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Nemet, Dan, Alon Eliakim, Frank Zaldivar, and Dan M.
Cooper. Effect of rhIL-6 infusion on GH—IGF-I axis mediators in
humans. Am J Physiol Regul Integr Comp  Physiol
291: R1663-R1668, 2006. First published July 13, 2006;
doi:10.1152/ajpregu.00053.2006.—Exercise leads to simultaneous
increases in mediators signaling apparently antagonistic functional
responses such as growth factors and inflammatory mediators. The
aim of the present study was to demonstrate the physiological
effect of IL-6 on circulating components of the growth hormone
(GH)-insulin-like growth factor-I (IGF-I) axis. Twelve men (ages
26 = 2 yr) were divided into two groups (n = 6 in each group),
receiving either albumin or recombinant human (rh) IL-6 infusion.
IL-6 was infused via an antecubital vein, and a contralateral
antecubital vein was used for blood sampling. The IL-6 dose was
chosen to reach plasma levels of IL-6 characteristic of intense
exercise (5 pg/h, for 3 h, resulting in plasma levels of 100 pg/ml).
Blood samples for GH, GH binding protein, IGF-I, and IGF
binding protein (IGFBP)-1 and -3 were collected at baseline, 30
min, and 1, 2, 3, 4, 5, and 8 h after the beginning of the rhIL-6
infusion. IL-6 levels increased only in the rhIL-6-infused group
(P < 0.0005) and returned to baseline after the infusion was
stopped. IL-6 infusion led to a significant increase in GH, peaking
1 h after the beginning of infusion (P < 0.001). A decrease in total
IGF-I levels was noted only in the rhIL-6-infused group (P <
0.027). An initial decrease in IGFBP-1 levels was noted in both
groups during infusion (P < 0.03). Following the initial decrease,
there was a significant increase in IGFBP-1 levels only in the
IL-6-infused participants, peaking at 2 after the infusion cessation
(P < 0.001). IL-6 infusion had no effect on GH binding protein,
IGFBP-3, and acid-labile subunit levels. rhIL-6 levels similar to
the levels found after strenuous exercise induced a typical exer-
cise-associated GH—IGF-I axis response (increase GH, decreased
IGF-I, and elevated IGFBP-1). The results suggest that IL-6 plays
a role in the GH—IGF-I response to intense exercise.

exercise; growth factors; inflammatory mediators; cytokines

THERE IS AMPLE EVIDENCE THAT eXxercise, even in healthy people,
leads to simultaneous increases in mediators signaling appar-
ently antagonistic functional responses, such as growth hor-
mone (GH), interleukin-6 (IL-6), and insulin-like growth fac-
tor-I (IGF-I). IL-6, produced by the contracting muscle, may
serve a unique role as a systemic exercise-associated signaling
factor that can, in turn, regulate hormonal and metabolic
function throughout the body (27). The goal of this study was
to elucidate the physiological effect of IL-6 on GH and IGF-I
and their key circulating binding proteins.

GH, the prototypical anabolic hormone, is released in large
quantities from the pituitary during intense exercise (15), but
so is IL-6, a GH antagonist (10). IGF-I is a GH-dependent
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growth factor that also plays an important role in the skeletal
muscle adaptations to muscle loading and training (1). The
circulating IGF-I response to acute exercise is complex and has
a biphasic nature characterized by a brief, initial increase,
followed by a later decrease mainly after heavy and prolonged
exercise tasks (25, 33). These interactions are important, be-
cause many of the health effects of exercise seem to be
influenced, ultimately, by the fragile balance between inflam-
matory cytokines and growth factors that are altered by phys-
ical activity. Higher levels of circulating IL-6 are negatively
correlated with both levels of physical activity and fitness and
with IGF-I (4, 16, 41). Moreover, in the elderly, the combina-
tion of high IL-6 with low IGF-I and low levels of physical
activity is clearly associated with reduced muscle strength,
sarcopenia, and increased mortality (26, 30).

IL-6 stimulates GH secretion in a bell-shaped dose-response
manner (39). Conversely, in vitro and animal studies show that
IL-6 might alter elements of the GH axis, like IGF-I, through
a variety of mechanisms, including depression of GH receptor
gene expression, leading to GH insensitivity, direct inhibition
of IGF-I production, and stimulation of IGF binding proteins
(IGFBPs) that act to attenuate IGF-I function (9, 10, 14, 17, 19,
24, 31, 37, 42, 43). To date, no studies have examined the
effect of infused, recombinant IL-6 on /) IGF-I in its free and
bound forms; 2) IGFBP-1 and -3; and on 3) GH binding protein
(GHBP). In humans, circulating GHBP is the extracellular
domain of the GH receptor and, therefore, has been used
uniquely as an indicator of GH sensitivity (29).

In the present study, recombinant human (rh) IL-6 or albu-
min was infused intravenously for 3 h to healthy humans to
achieve circulating IL-6 levels comparable to those observed
during strenuous, prolonged exercise (34, 40). We determined
the effects of the rhIL-6 infusion on key elements of the
GH—IGF-I axis, namely GH, GHBP, IGF-I (total and free),
and IGFBP-1 and -3. We hypothesized that IL-6 infusion
would induce changes in the GH—IGF-I axis, similar to the
changes observed following acute strenuous exercise. This will
provide evidence that IL-6 plays a major mechanistic role in
the GH—IGF-I axis response to exercise. We analyzed serum
samples obtained from a recently published human study in
which rhIL-6 was infused in healthy, resting subjects (22).

METHODS
Subjects

Twelve young (ages 26 = 2 yr), healthy, active, but not specifically
trained men participated in the study. The subjects were divided into
two groups (n = 6 in each group), receiving either albumin or rhIL-6
infusion. The study was approved by the Ethical Committee of
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Copenhagen and Frederiksberg Communities, Denmark, and was
performed according to the Declaration of Helsinki. Subjects were
informed about the possible risks and discomfort involved before
giving their written consent to participate. The analysis of deidentified
data was performed at the Core Laboratory of the University of
California, Irvine, General Clinical Research Center

Protocol

Participants reported to the laboratory at 0700 after an overnight
fast. They voided, changed into appropriate hospital attire, and re-
mained supine during the entire experiment. Participants were per-
mitted to consume only water during the experiment. After a 10-min
rest, an antecubital vein of one arm was cannulated and used for
infusion of rhIL-6 or albumin. An antecubital vein in the contralateral
arm was used for blood sampling. The 3-h infusion of rhIL-6 or 20%
albumin began between 0800 and 0900.

IL-6 Infusates

The rhIL-6 (Sandoz, Basel, Switzerland) was infused in a dose
lower than that reported to be safe in other studies. The IL-6 doses
were chosen on the basis of pilot experiments. We aimed to reach
plasma levels of IL-6 characteristic of intense exercise or low-grade
inflammation (36). The rate of rhIL-6 infusion was 5 pg/h, with
albumin used as a vehicle. In the control group, only albumin was
infused during the trial.

Blood Analysis

Blood samples were collected at baseline, 30 min, and 1, 2, 3, 4, 5,
and 8 h after the beginning of the 3-h rhIL-6 infusion.

GH

GH serum concentrations were determined by ELISA with the use
of the DSL-10-1900 Active kit (Diagnostic System Laboratories,
Webster, TX). Intra-assay coefficient of variation (CV) was 3.3—
4.3%, interassay CV was 6.3-6.5%, and the sensitivity was 0.03
ng/ml.

IGF-I: Total and Free

IGF-I was extracted from IGFBPs using the acid-ethanol extraction
method (8). Serum IGF-I concentrations were determined by a two-
site immunoradiometric assay using the DSL-5600 Active kit (Diag-
nostic System Laboratories). IGF-I interassay CV was 3.7-8.2% and
intra-assay CV was 1.5-3.4%. Assay sensitivity was 0.8 ng/ml. Free
IGF-I was determined by ELISA with the use of the DSL-10-9400
Active kit (Diagnostic System Laboratories). Intra-assay CV was
3.74-4.8%, interassay CV was 6.2-11.1%, and the sensitivity was
0.015 ng/ml.

IGFBPs

IGFBP-1 was measured by coated-tube immunoradiometric assays
with the use of the DSL-10-7800 Active kit (Diagnostic System
Laboratories). For IGFBP-1, interassay CV was 1.7-6.7%, and intra-
assay CV was 2—-4%. Assay sensitivity is 0.33 ng/ml. IGFBP-3 serum
concentrations were determined by ELISA with the use of the DSL-
10-6600 Active kit (Diagnostic System Laboratories). Intra-assay CV
was 7.3-9.6%, interassay CV was 8.2-11.4%, and the sensitivity was
0.04 ng/ml.

GHBP

GHBP was measured using the ligand-mediated immunofunctional
assay (7). Interassay CV was 9.7-12.9%, and intra-assay CV was
6.3—-8.9%. Assay sensitivity was 7.8 pmol/l.

RHIL-6 INFUSION AND THE GH-IGF-1 AXIS

Insulin

Insulin serum levels were determined by ELISA with the use of the
DSL-10-1600 Active kit (Diagnostic System Laboratories). Intra-
assay CV was 1.3-2.6%, interassay CV was 5.2-6.2%, and the
sensitivity was 0.26 pIU/ml.

Acid-Labile Subunit

Acid-labile subunit (ALS) serum levels were determined by ELISA
with the use of the DSL Active Total ALS system (DSL-10-82000,
Diagnostic Systems Laboratories). Interassay CV was 2.8—8.9%,
intra-assay CV was 3.8-7.5%, and the sensitivity was 0.7 ng/ml.

IL-1B

IL-1B serum levels were determined by ELISA with the use of a
Quantikine High Sensitivity kit (model HSLB50; R&D Systems,
Minneapolis, MN). Interassay CV was 8.2-19.2%, intra-assay CV
was 6.4-10.2%, and the sensitivity was <0.1 pg/ml.

Physiological Variables

Heart rate and temperature were measured at the times of blood
sampling.

Statistical Analysis

A two-way repeated-measures ANOVA was used to analyze
changes over time and between groups. If such analysis revealed
significant differences, a Newman-Keuls post hoc test was used to
locate the specific differences. Statistical significance was set at P <
0.05. Data are presented as means * SE.

RESULTS
Subject Characteristics

At baseline, no differences in age, weight, height, or body
mass index were found between rhIL-6 infusion and control
subjects (Table 1). No significant differences in heart rate or
body temperature were noted between rhIL-6 and control
subjects during and after the rhIL-6 infusion.

Serum Measurements

IL-6. Plasma levels of IL-6 are shown in Fig. 1. The mean
level of IL-6 increased to 106.2 = 9.6 pg/ml at 1 h of infusion
in the rhIL-6-infused group (P < 0.0005). Albumin infusion
did not affect IL-6 levels. Once rhIL-6 infusion was stopped,
plasma IL-6 levels decreased rapidly and returned to baseline
levels 1 h after infusion cessation.

IL-1B. There were no significant changes and no significant
between-group differences in levels of IL-1f3.

GH. The effect of rhIL-6 infusion on GH levels is shown in
Fig. 2. There was a significant increase in GH plasma level

Table 1. Participants’ characteristics

Control rhIL-6 Infused
Age, yr 27.33%1.5 25.67x2.0
Height, m 1.86£2.2 1.85*+1.9
Weight, kg 80.4=3.8 80.0%6.0
BMI, kg/m? 24.4*1.0 233*1.5

rhIL-6, recombinant human interleukin-6; BMI, body mass index. No
significant differences were found between control and rhIL-6-infused indi-
viduals.
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Fig. 1. Plasma interleukin-6 (IL-6) levels before, during, and after infusion of
albumin (control) or recombinant human (rh) IL-6. There was a significant
increase in IL-6 levels only in the rhIL-6-infused subjects (*P < 0.0005).

only in the IL-6-infused subjects (from 0.039 = 0.008 ng/ml at
baseline to 4.32 = 0.96 ng/ml peak at 1 h, P < 0.001).

Total and free IGF-1. The effect of rhIL-6 infusion on
plasma levels of total and free IGF-I is shown in Fig. 3. A
decrease in total IGF-I levels was noted only in the rhIL-6-
infused group (from 291 * 20 ng/ml at baseline to 228 *= 24
ng/ml at 3 h, P < 0.027). Free IGF-I decreased in both groups
(P < 0.005), and no significant difference was found between
the groups.

IGFBP-1. An initial decrease in IGFBP-1 levels was noted
in both groups during infusion (P < 0.03). Following the initial
decrease (10.4 = 1.9 ng/ml at 3 h, end of IL-6 infusion), there
was a significant increase in IGFBP-1 levels only in the
IL-6-infused subjects (35.4 £ 4.54 ng/ml), peaking at 2 h after
the infusion cessation (P < 0.001, Fig. 4).

6 -
5 4

* —O— Control
4 —o— |L-6
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0 1 2 3 4 5 6 7 8

Time (hours)

Fig. 2. The effect of rhIL-6 compared with albumin infusion on plasma growth
hormone (GH) levels. A significant increase in GH was noted in the rhIL-6-
infused subjects (*P < 0.001).
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Fig. 3. The effect of rhIL-6 and albumin infusion on plasma total (top) and
free insulin-like growth factor-I (IGF-I) (bottom). A significant decrease in
total IGF-I levels was noted in the rhIL-6 infusion group (*P < 0.027). Free
IGF-I decreased in both groups (P < 0.005). No significant between-group
difference was found for free IGF-1.

IGFBP-3, GHBP, ALS, and insulin. There were no signifi-
cant changes and no significant between-group differences in
levels of IGFBP-3, GHBP, ALS, or insulin during the
intervention.

DISCUSSION

Increasing evidence supports the recent hypothesis that IL-6
produced by contracting skeletal muscle during exercise may
act as a systemic signaling protein. We mimicked an intense,
exercise-induced IL-6 response by infusing rhIL-6 in resting
subjects. Levels of circulating IL-6 achieved were similar to
those observed with strenuous, prolonged exercise. In fact,
with the exception of pathological conditions like systemic
infections, trauma, and burns, exercise may be the only non-
pathological state that can cause such high levels of IL-6. Our
study confirmed earlier observations that IL-6 infusion leads to
increased circulating GH (39). Despite the increase in GH
levels, we demonstrated an IL-6 infusion-associated reduction
in IGF-I. Interestingly, changes in both GH and IGF-I occurred
without changes in GH sensitivity (as reflected by measure-
ments of GHBP). Finally, we found a remarkable increase in
IGFBP-1, a functional IGF-I antagonist, but only after the IL-6
infusion had stopped.

GH typically increases substantially with exercise (15); the
mechanisms leading to increased GH following exercise are

AJP-Regul Integr Comp Physiol « VOL 291 « DECEMBER 2006 + WWW.ajpregu.org
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Fig. 4. Plasma IGF binding protein-1 (IGFBP-1) (top) and insulin (bottom)
before, during, and after rhIL-6 or albumin infusion. A significant increase in
IGFBP-1 was noted following cessation of the rhIL-6 infusion (¥*P < 0.001).
No significant changes were noted for insulin.

not completely understood. Exercise is thought to stimulate
GH secretion via its effects on the hypothalamus, and both
stimulation of GH-releasing hormone secretion and inhibition
of somatostatin release (an inhibitor of GH secretion) have
been postulated. Our observation that GH was elevated early
during rhIL-6 infusion suggests that inflammatory cytokines
may also be involved in the GH secretion following exercise.
The GH response observed following IL-6 infusion is abrupt
and short and does not continue throughout the period of IL-6
infusion. This is very similar to the GH response observed with
exercise in which, following the initial release of GH from the
pituitary, even when exercise proceeds, GH levels decline,
suggesting exhaustion of the available pituitary GH stores.
However, while peak GH levels occurred 1 h following the
rhIL-6 infusion, exercise-associated GH peak usually occurs
~30 min from the beginning of exercise (11).

While GH stimulates IGF-I production at the tissue level, it
appears that acute changes in IGF-I are not influenced by the
typical exercise-associated increase in GH (6). Previous stud-
ies, although not entirely consistent, tend to indicate that
circulating IGF-I has a biphasic response to acute exercise (3,
6, 13). First, serum levels increase to a small but significant
degree in the first 10—20 min, but, as exercise progresses,
IGF-I levels fall.

The rhIL-6 infusion can only partially explain the IGF-I
response to exercise; rhIL-6 infusion did lead to a late decrease

RHIL-6 INFUSION AND THE GH-IGF-1 AXIS

in IGF-I levels. However, no initial increase in IGF-I was
noted, suggesting that other mechanisms (e.g., catecholamines,
release from marginal pools, etc.) may be responsible for the
initial increase in IGF-1. The late reduction in circulating IGF-I
levels occurred despite the earlier increase in GH levels,
suggesting that the IL-6-associated decrease in IGF-I is GH
independent. Similarly, it is now well known that the acute
exercise-associated changes in circulating IGF-I levels are also
GH independent (3, 33).

Reductions in circulating IGF-I accompany many catabolic
states, such as sepsis and burns (21), but the mechanisms for these
acute reductions, either during exercise or in other catabolic states,
have yet to be elucidated. Low IGF-I level may be indicative of
GH resistance. GH resistance is often characterized by reduced
levels of the GH receptor. In the present study, we measured
circulating GHBP, the extracellular domain of the GH receptor,
which is used frequently as an indicator for GH sensitivity
reflecting tissue, primarily hepatic, GH receptor levels (5). How-
ever, IL-6 infusion had no effect on GHBP levels. With inflam-
mation, multiple postreceptor mechanisms of GH resistance may
be induced by cytokines, including IL-6, which reduce GH sen-
sitivity without changing GHBP levels.

Circulating IGF-I is bound to a family of IGFBPs. Some of
these binding proteins stimulate (e.g., IGFBP-3, the predomi-
nant circulating IGFBP), while others [e.g., IGFBP-1, known
to be elevated in systemic inflammatory states (18, 23)] inhibit
its anabolic action (28). Interestingly, both IGFBP-3 and
IGFBP-1 levels are robustly increased following exercise (25),
suggesting that the exercise-associated effects on circulating
IGF-I are mediated not only by alteration of the amount of
IGF-I, but rather by the effect on its binding proteins and
binding protein proteolytic activity (12, 25).

In the present study, IL-6 infusion had no effect on IGFBP-3
(the predominant circulating IGFBP); ALS (part of the IGF-I
ternary complex) and IL-6 associated changes in IGFBP-1
occurred only after the IL-6 infusion was stopped and several
hours after the changes in IGF-I. These results suggest that the
IL-6-associated changes in IGF-I were not mediated by
changes in these binding proteins.

IGFBP-1 is found predominantly in tissues, not in circulat-
ing blood, and acts primarily to inhibit anabolic effects of
IGF-I (28). Circulating IGFBP-1 is elevated in pathological,
catabolic states like sepsis and burns, resulting, most likely,
from a rapid secretion of IGFBP-1 into the central circulation
from the liver (18, 23). The robust IGFBP-1 response to
exercise was noted in adults (35) and recently also in prepu-
bertal children (32, 38). Thus the IGFBP-1 response to acute
exercise appears to be substantial and reproducible.

IGFBP-1 is known to be highly regulated by insulin, and
increased insulin levels are usually associated with reduced
circulating IGFBP-1 (28). This inverse relationship was not
noted in the present study. Accordingly, both human (20) and
animal (2) models have reached the conclusion that IGFBP-1 is
elevated with exercise, even when insulin concentrations re-
main constant. Finally, our data support the evidence that
IGFBP-1 may actually be stimulated by inflammatory cyto-
kines (IL-1PB, IL-6, and TNF-a) (31). The fact that IGFBP-1
production might be mediated directly by IL-6 suggests that
this mechanism may be important for the upregulation of
IGFBP-1 seen in catabolic conditions as well as with exercise,
both associated with increased circulating concentrations of
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this cytokine. In addition, circulating IGFBP-1 levels peaked
2 h after the IL-6 infusion was stopped, and circulating IL-6
levels returned to baseline levels. This suggests that IL-6 might
not have only immediate, but also some late effects on key
elements of the GH—IGF-I axis. These results may also
provide insight into the mechanisms of reduced circulating
IGF-I, which is observed in chronic inflammatory states with
comparable increases in IL-6, including systemic rheumatoid
arthritis and inflammatory bowel disease.

In summary, this study demonstrates that physiological lev-
els of rhIL-6 induce a GH—IGF-I axis response similar to that
observed with strenuous exercise. We propose that the effects
of intense exercise bouts are to initially create a metabolic
state, primarily induced by IL-6, similar in some respects to a
GH-resistant, catabolic state often found in sepsis (increased
GH, reduced IGF-I, and elevated IGFBP-1). We speculate that,
if the individual continues to perform bouts of high-intensity
exercise, then the inflammatory nature of the response to single
exercise bouts becomes attenuated, permitting an anabolic or
training adaptation.

ACKNOWLEDGMENTS

Plasma samples from an rhIL-6 infusion study were provided by Dr. Bente
Klarlund Pedersen and Dr. Pernille Keller, The Centre of Inflammation and
Metabolism, The University of Copenhagen, Denmark.

GRANTS

This work was supported by National Institutes of Health Grants MO1-RR-
00827 and HD-23969 and by Grant 504-14 from the Danish National Research
Foundation. Dr. Nemet was supported by a grant from the Genentech Research
Foundation.

REFERENCES

1. Adams GR. Autocrine/paracrine IGF-I and skeletal muscle adaptation.
J Appl Physiol 93: 11591167, 2002.

2. Anthony TG, Anthony JC, Lewitt MS, Donovan SM, and Layman
DK. Time course changes in IGFBP-1 after treadmill exercise and post-
exercise food intake in rats. Am J Physiol Endocrinol Metab 280: E650—
E656, 2001.

3. Bang P, Brandt J, Degerblad M, Enberg G, Kaijser L, Thoren M, and
Hall K. 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.

4. Barbieri M, Ferrucci L, Ragno E, Corsi A, Bandinelli S, Bonafe M,
Olivieri F, Giovagnetti S, Franceschi C, Guralnik JM, and Paolisso G.
Chronic inflammation and the effect of IGF-I on muscle strength and
power in older persons. Am J Physiol Endocrinol Metab 284: E481-E487,
2003.

5. Baumann G. Growth hormone binding protein 2001. J Pediatr Endocri-
nol Metab 14: 355-375, 2001.

6. Cappon J, Brasel JA, Mohan S, and Cooper DM. Effect of brief
exercise on circulating insulin-like growth factor-1. J Appl Physiol 76:
1418-1422, 1994.

7. Carlsson LMS, Rowland AM, Clark RG, Gesundheit N, and Wong
WLT. Ligand-mediated immunofunctional assay for quantitation of
growth hormone-binding protein in human blood. J Clin Endocrinol
Metab 73: 1216-1223, 1991.

8. Daughaday WH, Kapadia M, and Mariz I. Serum somatomedin binding
proteins: physiologic significance and interference in radioligand assay.
J Lab Clin Med 109: 355-363, 1987.

9. De Benedetti F, Meazza C, and Martini A. Role of interleukin-6 in
growth failure: an animal model. Horm Res 58, Suppl 1: 24-27, 2002.

10. Denson LA, Held MA, Menon RK, Frank SJ, Parlow AF, and Arnold
DL. Interleukin-6 inhibits hepatic growth hormone signaling via upregu-
lation of Cis and Socs-3. Am J Physiol Gastrointest Liver Physiol 284:
G646-G654, 2003.

11. Eliakim A, Brasel JA, and Cooper DM. GH response to exercise:
assessment of the pituitary refractory period, and relationship with circu-

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

R1667

lating components of the GH-IGF-I axis in adolescent females. J Pediatr
Endocrinol Metab 12: 47-55, 1999.

Eliakim A, Oh Y, and Cooper DM. Effect of single wrist exercise on
fibroblast growth factor-2, insulin-like growth factor, and growth hor-
mone. Am J Physiol Regul Integr Comp Physiol 279: R548-R553, 2000.
Elias AN, Pandian MR, Wang L, Suarez E, James N, and Wilson AF.
Leptin and IGF-I levels in unconditioned male volunteers after short-term
exercise. Psychoneuroendocrinology 25: 453—-461, 2000.

Fan J, Wojnar MM, Theodorakis M, and Lang CH. Regulation of
insulin-like growth factor IGF-I mRNA and peptide and IGF-binding
proteins by interleukin-1. Am J Physiol Regul Integr Comp Physiol 270:
R621-R629, 1996.

Felsing NE, Brasel J, and Cooper DM. Effect of low- and high-intensity
exercise on circulating growth hormone in men. J Clin Endocrinol Metab
75: 157-162, 1992.

Ferrucci L, Penninx BW, Volpato S, Harris TB, Bandeen-Roche K,
Balfour J, Leveille SG, Fried LP, and Md JM. Change in muscle
strength explains accelerated decline of physical function in older women
with high interleukin-6 serum levels. J Am Geriatr Soc 50: 1947-1954,
2002.

Frost RA, Lang CH, and Gelato MC. Transient exposure of human
myoblasts to tumor necrosis factor-alpha inhibits serum and insulin-like
growth factor-1 stimulated protein synthesis. Endocrinology 138: 4153—
4159, 1997.

. Frost RA, Nystrom GJ, and Lang CH. Stimulation of insulin-like

growth factor binding protein-1 synthesis by interleukin-1beta: require-
ment of the mitogen-activated protein kinase pathway. Endocrinology
141: 3156-3164, 2000.

Haddad F, Zaldivar F, Cooper DM, and Adams GR. IL-6-induced
skeletal muscle atrophy. J Appl Physiol 98: 911-917, 2005.

Hopkins NJ, Jakeman PM, Cwyfan Hughes SC, and Holly JMP.
Changes in circulating insulin-like growth factor-binding protein-I
(IGFBP-1) during prolonged exercise: effect of carbohydrate feeding.
J Clin Endocrinol Metab 79: 18871890, 1994.

Jenkins RC and Ross RJ. Acquired growth hormone resistance in adults.
Buaillieres Clin Endocrinol Metab 12: 315-329, 1998.

Keller P, Keller C, Carey AL, Jauffred S, Fischer CP, Steensberg A,
and Pedersen BK. Interleukin-6 production by contracting human skel-
etal muscle: autocrine regulation by IL-6. Biochem Biophys Res Commun
310: 550-554, 2003.

Lang CH, Fan J, Cooney R, and Vary TC. IL-1 receptor antagonist
attenuates sepsis-induced alterations in the IGF system and protein syn-
thesis. Am J Physiol Endocrinol Metab 270: E430-E437, 1996.
Lieskovska J, Guo D, and Derman E. IL-6-overexpression brings about
growth impairment potentially through a GH receptor defect. Growth
Horm IGF Res 12: 388-398, 2002.

Nemet D, Oh Y, Kim HS, Hill MA, and Cooper DM. The effect of
intense exercise on inflammatory cytokines and growth mediators in
adolescent boys. Pediatrics 110: 681-689, 2002.

Payette H, Roubenoff R, Jacques PF, Dinarello CA, Wilson PW, Abad
LW, and Harris T. Insulin-like growth factor-1 and interleukin 6 predict
sarcopenia in very old community-living men and women: the Framing-
ham Heart Study. J Am Geriatr Soc 51: 1237-1243, 2003.

Pedersen BK, Steensberg A, Fischer C, Keller C, Keller P, Plomgaard
P, Wolsk-Petersen E, and Febbraio M. The metabolic role of IL-6
produced during exercise: is IL-6 an exercise factor? Proc Nutr Soc 63:
263-267, 2004.

Rajaram S, Baylink DJ, and Mohan S. Insulin-like growth factor
binding proteins in serum and other biological fluids: regulation and
functions. Endocr Rev 18: 801-831, 1997.

Rosenfeld RG and Hwa V. New molecular mechanisms of GH resis-
tance. Eur J Endocrinol 151: S11-S15, 2004.

Roubenoff R, Parise H, Payette HA, Abad LW, D’Agostino R, Jacques
PF, Wilson PW, Dinarello CA, and Harris TB. Cytokines, insulin-like
growth factor 1, sarcopenia, and mortality in very old community-dwelling
men and women: the Framingham Heart Study. Am J Med 115: 429-435,
2003.

Samstein B, Hoimes ML, Fan J, Frost RA, Gelato MC, and Lang CH.
IL-6 stimulation of insulin-like growth factor binding protein IGFBP-1
production. Biochem Biophys Res Commun 228: 611-615, 1996.
Scheett TP, Milles PJ, Ziegler MG, Stoppani J, and Cooper DM.
Effect of exercise on cytokines and growth mediators in prepubertal
children. Pediatr Res 46: 429-434, 1999.

AJP-Regul Integr Comp Physiol « VOL 291 « DECEMBER 2006 + WWW.ajpregu.org



R1668

33.

34.

35.

36.

37.

38.

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

Steensberg A, Fischer CP, Keller C, Moller K, and Pedersen BK. IL-6
enhances plasma IL-1ra, IL-10, and cortisol in humans. Am J Physiol
Endocrinol Metab 285: E433-E437, 2003.

Suikkari AM, Sane T, Seppala M, Yki Jarvinen H, Karonen SL, and
Koivisto VA. Prolonged exercise increases serum insulin-like growth
factor-binding protein concentrations. J Clin Endocrinol Metab 68: 141—
144, 1989.

Suzuki K, Nakaji S, Yamada M, Totsuka M, Sato K, and Sugawara K.
Systemic inflammatory response to exhaustive exercise. Cytokine kinetics.
Exerc Immunol Rev 8: 6-48, 2002.

Thissen JP and Verniers J. Inhibition by interleukin-1 beta and tumor
necrosis factor-alpha of the insulin-like growth factor I messenger ribo-
nucleic acid response to growth hormone in rat hepatocyte primary
culture. Endocrinology 138: 10781084, 1997.

Tirakitsoontorn P, Nussbaum E, Moser C, Hill M, and Cooper DM.
Fitness, acute exercise, and anabolic and catabolic mediators in cystic
fibrosis. Am J Respir Crit Care Med 164: 1432-1437, 2001.

N,

crzzay
ST

S

3

39.

40.

41.

42.

RHIL-6 INFUSION AND THE GH-IGF-I AXIS

Tsigos C, Papanicolaou DA, Defensor R, Mitsiadis CS, Kyrou I, and
Chrousos GP. Dose effects of recombinant human interleukin-6 on
pituitary hormone secretion and energy expenditure. Neuroendocrinology
66: 54-62, 1997.

van HG, Steensberg A, Sacchetti M, Fischer C, Keller C, Schjerling P,
Hiscock N, Moller K, Saltin B, Febbraio MA, and Pedersen BK.
Interleukin-6 stimulates lipolysis and fat oxidation in humans. J Clin
Endocrinol Metab 88: 3005-3010, 2003.

Visser M, Pahor M, Taaffe DR, Goodpaster BH, Simonsick EM,
Newman AB, Nevitt M, and Harris TB. Relationship of interleukin-6
and tumor necrosis factor-alpha with muscle mass and muscle strength in
elderly men and women: the Health ABC Study. J Gerontol A Biol Sci
Med Sci 57: M326-M332, 2002.

Wada Y, Sato M, Niimi M, Tamaki M, Ishida T, and Takahara J.
Inhibitory effects of interleukin-1 on growth hormone secretion in con-
scious male rats. Endocrinology 136: 39363941, 1995.

. Wu X, Herndon DN, and Wolf SE. Growth hormone down-regulation of

interleukin-1beta and interleukin-6 induced acute phase protein gene
expression is associated with increased gene expression of suppressor of
cytokine signal-3. Shock 19: 314-320, 2003.

.
B
!
/
4
i
/

e TS
e —

AJP-Regul Integr Comp Physiol « VOL 291 « DECEMBER 2006 + WWW.ajpregu.org





