre- 
lation between IGF-I and VO,max per kg did not achieve 
significance (r = 0.34; P < 0.057). The mean overnight GH 
level, GHBP, and IGF-I were all significantly correlated with 
muscle volume per kg BW (Fig. 1). The mean overnight GH 
concentration was significantly correlated with GH peak 
height (r = 0.93; P < O.OOOOl), but not with GH peak fre- 
quency or width. There were no correlations between GH 
peak frequency, peak width, and height and fitness indexes 
(i.e. VOzmax per kg and thigh muscle volume per kg). There 
were significant negative correlations between muscle vol- 
ume and both IGFBP-2 and IGFBP-4 (Fig. 2). IGFBP-1, -3, and 
-5 did not correlate with either thigh muscle volume or 
VOzmax. There were no correlations between fitness indexes 
and serum osteocalcin levels. Finally, there was no correla- 
tion between any component of the GH-IGF-I axis and ran- 
dom serum estradiol measurements. 

l 

" 600 

E 
No 500 

5 400 

4 300 
cl 
- 200 i 

479 I I I I I I 
0 12 14 16 18 20 22 24 

Muscle Volume/Body Weight (cm31kg) 

FIG. 1. Cross-sectional relationships between thigh muscle volume 
and mean overnight GH concentrations (r = 0.35; P < 0.05; top panel), 
GHBP (r = 0.39; P c 0.04; middle panel), and circulating IGF-I (r = 
0.5; P < 0.008; bottom panel). 

Prospective training intervention 

As noted above, 6 of the 22 control and 10 of the 22 training 
subjects volunteered for both pre- and postintervention 
blood sampling. Anthropometric, GH, GHBP, and IGFBP 
data from the subjects who agreed to the blood sampling 
protocols are shown in Table 2. Note that there were no 
significant differences between these subsets of the control 
and trained groups with respect to size, fitness, or hormonal 
variables before the training intervention. There was a re- 
markable significant increase in VO,max and thigh muscle 
volume in the trained, but not the control, subjects [similar 
to results obtained in the whole group, i.e. all 22 control and 
22 training subjects (ll)]. 

the control and trained groups (Table 2). There was no 
change in IGFBP-1, -2, and -4 over the 5-week training 
program. 

There was a significant increase in osteocalcin level in the 
trained subjects (all 10 subjects demonstrated an increase; 
P < 0.006), but not among the control subjects, during the 
5-week interventional period (Fig. 5). Note the high levels of 
osteocalcin in 1 of the control subjects. This individual was 
one of the younger volunteers and had the lowest Tanner 
pubertal score (III-IV) of the study population. 

Discussion 

There was no change in mean GH level, the number of GH The cross-sectional data suggest that fitness in adolescent 
peaks, GH peak width, or GH amplitude in either group over females is associated with adaptations of the GH-IGF-I sys- 
the 5-week period of observation. There was a significant tem, probably representing a hormonally expressed, ana- 
reduction in GHBP in the control group, but not in the trained bolic state. These results support our first hypothesis, but in 
subjects (Table 2). In contrast to our hypothesis, IGF-I (Fig. contrast to our second hypothesis, 5 weeks of endurance 
3) and IGFBP-5 (Fig. 4) actually fell in the trained subjects, but training did not lead to increases in GH or IGF-I. The rela- 
there was no change in the controls. Finally, IGFBP-3 was tionship among GH-IGF-I system components, single brief 
significantly reduced after the interventional period in both exercise bouts, 5 weeks of endurance training, and the fit 
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FIG. 2. Cross-sectional correlations be- 
tween thigh muscle volume and IG- 
FBP-4 (r = -0.45; P < 0.02; left panel) 
and IGFBP-2 (r = -0.44; P < 0.02; right 
panel). 

0 . 

.o 
a . 0 
0 

\ 

l .0 0 
0 

0 . . . . 0 
l 

00 00 
12 14 16 16 20 22 24 12 14 16 16 20 22 24 

Muscle Volume/Body Weight (cm3/kg) 

TABLE 2. Effects of 5 weeks endurance training intervention on anthropometric, fitness, and hormonal variables 

Control group (n = 6) Trained group (n = 10) 

Prl? Post Pre Post 

Ht (cm) 157.5 2 1.5 158.2 ? 1.6 161.4 t 1.8 
Wt (kg) 52.9 ? 6.6 53.1 2 6.8 61.6 2 3.9 
FM1 (kg/m’) 21.2 2 2.3 21.1 2 2.4 23.5 2 1.2 
VO,max (Urnin) 1.47 2 0.2 1.38 t- 0.1 1.57 2 0.1 
Muscle vol (mL) 431.1 2 35 438.3 -t 30 487.6 2 22 
Mean 12 h GH level (ng/mL) 2.33 -c 0.6 1.83 -c 0.5 1.69 2 0.2 
GH peak frequency/l2 h 3.7 2 1.0 2.5 -t 0.2 2.8 2 0.3 
GH peak width (min) 144 -c 26 151 * 11 151 t 17 
GH peak ht (ng/mL) 6.4 2 1.5 5.7 + 1.0 4.7 -c 0.6 
GHBP (pmoIiJJ 369 ?I 47 317 k 37” 388 -c 36 
IGFBP-1 (ng/mL) 9.1 + 4.5 6.1 5 2.6 4.3 2 1.4 
IGFBP-2 (ng/mL) 217 + 47 258 2 43 138 t 23 
IGFBP3 (ng/mL) 4217 2 605 3837 -c 517” 3617 -c 165 
IGFBP-4 (ng/mL) 268 2 38 319 Y? 28 313 2 27 
Estradiol (pg/mL) 87 2 14 84 5 12 92 k 20 

Data for IGF-I, IGFBPB, and osteocalcin are shown in Figs. 3, 4, and 5, respectively. Values are the mean t SE. 

a Significant difference from precourse values (P < 0.05). 

161.6 2 1.9 
62 -t 4.0 

23.6 2 1.2 
1.68 * 0.1” 

509.6 -c 22” 
1.68 + 0.3 
2.3 + 0.3 
164 c 15 
4.5 t 1.0 

345 k 33 
4.1 5 1.5 
135 -c 19 

3254 2 73” 
328 2 31 

85 k 15 

state (based on these and other data) is summarized in 
Table 3. 

We did consider the interaction of GH and estradiol, as GH 
secretion is maximal during the late follicular phase of the 
menstrual cycle, when estradiol levels are highest (26). The 
relatively complex logistics of this study (e.g. a uniform train- 
ing input, the need to schedule many pre- and postinter- 
ventional tests) precluded the possibility of studying each 
subject at precisely the same phase of the menstrual cycle. 
However, there was no correlation between estradiol levels 
and any component of the GH-IGF-I axis, nor did we find any 
differences in estradiol levels before and after the interven- 
tion period. Thus, variations in circulating estradiol probably 
had little influence on the results of the study. 

We found that the mean overnight GH level was correlated 
with fitness. The increased mean GH most likely resulted 
from an increase in peak height, as only peak height (and not 
peak frequency or width) was significantly correlated with 
mean GH. This finding is consistent with studies by Weltman 

et al. (6), who noted correlations between 24-h integrated GH 
concentrations and VO,max in young healthy male adults, 
and with animal experiments by Borer et al. (27), who noted 
an increased GH pulse amplitude in physically active, rap- 
idly growing hamsters compared with less rapidly growing, 
sedentary controls. The mechanism of this neuroendocrino- 
logical effect of chronic exercise is not yet understood. 

The positive correlation between GHBP and fitness has not 
previously been reported. GHBP is the extracellular domain 
of the GH receptor (28) and is believed to reflect the tissue 
GH receptor capacity. Ligand-mediated receptor regulation 
appears to exist for GH and GHBP in a number of patho- 
logical situations (29-31), but does not appear to operate 
during normal prepubertal growth when both GH and 
GHBP increase (32). Our data suggest that the relatively fit 
state is another example of simultaneous increases in both 
GH and GHBP. 

Although, as noted, exercise-associated increases in local 
muscle production of IGF-I can occur even in the absence of 
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FIG. 3. Changes in IGF-I after the &week endurance exercise train- 
ing intervention. There was a significant decrease in IGF-I (9 of 10 
subjects; -14 + 5%; P < 0.05) in the trained, but not the control, 
subjects. 
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FIG. 4. The effect of endurance training on IGFBP-5. Five weeks of 
endurance-type exercise training resulted in a significant decrease in 
IGFBP-5 in trained girls (9 of 10 subjects; - 10 ? 4%; P < 0.05), but 
not in the controls. 

GH (33, 34), the present data suggest that the increased 
circulating IGF-I in fitter subjects resulted from the tradi- 
tional pathway of GH-mediated increases in hepatic IGF-I 
production. Both GH secretory activity and GHBP were in- 
creased in fitter subjects; moreover, previous work in this 
laboratory has shown that exercise training in the rat is 
associated with increased hepatic IGF-I messenger ribonu- 
cleic acid (33). GH and IGF-I are known mitogens for skeletal 
muscle (35, 36), and this may be reflected in the specific 
significant correlation we found between muscle volume and 
circulating IGF-I. The extent to which these increases reflect 
hyperplasia us. hypertrophy could not be determined. 

Our data also suggest that the generally increased circu- 
lating IGF-I levels in fitter subjects might be related to IG- 
FBI%. IGFBP-2 and -4 were inversely correlated with thigh 
muscle volume. The role of these binding proteins in the 

” E 60 - 
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5 

.E 
-0 0 . 
8 40 - 

8 

20 - 

0: 
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FIG. 5. The effect of training on circulating osteocalcin levels. There 
was a significant increase in serum osteocalcin levels in trained (all 
10; 39 -+ 14%; P < 0.051, but not control, subjects. 

TABLE 3. Qualitative relationship among circulating components 
of the GH-IGF-I system, a single brief bout of exercise, 5 weeks of 
endurance-type training, and the “tit” state in adolescent females 

Single brief 5 weeks of 
bout of exercise” endurance training The “fit” state 

GHb 
GHBP CT 

No change 

r 
No change 

IGF-I L i 
IGFBP-1 ? No change No change 
IGFBP-2 
IGFBP-3 
IGFBP-4 

; 
No change i 

? No change 

IGFBP-5 3 
No change 4 

4 No change 

a Data are summarized from Refs. l-3. These studies were per- 
formed in young men, and the results have yet to be validated in 
adolescent females. 

’ Refers to peak GH for brief exercise bout and mean GH for the 
remaining categories. 

circulation is not known; however, it is intriguing that in- 
verse correlations between IGF-I and IGFBP-2 have been 
noted in several pathological conditions (37,38) and during 
states of protein restriction (39). In addition, cell culture 
experiments indicate that IGFBP-4 inhibits the anabolic func- 
tions of IGF-I (40). Thus, IGFBP-2 and -4 might attenuate the 
anabolic effects of IGF-I, and these proteins may be coregu- 
lated and sensitive to the dynamic energy expenditure con- 
ditions imposed by nutrition, level of physical activity, and 
other environmental factors. 

We found a significant increase in serum osteocalcin levels 
among trained (all lo), but not among control subjects, after 
the training intervention. To our knowledge, these are the 
first data demonstrating an increase in serum osteocalcin 
after so brief a training program in late pubertal adolescent 
females. Circulating osteocalcin serves as an index of bone 
formation (41) and is used as a marker of skeletal growth in 
prepubertal boys and girls (42). 

This is a potentially useful observation, as it is becoming 
increasingly apparent that it is precisely during the peripu- 
bertal stage that physical activity profoundly influences peak 
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bone mass in women (43), and reduced peak bone mass 
(reached in women during their mid to late 20s) is associated 
with increased incidence of osteoporosis later in life (44). In 
American girls, this appears to be a time of decreasing par- 
ticipation in physical activity (10). The success we had in 
implementing a training program by integrating it with 
course work might prove to be a useful approach for ulti- 
mately increasing the levels of physical activity in adolescent 
girls in general. It is important to note that osteocalcin is not 
an indicator of bone mass per se; thus, the lack of a correlation 
between osteocalcin and fitness in our data set does not mean 
that there is no relationship between fitness and bone mineral 
density. 

Other results of the prospective interventional training 
study were unexpected. IGF-I and IGFBP-5 fell significantly 
in the trained, but not the control, subjects, and these were 
the only components of the GH-IGF-I axis that were specif- 
ically affected by the training intervention. The training as- 
sociated reduction in IGF-I and IGFBP-5 [as noted, one of the 
binding proteins that seems to enhance some of the IGF-I 
mitogenic effects (22)] leads us to the surprising speculation 
that the 5-week training period may actually have led to a 
hormonal adaptation consistent with a catabolic state despite 
the increase in fitness, muscle mass, and osteoblastic activity 
brought about by the training. 

IGF-I is classically reduced after calorie restriction in both 
human and animal experiments (45), and in studies of ex- 
ercise training where energy expenditure exceeds energy 
intake, circulating IGF-I falls (46). Unlike those previous 
studies, however, we placed no restrictions on diet in our 
study, and in fact, there were no changes in body weight in 
either the control or the trained group (11). What emerges 
from our observations is the hypothesis that the sudden 
imposition of an endurance training program first leads to 
hormonal adaptations suggestive of a catabolic state, but at 
some point, presumably after 5 weeks, an anabolic rebound 
occurs (similar, perhaps, to the phenomenon of catch-up 
growth after a period of nutritional deprivation). Exactly 
how and when this switch takes place remain unknown. 

Another unexpected, but nonetheless intriguing, finding 
was that some changes in the GH-IGF-I axis occurred over 
the period of observation in both the control and training 
groups. GHBP decreased in the control group (but not in the 
trained group), and IGFBP-3 was reduced in both the control 
and trained groups. Additionally, mean GH was lower in 5 
of 6 subjects in the control group (P < 0.01, by nonparametric 
sign test; P < 0.06, by t test) at the end of the study, but GH 
was lower in only 5 of the 10 trained subjects. This constel- 
lation of findings, reductions in GH, GHBP, and IGFBP-3, 
suggest an overall reduction in GH secretory activity. 

The mechanism for this is not readily apparent. Our pro- 
gram started at the end of the school academic year, just after 
final examinations, in the early summer. The role of factors 
such as stress or season on GH secretory patterns have been 
examined, but there are few studies in humans (47,48), and 
no consistent relationships have emerged. Moreover, to our 
knowledge, there are no reports regarding seasonal effects, 
if any, on circulating GHBP, IGF-I, or IGFBPl through -5 
levels. 
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