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Interleukin-6 release from the human brain during
prolonged exercise
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Interleukin (IL)-6 is a pleiotropic cytokine, which has a variety of physiological roles including
functions within the central nervous system. Circulating IL-6 increases markedly during exercise,
partly due to the release of IL-6 from the contracting skeletal muscles, and exercise-induced IL-6
may be linked with central fatigue, which is enhanced by hyperthermia. Exercise-induced IL-6 may
also stimulate hepatic glycogenolysis, which is important during prolonged and repeated exercise.
Thus, in a randomised order and separated by 60 min of rest, eight young male subjects completed
two 60 min exercise bouts: one bout with a normal (38 °C) and the other with an elevated (39.5 °C)
core temperature. The cerebral IL-6 response was determined on the basis of internal jugular
venous to arterial IL-6 differences and global cerebral blood flow. There was no net release or uptake
of IL-6 in the brain at rest or after 15 min of exercise, but a small release of IL-6 was observed after
60 min of exercise in the first bout (0.06 £ 0.03 ng min ). This release of IL-6 from the brain was
five-fold greater at the end of the second bout (0.30 + 0.08 ng min™'; P < 0.05) with no separate
influence of hyperthermia. In conclusion, IL-6 is released from the brain during prolonged exercise
in humans and it appears that the duration of the exercise rather than the increase in body
temperature dictates the cerebral IL-6 response.
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The plasma concentration of interleukin-6 (IL-6)
increases markedly in response to exercise (Northoft &
Berg, 1991; Nehlsen-Cannarella et al. 1997; Nieman et al.
1998; Pedersen et al. 2001) and it appears that IL-6
production in working skeletal muscles is a major source
of the exercise-induced increase in arterial IL-6
(Bartoccioni et al. 1994; Steensberg et al. 2000). In the
muscles the stimuli for IL-6 production are contractions
per seand alow muscle glycogen content (Keller et al. 2001;
Steensberg et al. 2001a) and the IL-6 produced by the
active skeletal muscles may partly mediate the hepatic
glucose output necessary to maintain blood glucose
homeostasis when the uptake of glucose by the muscles is
increased during prolonged exercise (Pedersen et al. 2001).
However, other tissues also rely on blood glucose as
metabolic fuel and blood glucose homeostasis is important
especially for the metabolic function of the central nervous
system (CNS) (Sokoloff, 1981; Boyle et al. 1994). Within
the CNS IL-6 levels remain low under normal conditions,
but during brain injury, inflammation, hypoxia and
certain diseases, the IL-6 level becomes elevated, and the
predominant source of IL-6 production in CNS appears to
be activated astrocytes (Van Wagoner & Benveniste,
1999). IL-6is also expressed in hypothalamic nuclei, where
its synthesis and secretion may be enhanced after long-
term stress (Schobitz et al. 1993; Shizuya et al. 1998). It

furthermore appears that centrally acting IL-6 plays a role
in the regulation of appetite, energy expenditure and body
composition. Thus, IL-6-deficient mice increase their food
intake and develop mature-onset obesity, while
intracerebroventricular injection of IL-6 in rats induces an
acute increase in whole body oxygen consumption
(Wallenius et al. 2002). Gleeson (2000) speculated that
IL-6 may be taken up by the brain during exercise and that
the large release of IL-6 from the skeletal muscles during
prolonged exercise could act as a feedback mechanism
contributing to the development of so called ‘central
fatigue’. Alternatively, IL-6 could be released from the brain
as a stimulus for increased hepatic glucose output, similar to
the observation from the skeletal muscles, or IL-6 could be
released during exercise as a consequence of an increased
production in brain regions activated during exercise.

This study investigated whether prolonged exercise is
associated with an altered cerebral IL-6 response. Cerebral
IL-6 kinetics were evaluated during both normothermic
and hyperthermic exercise conditions. The latter exercise
condition is associated with central fatigue (Nybo &
Nielsen, 2001a), a slowing of the electroencephalogram
and an increased perception of exertion (Nybo & Nielsen,
2001b). We hypothesised that during exercise the cerebral
IL-6 response could be influenced by the combined effect
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of the exercise duration and heat stress and especially so if
the cerebral IL-6 response is linked with central fatigue.

METHODS

Eight health endurance-trained males participated in the study
(mean age 27 +2 years (£s.EM.), height 1.82 +0.02 m, mass
73+3kg and maximal oxygen uptake (I, mi) 63 %£2ml
kg™ min™"). The study was carried out in accordance with the
Declaration of Helsinki and approved by the Ethical Committee of
Copenhagen and Frederiksberg (KF 01-135/00).

Experimental set-up

All subjects completed two 1 h exercise bouts on a cycle ergometer
(Monark 829E, Sweden) at a power output (170 =4 W) that
corresponded to ~50 % 15, .. In one trial, exercise was carried out
in a thermoneutral environment, whereas an external heat stress
was superimposed in the other trial (peak oesophageal
temperature, T, =39.5+0.2°C at the end of the trial). The
environmental temperature was 20°C in both trials and the
hyperthermic exercise condition was generated by dressing the
subjects in waterproof clothing, plastic hood and rubber gloves
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Figure 1. Jugular venous to arterial IL-6 differences
(upper panel) and arterial IL-6 concentrations (lower
panel) at rest and during exercise

Both exercise trials were completed at a workload (170 + 4 W) that
corresponded to 50 % 15, mo and interspaced with 1 h of rest. Data
are mean values of 8 subjects. * Significantly different from the
resting value (P < 0.05).
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(Nybo et al. 2002). The two trials were separated by 1 h recovery
and the treatment order was randomly assigned and
counterbalanced across subjects. The subjects had water freely
available to them during the trials and were asked to drink at least
500 ml water in the recovery period between the two trials.
Hydration status was thereby maintained from the first to the
second exercise bout as indicated by similar arterial
concentrations of haemoglobin and sodium. Also the
haemoglobin concentration was similar in the jugular venous
(145+0.2¢g1™") and arterial blood (14.6 +0.2¢gl™"; exercise
values), indicating that haemoconcentration did not take place
across the brain.

The subjects were instructed to consume a carbohydrate-rich
breakfast plus ~400 ml water 1-2h before arrival at the
laboratory. The subjects were furthermore requested to abstain
from coffee, tea or other caffeine-containing items on the day of
the experiment. Upon arrival, an oesophageal thermocouple was
inserted via the nasal passage at a distance equal to one-fourth of
the subject’s standing height and a heart rate (HR) monitor was
attached to the subject. The subject then rested on a couch while
catheters were inserted into the radial artery of the non-dominant
arm and into the bulb of the right internal jugular vein. An
antecubital venous catheter for infusion of '*Xe was placed
contralaterally to the arterial catheter. The subject then rested for
half an hour before baseline measurements of core temperature,
HR and blood samples were obtained. T, and HR were measured
every 5 min during the exercise bouts. The global cerebral blood
flow (CBF) was determined after 15 min and 60 min of exercise in
both trials and blood samples were drawn at the same time.

Blood sample analyses and calculations

Arterial and jugular venous values of haemoglobin, haematocrit,
sodium, glucose and lactate were determined on ABL 615
apparatus (Radiometer, Copenhagen, Denmark) with an
accuracy of 0.1 mm. Blood samples for determination of IL-6,
adrenaline and noradrenaline were drawn into glass tubes
containing EDTA. These samples were immediately spun at
2200 g for 5 min at 4°C. Plasma was divided into fractions and
stored at —80°C until the analyses were performed. IL-6 was
measured with a high-sensitivity ELISA kit (R&D Systems,
Minneapolis, USA) and the concentrations of adrenaline and
noradrenaline were determined with a RIA kit (Biotech-IgG,
Copenhagen, Denmark).

CBF was measured in millilitres per minute per gram of cerebral
tissue by the Kety-Schmidt technique in the desaturation mode
with xenon as the radioactive tracer (Kety & Schmidt, 1948;
Madsen et al. 1993) and global CBF was estimated assuming an
average brain mass of 1400 g (Miller & Corsellis, 1977; Dekaban,
1978). Cerebral plasma flow was calculated on basis of the global
CBF and the corresponding haematocrit value, and the cerebral
balance of IL-6 was calculated as cerebral plasma flow multiplied
by the arteriovenous difference (a-vDy ¢).

Statistical analysis

One- and two-way (time-by-trial) repeated measures analyses of
variance (ANOVA) were performed to evaluate differences
between and within trials. Following a significant F test, pair-wise
differences were identified using Tukey’s post hoc procedure.
ANOVA was also performed to test if the order of the trials (i.e.
first vs. second exercise bout) had an effect on the physiological
responses. Data are presented as means * S.E.M. unless otherwise
indicated. The level of significance was set at P < 0.05.
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RESULTS

The arterial IL-6 concentration increased during both the
first and the second bout of exercise. Thus, the arterial IL-6
concentration was 0.3 £ 0.1 ng 1" at rest and increased to
2.8+ 0.4ngl" at the end of the first trial and to
5.3+ 1.1 ng1™" at the end of the second trial (P < 0.05).
There was no net release or uptake of IL-6 in the brain at
rest or after 15 min exercise, but a small release of IL-6
from the brain was observed at the end of the first exercise
period (Fig. 1). However, the v-aDy, increased
significantly during the second bout of exercise whereas
the CBF did not differ between the first
(47 +5ml (100 g) ' min™') and the second bout of
exercise (48 £ 4 ml (100 g)™' min™"). The cerebral release
of IL-6 was therefore higher at the end of the second
compared with the first exercise period (Fig. 2).

The arterial blood glucose concentration was 5.2 + 0.2 mMm
at rest and similar at the end of the first exercise bout
(5.0 £0.2mM) and at the end of the second bout
(4.9 £0.2mM), demonstrating that blood glucose
homeostasis was maintained throughout the exercise
protocol. The arterial blood glucose concentration was
also similar when the hyperthermic trial (5.0 £ 0.2 mm)
was compared with the normothermic trial
(4.8 £ 0.2 mMm). The core temperature was not different
after 15 min exercise in the two trials (37.8 £ 0.1 wvs.
37.9 £0.1°C), but in the hyperthermic bout, the core
temperature kept increasing throughout exercise, to reach
a peak value of 39.5+0.2°C, whereas it stabilised at
37.9 £ 0.1°C for the remaining exercise period in the
normothermic trial. However, the significantly elevated
core temperature did not affect the cerebral IL-6 response,
which was similar when the normothermic and hyper-
thermic trials were compared (Fig. 3).
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Figure 2. Mean and individual values of IL-6 release from
the brain at the end of the first and the second exercise
bout

Both exercise trials were completed at a workload (170 + 4 W) that
corresponded to 50 % I3, mo and interspaced with 1 h of rest. The
mean value represented by the vertical bar is significantly higher in
the second compared with the first exercise bout (P < 0.01).
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The arterial adrenaline concentration was similar in the
normothermic and hyperthermic trials, but it tended
(P=0.07) to be higher in the second (3.5 1.0 nM)
compared to the first exercise bout (1.8 £ 0.3 nm). The
arterial concentration of noradrenaline was higher at
60 min in the hyperthermic trial (16.2 = 4.01 nm) than at
the corresponding time in the normothermic trial
(6.2+1.0nM; P<0.05). The jugular venous plasma
concentrations of catecholamines were similar to the
arterial concentrations.

DISCUSSION

The major finding of the present study is that the brain
releases IL-6 during prolonged exercise, independent of
whether the exercise is carried out under normothermic or
hyperthermic conditions. Although the net release of IL-6
from the brain is manyfold lower than that released from
an exercising limb (~0.3 ng min ™' from the brain vs. a peak
value of ~30 ng min™' from an exercising leg), cerebral
IL-6 kinetics during the two exercise bouts followed the
same pattern of response as that of the exercising muscles
(Steensberg et al. 2001a). During exercise the release of
IL-6 from the brain would be expected to have the same
biological effect as that from the exercising muscles. An
effect which may include stimulation of hepatic
glycogenolysis and glucose release, thereby contributing to
maintain blood glucose homeostasis (Gleeson, 2000;
Steensberg et al. 2000; Pedersen et al. 2001). The finding
that the cerebral release of IL-6 and the arterial IL-6
concentration were higher during the second compared
with the first exercise bout may support this idea, as the
oxidation of blood glucose is expected to increase when an
exercise bout is repeated after a relatively short recovery
period (Steensberg et al. 2001a; Ronsen et al. 2002).
However, the cerebral uptake of blood glucose is much
smaller than that of the exercising skeletal muscles
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Figure 3. Jugular venous to arterial IL-6 differences at
rest and during exercise with normothermic (7, ~38 °C)
and hyperthermic (T,.s ~39.5 °C) conditions

Data are mean values of 8 subjects. * Significantly different from
the resting value (P < 0.05).
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(Steensberg et al. 2001a; Nybo et al. 2002) and the
contribution from cerebrally derived IL-6 on the overall
glucose homeostasis may be considered to be less than that
of muscle-derived IL-6. Furthermore, the similarity in
IL-6 kinetics between the brain and an exercising limb
does not necessary implicate that the biological role is the
same and the functional importance of the cerebral IL-6
release during exercise awaits further investigation.

The augmented IL-6 release from the brain during the
second exercise bout may be ascribed to the elevated
arterial adrenaline concentration, as IL-6 production by
astrocytes is stimulated by adrenaline (Van Wagoner &
Benveniste, 1999). However, the influence from
catecholamines is ambiguous as the cerebral IL-6 release
was not different in the hyperthermic compared with the
normothermic trial, although noradrenaline is known to
induce IL-6 in astrocytes (Norris & Benveniste, 1993) and
hyperthermia markedly increased the arterial and jugular
venous concentrations of noradrenaline. Also, the
exercise-induced increase in systemic IL-6 cannot be
mimicked by adrenaline infusion, suggesting that
adrenaline plays only a minor role in IL-6 production
during exercise (Steensberg et al. 2001b).

IL-6 is known as a centrally produced and centrally acting
endogenous pyrogen and it is essential in tumour necrosis
factor-induced fever (Rothwell et al 1991; Sundgren-
Andersson et al. 1998). However, the elevated core
temperature during the hyperthermic trial was not
associated with an altered cerebral IL-6 release compared
with the control trial which supports the notion that fever
and hyperthermia are distinct physiological responses.
During prolonged exercise the development of
hyperthermia reduces CBF (Nybo & Nielsen, 2001¢; Nybo
et al. 2002), but the unaltered cerebral IL-6 kinetics in
response to hyperthermia indicate that oxygen delivery to
the brain was not critically impaired, as CNS ischaemia
results in an increased IL-6 production (Clark et al. 1999).

That IL-6 is released rather than taken up by the brain
during prolonged exercise does not support the idea that
IL-6 output from the exercising muscles acts as a feedback
neuromodulator, which contributes to central fatigue
(Gleeson, 2000). However, the increased cerebral release
of IL-6 may result from an elevated expression in the brain
and an increased IL-6 level in the brain could affect the
sensation of fatigue during prolonged exercise (Davis &
Bailey, 1997). On the other hand, hyperthermia is
associated with central fatigue (Nybo & Nielsen, 2001a)
and increased perception of effort (Nybo & Nielsen,
2001b) and the cerebral IL-6 response would be expected
to be influenced by the elevated core temperature during
the hyperthermic trial if IL-6 and central fatigue were
connected. However, the observed net release of IL-6 from
the brain does not exclude the possibility that there may
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have been both an uptake and a release occurring
simultaneously. Furthermore, we cannot exclude the
possibility that circadian rhythms in IL-6 influenced the
cerebral IL-6 changes during the protocol, since a resting
control group was omitted in the study design due to the
invasive nature of the experiment. Yet the observation that
IL-6 release from the brain had returned to the baseline
level (no release) at the beginning of the second exercise
bout indicates that the changes in cerebral IL-6 release
during the exercise protocol are dependent on the exercise
time rather than a simple diurnal effect.

Another crucial assumption for the determination of the
cerebral IL-6 kinetics is that the blood sampled from the
catheter in the internal jugular vein represents cerebral
venous blood. Although the catheter was placed with the
tip positioned in the bulb of the internal jugular vein, a
slight admixture of extracranial origin can be expected, but
the amount of extracranial contamination is usually small
(< 2.6%; Shenkin et al. 1948) and the influence of
extracranially derived IL-6 is expected to be negligible.

Wallenius et al. (2002) demonstrated that centrally acting
IL-6 exerts anti-obesity effects in rodents, and it is
tempting to suggest that cerebral IL-6 to some extent is
involved in mediating the effect of physical activity on the
balance between energy expenditure and food intake (van
Baak, 1999). Furthermore, in rats the basal oxygen
consumption was increased for 3 h after a cerebro-
ventricular injection of IL-6 in the lateral ventricle
(Wallenius et al. 2002), and an increased IL-6 level in the
brain at the end of a prolonged exercise bout may
contribute to the excess post-exercise oxygen consumption
that persists for hours after a prolonged exercise bout
(Maehlum et al. 1986; Gore & Withers, 1990). However,
these suggestions remain speculative and the complex
functions of IL-6 within the CNS are far from understood,
and we can only speculate that the cerebral IL-6 release
during exercise may be somehow connected to the effect of
physical activity on the balance between energy
expenditure and energy intake.

In conclusion, IL-6 is released from the brain during
prolonged exercise in humans and the release appears to be
influenced by the duration of exercise rather than by the
increase in body temperature. A role for IL-6 in central
fatigue is not supported by the present results as the
arterial and cerebral IL-6 responses were similar during
normothermia and hyperthermia, although hyperthermia
is associated with central fatigue.
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