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Peak oxygen uptake, muscle volume, and
the growth hormone-insulin-like growth
factor-l axis in adolescent males

ALON ELIAKIM, JO ANNE BRASEL, THOMAS J. BARSTOW, SUBBURAMAN MOHAN, and DAN M. COOPER

Department of Research, Connecticut Children's Medical Center, University of Connecticut, Hartford, CT 06106;
Division of Pediatric Endocrinology, Department of Pediatrics, Harbor-UCLA Medical Center, Torrance, CA 90509:;
Department of Kinesiology, Kansas State University, Manhattan, KS 66506-0302; Departments of Medicine, Biochemistry,
and Physiology, Loma Linda University, Pettis Veteran's Administration Medical Center, Loma Linda, CA 92357

ABSTRACT

ELIAKIM, A., J. A. BRASEL, T. J. BARSTOW, S. MOHAN. and D. M. COOPER. Peak oxygen uptake, muscle volume, and the
growth hormone-insulin-like growth factor-1 axis in adolescent males. Med. Sci. Sports Exerc., Vol. 30, No. 4, pp. 512-517. 1998.
Purpose: The growth effects of exercise appear to be mediated in part by central neuroendocrine control reflected in circulating levels
of growth hormone (GH), insulin-like growth factor-I (IGF-1I), and their binding proteins (BP). In previous studies positive correlations
between peak VO, and circulating IGF-I have been demonstrated. The relationship between peak oxygen uptake and these potential
regulating factors has not been examined in adolescent males where patterns of GH pulsatility and levels of IGF-] are rapidly changing.
Methods: Forty-three healthy adolescent males (age 16 * 0.7 yr, 70% at Tanner V) performed cycle ergometry to determine p oxygen
uptake (peak VO,), and magnetic resonance images to determine the thigh muscle volume. Baseline blood samples were collected for
GHBBP, the extracellular portion of the GH tissue receptor (by ligand mediated immunofunctional assay). IGF-1 (by RIA). and IGFBPs
1-5 (by RIA). Mean GH was determined from samples obtained every 20 min overnight. Results: Peak VO./kg was positively
correlated with mean overnight GH levels (r = 0.41, P < 0.005). Both peak VO,/kg and thigh muscle volume/kg were negatively
correlated with GHBP (r = —0.33, P < 0.02) and IGFBP-4 (r = —0.52, P < 0.005). There were no correlations between peak VO,/kg
and IGF-I or IGFBPs 1-3, and 5. Conclusions: GH pulsatility is increased adolescent males who have higher peak VO,. but this did
not translate into increases in IGF-I1. We speculate that in the fitter males, lower GHBP levels may reduce hepatic sensitivity to GH.
Thus, circulating IGF-I was unchanged despite higher mean GH in subjects with higher peak VO,. IGFBP-4 which is known to inhibit
IGF-1 was negatively correlated with peak VO, leading, possibly, to increased IGF-I bioactivity. Fitness (as assessed by muscle mass
and peak VO,) does modulate the GH-IGF-I axis, but not solely through circulating IGF-I; both GHBP and IGFBPs play important

roles. Key Words: EXERCISE. BINDING PROTEINS, PEAK OXYGEN UPTAKE, MUSCLE MASS

t is now well established that many anabolic effects of

growth hormone (GH) are mediated by insulin-like

growth factor-I (IGF-I) (18). Exercise training involves,
to some extent, anabolic adjustments of certain tissues like
muscle and bone. Thus, it is not unexpected that a number
of investigators have found that peak VO, is correlated with
circulating levels of GH and IGF-I (11,16,29,39).

There is mounting evidence that the bioactivity of GH and
IGF-T is modified by a group of functionally important
binding proteins that can alter the physiological function of
the two growth factors themselves. However, the relation-
ship between peak VO, and the GH and IGF binding pro-
teins has been inadequately examined. Moreover, in any
study of the relationship between peak VO, and circulating
growth factors, attention must be paid to maturational status.
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Adolescence is of particular interest because growth spurts
commonly occur, and, like exercise, these anabolic events
are controlled through the GH-IGF-I axis.

GH, GHBP, IGF-1, and IGFBP-3 all increase during
normal puberty in humans (21,27). These relationships are
unique since both GH and its receptor (i.e., GHBP) seem to
be increasing simultaneously, defying the well-described
phenomenon of ligand induced receptor down-regulation,
Moreover, even though IGF-I inhibits pituitary secretion of
GH (30), this negative feedback loop does not appear to
predominate during pubertal growth when both GH and
IGF-I are increasing.

More is known about the acute effect of energy-deficient,
catabolic states on the GH-IGF-I axis than about the effect
of anabolic states. In experimentally induced states of mal-
nutrition, mean GH is elevated, but GHBP (the extracellular
portion of the tissue GH receptor, which may reflect tissue
GH capacity (21)) is low. The functional result of these
alterations is one of tissue GH “resistance.” and circulating
levels of 1GF-1 and IGFBP-3, both of which are produced in
the liver and stimulated by GH (19). are low (25.35,37).



Less is known about IGFBPs 1.2, 4, and 5 during cata-
bolic states, but circulating levels of IGFBP-2 (which are
sensitive to insulin rather than to GH (32)) have been shown
to increasc during malnutrition (25,35.37). Reproducible
assays for IGFBP-4 and -5 have only become available
recently, and the limited data that are available suggest that
IGFBP-4 levels change in an inverse manner with circulat-
ing IGF-1 while IGFBP-5 parallels IGF-I (13,22-24). Thus,
one can infer that IGFBP-2 and -4 would decrease while
IGFBP-5 increases in anabolic states, although definitive
studies have not yet been done.

We hypothesized that exercise training in adolescence
enhances the naturally occurring anabolic changes in GH,
IGF-1, and their binding proteins. To test this hypothesis we
conducted a cross-sectional study of the relationships be-
tween fitness (reflecting the trained state) and components
of the GH-IGF-I axis in healthy adolescent boys. The term
“fitness™ is used to describe a number of physiological
adaptations to physical activity including cardiorespiratory,
anatomic, biochemical. and molecular. Thus, to assess fit-
ness, we used both functional and anatomic measurements.
The functional measurements were obtained from progres-
sive exercise tests with gas exchange (e.g., peak VO,). The
anatomic assessment was derived from magnetic resonance
imaging (MRI) of the right thigh muscles, a technique that

is increasingly used to determine muscle volume in vivo
(28,33).

METHODS

Sample population. Forty-three healthy adolescent
boys participated in this cross-sectional study. The partici-
pants were all students at Torrance High School (Torrance,
CA) and enrolled in an anatomy and physiology class during
the summer of 1996 (July-August) with class hours from
8 a.m. to 12:30 p.m. The ethnic configuration of the group
was 71% Asian, 20% Caucasian, and 9% Hispanic. 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. Measurements of height and weight were made
using standard techniques. Assessment of pubertal status
(testicular volume, penile length, and pubic hair) was per-
formed by examination in all of the subjects. Seventy per-
cent of the subjects were at Tanner level V, 26% at Tanner
level 1V, and 4% at Tanner level IIl. A standardized test
developed by Killen et al. (17) was used to screen the
subjects for eating disorders, and none were found. The
study was approved by the Institutional Human Subject
Review Board and informed consent was obtained from the
subjects and their parents or guardians. Many of the subjects
in the present cross-sectional study also participated in a
prospective endurance training intervention study, some of
the results of which have been published elsewhere (12).

Measurements of peak VO,. Each subject performed
a ramp-type progressive exercise test on a cycle ergometer
in which the subject exercised to the limit of his tolerance.
Gas exchange was measured breath-by-breath (2) and the
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peak VO, was determined as previously described in chil-
dren and adolescents (6). To minimize the confounding
effect of size alone, the peak VO, was normalized to body
weight. This is a common normalization technique and is
especially effective when dealing with a homogeneous sam-
ple of same-gender subjects in a narrow age range (5,41).

MRI of thigh musculature. We chose to examine the
musculature of the right thigh since these muscles are likely
to be involved in the kinds of activities (both resistance and
endurance) that children and adolescents naturally perform.
The MRI procedure was previously described (10). Briefly,
the thigh muscle cross-sectional areas (CSA) of 13 consec-
utive 2-cm slices (beginning at the knee to a level of 2-3 cm
below the femoral neck) were measured using computerized
planimetry. The volume (cm?®) of each slice was estimated
as CSA (cm®) X 2 cm. These 13 measurements were then
summed to estimate the thigh muscle volume. To minimize
confounding effects of size alone, muscle volume was nor-
malized to body weight. .

Blood sampling protocols. Subjects were admitted to
the Clinical Research Center (CRC) at Harbor-UCLA Med-
ical Center at about 4 p.m. and a dinner was served shqrtly
thereafter. An indwelling venous catheter was inserted in a
forearm vein at 6:00 p.m. Baseline blood samples were
collected for circulating GHBP, IGF-1, IGFBP 1—‘5, and
testosterone levels at 8:00 p.m. Serial blood sampling for
GH was initiated at 8:00 p.m. and continued for 12 h.
Samples were collected at 20-min intervals. Subj.ects' were
restricted to limited physical activity (e.g., walking in the

confines of the CRC). Th lights were turned off in the
subjects’ rooms at 10:00 p.m.. .
Growth Hormone (GH). GH serum concentrations
were determined using the ﬂuoroimmunoassay.techmque
(36). The monoclonal antibody pair was obFalned from
Medix Biotex Inc. (San Carlos, CA). Europium labe}ed
streptavidin was obtained from Delfia (Wallac, Inc., Gaith-
ersburg, MD). Inter-assay coefficient of variation (CV) was
5.7-10.1%, and intra-asslay CV was 4.9-8.3%. Assay sen-
itivi .1 ngmL™".
smC‘;:IyBg?sG(ilBPgwas measured using the Ligand-Mediated
Immunofunctional Assay (4). Inter-assay CV  was
9.7-12.9%, and intra-assay CV was 6.3—8.9%. Assay sen-
sitivity was 7.8 pmol-L_'. .

IGF-I. IGFs were extracted from IGFBPs using the acid-
ethanol extraction method (7). Double antibody radioimmu-
noassay (RIA) was performed to measure IGF-I serum con-
centrations. Polyclonal recombinant IGF-I1 antiserum was
obtained from the NIH (Baltimore, MD). Radio labeled "'*°
IGF-I tracer was purchased from Amersham (Arlington
Heights, IL). IGF-I was obtained from Bachem Chemicals
(Torrance, CA). IGF-I inter-assay CV was 5.4-7.5%, and
intra-assay CV was 4.5-6.2%. Assay sensitivity was 0.1
ng'mL ™",

IGFBPs 1-5. IGFBP-1 and 3 were measured by coated-
tube Immunoradiometric Assays (IRMA). IGF BP-2, -4 and
-5 were measured by RIA. IGFBP 1-3 were measured using
commercially available kits; (Diagnostic System Laborato-
ries Inc. Kits, Webster, TX). IGFBP-4 and -5 were measured
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TABLE 1. Anthropometric, fitness, and hormonal characteristics of the participating
subjects (cross-sectional study, N = 43).

Mean + SE
Height (cm) 1705 = 1.1
Weight (kg) 63919
Peak VO, (mL-min~"kg~") 39308
Thigh muscle volume (cm>kg~") 22104
GH (ng-mL~')—mean value 2.53 = 0.28
GH peaks (number/12 h) 2102

GH peak width (min) 116+ 9

GH peak height (ng-mL~") 99+09
GHBP (pmol-L~") 207.3 15
IGF-1 (ng-mL~") 22398
IGF BP-1 (ng'mL~") 84+18
IGF BP-2 (ng-mL~") 2133 =16
IGF BP-3 (ng-mL~") 3494 + 78
IGF BP-4 (ng-mL~") 1716 =8
IGF BP-5 (ng-mL~") 2645+ 8
IGF-I/IGFBP-4 ratio 1.38 = 0.06
Testosterone (ng-mL~") 34+03

in our coauthor’s laboratory (SM) as recently described
(23,24). For IGFBP-1, inter-assay CV was 1.7-6.7% and
intra-assay CV was 2-4%. Assay sensitivity is 0.11
ng-mL ™. For IGFBP-2, inter-assay CV was 6.4% and intra-
assay CV was 6.5%. Assay sensitivity is <0.6 ng'mL~'. For
IGFBP-3, inter-assay CV was 0.6-1.9%, and intra-assay
CV was 1.8-3.9%. Assay sensitivity is 0.5 ng'mL~'. For
IGFBP-4 inter-assay CV was <8.1% and intra-assay CV
was <5%. Assay sensitivity is <0.5 ng-mL~". For IGFBP-5
inter-assay CV was <8% and intra-assay CV was <4%.
Assay sensitivity is <5 ng'mL~".

Statistical analysis. GH peaks (number, width, ampli-
tude) were determined using statistical algorithms devel-
oped previously (38). Standard techniques of regression and
correlation were used for the cross-sectional studies relating
GH-IGF-I axis components and the functional and structural
fitness variables. Calculations were performed using the
statistical package JMP (SAS Institute, Cary, NC). The
alpha level was set a P = 0.05. Data are presented as
mean * SE.

RESULTS

Mean baseline values for height, weight, peak VO,, thigh
muscle volume, mean overnight GH level, number of GH
peaks, GH peak width and amplitude, GHBP, IGF-I, IGFBP
1-5, IGF-I/IGFBP-4 ratio, and testosterone levels are shown
in Table 1. Exercise testing revealed that the subjects had
made a substantial effort since the mean peak HR was
192 * 2 beats'min~! and the respiratory exchange ratio was
1.24 * 0.02.

There were significant positive correlations between peak
VO,/kg and 1) mean overnight GH level (r = 0.41, P <
0.005, Fig. 1, top panel);, 2) GH peak width (r = 0.36, P <
0.02) and 3) GH peak amplitude (r = 0.39, P < 0.01). There
were no statistically significant correlations between thigh
muscle volume and mean GH levels or GH pulsatility pat-
terns. GHBP was negatively correlated with both peak
VO,/kg (r = —0.33, P < 0.02, Fig. 1, bottom panel) and
thigh muscle volume (r = —0.45, P < 0.005). GHBP was
inversely correlated with mean GH levels (r = —0.37, P <
0.02).
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Figure 1—Top Panel: Relationship between peak VO,/kg and mean
overnight GH concentrations (y = 0.15xx - 3.5, r = 0.41, P < 0.005).
Bottom Panel: Relationship between peak VO,/kg and GHBP (y =
—9.25xx + 575, r = —0.33, P < 0.02).

There was no significant correlation between IGF-I and
either peak VO, or thigh muscle volume. There were sig-
nificant negative correlations between IGFBP-4 and peak
VO,/kg (r = —0.52, P < 0.005, Fig. 2, top panel) and thigh
muscle volume (r = —0.38, P < 0.02, Fig. 2, bottom panel).
There were significant positive correlations between IGF-I/
IGFBP-4 ratio and peak VO,/kg (r = 0.33. P < 0.02) and
thigh muscle volume (r = 0.31, P < 0.02). Both peak VO,
and thigh muscle volume were not correlated with the other
IGFBP’s (1, 2, 3, or 5) or with testosterone.

DISCUSSION

These data add to the growing evidence supporting a
possible role of the GH-IGF-I axis in the long-term adap-
tation to increased levels of physical activity in adolescent
males. As expected, mean GH was positively correlated
with peak VO,; but in contrast to our hypothesis, GHBP was
negatively correlated with both peak VO, and thigh muscle
volume (Table 2). IGF-I was not correlated with either peak
VO, or thigh muscle volume in adolescent males even
though IGF-1 was previously noted to be related to peak
\./O2 in older men (29), women (16), and recently by us in
adolescent females (11). Interestingly. the strongest rela-
tionship was the inverse correlation between IGFBP-4 and
both peak VO, and thigh muscle volume. This finding is
particularly intriguing because IGFBP-4 seems to inhibit
mitogenic effects of IGF-I at least in some tissues (22).

The higher levels of mean GH in subjects with higher
peak VO, result probably from an increase in peak width

http://www.wwilkins.com/MSSE
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Figure 2—Top Panel: Cross sectional relationships between IGFBP-4
;nd peak VO,/kg (y= —5.4xx - 370, r = —0.52, P < 0.005). Bottom

anel: Cross-sectional relationships between IGFBP-4 and thigh mus-
cle volume (y = —5.5xx + 280, r = —0.38, P < 0.02).

and hf:ight since both were significantly correlated with
Peak VO,. while GH peak frequency was not. This finding
1s consistent with studies of Weltman et al. (39) who noted
correl'fuions between 24 h integrated GH concentrations and
Peak VO, in young healthy male adults. Moreover, Borer et
al. f3) noted an increased GH pulse amplitude in physically
active, rapidly growing hamsters.

The mechanisms of this neuroendocrinologic effect of
c'hronic exercise are not understood. Our data is correla-
tional and caution must be used in interpreting mechanisms
_from these results. Nonetheless, our observations on the
Inverse relationship between GHBP and both thigh muscle
volume and peak VO, and the inverse relationship between
GHBP and mean GH levels suggest a possible mechanism to
fixplain the increased GH in fit subjects. In this paradigm,
fitness-associated down regulation of GH receptors is the
primary adaptation. Circulating GH itself is known to inhibit
pituitary GH secretion (30). The lower levels of circulating
GHBP (as noted, reflecting lower tissue GH receptor num-
ber) in fit subjects may represent widespread tissue insen-
sitivity to GH. Thus, in the fit, relatively GH-insensitive
state. higher levels of GH would be required to limit pitu-
itary secretion of GH. A similar mechanism has been dem-
onstrated in the clinical syndrome of “thyroid resistance™ in
which reduced tissue sensitivity to thyroid hormone results
in generally greater pituitary TSH secretion (20).

There are also other plausible explanations for the inverse
relationship between GH and GHBP in fit subjects. Ligand
mediated receptor down-regulation is a possibility in which
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higher circulating GH levels lead to lower tissue GH recep-
tor. In this paradigm, GH secretion is enhanced in fit sub-
jects and the increased secretion eventually down regulates
the GH receptor.

IGF-I was not correlated with indices of fitness in this
population of adolescent boys even though, as noted, IGF-I
was correlated with peak VO, in other studies of males
(although not adolescents). The mechanism for this discrep-
ancy is not readily apparent, but it is becoming clear that the
level of circulating IGF-I does not invariably reflect IGF-I
bioactivity.

Most circulating IGF-1 is bound in a complex of IGFBP-3
and the “acid-labile subunit” which appears not to be bio-
available to most tissues (34). Moreover, increasing atten-
tion has been paid to the role of other IGFBPs (e.g., IG-
FBP-4) in regulating IGF bioactivity. We found a
substantial inverse correlation between IGFBP-4 and both
muscle mass and peak VO,. IGFBP-4 appears to inhibit
mitogenic effects of IGF-I in bone culture studies (22).
Interestingly, IGF-I itself leads to proteolysis of IGFBP-4,
suggesting a possible mechanism whereby IGF-I acts to
enhance its own bioactivity (9,26). These observations,
along with the present findings relating IGFBP-4 to indices
of fitness, may suggest a mechanism in which the fit state is
anabolic not by acting on GH or IGF-I but by altering their
binding proteins. We therefore calculated the ratio of circu-
lating IGF-/IGFBP-4 as an indicator of “effective” IGF-I
activity and found that the ratio was positively correlated
with indices of fitness in the adolescent males studied.

There is increasing awareness that the effect of stimuli
like exercise on growth factors may be different in local
tissues than in the circulation (40). GH, for example, is
produced only in the pituitary and is known to stimulate
hepatic IGF-I. This process is responsible for most of the
IGF-I found in the circulation (1). Moreover. factors like
exercise training can stimulate local muscle production of
IGE-I even in the absence of GH (8,40). Whether alternative
tissue sources of IGE-I or IGFBPs contribute to the circu-
lating levels is not known, but even if they do, locally
produced growth factors will certainly be diluted and might
undergo proteolysis or other degradation in the transit from
tissue to the circulating blood. As a consequence, changes in
growth factors like IGF-I detected in the circulation proba-
bly do not reflect the full response of a particular stimulus
like exercise.

There were substantial differences in the relationships
between the GH-IGF-I axis and both muscle mass and peak
VO, between adolescent males in the present study and
adolescent females in our previous study (11). In males
(Table 2). thigh muscle volume and peak VO, were nega-
tively correlated with GHBP. but in females we found
positive correlations. Moreover. in males IGF-1 was not
correlated with indices of fitness, but in females IGF-1 was
positively correlated with muscle volume. This gender dit-
ference is at least internally consistent; both mean GH and
GH receptor (as reflected by GHBP levels) were enhanced
in the fitter subjects consistent with increased hepatic pro-

duction of IGF-1 and. consequently. to greater circulating
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TABLE 2. Relationship between peak VO, and the GH-IGF-I axis in adclescent boys and girls.

Mean GH GHBP IGF-I ~ IGFBP-2  IGFBP-3 IGFBP-4 IGF-INGFBP-4 IGFBP-5 7“_
Observed J + - NC NC NC - . NC
Observed 2 + + NC** - NC - . NC

(+. positive correlation; —, negative correlation; NC, no correlation). Data for adolesceni Iema;es ﬁlaé sﬁmmanzed from reference (11). ** The relationship between peak \’/027 and
IGF-1 in adolescent fema'es only approached significance (P < 0.057); however IGF-I was positively correlated with thigh muscle volume in adolescent females (11). Reference 11:
Eliakim. A., J. A. Brasel. S. Mohan, T. J. Barstow, N. Berman, and D. M. Cooper. Physical fitness. endurance training. and the GH-IGF-1 system in adolescent females. J Clin. Endocrinol.

Metab. 81:3986-3992, 1996.

IGF-1. In the fitter males mean GH was increased. but
GHBP decreased; therefore IGF-I levels were unchanged.

The mechanism for the different gender-related relation-
ships between both peak VO, and thigh muscle volume and
GHBP and IGF-I is not readily apparent. Recently discov-
ered effects of estrogen and testosterone on GHBP could
play a role: testosterone appears to decrease GHBP (14)
while estrogen increases GHBP (15,31). In fact, the mean
GHBP in the males (207 = 15 pmol-L™"') was significantly
lower than in the females (394 = 32 pmol-L ™', P < 0.05).
Perhaps, these large sex-steroid related effects may mask
more subtle physical activity-associated effects on GHBP.

In summary, this study supports a growing body of evi-
dence that functional and structural indices of fitness are
correlated with components of the GH-IGF-I axis in ado-
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