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Abstract
Contracting skeletal muscles produce and release the cytokine interleukin (IL)-6
and this release is augmented by the presence of low muscle glycogen. Since muscle metabolism in elderly subjects relies on glycogen more than younger subjects,
it is possible that aging is associated with an altered production of musclederived IL-6 during exercise. To test the relation between aging and musclederived IL-6, seven healthy elderly males, mean age 70 ± 1 (SEM) yr and six
healthy young males, mean age 26 ± 2 (SEM) yr performed three hours of dynamic knee-extensor exercise at 50% of maximal work load (Wmax). IL-6 mRNA and
glycogen in muscles were analysed and the IL-6 release were estimated before,
during and after the exercise. Although the absolute work load in the elderly was
less than half of that in the young, 41.1 ± 3.1 W and 92.5 ± 4.0 W, respectively, the
muscle glycogen utilization after three hours of exercise did not differ between
groups, 238.7 ± 52.4 and 245.2 ± 74.0 mmol/kg muscle in elderly and young,
respectively. This could explain that the IL-6 release and the IL-6 mRNA amplification increased during exercise with no difference between groups, two-way
ANOVA-P = 0.50 and 0.45, respectively.
In conclusion, elderly healthy people maintain the capacity to produce and
release IL-6 in response to dynamic exercise, with no difference compared to
young individuals furthermore, glycogen utilization expressed in changes of
glycogen related to muscle mass was equal in elderly and young subject at 50 %
of Wmax.
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Introduction
Plasma interleukin (IL)-6 levels increase up to 100 fold in response to exercise
(42) (12;39-41;50;59). It has recently been shown that IL-6 is released from contracting skeletal muscles during dynamic knee extensor exercise and that this
release may be responsible for the total increase in the systemic concentration
(61). Studies in rats (26) (30) and humans (24;28;57;61) (10;15;45) demonstrate
elevated levels of IL-6 mRNA in contracting skeletal muscle. Evidence exists that
it is the muscle fibers per se, which are the source of muscle-derived IL-6
(14;16;44).
When muscle glycogen was depleted prior to exercise in one leg, this leg
released IL-6 one hour prior the non-glycogen depleted leg (61). Furthermore, the
transcription rate of the IL-6 gene in muscle nuclei (28), and in total muscle IL-6
mRNA increased when exercising with lower muscle glycogen compared with a
trial where the same subjects exercised with normal muscle glycogen content
(10;28;61), therefore low muscle glycogen has been suggested as a signal for IL-6
release from contracting muscles. This statement has been strengthened by a
study showing an inverse correlation between high IL-6 release during exercise
and muscle glycogen content at the end of exercise (21) and by the finding that
training reduces the contraction-induced IL-6 mRNA expression in skeletal muscle (17).
Regular exercise offers protection against all cause mortality, primarily by
protection against atherosclerosis and type 2-diabetes (3). In addition, physical
training is effective in the treatment of patients with ischemic heart disease (25),
hypertension (46) and hyperlipidemia (31).
Over the past decade, there has been much focus on the role of inflammation in the pathogenesis of atherosclerosis and its complications. Whereas most
clinicians previously regarded atheroma as a bland lesion, the current notion that
inflammation and immune response contribute to atherogenesis has created
increased interest (32).
During ageing circulating levels of a number of cytokines increase. Thus,
increased plasma levels of TNFα (6;7;11;36), IL-6, IL-1ra (11) and sTNFR
(5;6;8) have been demonstrated. In addition ageing is also associated with
increased levels of acute phase proteins such as C reactive protein (CRP) and
Serum Amyloid A (SSA)(2). Elevated levels of circulating IL-6 and TNFα have
been associated with several disorders. Thus, increased levels of TNFα and IL-6
have been observed in obese individuals, in smokers and in non-insulin dependent diabetes mellitus (68) and levels of IL-6 have been shown to predict all-cause
mortality as well as cardiovascular mortality (20;69). Furthermore, plasma concentrations of IL-6 and TNFα have been shown to predict the risk of myocardial
infarction in several studies (52;53;64), and recently it was shown that the CRP
level is a stronger predictor of cardiovascular events than the LDL cholesterol
level and that CRP adds prognostic information to that conveyed by the Framingham risk score (54). It has been proposed that IL-6 is the mediator that links the
acute phase response to visceral obesity, insulin resistance and atherosclerosis
(72). High levels of IL-6 in patients with metabolic syndrome may be explained
by the fact that IL-6 is produced in adipose tissue (18;35). Adipose tissue also
produces and releases TNFα (65). However, in contrast to IL-6, the available data
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suggests that TNFα plays a mechanistic role in insulin resistance. Thus, TNF-α
down-regulates GLUT-4 and inhibits insulin receptor activity (23). Since TNF-α
can trigger IL-6 release, one theory holds that adipose tissue derived TNF-α actually is the „driver“ behind the metabolic syndrome and that TNF-α rather than IL6 should be placed in the center as the cytokine that induces insulin resistance and
thereby initiates diabetes type 2 and atherosclerosis.
It is possible that exercise mediates its beneficial health effects by inducing
an anti-inflammatory environment. The cytokines, which are present in the circulation following exercise is IL-6 and classical anti-inflammatory cytokines such
as IL-10 and IL-1ra (39;43).
There has been much debate on how to classify the cytokine IL-6. Tilg et al
suggested that IL-6 should be classified as an anti-inflammatory cytokine (63).
The finding that rhIL-6 infusion enhances levels of IL-10 and IL-1ra (60)
and inhibits endotoxin-induced TNFα production lends support to the idea that
IL-6 has anti-inflammatory effects (56).
The fact that exercise alone inhibited endotoxin-induced TNFα increase in
the circulation (56) and that TNF-α overexpression returned to normal levels after
exercise in the TNF-α receptor knockout model (27) indicates that exercise mediates anti-inflammation.
Given the biological profile of IL-6, it would be important to know whether
the aging skeletal muscle is able to produce IL-6. The purpose of the present
study, therefore, was to test whether elderly subjects maintain their capability of
producing and releasing IL-6, and whether this could be explained by an age
related change in muscle glycogen metabolism.

Matherials and Methods
Subjects: Seven healthy Table 1. Subject characteristic
elderly males and six healthy
Young (n = 6)
Elderly (n = 7)
young males (whose characteristics are shown in table 1.
25.7 ± 1.7
69.7 ± 1.2*
participated in the study. All Age, yr
Bodyweight (kg)
78.1 ± 3.2
78.9 ± 2.6
subjects were recruited
BMI, kg m-2
22.3 ± 0.7
24.1 ± 0.9
through earlier studies in our QF, kg
5.1 ± 0.2
3.7 ± 0.1*
department. Medical history, Workload, W
92.5 ± 4.0
41.1 ± 3.1*
physical examination, clinical
chemistry profile, complete Values are shown as mean ± SEM
blood count, cell differential QF: M. quadriceps femoris in both legs (MRI)
count and CRP, and electro- *, P ≤ 0.05, vs. young
cardiogram demonstrated that
the subjects were completely healthy. The study was in accordance with the
Helsinki II Declaration and approved by the regional research ethical committee
(No. 01-216/00). All subjects gave their written consent before participation.
Studies of the effect of aging on metabolism or immune function during
exercise are complicated by large between-group differences in VO2max, which
raises the question of how to best standardize the exercise intensity. In the present
study, an exercise model was chosen which was not dependent upon the cardiorespiratory capacity and therefore useful in studies including elderly untrained
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subjects. Therefore, in this study we chose to investigate the two groups when
performing exercise at same relative percentage of maximal workload.
The subjects performed 3 h of dynamic two-legged knee extensor exercise
at 50 % of maximal workload (Wmax) on a modified Krogh cycle ergometer as
previously described (1). At least one week before the trial a two-legged knee
extensor exercise test was performed to determine Wmax. Resistance load was
increased every two minutes until a cadence of 60 extensions/min could no longer
be maintained. The highest workload that could be maintained for two minutes
was set as the maximum workload. After 1/ hour rest the subjects performed 2 h
of two-legged knee extensor exercise at 50% of Wmax to familiarise themselves
with the apparatus.
The evening before the experiment, all subjects were provided with a fixed
diet to ensure that there was no difference in diet between the two groups. The
subjects reported to the laboratory the following day after an overnight fast.
Catheters were placed in the femoral vein and artery of one leg under local anaesthesia (lidocaine 20 mg/ml). Blood samples were drawn into pre-cooled tubes
containing EDTA at 0, 30, 60, 90, 120 and 180 min of exercise and at 60 and 120
min post-exercise. Blood samples were immediately spun at 4°C and plasma was
isolated and stored at -80°C until analyses were performed. Blood flow in the
femoral artery at each time point was measured with Doppler ultrasound technique as described in details previously (51). In addition, muscle biopsies were
obtained from the vastus lateralis at 0, 30, 90 and 180 min of exercise and at 120
min post-exercise using the percutaneous needle biopsy technique with suction.
Biopsy samples were obtained from the left leg (0 and 90 min during exercise and
120 min post-exercise) and from the right leg (30 and 180 min). Muscles were
cleaned of connective tissue and blood, and quickly frozen in liquid nitrogen for
later analysis.
IL-6 measurements: Commercially available enzyme-linked immunosorbent assay (ELISA) kits were used (Quantikine HS, R&D systems, Minneapolis,
MN, USA) to measure plasma IL-6. According to R&D systems the detection
limit is less than 0.094 pg/ml. All samples were run in duplicates and mean values
were used. Net IL-6 release was calculated according to Fick’s principle (70) by
multiplying the arterial-femoral venous (a-fv) difference by blood flow.
Measurements of catecholamines: High Performance Liquid radioimmunoassay Chromatography described in detail elsewhere (4), was used to determine systemic concentrations of adrenaline and noradrenaline.
Measurements of lactate: Plasma lactate were measured in arterial and
venous blood using an automatic analyser (Cobas Fara, Roche, France) and
release was calculated according to Fick’s principle.
IL-6 mRNA analyses: Total RNA was isolated from 9-86 mg of muscle tissue by a modified guanidinium thiocyanate phenol-chloroform extraction method
adapted from Chomczynski and Sacchi (9) as previously described (48). Final
pellets were dissolved in 0.1 mM EDTA (2 µl/mg wet weight). Reverse transcription reactions were carried out on 11 µl sample using the Superscript II Rnase Hsystem (Gibco-BRL) in a reaction volume of 20 µl. All samples were diluted to a
final volume of 150-200 µl with nuclease free water.
β-actin mRNA and IL-6 mRNA levels were determined by real-time PCR,
which determines the amount of cDNA amplification after each PCR cycle. With
2

Postglycogen – Preglycogen (g/kgmuscle) x Muscle mass (kg)(MRI)) x 16 KJ/g x 180 g/mol

Muscle glycogen utilization and effect of work load: To investigate whether
elderly were more dependent on muscle glycogen as an energy source, the energy
from glycogen oxidation compared with total mechanical work performed was
calculated by dividing the energy from muscle glycogen utilization after 3 h of
exercise with the total mechanical work performed during 3 h of exercise.
Muscle mass estimation: The volume of m. quadriceps femoris (QF) was
measured by Magnetic Resonance Imaging (MRI) (Siemens 1.5 tesla magnet).
Twenty-eight T1 weighed scans (TR = 900 ms) were acquired with a slide thickness of 3 mm and an interslice thickness of 12 mm. View field was 400 x 400 mm
with a resolution of 256 x 256 (pixel size = 1.56 x 1.56 mm). Scicon Images for
Windows (Scion Corporation, Frederick, Maryland, USA) were used to analyse
MRI images. For quantification the first image used was at mid patella and the
last image just above trochanter major. The use of trochanter major as an endmark for QF does, however, not always include the full length of m. rectus
femoris, but due to the increased noisiness of the images in this area this procedure gave the best reproducibility. Muscle volume was calculated by multiplying

the area of QF in each slide by the distance between the slides and summed for all
images and the muscle mass was calculated assuming a muscle density of 1.04
kg/l (22).
Statistical methods: SYSTAT version 8.0 (SPSS Inc., Chicago, USA) was
used as software. Plasma IL-6 and IL-6 mRNA values were not normally distributed and were therefore square root transformed. Absolute changes in response to
exercise were evaluated by analysis of variance (ANOVA) for repeated measurements (model parameter = time + age + time x age). If a significant (time x age)
was found, a two-sample t test (Bonferoni-adjusted) for independent groups was
used to detect age-related differences in absolute changes from baseline levels. If
only time turned out to be significant, age group was pooled and a paired t-test
(Bonferoni-adjusted) was performed to detect changes from baseline levels. A Pvalue < 0.05 was considered as significant.

Results:

pg/min

real-time PCR a probe, in addition to the forward and reverse primer, is used. The
probe, located between the primers, has a fluorescent dye attached to the end,
which is split off during amplification by a 5’ nuclease. The splitting of the probe
results in emission of light from the dye, which can be measured by the machine,
hereby giving a measure of the amount of amplification of cDNA that has been
performed during each PCR cycle.
The IL-6 primers and probe sequences used were designed by Starkie et al
(57). An 81-bp fragment was amplified using the IL-6 forward primer: 5’-GGTACATCCTCGACGGCATCT-3’, and the IL-6 reverse primer: 5’-GTGCCTCTTTGCTGCTTTCAC-3’. The flourescent IL-6 probe: 5’-FAM-TGTTACTCTTGTTACATGTCTCCTTTCTCAGGGCT-TAMRA-3’ was included in
the PCR reaction. We used the pre-developed assay reagents from Applied
Biosystems for β-actin mRNA determination. β-actin was measured as a reference gene in a multiplex reaction with IL-6. The use of different dyes with different wave length emission patterns attached to the end of the probes gives the
opportunity to measure two genes of interest in the same reaction well. The presence of more than one primer and probe set did not affect the amplification of neither IL-6 nor β-actin. All PCR-reagents were obtained from Applied Biosystems.
A reaction volume of 100 µl was made up for each sample with 1x MasterMix,
900 nm IL-6 forward primer, 300 nm reverse primer, 100 nm IL-6 probe, 1x Bactin mix (primers and probe), 10 to 15 µl of sample and made up to a final volume of 100 µl with water. Each sample was run in triplicates in a reaction volume
of 25 µl.
Muscle glycogen content: Frozen muscle samples (10-20) mg were freeze
dried, dissected free of connective tissue, weighed and hydrolysed in 1 M HCL.
Glycogen concentrations were determined by standard enzymatic technique with
fluorimetric detection (38). The energy expenditure from muscle glycogen utilization was calculated as:
Total energy expenditure from glycogen utilization =
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Figure 1: Blood flow in femoral artery
in 7 elderly subjects (◊) and 6 young
controls () measured before, during
and after (+60 and +120) 3 h of
dynamic knee-extensor exercise. Data
are presented as mean and S.E.M.
*, P < 0.05 vs. pre-ex
†, P < 0.05 vs. elderly subjects

Blood flow: The blood flow increased in both
groups, being more pronounced in the young
subjects (Two-way ANOVA for repeated
measurements, P<0.001)(Fig. 1).
Plasma IL-6: The a-v difference for IL-6
increased in the end of exercise in both
groups (P < 0.05) (Fig. 2A). When the net
IL-6 release was calculated there was a gradual increase during exercise (P< 0.05). However, over time there was no difference
between the groups (Fig. 2B). Furthermore,
when the net IL-6 release was related to the
QF muscle mass (MRI) there was no differ-

ng/min
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Figure 2: IL-6 data for 7 elderly subjects (◊) and 6 young controls ( )
before, during and after (+60 and
+120) 3 h of two-legged dynamic
exercise. Data are presented as median
and quartiles. A, IL-6 a-vf differences
for elderly and young subjects. B, net
release of IL-6 from elderly and young
subjects (Fick’s principle: blood flow
x a-fv differences).
*, P < 0.05 vs. pre-ex (groups pooled).

ence among groups (data not shown).
Muscle IL-6 mRNA: The IL-6 mRNA level in
the muscle increased during exercise
(P<0.05). However, there appeared to be
large inter individual variations and the difference between groups did not reach statistical significance (P = 0.2) (Fig. 3).
Muscle Glycogen Content: The muscle glycogen content decreased during exercise with no
difference between groups, either before or
during the exercise (Fig. 4A). After 3 h of
exercise the glycogen utilization was 238.7 ±
52.4 and 245.2 ± 74.0 mmol/kg muscle in elderly and young, respectively. When energy
from glycogen utilization was calculated, there
was no difference between groups (Fig. 4B).
Effect of mechanical work: When the total
energy from muscle glycogen breakdown
was related to the total mechanical energy
performed, it was demonstrated that the elderly had a higher (P <0.05) glycogen breakdown, indicating that the elderly individuals
may rely more on glycogen breakdown than
the young subjects (Fig. 4C).
Lactate release: There was a small but significant increase in lactate release over time
(P = 0.002) with no difference between
groups. After 30 min of exercise the release
peaked in the elderly group to 1.06 ± 0.21
mmol/min and in the young group after 120
min of exercise to 0.35 ± 0.27, (Fig. 5).

mmol/kg

Catecholamines: Adrenaline and noradrenaline increased (P<0.01) as expected
during exercise, with no difference between the two age groups, although there
was a tendency to higher levels in the young subjects after three hours of exercise
(Table 2).

Figure 4: Muscle glycogen data in 7 elderly and 6 young males. Glycogen was
measured in the quadriceps muscles.
Data are presented as mean and S.E.M.
A, muscle glycogen content (mmol/kg)
in the vastus lateralis from 7 elderly
(open bars) and 6 young (solid bars)
before, during and after (+120) 3 h of
two-legged dynamic exercise. B, energy
from total quadriceps muscle glycogen
utilization in 7 elderly (◊) and 6 young
() males during and after (+120) 3 h of
two legged dynamic exercise. C, Relation between energy from total glycogen
utilization in the quadriceps muscle and
energy used to mechanical work performed after 3 h of two-legged dynamic
exercise in 7 elderly and 6 young males.
*, P < 0.05 vs. pre-ex (groups pooled)
†, P < 0.05 vs. young controls

The present study is the first to determine the effect of aging on IL-6 release
from contracting skeletal muscles. Although the absolute work load and the muscle mass in the elderly was less than that in
the young controls, the net IL-6 release and
the IL-6 mRNA in muscle did not differ
between groups. These data suggest that elderly subjects maintain a capability to produce and release muscle-derived IL-6 and
that IL-6 release is not related to absolute
workload, muscle mass or age.
Previous findings have demonstrated a
relationship between muscle-derived IL-6
release and muscle glycogen concentration
Figure 5: Lactate release before, dur- (15;21;28;37;61). In the present study the
ing and after 3 h of two-legged decline in muscle glycogen content during
dynamic exercise in 7 elderly humans exercise did not differ between groups but
(◊) and 6 young controls (), (Fick’s the glycogen breakdown per mechanically
principle: blood flow x a-fv differ- energy performed after three hours of exerences). Data are presented as means cise was significantly higher in the elderly,
and S.E.M.
which demonstrates that the elderly were
*, P < 0.05 vs. pre-ex (groups pooled) more dependent on mobilization of glycogen
as an energy source during exercise. This
finding is likely to be related to a lower training degree of old versus young subjects. Thus, it has been demonstrated that during exercise untrained muscles
metabolise more carbohydrate relative to fat compared with trained muscles (55).
The calculations in relation to energy turnover from glycogen use were based on
the assumption that all glycogen utilization was oxidised. Although, in the present
study, we did not measure muscle lactate accumulation, the fact that the peak lactate release was 1.06 mmol/min and 0.35 mmol/min for elderly versus young,
respectively, and the fact that this release peaked after 30 min in the elderly after
mmol/min

KJ

Figure 3: IL-6 mRNA in 7 elderly subjects (open) and 6 young controls
(solid) before, during and after (+120)
3 h of two-legged dynamic exercise
measured by real time PCR. Data are
presented as median and quartiles.
*, P < 0.05 vs. pre-ex (groups pooled)
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Table 2. Catecholamines measured in arterial blood.
Young (n = 6)
Pre
180 min
+ 120 min
Adrenaline
(nmol/l)

Pre

Elderly (n =7)
180 min

+ 120 min

0.22 ± 0.05

5.16 ± 1.93 1.01 ± 0.29

0.33 ± 0.08 1.73 ± 0.61 0.35 ± 0.05

Noradrenaline 0.97 ± 0.13
(nmol/l)

7.95 ± 1.20 1.35 ± 0.17

1.56 ± 0.20 7.27 ± 1.35 2.46 ± 0.32

Values are mean ± SEM
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which it declined, makes this assumption valid since it indicates that lactate production was negligible and unlikely to contribute to anaerobic glycogenolysis
and/or affect IL-6 production.
In this study, the groups differed with regard to both maximal workload performance as well as muscle mass. However, the difference between groups with
regard to maximal workload performance was more pronounced than the difference in muscle mass. This may be explained by an overestimation of muscle mass
in the elderly group, as a result of a higher water and fat content in aging muscles
(19;49;66).
It has been debated whether catecholamines stimulate IL-6 production during exercise (62).
However, the exercise-induced increase in plasma IL-6 could not be mimicked by epinephrine infusion. Although epinephrine induced a small increase in
IL-6 and may, therefore, partly influence the plasma levels of IL-6 during exercise, it could not account for the massive increase in IL-6 during exercise (58).
As skeletal muscle is the major source of IL-6 during exercise (61) it is not
likely that adrenaline is a major stimulator of muscle-IL-6, although it stimulates
adipose tissue IL-6 production (29).
In the present study there was no significant difference between the two age
groups with regard to the neither the catecholamine responses nor the IL-6
release. Therefore, the present study does not really shed much light on the role of
epinephrine in the regulation of muscle-IL-6.

mission of the European Communities, specific RTD programme „Quality of Life
and Management of Living Resources“, QLRT-2000-00417, PENAM. It does not
necessarily reflect its views and in no way anticipates the Commission’s future
policy in this area.

Reference List
1.

2.

3.
4.

5.

6.

IL-6 has been placed in the center of modern internal medicine as the link
between inflammation, obesity, stress and coronary heart disease (72). Given the
finding that during exercise skeletal muscles produce and release large amounts
of IL-6 into the systemic circulation and given the many beneficial effects of
physical exercise on health, it is possible that during moderate regular exercise,
IL-6 may mediate some of these effects. Recently, it was demonstrated that IL-6
knockout mice develop late onset obesity and impaired glucose tolerance (71).
Furthermore, mice bearing IL-6-producing tumours lose weight (34) and rhIL-6
infusion to healthy young and elderly people as well as people with type 2 diabetes induces lipolysis and fat oxidation (47;67).
We therefore suggest that muscle-derived IL-6 may work in a hormone like
fashion mediating exercise-induced lipolysis and anti-inflammation (13;33;43).
These findings further classify skeletal muscle as an endocrine organ.
In conclusion, the present study demonstrates that aging skeletal muscle
maintain its endocrine functions and specifically demonstrates that healthy elderly subjects maintain a normal capability of producing and releasing IL-6 from
contracting muscle compared to young subjects.

7.

8.

9.
10.

11.

12.

Acknowledgments

13.

The excellent technical assistance by Hanne Villumsen and Ruth Rousing are
acknowledged. This study was supported by a scholarship from the Copenhagen
Hospital Cooperation, Rigshospitalet, Copenhagen, and with financial support
from The Danish National Research Foundation (#504-14), The Danish Medical
Research Council (22-01-0019), Novo Nordisk Foundation and from the Com-

14.
15.

Andersen P, Adams RP, Sjogaard G, Thorboe A, Saltin B. Dynamic knee extension
as model for study of isolated exercising muscle in humans. J Appl Physiol 1985;
59(5):1647-1653.
Ballou SP, Lozanski FB, Hodder S, Rzewnicki DL, Mion LC, Sipe JD et al. Quantitative and qualitative alterations of acute-phase proteins in healthy elderly persons.
Age Ageing 1996; 25(3):224-230.
Blair SN, Cheng Y, Holder JS. Is physical activity or physical fitness more important
in defining health benefits? Med Sci Sports Exerc 2001; 33(6 Suppl):S379-S399.
Blomstrand E, Saltin B. Effect of muscle glycogen on glucose, lactate and amino
acid metabolism during exercise and recovery in human subjects. J Physiol (Lond)
1999; 514 ( Pt 1):293-302.
Bruunsgaard H, Jensen MS, Schjerling P, Halkjaer-Kristensen J., Ogawa K, Skinhoj
P et al. Exercise induces recruitment of lymphocytes with an activated phenotype
and short telomere lengths in young and elderly humans. Life Sci 1999;
65(24):2623-2633.
Bruunsgaard H, Andersen-Ranberg K, Jeune B, Pedersen AN, Skinhoj P, Pedersen
BK. A high plasma concentration of TNF-alpha is associated with dementia in centenarians. J Gerontol A Biol Sci Med Sci 1999; 54(7):M357-M364.
Bruunsgaard H, Skinhoj P, Pedersen AN, Schroll M, Pedersen BK. Ageing, tumour
necrosis factor-alpha (TNF-alpha) and atherosclerosis. Clin Exp Immunol 2000;
121(2):255-260.
Catania A, Airagi L, Motta P, Manfredi MG, Annoni G, Pettenati C et al. Cytokine
antagonists in aged subjects and their relation with cellular immunity. J Gerontol A
Biol Sci Med Sci 1997; 52:B93-B97.
Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 1987; 162(1):156-159.
Crist DM, Mackinnon LT, Thompson RF, Atterbom HA, Egan PA. Physical exercise
increases natural cellular-mediated tumor cytotoxity in elderly women. Gerontology
1989; 35:66-71.
Dobbs RJ, Charlett A, Purkiss AG, Dobbs SM, Weller C, Peterson DW. Association
of circulating TNF-alpha and IL-6 with ageing and parkinsonism. Acta Neurol
Scand 1999; 100(1):34-41.
Febbraio MA. Signaling pathways for IL-6 within skeletal muscle. Exerc Immunol
Rev 2003; 9:34-9.:34-39.
Febbraio MA, Pedersen BK. Muscle-derived interleukin-6: mechanisms for activation and possible biological roles. FASEB J 2002; 16(11):1335-1347.
Feldmann M, Maini RN. TNF defined as a therapeutic target for rheumatoid arthritis
and other autoimmune diseases. Nat Med 2003; 9(10):1245-1250.
Fielding RA, Meredith CN, O’Reilly KP, Frontera WR, Cannon JG, Evans WJ.
Enhanced protein breakdown after eccentric exercise in young and older men. J
Appl Physiol 1991; 71(2):674-679.

52 • Muscle-derived interleukin-6 in elderly humans
16.

17.

18.

19.
20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

Fischer CP, Hiscock N, Basu S, Vessby B, Kallner A, Sjöberg LB et al. Supplementation with vitamins C and E inhibits the release of interleukin-6 from contracting
human skeletal muscle. J Physiol 2004; 558(2):633-645.
Fischer CP, Plomgaard P, Hansen AK, Pilegaard H, Saltin B, Pedersen BK.
Endurance training reduces the contraction-induced interleukin-6 mRNA expression
in human skeletal muscle. Am J Physiol Endocrinol Metab 2004; [Epub ahead of
print].
Fried S.K., Bunkin D.A., Greenberg A.S. Omental and subcutaneous adipose tissues
of obese subjects release interleukin-6: depot difference and regulation by glucocorticoid. J Clin Endocrinol Metab 1998; 83:847-850.
Greenleaf JE, Jackson CGR, Lawless D. effects of rehydration before exercise in
dehydrated men. Med Sci Sports Exerc 1995; 27(2):194-9.
Harris TB, Savage PJ, Tell GS, Haan M, Kumanyika S, Lynch JC. Carrying the burden of cardiovascular risk in old age: associations of weight and weight change with
prevalent cardiovascular disease, risk factors, and health status in the Cardiovascular
Health Study. Am J Clin Nutr 1997; 66(4):837-844.
Helge JW, Stallknecht B, Pedersen BK, Galbo H, Kiens B, Richter EA. The effect of
graded exercise on IL-6 release and glucose uptake in skeletal muscle. J Physiol
2003; 546(Pt 1):299-305.
Heymsfield SB, Wang Z, Baumgartner RN, Ross R. Human body composition:
advances in models and methods. Annu Rev Nutr 1997; 17:527-558.
Hotamisligil GS. Mechanisms of TNF-alpha-induced insulin resistance. Exp Clin
Endocrinol Diabetes 1999; 107(2):119-125.
Hotamisligil GS, Budavari A, Murray D, Spiegelman BM. Reduced tyrosine kinase
activity of the insulin receptor in obesity-diabetes. Central role of tumor necrosis
factor-alpha. J Clin Invest 1994; 94(4):1543-1549.
Jolliffe JA, Rees K, Taylor RS, Thompson D, Oldridge N, Ebrahim S. Exercisebased rehabilitation for coronary heart disease. Cochrane Database Syst Rev 2000;
4(CD001800.).
Jonsdottir IH, Schjerling P, Ostrowski K, Asp S, Richter EA, Pedersen BK. Muscle
contractions induce interleukin-6 mRNA production in rat skeletal muscles. J Physiol (London) 2000; 528:157-163.
Keller C, Keller P, Giralt M, Hidalgo J, Pedersen BK. Exercise normalises overexpression of TNF-alpha in knockout mice. Biochem Biophys Res Commun 2004;
321(1):179-182.
Keller C, Steensberg A, Pilegaard H, Osada T, Saltin B, Pedersen BK et al. Transcriptional activation of the IL-6 gene in human contracting skeletal muscle: influence of muscle glycogen content. FASEB J 2001; 15(14):2748-2750.
Keller P, Keller C, Robinson LE, Pedersen BK. Epinephrine infusion increases adipose interleukin-6 gene expression and systemic levels in humans. J Appl Physiol
2004; 97(4):1309-1312.
Klokker M, Kjaer M, Secher NH, Hanel B, Worm L, Kappel M et al. Natural killer
cell response to exercise in humans: effect of hypoxia and epidural anesthesia. J
Appl Physiol 1995; 78(2):709-16.
Kraus WE, Houmard JA, Duscha BD, Knetzger KJ, Wharton MB, McCartney JS et
al. Effects of the amount and intensity of exercise on plasma lipoproteins. N Engl J
Med 2002; 347(19):1483-1492.

Muscle-derived interleukin-6 in elderly humans • 53
32.
33.

34.

35.

36.

37.

38.
39.

40.

41.

42.
43.
44.

45.
46.

47.

48.

Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis. Circulation 2002;
105(9):1135-1143.
Mackinnon LT, Ginn EM, Seymour GJ. Temporal relationship between decreased
salivary IgA and upper respiratory tract infection in elite athletes. Aust J Sci Med
Sport 1993; 25(4):94-9.
Metzger S, Hassin T, Barash V, Pappo O, Chajek-Shaul T. Reduced body fat and
increased hepatic lipid synthesis in mice bearing interleukin-6-secreting tumor. Am J
Physiol Endocrinol Metab 2001; 281(5):E957-E965.
Mohamed-Ali V, Goodrick S, Bulmer K, Holly JM, Yudkin JS, Coppack SW. Production of soluble tumor necrosis factor receptors by human subcutaneous adipose
tissue in vivo. Am J Physiol 1999; 277(6 Pt 1):E971-E975.
Paolisso G, Rizzo MR, Mazziotti G, Tagliamonte MR, Gambardella A, Rotondi M et
al. Advancing age and insulin resistance: role of plasma tumor necrosis factor-alpha.
Am J Physiol 1998; 275(2 Pt 1):E294-E299.
Parry Billings M, Budgett R, Koutedakis Y, Blomstrand E, Brooks S, Williams C et
al. Plasma amino acid concentrations in the overtraining syndrome: possible effects
on the immune system. Med Sci Sports Exerc 1992; 24(12):1353-8.
Passonneau JV, Lauderdale VR. A comparison of three methods of glycogen measurement in tissues. Anal Biochem 1974; 60(2):405-412.
Pedersen BK, Steensberg A, Fischer C, Keller C, Keller P, Plomgaard P et al.
Searching for the exercise factor - is IL-6 a candidate. J Muscle Research Cell Motility 2003; 24(2-3):113-119.
Pedersen BK, Steensberg A, Fischer C, Keller C, Ostrowski K, Schjerling P. Exercise and cytokines with particular focus on muscle-derived IL-6. Exerc Immunol
Rev 2001; 7:18-31.:18-31.
Pedersen BK, Steensberg A, Keller P, Keller C, Fischer C, Hiscock N et al. Musclederived interleukin-6: lipolytic, anti-inflammatory and immune regulatory effects.
Pflugers Arch - Eur J Physiol 2003; 446:9-16.
Pedersen BK, Steensberg A, Schjerling P. Exercise and interleukin-6. Current
Oppinion in Hematology 2001; 8(3):137-141.
Pedersen BK, Steensberg A, Schjerling P. Muscle-derived interleukin-6: possible
biological effects. J Physiol (London) 2001; 536(Pt 2):329-337.
Penkowa M, Keller C, Keller P, Jauffred S, Pedersen BK. Immunohistochemical
detection of interleukin-6 in human skeletal muscle fibers following exercise.
FASEB J 2003; 17(14):2166-2168.
Persky V, Dyer AR, Leonas J, Stamler J, Berkson DM, Lindberg HA et al. Heart rate:
A risk factor for cancer? Am J Epidemiol 1981; 114:477-487.
Pescatello LS, Franklin BA, Fagard R, Farquhar WB, Kelley GA, Ray CA. American College of Sports Medicine position stand. Exercise and hypertension. Med Sci
Sports Exerc 2004; 36(3):533-553.
Petersen EW, Carey AL, Sacchetti M., Steinberg GR, Macaulay SL, Febbraio M.A.
et al. Acute IL-6 treatment increases fatty acid turnover in elderly humans in vivo
and in tissue culture in vitro: evidence that IL-6 acts independently of lipolytic hormones. Am J Physiol. In press.
Pilegaard H, Ordway GA, Saltin B, Neufer PD. Transcriptional regulation of gene
expression in human skeletal muscle during recovery from exercise. Am J Physiol
Endocrinol Metab 2000; 279(4):E806-E814.

54 • Muscle-derived interleukin-6 in elderly humans
49.

50.
51.
52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.
64.

65.

Proctor DN, O’Brien PC, Atkinson EJ, Nair KS. Comparison of techniques to estimate total body skeletal muscle mass in people of different age groups. Am J Physiol 1999; 277(3 Pt 1):E489-E495.
Radak Z, Taylor AW, Ohno H, Goto S. Adaptation to exercise-induced oxidative
stress: from muscle to brain. Exerc Immunol Rev 2001; 7:90-107.:90-107.
Radegran G. Ultrasound Doppler estimates of femoral artery blood flow during
dynamic knee extensor exercise in humans. J Appl Physiol 1997; 83(4):1383-1388.
Ridker P.M., Hennekens C.H., Buring J.E., Rifai N. C. reactive protein and other
markers of inflammation in the prediction of cardiovascular disease in women. New
Engl J Med 2000; 342:836-843.
Ridker P.M., Rifai N.Stampfer M.J., Hennekens C.H. Plasma concentration of interleukin-6 and the risk of future mycocardial infarction among apparently healthy
men. Circulation 2000; 101:1767-1772.
Ridker PM, Rifai N, Rose L, Buring JE, Cook NR. Comparison of C-reactive protein and low-density lipoprotein cholesterol levels in the prediction of first cardiovascular events. N Engl J Med 2002; 347(20):1557-1565.
Sial S, Coggan AR, Hickner RC, Klein S. Training-induced alterations in fat and carbohydrate metabolism during exercise in elderly subjects. Am J Physiol 1998; 274(5
Pt 1):E785-E790.
Starkie R, Ostrowski SR, Jauffred S, Febbraio M, Pedersen BK. Exercise and IL-6
infusion inhibit endotoxin-induced TNF-alpha production in humans. FASEB J
2003; 17(8):884-886.
Starkie RL, Arkinstall MJ, Koukoulas I, Hawley JA, Febbraio MA. Carbohydrate
ingestion attenuates the increase in plasma interleukin-6, but not skeletal muscle
interleukin-6 mRNA, during exercise in humans. J Physiol (London) 2001; 533(Pt
2):585-591.
Steensberg A., Toft A.D. SP, Halkjaer-Kristensen J., Pedersen B.K. Plasma interleukin-6 during strenuous exercise - role of adrenaline. Am J Physiol 2001;
281(3):1001-1004.
Steensberg A. The role of IL-6 in exercise-induced immune changes and metabolism. Exerc Immunol Rev 2003; 9:40-7.:40-47.
Steensberg A, Fischer CP, Keller C, Moller K, Pedersen BK. IL-6 enhances plasma
IL-1ra, IL-10, and cortisol in humans. Am J Physiol Endocrinol Metab 2003;
285(2):E433-E437.
Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund PB. Production
of interleukin-6 in contracting human skeletal muscles can account for the exerciseinduced increase in plasma interleukin-6. J Physiol 2000; 529 Pt 1:237-42.:237-242.
Suzuki K, Nakaji S, Yamada M, Totsuka M, Sato K, Sugawara K. Systemic inflammatory response to exhaustive exercise. Cytokine kinetics. Exerc Immunol Rev
2002; 8:6-48.:6-48.
Tilg H, Dinarello CA, Mier JW. IL-6 and APPs: anti-inflammatory and immunosuppressive mediators. Immunol Today 1997; 18(9):428-432.
Toft AD, Jensen LB, Bruunsgaard H, Ibfelt T, Halkjaer-Kristensen J, Febbraio M et
al. Cytokine response to eccentric exercise in young and elderly humans. Am J Physiol Cell Physiol 2002; 283(1):C289-C295.
Tsigos C, Kyrou I, Chala E., Tsapogas P., Stavridis J.C.Raptis S.A. Circulating
tumour necrosis factor alpha concentrations are higher in abdominal versus peripheral obesity. Metabolism 1999; 48:1332-1335.

Muscle-derived interleukin-6 in elderly humans • 55
66.

67.

68.

69.

70.
71.
72.

Tsubahara A, Chino N, Akaboshi K, Okajima Y, Takahashi H. Age-related changes
of water and fat content in muscles estimated by magnetic resonance (MR) imaging.
Disabil Rehabil 1995; 17(6):298-304.
van Hall G, Steensberg A, Sacchetti M, Fischer C, Keller C, Schjerling P et al. Interleukin-6 stimulates lipolysis and fat oxidation in humans. J Clin Endocrinol Metab
2003; 88(7):3005-3010.
Vgontzas A.N., Papanicolaou DA, Bixler E.O., Hopper K., Lotsikas A., Lin H.M.
Sleep apnea and daytime sleepiness and fatigue: relation to visceral obesity, insulin
resistance, and hypercytokenemia. J Clin Endocrinol Metab 2000; 85:1151-1158.
Volpato S, Guralnik JM, Ferrucci L, Balfour J, Chaves P, Fried LP et al. Cardiovascular disease, interleukin-6, and risk of mortality in older women: the women's
health and aging study. Circulation 2001; %20;103(7):947-953.
Wade OL, Bishop JM. Cardiac output and regional blood flow. Oxford: Blackwell,
1962.
Wallenius V, Wallenius K, Ahren B, Rudling M, Carlsten H, Dickson SL et al. Interleukin-6-deficient mice develop mature-onset obesity. Nat Med 2002; 8(1):75-79.
Yudkin JS, Kumari M, Humphries SE, Mohammed-Ali V. Inflammation, obesity,
stress and coronary heart disease: is interleukin-6 the link? Atherosclerosis 2000;
148:209-214.

