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it has been suggested that ghrelin may play a role in growth
hormone (GH) responses to exercise. The present study was
designed to determine whether ghrelin, GH, insulin-like growth
factor-l (IGF-I), and IGF-binding protein-3 (IGFBP-3) were altered
by a progressively intense running protocol. Six well-trained
male volunteers completed a progressively intense intermittent
exercise trial on a treadmill that included four exercise
intensities: 60%, 75%, 90%, and 100% of Vo,max. Blood samples
were collected before exercise, after each exercise intensity,
and at 15 and 30 mins following the exercise protocol. Subjects
also completed a separate control trial at the same time of day
that exciuded exercise. GH changed significantly over time, and
GH area under the curve (AUC) was significantly higher in the
exercise trial than the control trial. Area under the curve IGF-I
levels for the exercise trial were significantly higher than the
control trial. There was no difference in the ghrelin and IGFBP-3
responses to the exercise and control trials. Pearson correlation
coefficients revealed significant relationships between ghrelin
and both IGF-l and IGFBP-3; however, no relationship between
ghrelin and GH was found. In conclusion, intense running
produces increases in total IGF-1 concentrations, which differs
from findings in previous studies using less rigorous running
protocols and less frequent blood sampling regimens. More-
over, running exercise that produces substantial increases in
GH does not affect peripheral ghrelin levels; however, signifi-
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cant relationships between ghrelin and both IGF-l and I{GFBP-3
exist during intense intermittent running and recovery, which
warrants further investigation. Exp Biol Med 229:240-246, 2004
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number of factors have led to interest in the effect

of exercise on the growth hormone/insulin-like

growth factor-I (GH/IGF-I) axis, including its
possible role in maintenance of lean mass (1-5); involve-
ment in metabolism of glucose, lipid, and protein (6, 7);
and its alteration with age (2, 8). Although most modes of
exercise stimulate an increased GH secretory response that
is linear with exercise intensity (9), evidence suggests IGF-1
responses are independent of GH (10). Whether previous
studies have reported exercise-induced alterations of IGF-1
seems to depend on several factors, including exercise mode
and intensity as well as the blood sampling protocol used in
the study.

Both low- and high-intensity cycling have been shown
to increase IGF-I concentrations (11, 12). However, neither
low-volume (13) nor high-volume resistance exercise
(14-16) has been shown to change total IGF-I concen-
trations. Moreover, no change in IGF-I concentrations has
been found following a marathon, a 20 km run, and
treadmill exercise at 60% of Vo,max (17-20). Exercise may
affect other components of the GH/IGF-I system. Most
circulating IGF-I is bound to one of six IGF-binding
proteins (IGFBP), and more than 75% of IGF-1 is carried by
IGFBP-3 and a protein produced by the liver, an acid-labile
subunit (21). Insulin-like growth factor—binding protein-3
has been shown to acutely increase after cycling exercise
(22) and may be important in this regard.
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The recent discovery of ghrelin adds an additional
Catalyst for exercise-induced alteration of the GH/IGF-I
System. Ghrelin is the recently isolated endogenous ligand
of the GH secretagogue (GHS) receptor that is secreted
Primarily by the stomach (23), but also in the arcuate
Nucleus of the hypothalamus (23) as well as the pituitary
(24, 25), kidney (26), and placenta (24). Intravenous ghrelin
administration has been shown to stimulate GH in a dose-
dependent fashion in healthy individuals (27) and to be
related to IGF-I levels (28). Moreover, ghrelin is known
to affect feeding behavior and energy metabolism (29).
The effects of exercise on metabolism and feeding behavior
have important implications for prevention of obesity and
obesity-related diseases; thus an examination of the effects
of exercise on ghrelin warrants investigation.

In a recent study investigating GH responses to
Strenuous exercise, it was concluded that GH responses
are only partially due to complete inhibition of hypo-
thalamic somatostatin and that other factors such as ghrelin
and growth hormone—releasing hormone (GHRH) may play
a role (30); however, only two studies have examined
ghrelin responses to exercise (31, 32). Both studies found no
change in ghrelin concentrations, but neither examined
acute responses of ghrelin to a rigorous running protocol.

We recently examined the effects of a strenuous
running protocol on glucoregulatory hormones (including
insulin and amylin; Ref. 33) and extended this study to
determine the effects of a progressive, intermittent, rigorous
running protocol on ghrelin, GH, IGF-I, and IGFBP-3
concentrations. Greater increases in IGF-I have been
documented from higher versus lower cycling workloads
(12). Since transient changes in circulating IGF-I from
exercise have been attributed to hemodynamic or metabolic
effects of exercise (34), we hypothesized that a rigorous
bout of running would lead to increases in IGF-I and
IGFBP-3 with concomitant increases in GH. Moreover,
since it has been suggested that ghrelin may play a role in
GH release during strenuous exercise (30), we hypothesized
that an exercise protocol this demanding would increase
ghrelin concentrations. The present study differs from these
previous studies in that running, rather than cycling,
provided the GH/IGF-I axis stimulus, the protocol was
more rigorous than those in the previous two studies, and
exercise responses were compared with a nonexercise
control trial.

Subjects and Methods

A description of the methods of the study is described
in detail in our earlier report (33). In brief, the six male
Subjects” mean *+ SE age, weight, percent fat, and Vo,max
were 27,7 = 3.2 years, 72.0 = 4.6 kg, 11.3% * 1.2%, and
61.8 + 2.6 ml-kg”'-min~", respectively. The subjects had
No history of cardiovascular or metabolic diseases, were
between the ages of 18 and 39 years, were following
a normal dietary regimen, and were not taking any
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medications. All had previous running experience (personal
record <36 mins for a 10-km run) and were well trained
(Voomax > 52.0 ml-kg“'min"). The study was approved
by the Southeastern Louisiana University Institutional
Review Board.

Preliminary Trial. Subjects completed a preliminary
trial to determine standard fitness measures that included
body composition (skinfold measures) and cardiorespiratory
fitness (Vo,max). Subjects completed a graded exercise test
to exhaustion at a constant grade. The treadmill speeds (at
a 4% treadmill grade) that corresponded with 60%, 75%,
90%, and 100% Vo,max were calculated from a regression
equation generated from the treadmill speeds and corre-
sponding Vo, readings during the graded exercise test
to exhaustion. Specifically, the Vo, for each percentage
of Voomax was determined and then entered into the
regression equation to calculate the treadmill speed for that
particular Vo,. At the end of the preliminary trial, subjects
were asked to maintain their normal eating regimen
throughout the study, including the week before the exercise
and control trials. Before these trials, subjects were
questioned about the food that they ate during the prior
week to screen for unusual dietary patterns (e.g., abnormal
amounts of carbohydrates, fats, and proteins, as well as
hypocaloric patterns); all subjects reported normal dietary
patterns.

Exercise and Control Trials. Subjects refrained
from exercise and alcohol 24 hrs before testing. Subjects
reported for the exercise trial at 0745 hr following an
overnight fast. An intravenous catheter (Travenol, 22 g, 32
mm) was inserted into an antecubital vein, and a physiolog-
ical saline lock was attached. At 0830 hr, 40 mins prior to
exercise (—40) and at 0900 hr, 10 mins prior to exercise
(-10), resting blood samples were collected from the
catheter. Subjects then completed an intermittent treadmill
exercise protocol at four speeds predicted to elicit a specific
Vo,: 60% Vo,max for 10 mins, 75% Vo,max for 10 mins,
90% Vo,max for 5 mins, and 100% Vo,max for 2 mins.
After each workload was completed at the prescribed
intensity and duration, treadmill speed was reduced to
a walking speed for 3.5-4 mins to allow a blood sample
to be collected. Gas samples were collected continuously
and confirmed that the actual Vo, corresponded with the
predicted Vo, for each workload. The protocol was
previously shown to be a provocative stimulus of gluco-
regulatory hormones (33), which may affect ghrelin
concentrations as well as the GH/IGF-I axis. A control trial
was conducted 1 month after the exercise trial under
identical conditions with the exception that subjects rested,
rather than completed, the bout of treadmill exercise.

In addition to blood samples collected from the
intravenous catheter after each workload (60%, 75%, 90%,
and 100% Vo,max), samples were collected every 15 mins
during a 1-hr recovery (R15, R30, R45, and R60). Sera from
blood samples were stored at —80°C until assayed.

e
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Analyses. Lactate was determined using an en-
zymatic, colorimetric method (Sigma Chemical, St. Louis,
MO). Ghrelin was determined by radioimmunoassay (Linco
Research, Inc., St. Charles, MO). Growth hormone was
measured by a sensitive chemiluminescent assay (Immulite,
Diagnostic Products Corp., Los Angeles, CA). Serum IGF-I
was measured following ethanol extraction by an IRMA
procedure (Diagnostic Systems Laboratories, Inc., Webster,
TX). Serum IGFBP-3 was determined by an IRMA pro-
cedure (Diagnostic Systems). For the ghrelin assay there
were low, middle, and high pools that ranged from 1000 to
2000, and the average value was 16.17% for the interassay
CV and 7.07% for the intraassay CV with a sensitivity of 10
pg/ml. Interassay coefficients of variation for GH, IGF-I,
and IGFBP-3 were 8.8%, 9.5%, and 13.1%, respectively;
sensitivity was 0.5 ng/ml, <5.0 ng/ml, and <2.0 ng/ml,
respectively; intraassay coefficients of variation for all three
assays were <5.0%. Hematocrit was determined using the
microhematocrit method; colorimetric analysis was used to
determine hemoglobin (Sigma Chemical). Hematocrit and
hemoglobin were then used to determine the degree of
hemoconcentration (35).

Statistics. Raw hormone values were corrected for
plasma volume shifts, and corrected data were analyzed
statistically using three different approaches. First, to exam-
ine total response of hormones/binding protein to exercise,
integrated area under the curves (AUC) for exercise
and control trials were computed using a trapezoidal method
after subtracting average baseline concentrations for each
subject. Mean AUC values for exercise and control trials
were compared using dependent ¢ tests. Second, 2 X 8
(trial X time point) repeated measures analyses of variance
(ANOVAs) were used to examine hormone/binding protein
changes over time and hormone/binding protein concen-
trations between trials. Post hoc analyses were computed to
determine Eta-squared, an indication of the percent of
variance in the hormone attributed to group differences,
and observed power to detect differences of this size as
significant. Third, to examine the relationship between
ghrelin and®GH, IGF-I, and IGFBP-3 concentrations in
response to exercise, Pearson correlation coefficients were
computed.

Results

Lactate values increased approximately 10-fold from
pre-exercise to a peak value after 100% Vo,max (Fig. 1).
This indicated that substantial metabolic stress was pro-
duced by the exercise protocol.

For GH there was a significant time effect [F(6,60) =
9.03, P < 0.001] and time by trial interaction [F(6,60) =
10.83, P < 0.001]. During the exercise trial, GH rose after
75% Vomax and peaked after 100% Vo,max, then declined
sharply during recovery (Fig. 2); values did not change
significantly during the control trial. The Eta-squared value
indicated 52% of the variance in GH was attributed to
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Figure 1. Data depict mean + SE biood lactate for exercise and
control trials before exercise, after each exercise intensity, and for 30
mins of recovery. Concentrations are for 40 and 10 mins before
exercise; after each exercise intensity (10 mins of 60% Vopmax, 10
mins of 75% Vozmax, 5 mins at 90% Vo,max, and 2 mins at 100%
Vopmax); and 15 and 30 mins of recovery. The asterisk (*) represents
significantly different values for exercise versus control values.

changes during exercise and control trials (the interaction),
and power to detect these differences as significant was
0.99. Growth hormone AUC for the exercise trial was
significantly higher than the control trial (P < 0.05).

IGF-I levels rose slightly during exercise and remained
elevated during recovery (Fig. 3). Comparison of concen-
trations via ANOVA failed to reveal significant differences
between exercise and control trials nor significant changes
during trials. The Eta-squared value indicated 13% of
variance in IGF-I was due to differences in changes during
exercise versus control trials; observed power for this effect
was 0.53. Area under the curve values for IGF-I were
significantly higher during the exercise trial than during the
control trial (P < 0.05), indicating a greater overall response
during the exercise trial.

The IGFBP-3 values rose during exercise and remained
elevated after 15 mins of recovery, then declined at 30 mins
of recovery (Fig. 4). The ANOVA comparing values during
exercise and control trials revealed a significant time effect
[F(6,60) = 3.67, P < 0.01], but no significant differences
between trials. Eta-squared calculations indicated 9% of the
variance was attributed to differences in changes in IGFBP-
3 during exercise versus control trials; observed power for
this effect was 0.36. The IGFBP-3 AUC was somewhat
higher during the exercise than the control trial; this
difference approached statistical significance (P < 0.10).
(Although our initial experiment involved four recovery
blood samples [i.e., 15, 30, 45, and 60 mins postexercise],
serum and plasma samples for all six subjects were only of
sufficient quantity for the 15- and 30-min blood draw time
points. However, observed hormone concentrations for three
subjects with sufficient serum for 45 and 60 mins
postexercise was essentially unchanged for ghrelin, IGF-1,
and IGFBP-3 compared with samples at 15 and 30 mins
postexercise).
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Figure 2, (Left) Data represent mean + SE growth hormone (GH) concentrations for exercise and control trials before exercise, after each
€xercise intensity, and for 30 mins of recovery. Concentrations are for 40 and 10 mins before exercise; after each exercise intensity (10 mins of
60% Vo,max, 10 mins of 75% Vopmax, 5 mins at 90% Vozmax, and 2 mins at 100% Vo,max); aqd 15 and 30 mi_ns of recovery. (Right) Values
are area under the curve (AUC) concentrations for growth hormone for exercise and control trials. The asterisk (*) represents significantty

different values for exercise versus control.

Ghrelin concentrations during exercise were stable and
not significantly different than during the control trial (Fig.
5). The size of the mean difference between ghrelin during
exercise and control was small: less that 1% of the variance
in this hormone was explained by the trial factor.
Comparison of AUC values similarly did not indicate any
differences between the exercise and control trials.

Pearson correlation coefficients revealed significant
relationships between ghrelin and both IGF-I (r = 0.25,
P < 0.05) and IGFBP-3 (r = 0.52, P < 0.01). However,
ho relationship between ghrelin and GH was found (r=0.00,
P > 0.05).

Discussion

We examined the effects of a progressively intense
intermittent running protocol on peripheral concentrations
of GH, IGF-I, and IGFBP-3, as well as the most recent

—®— EXERCISE TRIAL --O-- CONTROL TRIAL

500 _— EXERCISE
. 400
-l L
€ J _— ]
@ 300 ¢ T S =t e
c L o’/‘,, b4 1
T 200 L
& ]
100
0 1 1 1 i 1 ]
10 25 40 55 70 85 1
TIME (min)

member of the family of GH regulators, ghrelin. Compared
with concentrations of the same subjects in a nonexercise
control trial, the exercise produced expected large (fivefold)
increases in GH and smaller significant increases in IGE-I
(AUC), but did not increase ghrelin or IGFBP-3. There were
significant positive correlations between ghrelin and IGE-I
as well as ghrelin and IGFBP-3; thus higher ghrelin values
were associated with higher IGF-I and IGFBP-3 concen-
trations. However, there was not a significant relationship
between ghrelin and GH.

GH has been shown to respond to most exercise
modalities, including running (8, 9, 36); resistance exercise
(13, 14); and cycling (37, 38). The mechanism for increases
in GH may include stimulation of growth hormone-releasing
hormone (GHRH) and/or reduction in release of somato-
statin (39), but our findings suggest it is not stimulated by
peripheral ghrelin concentrations during a strenuous running
trial. It remains a possibility that ghrelin released in the
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Figure 3. (Left) Data depict mean + SE insulin-like growth factor-1 (IGF-I) concentrations for exercise and control trials before exercise, after
each exercise intensity, and for 30 mins of recovery. Concentrations are for 40 and 10 mins before exercise; after each exercise intensity (10
Mins of 60% Vo,max, 10 mins of 75% Vo,max, 5 mins at 90% Vo,max, and 2 mins at 100% Voomax); and 15 and 30 mins of recovery. (Right)

Values are area under the curve (AUC) concentrations for IGF-I.
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Figure 4. (Left) Data represent mean + SE insulin-like growth factor-binding protein-3 (IGFBP-3) concentrations for exercise and control trials
before exercise, after each exercise intensity, and for 30 mins of recovery. Concentrations are for 40 and 10 mins before exercise; after each
exercise intensity (10 mins of 80% Vomax, 10 mins of 75% Vomax, 5 mins at 90% Vo,max, and 2 mins at 100% Vo,max); and 15 and 30 mins
of recovery. (Right) Values are area under the curve (AUC) concentrations for IGFBP-3.

central nervous system may act upon the hypothalamus or
pituitary during exercise and enhance the GH response, since
ghrelin mRNA is expressed in the arcuate nucleus (23, 31).
Ghrelin in the arcuate nucleus would have a paracrine action
and not be detectable in plasma.

Several studies have examined the effects of exercise on
total IGF-I concentrations with equivocal results that seem to
be related to exercise mode. Cycling at different intensities
has been reported to increase IGF-I concentrations (12, 22),
as has rowing (28), but no significant increases were reported
in response to low- or high-volume resistance exercise (13,
14, 40). Moreover, no significant change in total IGF-I has
been reported in response to 60 mins of treadmill running at
70% Vo,max (17) or to running a marathon using a pre/post
sampling design (18, 19). However, greater increases in IGF-
I have been documented from higher versus lower cycling
workloads (12). Thus, we utilized a progressive running proto-
col that included greater intensities than previous running
studies and more frequent sampling, and we demonstrated
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a greater AUC IGF-I response to the exercise versus the
control trial of the same subjects. Perhaps the intensity of
the protocol, blood sampling design, and/or use of AUC
analyses explain the different IGF-I findings between
the present and previous running studies.

We are aware of only two studies to date that have
examined ghrelin responses to exercise. Dall et al. 31
reported no effect of 45 mins of cycling at approximately
62% of Vomax on ghrelin concentrations in normal and
GH-deficient patients. Another investigation examined
ghrelin responses to cycling in normal subjects and patients
with the leucine 7 to proline 7 polymorphism in the signal
peptide of neuropeptide Y (32). The cycling protocol
progressed to 80% Vo,max in 8 mins, maintained 80%
Vopmax for 10 mins, and declined to 20% Vo,max for
10 mins. Although GH increased significantly in response to
the cycling (with greater increase in normal subjects), there
were no significant changes in ghrelin concentrations. The
protocol in the present study included progressively intense
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Figure 5. (Left) Data depict mean + SE ghrelin concentrations for exercise and control trials before exercise, after each exercise intensity, and
for 30 mins of recovery. Cancentrations are for 40 and 10 mins before exercise; after each exercise intensity (10 mins of 60% Vo.max, 10 mins
); and 15 and 30 mins of recovery. (Right) Values are area under the curve

of 75% Vo,max, 5 mins at 80% Vozmax, and 2 mins at 100% Vo,max
(AUC) concentrations for ghrelin,
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exercise exceeding 80% of Vomax, including 5 mins at
90% Vo,max and 2 mins at 100% of Vo,max. Thus,
Compared with the investigation by Dall et al. (31), three of
the four stages in the present study were conducted at
a higher intensity, and compared with the study by Kallio
et al. (32), two of the four stages were conducted at a higher
intensity. Thus, the present study differs from these previous
Studies in that running, rather than cycling, provided a GH/
IGR-I axis stimulus, the protocol was more rigorous than
those in the previous two studies, and exercise responses
were compared with a nonexercise control trial.

It has been shown that ghrelin gene expression is
affected by the level of circulating IGF-1 (40). In the present
study we found significant relationships between ghrelin
and IGF-I (r = 0.25, P < 0.05) as well as ghrelin and
IGFBP-3 (r = 0.52, P < 0.01) across trials, which is
different from the previous findings of Dall et al. (31).
Although the design of the present study does not allow us
to attribute cause, the significant increase in IGF-I in the
Present study may have contributed to the significant
relationship between ghrelin and IGF-I levels found in the
Present study. Whether ghrelin is affected by IGF-I during
exercise remains to be elucidated.

It could have been hypothesized that the glucoregula-
tory stress from the exercise would result in suppression of
ghrelin concentrations during recovery. Data from Flanagan
et al. (41) suggests that insulin may suppress ghrelin
independently of glucose. We previously reported that the
same exercise protocol dramatically elevated insulin con-
centrations at the end of the protocol (100% Vomax; 33),
yet in the present study, ghrelin levels did not appear to be
Suppressed. It is possible that greater insulin levels would
be required in order to suppress ghrelin concentrations in
recovery.

The study examined ghrelin responses to high-intensity
exercise in subjects who fasted overnight. It is possible that
a fasting-induced elevation of ghrelin masked an exercise-
induced effect. However, previous research has shown that
ghrelin concentrations are reduced 2 hrs postprandial (42). If
subjects had eaten several hours prior to exercise, a possible
alternate effect of meal-induced suppression of ghrelin may
have modified an exercise-induced effect on ghrelin.
Moreover, feeding changes insulin/glucose dynamics, which
is known to affect the GH/IGF-I axis, and we did not wish to
interject a confounding variable that could modify these
hormone concentrations. Since the effects of either caloric
intake or restriction on exercise-induced responses of
ghrelin is not currently known, we chose to use a fasting
condition in the present study. Clearly this issue warrants
further investigation.

In summary, the findings of the study demonstrate
increases in total IGF-I concentrations in response to
a progressive, rigorous, intermittent running protocol, which
differs from previous studies that utilized running as the
GH/IGF-I axis stimulus. These differences may be attributed
to a more rigorous running protocol and/or more frequent

blood sampling in the present study. Moreover, results
suggest that rigorous running does not increase ghrelin
concentrations and that peripheral ghrelin levels do not
affect GH responses to exercise. However, ghrelin was
significantly related to IGF-I and IGFBP-3, and future
studies will be required to determine the implications of
these findings.

We thank the subjects who participated in the study. This project was
funded in part by the B. C. Purcell Endowed Professorship and a faculty
development grant awarded to R.R.K. from Southeastern Louisiana
University.

1. Kraemer WJ, Hakkinen K, Newton RU, Nindl BC, Volek JS,
McCormick M, Gotshalk LA, Gordon SE, Fleck SJ, Campbell WW,
Putukian M, Evans WIJ. Effects of heavy-resistance training on
hormonal response patterns in younger vs. older males. J Appl Physiol
87:982-992, 1999,

2. Brill KT, Weltman AL, Gentili A, Patrie JT, Fryburg DA, Hanks JB,
Urban RJ, Veldhuis JD. Single and combined effects of growth
hormone and testosterone administration on measures of body
composition, physical performance, mood, sexual function, bone
turnover, and muscle gene expression in healthy older males. J Clin
Endocrinol Metab 87:5649-5657, 2002.

3. Le Roith D, Bondy C, Yakar S, Liu JL, Butler A. The somatomedin
hypothesis: 2001. Endocr Rev 22:53-74, 2001.

4. Snow CM, Rosen CJ, Robinson TL. Serum IGF-I is higher in gymnasts
than runners and predicts bone and lean mass. Med Sci Sports Exerc
32:1902-1907, 2000.

5. Sun G, Gagnon J, Chagnon YC, Perusse L, Despres JP, Leon AS,
Wilmore JH, Skinner JS, Borecki I, Rao DC, Bouchard C. Association
and linkage between an insulin-like growth factor-I gene polymorphism
and fat free mass in the HERITAGE Family Study. Int J Obes Relat
Metab Disord 23:919-935, 1999.

6. Bemeis K, Keller U. Metabolic actions of growth hormone: direct and
indirect. Baillieres Clin Endocrinol Metab 10:337-352, 1996.

7. Weltman A, Despres JP, Clasey JL, Weltman JY, Wideman L, Kanaley
1, Patrie J, Bergeron J, Thorner MO, Bouchard C, Hartman ML. Impact
of abdominal visceral fat, growth hormone, fitness, and insulin on lipids
and lipoproteins in older adults. Metabolism 52:73-80, 2003.

8. Wideman L, Weltman JY, Hartman ML, Veldhuis JD, Weltman A.
Growth hormone release during acute and chronic aerobic and
resistance exercise: recent findings. Sports Med 32:987-1004, 2002.

9. Pritzlaff-Roy CJ, Widemen L, Weltman JY, Abbott R, Gutgesell M,
Hartman ML, Veldhuis JD, Weliman A. Gender governs the relation-
ship between exercise intensity and growth hormone release in young
adults. J Appl Physiol 92:2053-2060, 2002.

10. Homum M, Cooper DM, Brasel JA, Bueno A, Sietsema KE. Exercise-
induced changes in circulating growth factors with cyclic variation in
plasma estradiol in females. J Appl Physiol 82:1946-1951, 1997.

11. Cappon J, Brasel JA, Mohan S, Cooper DM. Effect of brief exercise on
circulating insulin-like growth factor-L. J Appl Physiol 76:1418-1422,
1994,

12. Schwarz AJ, Brasel JA, Hintz RL, Mohan S, Cooper DM. Acute effect
of brief low- and high-intensity exercise on circulating insulin-like
growth factor (IGF) I, I and IGF-binding protein-3 and its proteolysis
in young healthy males. J Clin Endocrinol Metab 81:3492-3497, 1996.

13. Kraemer RR, Kilgore JL, Kraemer GR, Castracane VD. Growth
hormone, IGF-I, and testosterone responses to resistive exercise. Med
Sci Sports Exerc 24:1346-1352, 1992,



246

14,

17.

18.

19.

20.

21.

22.

23,

24,

25.

26.

27.

28.

Kraemer WJ, Marchitelli L, Gordon SE, Harman E, Dziados JE, Mello
R, Frykman P, McCurry D, Fleck SJ. Hormonal and growth factor
responses to heavy resistance exercise protocols. J Appl Physiol
69:1442-1450, 1990.

. Bamman MM, Shipp JR, Jiang J, Gower BA, Hunter GR, Goodman A,

McLafferty CL Jr, Urban RJ. Mechanical load increases muscle IGF-I
and androgen receptor mRNA concentrations in humans. Am J Physiol
Endocrinol Metab 280:E383-E390, 2001.

. Nindl BC, Kraemer WJ, Marx JO, Arciero PJ, Dohi K, Kellogg MD,

Loomis GA. Overnight responses of the circulating IGF-I system after
acute, heavy-resistance exercise. J Appl Physiol 90:1319-1326, 2001.
Hagberg IM, Seals DR, Yerg JE, Gavin J, Gingerich R, Premachandra
B, Holloszy JO. Metabolic responses to exercise in young and older
athletes and sedentary males. J Appl Physiol 65:900-908, 1988.
Banfi G, Marinelli M, Roi GS, Colombini A, Pontillo M, Giacometti M,
Wade S. Growth hormone and insulin-like growth factor-I in athletes
performing a marathon at 4000 m of altitude. Growth Regul 4:82-86,
1994.

Koistinen H, Koistinen R, Selenius L, Ylikorkala Q, Seppala M. Effect
of marathon run on serum IGF-I and IGF-binding protein 1 and 3
levels. J Appl Physiol 80:760-764, 1996.

Jahreis G, Hesse V, Schmidt HE, Scheibe J. Effect of endurance
exercise on somatomedin-C/insulin-like growth factor-I concentration
in male and female runners. Exp Clin Endocrinol 94:89-96, 1989.
Rosen CJ, Pollak M. Circulating IGF-I: new perspectives for a new
century. Trend Endocrin Met 10:136-141, 1999,

Nguyen UN, Mougin F, Simon-Rigaud ML, Rouillon JD, Marguet P,
Regnard J. Influence of exercise duration on serum insulin-like growth
factor and its binding proteins in athletes. Eur J Appl Physiol 78:533~
537, 1998.

Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K.
Ghrelin is a growth-hormone releasing acylated peptide from stomach.
Nature 402:656-660, 1999.

Ravussin E, Tschop M, Morales S, Bouchard C, Heiman ML. Plasma
ghrelin concentration and energy balance: overfeeding and negative
energy balance studies in twins. J Clin Endocrinol Metab 86:4547~
4551, 2001.

Gnanapavan S, Kola B, Bustin SA, Morris DG, McGee P, Fairclough
P, Bhattacharya S, Carpenter R, Grossman AB, Korbonits M. The
tissue distribution of the mRNA of ghrelin and subtypes of its receptor,
GHS-R, in humans. J Clin Endocrinol Metab 87:2988-2991, 2002.
Mori K, Yoshimoto A, Takaya K, Hosoda K, Ariyasu H, Yahata K,
Mukoyama M, Sugawara A, Hosoda H, Kojima M, Kangawa K, Nako
K. Kidney produces a novel acylated peptide, ghrelin. FEBS Lett
486:213-216, 2000.

Takaya K, Ariyasu H, Kanamoto N, Iwakura H, Yoshimoto A, Harada
M, Mori K, Komatsu Y, Usui T, Shimatsu A, Ogawa Y, Hosoda K,
Akamizu T, Kojima M, Kangawa K, Nakao K. Ghrelin strongly
stimulates growth hormone release in humans. J Clin Endocrinol Metab
85:4908-4911, 2000.

Bellone S, Rapa A, Vivenza D, Castellino N, Petri A, Bellone J, Me E,
Broglio F, Prodam F, Ghigo E, Bona G. Circulating ghrelin levels as

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

KRAEMER ET AL

function of gender, pubertal status and adiposity in childhood.
J Endocrinol Invest 25:RC13-15, 2002.

Date Y, Nakazato M, Hashiguchi S, Dezaki K, Mondal MS, Hosoda H,
Kojima M, Kangawa K, Arima T, Matsuo H, Yada T, Matsukura S.
Ghrelin is present in pancreatic alpha-cells of humans and rats and
stimulates insulin secretion. Diabetes 51:124-129, 2002.

de Vries WR, Abdesselam SA, Schers TJ, Maas HC, Osman-Dualeh M,
Maitimu I, Koppeschaar HP. Complete inhibition of hypothalamic
somatostatin activity is only partially responsible for the growth
hormone response to strenuous exercise. Metabolism 51:1093-1096,
2002.

Dall R, Kanaley J, Hansen TK, Moller N, Christiansen JS, Hosoda H,
Kangawa K, Jorgensen JO. Plasma ghrelin levels during exercise in
healthy subjects and in growth hormone-deficient patients. Eur J
Endocrinol 147:65-70, 2002,

Kallio J, Pesonen U, Karvonen MK, Kojima M, Hosoda H, Kangawa
K, Koulu M. Enhanced exercise-induced GH secretion in subjects with
Pro7 substitution in the prepro-NPY. J Clin Endocrinol Metab
86:5348-5352, 2001.

Kraemer RR, Acevedo EO, Synovitz LB, Durand RJ, Johnson LG,
Petrella E, et al. Glucoregulatory endocrine responses to exercise and
the role of a pancreatic B-cell peptide, amylin. Metabolism 51:657-663,
2002.

Eliakim A, Brasel, JA, Cooper DM. Exercise and the growth hormone
insulin-like growth factor-1 axis. In: Warren MP, Constantini NW, Eds.
Sports Endocrinology. Totowa, NJ: Humana Press, pp77-95.

Dill DB, Costill DL. Calculation of percentage changes in volumes of
blood, plasma, and red cells in dehydration. J Appl Physiol 37:247-
248, 1974,

Kraemer RR, Johnson LG, Haltom R, Kraemer GR, Gaines H, Drapcho
M, Gimple T, Castracane VD. Effects of hormone replacement on
growth hormone and prolactin exercise responses in postmenopausal
females. J Appl Physiol 84:703-708, 1998,

Eliakim A, Brasel JA, Cooper DM. GH response to exercise:
assessment of the pituitary refractory period, and relationship with
circulating components of the GH-IGF-I axis in adolescent females.
J Pediatr Endocrinol Metab 2:47-55, 1999.

Stokes KA, Nevill ME, Hall GM, Lakomy HK. Growth hormone
responses to repeated maximal cycle ergometer exercise at different
pedaling rates. J Appl Physiol 92:602-608, 2002.

Giustina A, Veldhuis JD. Pathophysiology of the neuroregulation of
growth hormone secretion in experimental animals and the human.
Endocr Rev 19:717-797, 1998.

Liu YL, Yakar S, Otero-Corchon V, Low MJ, Liu JL. Ghrelin gene
expression is age-dependent and influenced by gender and the level of
circulating IGF-1. Mol Cell Endocrinol 189:97-103, 2002.

Flanagan DE, Evans ML, Monsod TP, Rife F, Heptulla RA,
Tamborlane WV, Sherwin RS. The influence of insulin on circulating
ghrelin. Am J Physiol Endocrinol Metab 284:E313-E316, 2003.
Tschop M, Wawarta R, Riepl RL, Friedrich S, Bidlingmaier M,
Landgraf R, Folwaczny C. Post-prandial decrease of circulating human
ghrelin levels. J Endocrinol Invest 24:RC19-RC21, 2001.



