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IL-6 is produced and released in large amounts from skeletal
muscle during prolonged exercise in both mice and humans,
but there are few data indicating the biological significance of
this. IL-6 exerts metabolic effects such as stimulating energy
expenditure and reducing body fat mass. We have now investigated the effects of IL-6 deficiency on exercise endurance
and energy expenditure in preobese and obese IL-6-deficient
(IL-6ⴚ/ⴚ) mice. Four-month-old preobese and 7-month-old
obese IL-6ⴚ/ⴚ male mice backcrossed to C57BL/6 and their
littermate controls were exercised on a treadmill, and energy
expenditure was measured as oxygen consumption with the
use of indirect calorimetry. The preobese IL-6ⴚ/ⴚ mice were
significantly leaner than the control mice, whereas the older

T

HE CYTOKINE IL-6 is well known for its effects on the
immune system and is released from immune cells
during inflammation (1). However, IL-6 is also released from
nonimmune tissues. In the absence of inflammation, about
10 –35% of the circulating IL-6 may be derived from adipose
tissue, and body mass index correlates with serum IL-6 levels
(2– 4). Both short- and long-term decreases in food intake
result in decreased serum levels of IL-6 (5, 6). Moreover,
Pedersen and co-workers as well as other authors (7–9) have
shown that circulating levels of IL-6 in humans increase by
up to 100-fold during prolonged muscular exercise to levels
even considerably higher than those in severely obese, sedentary individuals (3, 4). In contrast, the release of proinflammatory cytokines, such as TNF␣ and IL-1␤, are much
lower or absent during exercise (8, 10, 11). On the other hand,
other factors such as norepinephrine and glucocorticoids are
released during exercise. Therefore, IL-6 is acting in a completely different context during exercise compared with both
during inflammation and after injection of exogenous IL-6 to
sedentary individuals. The high plasma levels of IL-6 observed during exercise are mainly due to an increased production of IL-6 in the working skeletal muscle, as shown by
measurements of arterial-femoral venous differences in the
exercising leg (11). This increased production is not a result
of muscle cell damage or infiltration of immune cells, but
instead seems to be a physiological response to exercise (11).
Abbreviations: DXA, Dual energy x-ray absorptiometry; RER, respiratory exchange ratio; RMR, resting metabolic rate; wt, wild-type.
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IL-6ⴚ/ⴚ mice, as expected, had developed obesity. Resting
young, but not older, IL-6ⴚ/ⴚ mice had an elevated respiratory
exchange ratio (RER), indicating that they oxidize carbohydrates rather than fat for energy utilization. During exercise,
the young and older IL-6ⴚ/ⴚ mice had a reduced endurance
and a progressive decrease in oxygen consumption compared
with control mice. There was no difference in RER in young
IL-6ⴚ/ⴚ mice, whereas RER was enhanced in older IL-6ⴚ/ⴚ,
mice during exercise. In summary, IL-6ⴚ/ⴚ mice have reduced
endurance and energy expenditure during exercise, suggesting that IL-6 is necessary for normal exercise capacity. (Endocrinology 145: 2680 –2686, 2004)

Increased IL-6 concentrations in plasma and increased IL-6
expression in working muscle have also been shown in exercising mice and rats (12, 13). However, the physiological
significance of exercise-induced increases in IL-6 remains
unclear.
The above-described localization and regulation of IL-6
production are in line with a metabolic role for this cytokine.
Indeed, short-term IL-6 treatment has been reported to increase lipolysis and fat oxidation in humans (14 –16). Moreover, we have recently shown that IL-6-deficient (IL-6⫺/⫺)
mice develop obesity, which could partly be reversed by IL-6
replacement, suggesting a role for IL-6 in long-term regulation of adipose tissue mass (17). In addition, intracerebroventricular injections of a low dose of IL-6 decreased body fat
mass and increased energy expenditure in rats, suggesting a
central site of action of IL-6 (17, 18). The IL-6⫺/⫺ mice had
decreased glucose tolerance, probably secondary to the obesity (17). In humans, there is also an association between IL-6
in the cerebrospinal fluid and body fat mass (19), and IL-6
seems to affect glucose metabolism, although it is currently
unclear how peripheral treatment with IL-6 affects blood
glucose levels (14, 15, 20, 21).
As IL-6 is released during exercise, a state clearly associated with pronounced metabolic alteration (22, 23), it is possible that IL-6 is a novel player. Although we and others have
hypothesized that IL-6 might exert metabolic effects (11, 16,
24), the physiological function of its production and release
from working muscle is at present unknown. Thus, the aim
of this study was to investigate the effects of endogenous IL-6
on endurance and energy metabolism during exercise by
exploiting an IL-6⫺/⫺ mouse strain that has been found not
to release measurable levels of immunoreactive and bioac-
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tive IL-6 into the blood circulation (17, 25, 26). As these
animals develop mature-onset obesity, the exercise studies
were mainly performed in young preobese IL-6⫺/⫺ animals
to avoid influence by the fat tissue load. We also investigated
body composition and resting metabolism in the preobese
animals to further evaluate factors that might predispose for
the later development of obesity.
Materials and Methods
Animals
⫺/⫺

The IL-6
mice were originally generated by Kopf et al. (25) and
have been bred onto a C57BL/6 background, as previously described
(17), to reduce genetic heterogeneity. Backcrossed littermate wild-type
(wt) mice were used as controls in all experiments. The young mice were
3– 4 months old, and the older mice were 7– 8 months old. Animals were
maintained under standardized nonbarrier conditions and had free access to fresh water and food pellets (B&K Universal AB, Sollentuna,
Sweden). All animal procedures were approved by the local ethics
committee on animal care at Gothenburg University and were conducted in accordance with guidelines.

Dual energy x-ray absorptiometry (DXA)
DXA measurements in mice were performed with pDEXA Sabre
(Norland, Fort Atkinson, WI) and Sabre Research software (version
3.9.2) as previously described (27). The total amount of body fat in the
mice was calculated from the percent fat measured with DXA and body
weight. This was performed by using the relation between percent
extracted body fat and percent fat on DXA that previously has been
determined in our laboratory (27). Fat-free mass was calculated in a
similar way using the relation between percent fat-free mass (calculated
as the difference between total body weight and extracted body fat in
relation to total body weight) and percent fat-free mass measured with
DXA. This calculation was performed using data from the previously
described mice (27).

Exercise protocol
Mice were exercised on a motorized treadmill (Columbus Instruments, Columbus, OH) that had an adjustable belt speed (0 –100 m/min)
and adjustable inclination (⫺10 to 25°). The treadmill was connected to
an Oxymax system (Columbus Instruments, Columbus, OH) for measurement of energy expenditure by indirect calorimetry. The mice were
encouraged to run by gentle tapping on their back. Before the experiments, all mice were acclimatized to the treadmill during a 3-d period
with 5 min of rest and 5 min of running at 10 m/min and 0° inclination
each day. Two different exercise protocols were used as described below.
Endurance capacity. This test involved an incremental protocol with increasing workloads and is often used to test for cardiovascular disease.
The mice were placed in individual treadmill lanes at room temperature
(23 C). The test started with a 20° incline (4-month-old mice) or a 10°
incline (8-month-old mice) and 10 m/min belt speed. The speed was
increased to 14 m/min after 10 min and to 18 m/min after another 5 min.
The mice continued to run at 18 m/min until exhaustion. We defined
exhaustion as the inability to continue regular treadmill running despite
the stimulus of repeated tapping on the back of the mouse. The range
of total duration of exercise was 22–35 min in young animals and 17–30
min in older animals.
Energy expenditure during exercise. The mice ran at a fixed speed of 10
m/min with an inclination of 20°. Energy expenditure was defined as
oxygen consumption measured by indirect calorimetry, using the Oxymax system. Before commencing to run, oxygen consumption was measured while the mice rested quietly for 1–2 h in the treadmill to reach
stable oxygen consumption levels. There are a number of different ways
of expressing oxygen consumption, which includes milliliters per
minute per mouse, milliliters per minute per body weight0.75, or milliliters per minute per fat-free mass0.75. When oxygen consumption is
expressed as milliliters per minute per body weight0.75, the results may
differ between animals because the values are influenced by fat mass,
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i.e. a metabolically rather inactive tissue (28). To express oxygen consumption as milliliters per minute per fat-free mass0.75, fat-free mass
must first be determined. However, the data are similar when compared
with values obtained using milliliters per minute per mouse, and the
determination of fat-free mass using DXA must be performed while the
mouse is anesthetized and not exercising. Hence, in the current study we
chose to express oxygen consumption as milliliters per minute per
mouse.

Blood chemistry and glycogen measurements
Blood samples (35 l) were collected from the tail vein of young mice
after 60 min of running at a 20° inclination, for analysis of glucose and
lactate (ABL 700 series, Radiometer Medical, Copenhagen, Denmark).
The mice were then anesthetized by ip injections of 7.5 g/kg Ketalar
(Pfizer AB, Täby, Sweden) and 0.1 g/kg Dormitor (Orion Pharma, Espoo, Finland) and blood, liver, and muscularis quadriceps were collected. The tissues were frozen in liquid nitrogen and then transferred
to ⫺80 C until use, while the blood were allowed to clot for two hours
at room temperature before centrifugation. Sera were aliquoted and
stored at ⫺80 C until analysis.
Glycogen content in muscle and liver were measured by acidic hydrolysis of approximately 35 g white muscularis quadriceps and approximately 5 g liver tissue in 1 ml 1 m HCl at 100 C for 2 h. After
neutralization with 1 m NaOH, samples were analyzed for glycogenderived glucose by an enzymatic-colorimetric glucose assay kit (Glucose
Hexokinase Liquid Stable Reagent, Thermo, Nobel Park, Victoria, Australia) and glucose standard solution (Sigma-Aldrich Corp., St. Louis,
MO). The glycogen concentration is expressed as micromoles of glucose
per gram of wet tissue.
Sera were analyzed for insulin (Crystal Chemical, Inc., Harris County,
TX) and ␤-hydroxybuturate. Insulin analysis was performed according
to the protocol provided by the manufacturer, whereas ␤-hydroxybuturate was analyzed enzymatically at Sahlgrenska University Hospital.

Resting metabolic rate (RMR)
The RMR, i.e. energy expenditure during rest, thermoneutrality, and
in the absence of feeding, was measured as oxygen consumption at 30
C using the Oxymax system. The mice were placed in individual metabolic chambers, and oxygen consumption was measured every third
minute over a 2-h period.

Respiratory exchange ratio (RER)
The RER is the ratio of carbon dioxide output (VCO2) to oxygen
uptake (VO2), that is: RER ⫽ VCO2/VO2. The RER was calculated both
during rest at 30 C and during exercise at room temperature. The value
for RER will differ depending on the metabolic state; that is, when
carbohydrates are being used exclusively for metabolism, RER rises to
1.00, whereas RER will fall to around 0.7 when fats are being used
exclusively for metabolism. This holds true if the values are taken during
steady state conditions with animals fed diets similar to those used in
this well controlled experiment.

Statistical methods
All analyses were performed using an SPSS program (version 11.5.1,
SPSS, Inc., Chicago, IL). Data were, when necessary, transformed by
Blom’s method to obtain both normally distributed data and normally
distributed residuals. A t test was used to investigate the differences of
single measured variables between the two groups (wt and IL-6⫺/⫺),
whereas two-way ANOVA (repeated measurement) was used to compare variables that were measured repeatedly in the same animal. Statistical calculations were also performed with nonparametric methods
(e.g. Mann-Whitney), as the sample size was rather small. However, the
use of nonparametric methods did not have any major effect on the
outcome. Therefore, only the P values obtained with parametric results
will be presented.
In the endurance protocol, a Kaplan-Meier survival curve was obtained, and the comparison of groups was performed using the log-rank
test. Data in text and figures are given as the mean ⫾ sem. P ⱕ 0.05 was
considered statistically significant.
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Results
Body composition

At 4 months of age, the IL-6⫺/⫺ mice had lower body
weight compared with wt mice (31.3 ⫾ 1.0 vs. 36.6 ⫾ 1.3 g;
P ⬍ 0.001). This weight difference was caused by a smaller
fat mass in the IL-6⫺/⫺ mice shown by in vivo measurements
using DXA (Fig. 1, A and B). The relative fat mass was also
reduced in IL-6⫺/⫺ mice compared with wt (12.6 ⫾ 1.2% vs.
19.9 ⫾ 1.6%; P ⬍ 0.01). As in our previous study (17), the
8-month-old IL-6⫺/⫺ mice had developed mature-onset obesity, as shown as a substantially increased relative (35.5 ⫾
2.6% vs. 25.6 ⫾ 1.5%) and total (Fig. 1, C and D) fat mass.
There was no effect of IL-6 deficiency on fat-free weight in
either young or older IL-6⫺/⫺ mice (Fig. 1, B and D).
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the RER was also higher in IL-6⫺/⫺ mice at several time
points (Fig. 2B). In older obese animals, there were no differences in RMR or RER between the IL-6⫺/⫺ and wt mice
(data not shown).
Endurance during treadmill running

The young preobese IL-6⫺/⫺ mice had significantly reduced endurance compared with wt mice (P ⬍ 0.01, by
log-rank test; Fig. 3). All of the IL-6⫺/⫺ mice stopped running
after 35 min, whereas 60% of the wt mice were still running.
A similar pattern with decreased endurance was seen in the
8-month-old obese IL-6⫺/⫺ mice (mean running time: 23.7 ⫾
2.2 vs. 28.0 ⫾ 1.4 min; P ⫽ 0.08).
Energy expenditure and RER during treadmill running

Energy expenditure and RER during rest and
thermoneutrality

There was no difference in the RMR between young IL6⫺/⫺ mice and wt mice (Fig. 2A). The mean RER during a
period of 120 min at 30 C was higher in young IL-6⫺/⫺ mice
than in wt mice (0.83 ⫾ 0.03 vs. 0.77 ⫾ 0.02; P ⬍ 0.05), and

FIG. 1. Total body fat and fat-free
mass, as measured using DXA, in
4-month-old, preobese (A and B) and
8-month-old obese (C and D) IL-6⫺/⫺
and wt mice. A and C, DXA/Image analysis of fat content in representative IL6⫺/⫺ and wt mice. 䡺, Areas with greater
than 50% fat; f, areas with less than
50% fat. B and D, Quantification of several DXA measurements for 4- and
8-month-old IL-6⫺/⫺ (䡺) and wt mice
(f). n ⫽ 6. ns, Not significant; *, P ⬍
0.05; **, P ⬍ 0.01 (vs. corresponding wt
mice, using t test).

With the mice resting quietly on the treadmill at room
temperature, there was no difference in energy expenditure (shown as oxygen consumption) between young
preobese IL-6⫺/⫺ and wt mice during the last hour of a
120-min rest period before running (Fig. 4). Moreover,
there was no significant difference during the first hour of
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FIG. 3. Endurance capacity in 4-month-old preobese IL-6⫺/⫺ (䡺) and
wt (f) mice. The mice started on the treadmill at an inclination of 20°
and a speed of 10 m/min, with incremental increases in speed until
exhaustion of the mice. The results are shown as a Kaplan-Meier
survival curve, and the comparison of the groups was performed using
the log-rank test. n ⫽ 5– 6. **, P ⬍ 0.01.

FIG. 2. Energy expenditure and RER during rest and thermoneutrality in IL-6⫺/⫺ (䡺) and wt (f) mice. A, Basal metabolic rate (BMR),
shown as oxygen consumption at 30 C. B, RER during rest at 30 C.
Data were transformed by Blom’s method to obtain both normally
distributed data and normally distributed residual. Two-way ANOVA
was used for comparison of RERs in the two groups during the entire
resting period, whereas t test was used for comparison of individual
time points. n ⫽ 6 – 8. *, P ⬍ 0.05.

rest, although the variability was greater (not shown).
During the 60-min period of exercise, oxygen consumption
was significantly reduced in the young preobese IL-6⫺/⫺
mice compared with wt mice (P ⬍ 0.05). There was no
difference in oxygen consumption during the first 12 min
of exercise (3.33 ⫾ 0.08 ml/min in IL-6⫺/⫺ vs. 3.54 ⫾ 0.16
ml/min in controls; P ⬎ 0.05), but the curves started to
deviate after 12 min of running. Comparison of the time
points after 15– 60 min of running showed that the oxygen
consumption was reduced in IL-6⫺/⫺ mice. Moreover, the
oxygen consumption of IL-6⫺/⫺ mice was significantly
reduced at many individual time points between 25 and 60
min of running (Fig. 4). A similar pattern with gradually
reduced oxygen consumption in the IL-6⫺/⫺ mice compared with the control mice was seen in the 8-month-old
obese mice (data not shown).
During exercise, there was no difference in RER between
preobese IL-6⫺/⫺ mice and wt mice (Fig. 5A), whereas older

FIG. 4. Energy expenditure (shown as oxygen consumption) in
4-month-old preobese IL-6⫺/⫺ (䡺) and wt (f) mice. The mice ran at
a fixed speed of 10 m/min and an inclination of 20°. Before commencing running, the mice rested for 2 h in the treadmill, and oxygen
consumption was measured. Data were transformed by Blom’s
method to obtain both normally distributed data and normally distributed residual. Two-way ANOVA was used for comparison of oxygen consumption in the two groups during the entire exercise period,
and t test was used for comparison of individual time points. n ⫽ 9 –12.
ns, Not significant; *, P ⬍ 0.05.

obese IL-6⫺/⫺ mice had a higher RER value than wt mice
(Fig. 5B).
Blood chemistry and glycogen content

At rest, the 8-month-old obese IL-6⫺/⫺ mice had, as we
have seen previously (17), increased basal glucose levels,
whereas there was no difference between the young animals
(data not shown). Moreover, after 1 h of running at a fixed
speed of 10 m/min and an inclination of 20°, there were no
differences in the concentration of blood-glucose, bloodlactate, serum insulin, serum ␤-hydroxybuturate, muscle
glycogen, or liver glycogen between young wt and IL-6⫺/⫺
mice (Table 1).
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TABLE 1. Blood chemistry and glycogen concentration in liver
and muscle
Variable

Wt

IL-6⫺/⫺

Glucose (mmol/liter)
Lactate (mmol/liter)
Insulin (pg/ml)
␤-Hydroxy-buturate (mmol/liter)
Glycogen, muscle (mol/g)
Glycogen, liver (mol/g)

11.6 ⫾ 0.46
7.32 ⫾ 0.76
511 ⫾ 56.5
0.20 ⫾ 0.03
5.02 ⫾ 0.56
332 ⫾ 47.6

12.6 ⫾ 2.60
6.37 ⫾ 0.87
584 ⫾ 85.0
0.20 ⫾ 0.03
5.50 ⫾ 0.59
342 ⫾ 74.2

Data are the means ⫾ SEM. Samples of blood, liver, and muscle
(muscularis quadriceps) were obtained from young wt and IL-6⫺/⫺
mice after 1 h of running at a fixed speed of 10 m/min and an inclination of 20°.

FIG. 5. Effects of exercise on RER in 4-month-old preobese (A) and
8-month-old obese (B) IL-6⫺/⫺ (䡺) and wt (f) mice. The mice ran at
a fixed speed of 10 m/min and an inclination of 20°. The figure shows
the mean RER measured at peak oxygen consumption. n ⫽ 9 –12. ns,
Not significant; **, P ⬍ 0.01 (vs. corresponding control, by t test).

Discussion

We have shown for the first time that IL-6⫺/⫺ mice have
decreased endurance and energy expenditure during exercise. These findings suggest that endogenous IL-6 exerts a
profound stimulatory effect on exercise capacity in mice.
Several human studies have shown a marked increase in
circulating IL-6 during prolonged exercise, mainly due to
increased local production in the working skeletal muscle (7,
8, 11). In rodents there is also an increase in IL-6 expression
in working muscle and plasma IL-6 concentration during
exercise (12, 13). Although it has been proposed that increased IL-6 production during exercise exerts metabolic
functions (7, 8, 11, 24), until now it has not been proven that
IL-6 is indeed necessary for normal exercise capacity.
The mechanisms behind the reduced exercise endurance
in IL-6⫺/⫺ mice are not known, but one possibility is that the
reduced oxygen consumption during exercise causes a progressive oxygen depletion in these animals, which impairs
their ability to continue running (29 –31). Another possible
mechanism producing the reduced endurance capacity
could be impaired heart function, as reduced heart muscle
force may lead to an insufficient cardiac output for the increased requirement necessary during exercise. This is sug-

gested by the findings that IL-6 stimulates the sympathetic
nervous system (32), and this may exert an inotropic effect
on heart function. Another possibility is reduced capillarization in the skeletal muscle, which would limit the transport of oxygen within the muscle and thereby impair the
capacity to oxidize the fuel (33, 34). However, further studies
are needed to elucidate the exact mechanism behind the
decreased endurance in IL-6⫺/⫺ mice.
Our results in IL-6⫺/⫺ mice suggest that endogenous IL-6
is of importance to keep persistently high oxygen consumption and thereby the ability to maintain skeletal muscle work
during prolonged exercise. This finding is in accordance with
earlier studies demonstrating that IL-6 treatment enhances
energy expenditure in both rodents and humans (15, 17, 35,
36). At present it is not known in which organ endogenous
IL-6, which promotes oxygen consumption, is produced and
exerts its effects. Previously it has been shown that IL-6
treatment stimulates energy expenditure at the level of the
brain in rodents (17, 36, 37), and it might be assumed that
endogenous IL-6 also acts on the brain during exercise. The
IL-6 exerting this effect during exercise could be produced by
the brain itself, which has been shown to have increased IL-6
production during exercise (38). Alternatively, the large
quantities of endocrine IL-6 produced from working skeletal
muscle (10) might reach appropriate sites in the brain. It has
also been suggested that the increased IL-6 level is a signal
from working muscle to directly or indirectly release nutrients from storage organs, for instance, adipose tissue and
liver (7, 8, 11).
In the present study we observed a higher RER in young
preobese IL-6⫺/⫺ mice at rest. In relation to the amounts of
carbon dioxide produced, oxidation of fat requires more
oxygen than oxidation of carbohydrates (RER ⬃0.7 for fat
compared with ⬃1.00 for carbohydrates). Therefore, the elevated RER in the IL-6⫺/⫺ mice indicates that they oxidize
carbohydrate rather than fat. Interestingly, increased RER
has been found to be a predictor for obesity in human populations (39, 40). It has been suggested that high RER might
be a contributor to the development of obesity, as individuals
with high RER oxidize carbohydrates and “save” the fat (39).
In addition, high RER has been associated with both low
sympathetic nerve activity (41) and the obesity-inducing effect of ghrelin treatment (42). However, the exact role of the
presently observed increase in RER in preobese IL-6⫺/⫺ mice
needs to be elucidated further.
The older obese, but not the young, IL-6⫺/⫺ mice exhibited
higher RER compared with wt mice during exercise. High
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RER during exercise has been shown to be a marker of
reduced exercise capacity (29, 43), possibly because a limited
amount of available oxygen results in reduced fat oxidation
capacity. Therefore, the decrease in exercise endurance in
older IL-6⫺/⫺ mice is probably not only secondary to their
mature-onset obesity and fat load, as also indicated by the
fact that endurance was also reduced in young preobese
IL-6⫺/⫺ mice.
Careful analysis of young IL-6⫺/⫺ mice showed, surprisingly, that they were actually leaner than wt controls. These
results are in line with earlier findings that serum leptin
levels are lower in young IL-6⫺/⫺ mice (17). The reason for
this remains unknown, although, the low body weight of
young individuals during some circumstances has been associated with obesity later in life (44). The fat mass was very
low in both young IL-6⫺/⫺ mice and young control mice and
probably had no major impact on exercise performance in
those animals. The lean body mass was not affected by IL-6
deficiency in young or older animals, providing no support
for the idea that muscle mass was reduced in IL-6⫺/⫺ mice.
Moreover, in line with results published by others (45), we
have not observed any effect of IL-6 deficiency or IL-6 treatment on muscle weight (unpublished results).
In summary, we have found that the lack of endogenous
IL-6 results in decreased exercise endurance and a less sustained increase in energy expenditure during exercise. These
results clearly indicate that the marked increase in IL-6 production seen in animals and humans during exercise, e.g. by
skeletal muscle, is crucial for exercise capacity. The mechanisms remain unclear, but are the subject of future studies.
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Fäldt, Research Center for Endocrinology and Metabolism, Sahlgrenska
University Hospital, Grona Straket 8, SE-413 45 Gothenburg, Sweden.
E-mail: jenny.faldt@medic.gu.se.
This work was supported by the Swedish Medical Research Council
(Grants 9894 and 05239), the Novo Nordisk Foundation, the Lars Hierta
Foundation, the Adlerbertska Research Foundation, and the European
Commission FP6 founding (Contract No. LSHM-CT-2003-503041).
G.B.’s work was supported by the Swedish Medical Research Council
(Grant 12580), the Inga-Britt and Arne Lundberg Foundation, and the
Swedish National Heart and Lung Foundation. This work was made
possible thanks to the SWEGENE Center for Mouse Physiology, Gothenburg University.
J.F. and I.W. contributed equally to this study.

22.
23.
24.
25.
26.
27.

References
1. Van Snick J 1990 Interleukin-6: an overview. Annu Rev Immunol 8:253–278
2. Fried SK, Bunkin DA, Greenberg AS 1998 Omental and subcutaneous adipose tissues of obese subjects release interleukin-6: depot difference and regulation by glucocorticoid. J Clin Endocrinol Metab 83:847– 850
3. Mohamed-Ali V, Goodrick S, Rawesh A, Katz DR, Miles JM, Yudkin JS,
Klein S, Coppack SW 1997 Subcutaneous adipose tissue releases interleukin-6,
but not tumor necrosis factor-␣, in vivo. J Clin Endocrinol Metab 82:4196 – 4200
4. Vgontzas AN, Papanicolaou DA, Bixler EO, Kales A, Tyson K, Chrousos GP
1997 Elevation of plasma cytokines in disorders of excessive daytime sleepiness: role of sleep disturbance and obesity. J Clin Endocrinol Metab 82:1313–
1316
5. Orban Z, Remaley AT, Sampson M, Trajanoski Z, Chrousos GP 1999 The
differential effect of food intake and ␤-adrenergic stimulation on adipose-

28.
29.
30.
31.
32.

derived hormones and cytokines in man. J Clin Endocrinol Metab 84:2126 –
2133
Bastard JP, Jardel C, Bruckert E, Blondy P, Capeau J, Laville M, Vidal H,
Hainque B 2000 Elevated levels of interleukin 6 are reduced in serum and
subcutaneous adipose tissue of obese women after weight loss. J Clin Endocrinol Metab 85:3338 –3342
Pedersen BK, Hoffman-Goetz L 2000 Exercise and the immune system: regulation, integration, and adaptation. Physiol Rev 80:1055–1081
Pedersen BK, Steensberg A, Schjerling P 2001 Muscle-derived interleukin-6:
possible biological effects. J Physiol 536:329 –337
Papanicolaou DA, Petrides JS, Tsigos C, Bina S, Kalogeras KT, Wilder R,
Gold PW, Deuster PA, Chrousos GP 1996 Exercise stimulates interleukin-6
secretion: inhibition by glucocorticoids and correlation with catecholamines.
Am J Physiol 271:E601–E605
Ostrowski K, Rohde T, Zacho M, Asp S, Pedersen BK 1998 Evidence that
interleukin-6 is produced in human skeletal muscle during prolonged running.
J Physiol 508:949 –953
Febbraio MA, Pedersen BK 2002 Muscle-derived interleukin-6: mechanisms
for activation and possible biological roles. FASEB J 16:1335–1347
Colbert LH, Davis JM, Essig DA, Ghaffar A, Mayer EP 2001 Tissue expression
and plasma concentrations of TNF␣, IL-1␤, and IL-6 following treadmill exercise in mice. Int J Sports Med 22:261–267
Jonsdottir IH, Schjerling P, Ostrowski K, Asp S, Richter EA, Pedersen BK
2000 Muscle contractions induce interleukin-6 mRNA production in rat skeletal muscles. J Physiol 528:157–163
Lyngso D, Simonsen L, Bulow J 2002 Metabolic effects of interleukin-6 in
human splanchnic and adipose tissue. J Physiol 543:379 –386
Stouthard JM, Romijn JA, Van der Poll T, Endert E, Klein S, Bakker PJ,
Veenhof CH, Sauerwein HP 1995 Endocrinologic and metabolic effects of
interleukin-6 in humans. Am J Physiol 268:E813–E819
van Hall G, Steensberg A, Sacchetti M, Fischer C, Keller C, Schjerling P,
Hiscock N, Moller K, Saltin B, Febbraio MA, Pedersen BK 2003 Interleukin-6
stimulates lipolysis and fat oxidation in humans. J Clin Endocrinol Metab
88:3005–3010
Wallenius V, Wallenius K, Ahren B, Rudling M, Carlsten H, Dickson SL,
Ohlsson C, Jansson JO 2002 Interleukin-6-deficient mice develop matureonset obesity. Nat Med 8:75–79
Wallenius K, Wallenius V, Sunter D, Dickson SL, Jansson JO 2002 Intracerebroventricular interleukin-6 treatment decreases body fat in rats. Biochem
Biophys Res Commun 293:560 –565
Stenlof K, Wernstedt I, Fjallman T, Wallenius V, Wallenius K, Jansson JO
2003 Interleukin-6 levels in the central nervous system are negatively correlated with fat mass in overweight/obese subjects. J Clin Endocrinol Metab
88:4379 – 4383
Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund Pedersen
B 2000 Production of interleukin-6 in contracting human skeletal muscles can
account for the exercise-induced increase in plasma interleukin-6. J Physiol
529:237–242
Tsigos C, Papanicolaou DA, Kyrou I, Defensor R, Mitsiadis CS, Chrousos
GP 1997 Dose-dependent effects of recombinant human interleukin-6 on glucose regulation. J Clin Endocrinol Metab 82:4167– 4170
Spriet LL, Watt MJ 2003 Regulatory mechanisms in the interaction between
carbohydrate and lipid oxidation during exercise. Acta Physiol Scand 178:
443– 452
Kang J, Schweitzer JS, Hoffman JR 2003 Effects of order of exercise intensity
upon cardiorespiratory, metabolic, and perceptual responses during exercise
of mixed intensity. Eur J Appl Physiol 90:569 –574
Jansson JO, Wallenius K, Wernstedt I, Ohlsson C, Dickson SL, Wallenius V
2003 On the site and mechanism of action of the anti-obesity effects of IL-6.
Growth Horm IGF Res 13(Suppl A):S28 –S32
Kopf M, Baumann H, Freer G, Freudenberg M, Lamers M, Kishimoto T,
Zinkernagel R, Bluethmann H, Kohler G 1994 Impaired immune and acutephase responses in interleukin-6-deficient mice. Nature 368:339 –342
Wallenius V, Wallenius K, Jansson JO 2000 Normal pharmacologically-induced, but decreased regenerative liver growth in interleukin-6-deficient (IL6⫺/⫺) mice. J Hepatol 33:967–974
Sjogren K, Hellberg N, Bohlooly YM, Savendahl L, Johansson MS, Berglindh T, Bosaeus I, Ohlsson C 2001 Body fat content can be predicted in vivo
in mice using a modified dual-energy x-ray absorptiometry technique. J Nutr
131:2963–2966
Even PC, Mokhtarian A, Pele A 1994 Practical aspects of indirect calorimetry
in laboratory animals. Neurosci Biobehav Rev 18:435– 447
Kemi OJ, Loennechen JP, Wisloff U, Ellingsen O 2002 Intensity-controlled
treadmill running in mice: cardiac and skeletal muscle hypertrophy. J Appl
Physiol 93:1301–1309
Perrey S, Candau R, Millet GY, Borrani F, Rouillon JD 2002 Decrease in
oxygen uptake at the end of a high-intensity submaximal running in humans.
Int J Sports Med 23:298 –304
Wisloff U, Helgerud J, Kemi OJ, Ellingsen O 2001 Intensity-controlled treadmill running in rats: VO2 max and cardiac hypertrophy. Am J Physiol 280:
H1301–H1310
Marz P, Cheng JG, Gadient RA, Patterson PH, Stoyan T, Otten U, Rose-John

2686

33.
34.
35.
36.
37.

38.

Endocrinology, June 2004, 145(6):2680 –2686

S 1998 Sympathetic neurons can produce and respond to interleukin 6. Proc
Natl Acad Sci USA 95:3251–3256
Motro B, Itin A, Sachs L, Keshet E 1990 Pattern of interleukin 6 gene expression in vivo suggests a role for this cytokine in angiogenesis. Proc Natl Acad
Sci USA 87:3092–3096
Wei LH, Kuo ML, Chen CA, Chou CH, Lai KB, Lee CN, Hsieh CY 2003
Interleukin-6 promotes cervical tumor growth by VEGF-dependent angiogenesis via a STAT3 pathway. Oncogene 22:1517–1527
Tsigos C, Papanicolaou DA, Defensor R, Mitsiadis CS, Kyrou I, Chrousos
GP 1997 Dose effects of recombinant human interleukin-6 on pituitary hormone secretion and energy expenditure. Neuroendocrinology 66:54 – 62
Rothwell NJ, Busbridge NJ, Lefeuvre RA, Hardwick AJ, Gauldie J, Hopkins
SJ 1991 Interleukin-6 is a centrally acting endogenous pyrogen in the rat. Can
J Physiol Pharmacol 69:1465–1469
Li G, Klein RL, Matheny M, King MA, Meyer EM, Scarpace PJ 2002 Induction
of uncoupling protein 1 by central interleukin-6 gene delivery is dependent on
sympathetic innervation of brown adipose tissue and underlies one mechanism of body weight reduction in rats. Neuroscience 115:879 – 889
Nybo L, Nielsen B, Pedersen BK, Moller K, Secher NH 2002 Interleukin-6
release from the human brain during prolonged exercise. J Physiol 542:991–995
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