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Glucose ingestion attenuates interleukin-6 release from
contracting skeletal muscle in humans

Mark A. Febbraio *t, Adam Steensberg *#, Charlotte Keller *f, Rebecca L. Starkie *, Henning B. Nielsen §,
Peter Krustrup *||, Peter Ott§, Niels H. Secher *9 and Bente K. Pedersen *#

* Copenhagen Muscle Research Centre, Departments of & Infectious Diseases, § Hepatology and ¥ Anaesthesia, Rigshospitalet, and || August Krogh
Institute, University of Copenhagen, DK-2100, Copenhagen @, Denmark and + Skeletal Muscle Research Laboratory, School of Medical Sciences,
RMIT University, PO Box 71, Bundoora, Victoria, Australia

To examine whether glucose ingestion during exercise affects the release of interleukin-6 (IL-6)
from the contracting limb, seven men performed 120 min of semi-recumbent cycling on two
occasions while ingesting either 250 ml of a 6.4 % carbohydrate (GLU trial) or sweet placebo (CON
trial) beverage at the onset of, and at 15 min intervals throughout, exercise. Muscle biopsies
obtained before and immediately after exercise were analysed for glycogen and IL-6 mRNA
expression. Blood samples were simultaneously obtained from a brachial artery and a femoral vein
prior to and during exercise and leg blood flow was measured by thermodilution in the femoral vein.
Net leg IL-6 release, and net leg glucose and free fatty acid (FFA) uptake, were calculated from these
measurements. The arterial IL-6 concentration was lower (P < 0.05) after 120 min of exercise in
GLU, but neither intramuscular glycogen nor IL-6 mRNA were different when comparing GLU
with CON. However, net leg IL-6 release was attenuated (P < 0.05) in GLU compared with CON.
This corresponded with an enhanced (P < 0.05) glucose uptake and a reduced (P < 0.05) FFA
uptake in GLU. These results demonstrate that glucose ingestion during exercise attenuates leg IL-6
release but does not decrease intramuscular expression of IL-6 mRNA.
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Nieman et al. 2003). These studies did not, however,
measure tissue release of IL-6 and, therefore, little is known

The cytokine interleukin-6 (IL-6) increases markedly in
the circulation during exercise. Although the peritendon

(Langberg et al. 2002) and brain (Nybo et al. 2002) release
small amounts of IL-6 into the circulation during exercise,
the major source of the increase in circulating IL-6 is the
contracting skeletal muscle (Febbraio & Pedersen, 2002).
Specifically, contraction rapidly increases intramuscular
mRNA expression (Ostrowski et al. 1998; Keller et al. 2001;
Starkie et al. 2001a; Steensberg et al. 2001) and the nuclear
transcriptional activity of IL-6 (Keller et al. 2001), leading
to marked IL-6 protein release from the contracting limb
(Steensberg et al. 2000, 2001). Interestingly, mRNA
expression (Steensberg et al. 2001; Keller et al. 2001), the
nuclear transcriptional rate (Keller et al. 2001) and leg
protein release (Steensberg et al. 2001) of IL-6 are
augmented during exercise in the presence of a lower pre-
exercise muscle glycogen concentration, leading to the
suggestion that one biological role of exercise-induced IL-6
release is to regulate substrate mobilization and subsequent
oxidation (Febbraio & Pedersen, 2002). This hypothesis is
supported by the observation that preventing a fall in plasma
glucose by carbohydrate ingestion reduces circulating
plasma IL-6 during exercise (Nehlsen-Cannarella et al. 1997;
Nieman et al. 1998; Starkie et al. 2001a; Bishop et al. 2002;

regarding the mechanism by which glucose ingestion
attenuates the plasma IL-6 response.

Of note, two previous studies have examined the effect of
glucose ingestion on contracting skeletal muscle glyco-
genolysis and IL-6 mRNA (Starkie e al. 2001a; Nieman et
al. 2003). In both of these studies carbohydrate ingestion
did not affect muscle glycogenolytic rate, but while the
former observed very similar fold increases in IL-6 mRNA
in the skeletal muscle, the latter observed a tendency for
the contraction-induced IL-6 mRNA to decrease with
glucose ingestion. This latter finding was surprising, given
the fact that IL-6 gene transcription during exercise appears
to be mediated, in part, by glycogen content. Clearly, more
research is required to examine the effects of glucose
ingestion on the skeletal muscle IL-6 response to exercise
and in the present study we aimed to determine the effect
of glucose ingestion on IL-6 mRNA expression within and
protein release from skeletal muscle. We hypothesized that
whilst glucose ingestion would blunt the plasma IL-6
response, it would have no effect on the response in
skeletal muscle.
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Table 1. Oxygen consumption (), respiratory exchange ratio (RER) and heart rate (HR),
before (0 min) and during 120 min of semi-recumbent cycling at 62 + 2 % of maximal oxygen
uptake with (GLU) or without (CON) the ingestion of glucose throughout exercise

Parameter Trial 0 min 30 min 60 min 90 min 120 min
Vo2 (I min™) CON 0.27 £0.06 248 £0.17 2.45*0.15 250+0.15 2.44 +0.15
GLU 0.31 +£0.07 2.39+0.14 2.33%0.13 2.46+0.14 248+0.14
RER CON 0.81 £0.07 0.92 £ 0.05 0.90 £ 0.05 0.88 £0.05 0.85+0.05
GLU 0.78 £ 0.05 091+£0.04 0.91%0.04 0.91+0.04 0.89 +0.05*
HR (beats min™") CON 60£1 144 £ 1 148 £1 149+ 1 150 £ 1
GLU 68 t1 146 £ 1 148+ 1 157 £ 1 159 + 1*

*P < 0.05 when comparing trials. Data expressed as means + S.E.M. (1 = 7).

METHODS

Subjects

Seven men (22.1 * 3.8 years old; 182.1 + 5.5 cm tall; 81.0 + 12.7 kg
body weight; maximal oxygen uptake (V5 1n0y) 3.88 £0.341 min™
means * S.D.) participated in the study, which was approved by
the Ethical Committee of the Copenhagen and Frederiksberg
Communities, Denmark, and performed according to the
Declaration of Helsinki. Subjects were informed about the
possible risks and discomfort involved before their written
consent was obtained.

Preliminary testing

Each subject underwent preliminary medical screening and was
exempt from the study if he presented contra-indications.
Following the medical screening, each subject underwent a
maximal oxygen uptake (Vo,ms,) test on a semi-recumbent cycle
ergometer. A workload was calculated that would elicit ~65 %
of each individual’s V5, .. Forty-eight hours prior to the
experimental trials, subjects reported to the laboratory and
completed 45 min of upright cycling exercise at a workload
corresponding to 65 % of maximal heart rate. Thereafter, subjects
were provided with food packages that they consumed for the next
2 days (15.6 MJ per day, approximately 70 % carbohydrate, 15 %
protein and 15 % fat). During this period the subjects were asked
to adhere to the diet and to refrain from strenuous exercise and the
intake of alcohol, tobacco and caffeine. This regime was adopted
to minimize any differences in pre-exercise intramuscular glycogen
levels in each subject when comparing trials.

Experimental procedures

Subjects participated in two experimental trials separated by at
least 10 days and conducted in random order. During each trial
the subjects exercised on a semi-recumbent cycle ergometer for
120 min. They commenced exercise for 5 min at 50 % Vo, ;. and
subsequently cycled for 115 min at ~65% Vo, ey Each trial was
identical except that in one trial (GLU) subjects ingested 250 ml of
a6.4 % carbohydrate beverage (Lucozade Sport; GlaxoSmithKline
UK) at the onset of, and at 15 min intervals throughout, exercise
whereas in the other (CON) they consumed the same quantity of
an artificially flavoured placebo. On the day of each experiment
the subjects reported to the laboratory at 07.30 h after a 12-14 h
overnight fast. They voided, changed into appropriate exercise
attire and rested supine for 10 min. A catheter was then placed in
the left brachial artery (1.0 mm i.d.; 20 gauge) and a second
catheter (7 diameter; Cook, Denmark) was inserted into the left
femoral vein ~1-2 cm distal to the inguinal ligament (Febbraio et
al. 2002). Leg blood flow (LBF) was measured at rest and at 30 min

intervals during exercise using the constant infusion thermo-
dilution technique, as described previously (Anderson & Saltin,
1985; Febbraio et al. 2002).). Briefly, venous blood and infusate
temperatures were measured continuously during saline infusion
(45 s, 20 ml min™' for resting measurements; 20 s, 100 ml min™'
for exercising measurements; Harvard pump, Harvard Apparatus,
Millis, MA, USA) via thermistors connected to a custom-made
electronic box. The electronic box was interfaced to a computer
(Macintosh Performa) using a data acquisition system (MacLab
8:s, ADInstruments, Sydney, Australia). Venous blood temperature
was measured with a thermistor (model 94-030-2.5Fr T. D. Probe,
Edwards Edslab, Baxter, Irvine, CA, USA) inserted, via the femoral
venous catheter, in the proximal direction. The thermistor probe
was positioned 9 cm beyond the tip of the 8 cm catheter, which
was perforated with four side-holes to facilitate infusate
dispersion. Infusate temperature (2-3 °C) was measured with a
flow-through housing (model 93-505, Edslab) at the site where
the infusate entered the venous catheter. Infusate temperature was
corrected for the 0.6°C increase which occurs as the infusate
travels from the measuring point to the tip of the catheter
(Anderson & Saltin, 1985). At rest, infusate temperature was
corrected by 1.0°C. LBF (expressed in ml min") was calculated
according to the formula derived from a heat balance equation
(Anderson & Saltin, 1985).

Immediately prior to exercise and at 30, 60, 90 and 120 min during
exercise, blood samples (10 ml) were simultaneously collected
from the brachial artery and the femoral vein for the measurement
of IL-6 by a highly sensitive enzyme-linked immunosorbent assay.
Glucose and free fatty acids (FFA) were determined using
automated analyses (Cobas Fara, Roche, France) (Steensberg et al.
2001, 2002). Blood samples were also analysed for haematocrit
(Hct) using an automated analyser (Radiometer, OSM-2
Hemoximeter, Copenhagen Denmark). Immediately prior to
sampling, V5, respiratory exchange ratio (RER) and heart rate
(HR) were recorded (Febbraio et al. 2002). Muscle biopsy samples
were obtained from the vastus lateralis muscle prior to and
immediately following exercise and analysed for glycogen using
enzymatic analyses with fluorometric detection and IL-6 mRNA
using real-time PCR (Steensberg et al. 2001).

Calculations and statistics

Leg plasma flow (LPF) was calculated from the LBF and Hct
measures. Net leg IL-6 release, and net leg glucose uptake were
calculated by multiplying the femoral vein-arterial [IL-6] and
[glucose] by the net LBF. Similarly, the net FFA uptake was
calculated by multiplying femoral vein—arterial [FFA] by the net
LPF. Comparative data are expressed as means + S.E.M. A two-way
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(trial X time) analysis of variance (ANOVA) with repeated
measures on the time factor was used to compute the statistics
(Statistica, Tulsa, OK, USA), with significance accepted as P < 0.05.
If analyses revealed a significant interaction, a Newman—Keuls
post hoc test was used to locate specific differences.

RESULTS

Although V;, increased (P <0.05) when comparing
exercise with rest in both trials, there were no differences in
this measure when comparing trials (Table 1). Both RER
and HR increased (P < 0.05) during exercise compared
with rest in both trials. In addition, both RER and HR were
higher (P < 0.05) in GLU after 120 min of exercise than in
CON (Table 1). While the difference in RER was expected,
due to increased glucose availability resulting in augmented
carbohydrate oxidation, the reason for the small increase
in HR was inexplicable in light of the similar V;, at this
time.

LBF increased (P < 0.05) from 0.54 + 0.07 and 0.56 +
0.06 I min™" at rest to an average of 6.12+0.52 and
6.14 + 0.38 I min™" during exercise in CON and GLU,
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Figure 1. Arterial plasma [IL-6] and leg IL-6 release before
and during semi-recumbent cycling with or without the
ingestion of glucose

Arterial plasma [IL-6] (top) and leg IL-6 release (bottom) before
(0 min) and during 120 min of semi-recumbent cycling at

62 * 2 % of maximal oxygen uptake with (O) or without (@) the
ingestion of glucose throughout exercise.* Significant difference
(P < 0.05) between trials. Data expressed as means + S.E.M. (n = 7).
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respectively. LPF was ~43 % lower than LBF but followed a
similar pattern in that there were no differences when
comparing trials (data not shown).

There were no differences in arterial plasma [IL-6] when
comparing trials at rest. Whilst the arterial plasma [IL-6]
increased (P < 0.05) in both trials, it rose to a greater
extent in CON such that the values at 120 min were
higher (P <0.05) in CON than in GLU (13.8 £2.7 vs.
7.4+0.8ngl" for CON and GLU, respectively). Net
leg IL-6 was released (P < 0.05) during exercise in CON,
but not in GLU. As a result net leg IL-6 release was higher
(P<0.05) in CON than in GLU throughout the last
60 min of exercise (Fig. 1).

Arterial plasma [glucose] was similar when comparing
trials at rest. However, throughout exercise arterial plasma
[glucose] was higher (P < 0.05) in GLU than in CON
(Fig. 2). Whilst leg glucose uptake increased (P < 0.05) in
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Figure 2. Arterial plasma [glucose] and leg glucose
uptake before and during semi-recumbent cycling with
or without the ingestion of glucose

Arterial plasma [glucose ] (top) and leg glucose uptake (bottom)
before (0 min) and during 120 min of semi-recumbent cycling at
62 + 2 % of maximal oxygen uptake with (0) or without (@) the
ingestion of glucose throughout exercise.* Significant difference
(P < 0.05) between trials. Data expressed as means * S.E.M. (1 = 7).
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both trials, it increased to a greater extent in GLU such that
it was higher (P < 0.05) than in CON throughout the last
60 min of exercise (Fig. 2).

Arterial plasma [FFA] was similar when comparing trials
at rest. However, the arterial plasma [FFA] increased
(P < 0.05) after 30 min of exercise in CON, but remained
stable in GLU. As a consequence, arterial plasma [FFA]
was higher (P < 0.05) during the last 60 min of exercise in
CON than in GLU (Fig. 3). While net leg FFA uptake
increased (P < 0.05) in both trials, it increased to a greater
extent in CON such that it was higher (P < 0.05) when
compared with GLU throughout the latter 60 min of
exercise (Fig. 3).

Muscle glycogen content was not different when comparing
trials at rest. Whilst the glycogen content decreased
(P <0.05) in both trials, the rate of glycogenolysis was
identical (Fig. 4). There was a ~20-fold increase in IL-6
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Figure 3. Arterial plasma [FFA] and leg FFA uptake before
and during semi-recumbent cycling with or without the
ingestion of glucose

Arterial plasma [FFA] (top) and leg FFA uptake (bottom) before

(0 min) and during 120 min of semi-recumbent cycling at

62 + 2 % of maximal oxygen uptake with (0J) or without (@) the
ingestion of glucose throughout exercise.* Significant difference
(P < 0.05) between trials. Data expressed as means + S.EM. (n = 7).
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mRNA with exercise and the fold increase was not
different when comparing CON with GLU (Fig. 4).

DISCUSSION

The results from this study demonstrate that glucose
ingestion attenuates IL-6 release from the contracting limb
and hence provide a mechanism for the observation that
glucose ingestion attenuates the plasma IL-6 response
during exercise. Furthermore, since the exercise-induced
increase in IL-6 mRNA was not affected by glucose
ingestion during exercise, these data raise the possibility
that the process of IL-6 release from skeletal muscle may be
regulated by substrate availability and/or flux across the
contracting skeletal muscle.

These data are consistent with the observation that glucose
ingestion blunts the plasma IL-6 response (Nehlsen-
Cannarella et al. 1997; Nieman et al. 1998; Bishop et al.
2002). In addition, the present data are consistent with the
previous finding (Starkie et al 2001a) that glucose
ingestion blunted circulating IL-6 in the presence of an
unaltered increase in contracting muscle IL-6 mRNA. In
both the previous (Starkie et al. 2001a) and the present
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Figure 4. Intramuscular muscle glycogen content and IL-6
mRNA during semi-recumbent cycling with or without
the ingestion of glucose

Intramuscular muscle glycogen (top) and IL-6 mRNA (bottom)
contents before and after 120 min of semi-recumbent cycling at
62 * 2 % of maximal oxygen uptake with ([]) or without (ll) the
ingestion of glucose throughout exercise. Data expressed as
means £ S.E.M. (n=7).
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study, muscle glycogen content was not different when
comparing trials and it is well known that the rate of
muscle glycogenolysis is unaffected by glucose ingestion
during cycling exercise (Jeukendrup & Jentjens, 2000).
The fold increase in IL-6 mRNA (Keller et al. 2001;
Steensberg et al. 2001) and the transcriptional rate of IL-6
from the nuclei of contracting skeletal muscle fibres
(Keller et al. 2001) are influenced by glycogen content.
Even though there was an increase in skeletal muscle
glucose uptake during exercise, this resulted in increased
carbohydrate oxidation, as indicated by the higher RER
(Table 1), rather than a reduced rate of glycogenolysis.
Hence, the present data support the hypothesis that IL-6
mRNA is influenced by glycogen content, but also provide
evidence that IL-6 gene expression is unaffected by
enhanced glucose uptake or oxidation in the contracting
skeletal muscle. The data are, however, in partial contrast
to a recent observation by Nieman and colleagues (2003).
In this recent study, the authors also demonstrated that
carbohydrate ingestion attenuated the plasma IL-6 response,
but did not affect the rate of muscle glycogenolysis during
a 3h treadmill run. However, the authors reported a
tendency for IL-6 mRNA also to be reduced. In the present
study, we saw no such tendency and our data support our
previous study (Starkie et al. 2001a). It must be noted
however, that in the present study our subjects cycled for
2 hwhile in our previous study they either ran or cycled for
60 min. In contrast, in the study by Nieman et al. (2003)
subjects exercised for ~3 h. Hence, the disparity in exercise
duration when comparing the present study with that
recently reported (Nieman et al. 2003) may account for the
observed differences in IL-6 mRNA.

The previous observation of a decreased circulating IL-6
content in the presence of an unaltered increase in
contracting muscle IL-6 mRNA (Starkie et al. 2001a) led to
the possibility that other tissues could be producing IL-6
during exercise and that this production was attenuated by
glucose ingestion. Although the contracting limb accounts
for much of the circulating IL-6 during exercise (Steensberg
et al. 2000), evidence is indeed emerging that other tissues
also release IL-6 during exercise. Neither the blood mono-
nuclear cells (Starkie et al. 2001b) nor adipose tissue
(Lyngse et al. 2002) produce IL-6 during exercise, but it
has recently been demonstrated that the peritendon
(Langberg er al. 2002) and the brain (Nybo et al. 2002) can
release IL-6 during exercise. In the present study, tissues
other than those contained in the contracting limb may
have produced IL-6 at different rates during exercise in
each trial because a small increase in circulating IL-6 in
GLU was observed in the presence of totally blunted net
leg IL-6 release (Fig. 1). Whether glucose ingestion affects
IL-6 release by the brain or peritendon has not been
experimentally investigated. We have also recently
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demonstrated that IL-6 is cleared by the hepatosplanchnic
viscera during exercise (Febbraio et al. 2003). With these
data in mind, we cannot rule out the possibility that
glucose ingestion enhanced the hepatosplanchnic clearance
of IL-6. However, we have performed preliminary
experiments in four individuals and these preliminary data
suggest that glucose ingestion does not affect the hepato-
splanchnic clearance of IL-6 (M. A. Febbraio, A. Steensberg,
C. Keller, R. L. Starkie, H. B. Nielsen, P. Krustrup, P. Ott,
N. H. Secher & B. K. Pedersen, unpublished observations).

Given that the exercise-induced IL-6 mRNA in contracting
skeletal muscle was not influenced by glucose ingestion
during exercise, it was unexpected that IL-6 release by the
limb was attenuated by glucose ingestion (Fig. 1). This
raises the possibility that IL-6 can undergo post-
transcriptional modification, such that the rate of protein
synthesis (the rate of translation of IL-6 mRNA) in the
skeletal muscle is reduced by glucose feeding and/or that
IL-6 release is transporter mediated and that the transporter
mechanism is regulated by substrate availability. Due to
technical difficulties, we could not measure IL-6 protein
accumulation in the skeletal muscle. However, even if this
were possible, the fact that IL-6 is released by skeletal
muscle would make interpretation of the data difficult.
Such a measure of IL-6 protein content would not allow
us to determine the kinetics of protein synthesis with
concomitant IL-6 protein release. Of note was the
observation that both the arterial glucose concentration
and leg glucose uptake were higher (Fig. 2) while
circulating [FFA] and leg FFA uptake were lower (Fig. 3) in
GLU than in CON. We (Febbraio & Pedersen, 2002) and
others (Papanicolaou & Vgontzas, 2000) have hypothesized
that IL-6 is released from tissues to act in an endocrine
manner. It has recently been shown that recombinant
human IL-6 infused into resting humans to levels that
mimic plasma IL-6 concentration during vigorous,
prolonged exercise results in marked lipolysis and fat
oxidation in the absence of any changes in key lipolytic
hormones (van Hall et al. 2003). We suggest therefore that
during exercise IL-6 is released from the contracting limb
as an ‘endocrine-like molecule’ signalling adipose tissue to
increase lipolysis for subsequent oxidation. Hence, it is
plausible to suggest that, in the present study, the increased
glucose availability and leg glucose uptake diminished the
requirement for FFA as a substrate, subsequently down-
regulating IL-6 protein release from the contracting
muscle. Such a suggestion is speculative, however, and
warrants further investigation.

In summary, glucose ingestion during exercise attenuates
leg IL-6 release but does not decrease intramuscular
expression of IL-6 mRNA. The data suggest that IL-6
release by the contracting muscles during exercise is
regulated by substrate availability.
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