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Calprotectin is released from human skeletal muscle tissue
during exercise
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Skeletal muscle has been identified as a secretory organ. We hypothesized that IL-6, a cytokine
secreted from skeletal muscle during exercise, could induce production of other secreted factors
in skeletal muscle. IL-6 was infused for 3 h into healthy young males (n = 7) and muscle biopsies
obtained at time points 0, 3 and 6 h in these individuals and in resting controls. Affymetrix
microarray analysis of gene expression changes in skeletal muscle biopsies identified a small
set of genes changed by IL-6 infusion. RT-PCR validation confirmed that S100A8 and S100A9
mRNA were up-regulated 3-fold in skeletal muscle following IL-6 infusion compared to controls.
Furthermore, S100A8 and S100A9 mRNA levels were up-regulated 5-fold in human skeletal
muscle following cycle ergometer exercise for 3 h at ∼60% of V̇O2,max in young healthy males
(n = 8). S100A8 and S100A9 form calprotectin, which is known as an acute phase reactant.
Plasma calprotectin increased 5-fold following acute cycle ergometer exercise in humans, but not
following IL-6 infusion. To identify the source of calprotectin, healthy males (n = 7) performed
two-legged dynamic knee extensor exercise for 3 h with a work load of ∼50% of peak power
output and arterial–femoral venous differences were obtained. Arterial plasma concentrations
for calprotectin increased 2-fold compared to rest and there was a net release of calprotectin from
the working muscle. In conclusion, IL-6 infusion and muscle contractions induce expression
of S100A8 and S100A9 in skeletal muscle. However, IL-6 alone is not a sufficient stimulus to
facilitate release of calprotectin from skeletal muscle.
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Recently, skeletal muscle has been identified as an endo-
crine organ, which expresses and releases cytokines and
other small peptides – known as myokines – most
prominently IL-6 (Pedersen et al. 2007). IL-6 is not only
produced during muscle contraction (Steensberg et al.
2001), but also released from skeletal muscle, contributing
markedly to the systemic circulation of IL-6 (Steensberg
et al. 2000; Steensberg et al. 2002). As shown by Rosendal
et al. (2005), local concentrations of IL-6 in skeletal muscle
during exercise might be an order of magnitude higher
than the plasma values. We have previously demonstrated
that in human skeletal muscle in vivo, IL-6 is regulated
in an autocrine positive manner (Keller et al. 2005).
Furthermore, skeletal muscle expresses both the IL-6
receptor (IL-6R) and its coreceptor gp130 (Saito et al. 1992;
Keller et al. 2003), which indicates that IL-6 autocrine or
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paracrine signalling may play an important role in the
skeletal muscle response and adaptation to exercise. This
is further corroborated by the observation that skeletal
muscle STAT-3 signalling, a part of the IL-6 signalling
cascade, is induced by exercise (Trenerry et al. 2007).

The systemic effects of IL-6 include enhanced lipolysis
and oxidation of fatty acids, without any changes in plasma
levels of catecholamines, glucagon or insulin (Van Hall
et al. 2003). The observation that IL-6 regulates both fat
and carbohydrate metabolism is corroborated by studies
of IL-6 knock-out mice, as they have mature-onset obesity
and impaired glucose tolerance (Wallenius et al. 2002). In
support of a possible role of IL-6 in glucose metabolism,
IL-6 stimulation of cultured human muscle cells was found
to increase basal glucose uptake and metabolism (Carey
et al. 2006; Glund et al. 2007).

As IL-6 is one of the most highly up-regulated genes in
skeletal muscle in response to exercise and is able to work
in both an autocrine and paracrine manner as described
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above, we rationalized that perhaps IL-6 would be able
to induce expression of other secreted factors in skeletal
muscle. Thus, we hypothesized that IL-6 infusion would
lead to changes in gene expression in skeletal muscle
and that some of the changed genes would represent
novel secreted factors. We therefore undertook global gene
expression analysis to identify which genes underwent
a change in expression level in human skeletal muscle
following IL-6 infusion. One of the identified genes was
that for S100A8, a constituent of calprotectin, a dimer of
S100A8 and S100A9. Calprotectin has been designated as
an acute phase reactant (increased plasma concentration
following inflammation) (Striz & Trebichavsky, 2004).
Calprotectin has also been shown to increase in serum
following exercise (Fagerhol et al. 2005; Mooren et al. 2006;
Peake et al. 2007). We examined the skeletal muscle mRNA
response of both S100A8 and S100A9 in response to both
an IL-6 infusion and to acute exercise. We also examined
whether or not IL-6 infusion or exercise led to increased
calprotectin plasma levels and we determined whether or
not there was a net release of calprotectin from skeletal
muscle following acute exercise.

Methods

Human volunteers

The subjects were healthy untrained males, who all had
a negative medical history and were in normal physical
condition. The subjects did not use any medication
and had not had any febrile illness in the 2 weeks
preceding the study. All volunteers underwent a medical
examination and a standard set of blood tests. Purpose
and possible risks and discomforts of the study were
explained to the participants before written consents
were obtained. All study protocols were approved by the
local Ethical Committee of Copenhagen and Frederiksberg
Communities and were performed in accordance with the
Declaration of Helsinki.

IL-6 infusion

Seven healthy untrained young men, age 27 ± 5 years,
weight 81 ± 3 kg and BMI 24.5 ± 2 kg m−2

(means ± S.E.M.), participated in the study. On the
day of the experiment, subjects arrived at the laboratory
at 08.00 h following an overnight fast. Subjects rested in
the supine position until 9 h after the start of infusion.
Subjects were infused with recombinant human IL-6
(rhIL-6; Sandoz, Basel, Switzerland) for 3 h at a rate
of 5 μg h−1 in a volume of 25 ml h−1. The rhIL-6 was
administered in 20% human albumin (Statens Serum
Institut, Copenhagen, Denmark) via an antecubital vein.
On the following day, the subjects again reported to

the laboratory after an overnight fast. Skeletal muscle
biopsies from the vastus lateralis of musculus quadriceps
muscle were obtained before (0 h), immediately after the
rhIL-6 infusion (3 h) and at 6 h and 24 h after the start
of infusion. To acquire the 24 h samples, the subjects
reported to the laboratory the following day after an
overnight fast. From the rhIL-6 infusion group we
randomly chose three subjects for microarray analysis.

Bicycle exercise

Eight healthy untrained young men, age 25 ± 2 years,
weight 82 ± 1 kg and BMI 24.6 ± 0.4 kg m−2

(means ± S.E.M.), participated in the study. The
subjects performed an incremental maximal exercise test
to determine V̇O2,max on a cycle ergometer (Monark 839E,
Monark Ltd, Varberg, Sweden) at least 5 days before the
experimental day. On the experimental day, subjects
arrived at 07.00 h, after an overnight fast. Furthermore,
the participants were instructed to refrain from exercise
for at least 48 h before the experiment. The subjects rested
for approximately 10 min in the supine position after
which a venous catheter was placed in an antecubital vein.
Subsequently, the subjects performed 3 h of cycling at
approximately 60% of V̇O2,max, followed by 6 h of recovery.
Muscle biopsies were obtained from the vastus lateralis
of musculus quadriceps muscle prior to exercise (0 h),
immediately after exercise (3 h), and at 4.5, 6, 9 and 24 h.
To acquire the 24 h samples, the subjects reported to the
laboratory the following day after an overnight fast.

Two-legged knee extensor exercise

Seven healthy untrained young men, age 26 ± 1 years,
weight 86 ± 9 kg and BMI 26.4 ± 2 kg m−2

(means ± S.E.M.), participated in the study. The
maximal power output (Pmax) was determined during
dynamic one-legged knee extensor exercise with the use of
a modified ergometer, as described earlier (Hansen et al.
2005). On the experimental day, participants reported
to the laboratory at 08.00 h after an overnight fast.
Furthermore, the participants were instructed to refrain
from exercise for at least 48 h before the experiment. The
subjects remained supine for the next 3 h.

Under sterile conditions and after application of
local anaesthesia (lidocaine, 20 mg ml−1, SAD, Denmark),
indwelling catheters were placed in the femoral artery and
vein using the guidewire (Seldinger) technique (Berneus
et al. 1954). The femoral artery was cannulated ∼2 cm
below the inguinal ligament and the catheter (20 G,
Arrow, PA, USA) was advanced ∼10 cm in the proximal
direction. The femoral venous catheter (18 G, Arrow)
was inserted ∼2 cm below the inguinal ligament and
advanced ∼5 cm in the distal direction. Of note, the distal
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orientation of the femoral venous catheter is crucial in
order to avoid contamination of the blood with blood
draining from the lower abdomen and the saphenous
vein as discussed previously (Van Hall et al. 1999). The
exercise bout consisted of 3 h of dynamic two-legged
knee extensor exercise at 60 extensions min−1, with the
workload per leg set to 50% of the individual and
actual Pmax. Blood samples were obtained just before
the exercise started and then after each hour of exercise.
At each sample point the femoral arterial blood flow
was measured with the ultrasound Doppler technique
as previously validated (Radegran, 1997). An ultrasound
Doppler was used (model CFM 800; Vingmed Sound,
Horten, Norway) equipped with an annular phased array
transducer probe (11.5 mm diameter; Vinmed Sound)
operating at an imaging frequency of 7.5 MHz and
variable Doppler frequencies of 4.0–6.0 MHz (high-pulsed
repetition frequency mode, 4–36 kHz). The site for vessel
diameter determination and blood velocity measurements
in the common femoral artery was distal to the inguinal
ligament but above the bifurcation into the super-
ficial and deep femoral branch. The femoral artery was
isolated at a fixed perpendicular angle. The femoral artery
was visualized with a fixed perpendicular angle, and the
diameter was determined along the central path of the
ultrasound beam. The blood velocity was measured in
triplicate immediately prior to each blood sample.

Water was consumed ad libitum, whereas food was not
permitted until the end of the recovery period. Muscle
biopsies were taken from the vastus lateralis of musculus
quadriceps muscle before the start of exercise, immediately
after exercise, and 2 h post-exercise.

Resting controls

Seven healthy untrained young men, age 25 ± 3 years,
weight 81 ± 10 kg and BMI 24.5 ± 2 kg m−2

(means ± S.E.M.), participated in the study. On the
day of the experiment, subjects arrived at the laboratory
at 08.00 h following an overnight fast. Subjects rested
in the supine position for 9 h. Skeletal muscle biopsies
from the vastus lateralis of musculus quadriceps muscle
were obtained at 0 h, 3 h, 6 h and 24 h. To acquire the
24 h samples, the subjects reported to the laboratory the
following day after an overnight fast.

Muscle biopsies

Muscle biopsies were obtained using the Bergström
percutaneous needle method with suction (Bergstrom,
1975) from the vastus lateralis of musculus quadriceps
muscle. Before each biopsy, local anaesthesia (lidocaine,
20 mg ml−1; SAD) was applied to the skin and fascia super-
ficial to the biopsy site. A new incision site was made for

each biopsy, and all incision sites were at minimum 3 cm
apart. Visible connective tissue and blood contamination
were removed before the biopsies were frozen in liquid
nitrogen and subsequently stored at −80◦C until further
analysis.

Purification and extraction of mRNA

Total RNA was extracted from the skeletal muscle tissue
with TriZol (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. Briefly, 20–30 mg wet weight
of skeletal muscle was dissolved in 1 ml TriZol and homo-
genized for the microarray samples, using a Brinkman
Polytron (version PT 2100 on setting 26) or a Qiagen
Tissuelyser Retsch MM300 (3 min at 30 Hz). The aqueous
phase was transferred to a fresh tube, 100 μl of isoamyl
alcohol–chloroform was added and it was vigorously
shaken. After 2–3 min of rest, the samples were spun at
20 000 g for 15 min at 4◦C, and the upper aqueous phase
was transferred to a new tube. The aqueous phase was
mixed with 0.5 ml of isopropanol, placed in the freezer
for 1 h and centrifuged at 20 000 g for 15 min at 4◦C. The
liquid phase was then aspirated, and the pellet washed
with 0.5 ml of 75% ethanol, followed by centrifugation
for 10 min at 12 000 g. The ethanol was aspirated and the
remaining pellets were briefly air dried and redissolved in
15 μl of diethyl pyrocarbonate-treated water on ice and
stored at −80◦C

Real time RT-PCR

Reverse transcription (RT) reactions were performed
using random hexamers on 2 μg RNA using an RT
kit (Applied Biosystems, Foster City, CA, USA) in a
reaction volume of 100 μl. The resulting cDNA product
was stored at −20◦C until further analysis. Primers used
were predeveloped TaqMan Gene Expression Assays no.
Hs00195814 m1 (HDAC4), Hs00206843 m1 (HDAC9),
Hs00271535 m1 (MEF2A) Hs00243297 m1 (UCP3),
Hs00372607 m1 (PP2MC), Hs00188025 m1 (FKBP5),
Hs00374263 m1 (S100A8), Hs01903958 s1 (MALAT-1),
and Hs00374431 m1 (USP2) (Applied Biosystems). 18S
rRNA was amplified using predeveloped assay reagents
(Applied Biosystems). All mRNA levels were determined
by real time RT-PCR using an ABI Prism 7900 sequence
detector (Applied Biosystems). Briefly, diluted RT product
(template) was mixed with 2× TaqMan Universal Master
Mix and the predeveloped TaqMan assay reagent. The
total volume was adjusted to 10 μl with RNAse free water,
followed by amplification on an ABI Prism 7900 sequence
detector (Applied Biosystems). In addition to the samples
of interest, standardized dilutions of pooled cDNA from all
samples were amplified. The relative contents of the genes
were quantified on the basis of the standard curve method
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using the standardized control dilutions for the standard
curve. Samples were run in triplicate and all samples
were run together allowing relative comparison between
all conditions. 18S rRNA was used to normalize mRNA
expression values. 18S rRNA values were not significantly
different between time points in any of the studies.

Statistics

All mRNA data were log-transformed in order to obtain
a normal distribution and hence mRNA results are
presented as geometric means with geometric standard
errors of the mean. Statistical analyses were carried
out employing a mixed model analysis, with a random
subject-specific component introduced that allowed
adjustment for interindividual variation, followed by post
hoc Student’s t test with Bonferroni’s correction to identify
differences between groups at specific time points. The
fit of the mixed model was evaluated by testing the
residuals for normality and by inspection of the residual
plots. Calprotectin net release data were analysed using
a non-parametric ANOVA (Kruskal–Wallis) with Dunn’s
multiple comparison as post hoc tests (all time points
compared with the 0 h time point) and hence the results are
displayed as medians with interquartile range. All statistics
were performed using SAS 9.1.2 (SAS Institute Inc., Cary,
NC, USA). A P-value < 0.05 was considered significant.

Microarray analysis

Total RNA was further purified with the RNeasy kit
(Qiagen, Albertslund, Denmark), and synthesized to
double-strand cDNA using Superscript Choice System
(Invitrogen, Carlsbad, CA, USA) with an oligo-dT primer
containing a T7 RNA polymerase promoter (GenSet, Evry,
France). The cDNA was used as a template for an in
vitro transcription reaction to synthesize biotin-labelled
antisense cRNA (BioArray High Yield RNA Transcript
Labeling Kit; Enzo Diagnostics, Farmingdale, NY, USA).
After fragmentation at 94◦C for 35 min in fragmentation
buffer (40 mM Tris, 30 mM magnesium acetate, 10 mM

potassium acetate), the labelled cRNA was hybridized for
16 h to Affymetrix HG-U133 Plus 2.0 (Affymetrix Inc.,
Santa Clara, CA, USA). The HG-U133 Plus 2.0 array
uses 25-mer oligonucleotide probes and contains ∼54 000
probe sets covering ∼47 400 transcripts and ∼38 500
well-characterized genes. After hybridization the array
was washed and stained with streptavidin phycoerythrin
solution using the Fluidics Station 450 (Affymetrix Inc.).
Finally the arrays were scanned using the GeneChip
Scanner 3000 (Affymetrix Inc.) to obtain non-normalized
expression levels.

Affymetrix CEL-files were normalized using gcRMA
(Wu et al. 2004) available in the Bioconductor

package version 1.7 (http://www.bioconductor.org) for the
statistical software package R version 2.21 (R Development
Core Team, 2005). The normalized data were imported
into the freeware application DNA-chip Analyser (dChip)
available at http://www.dchip.org (Li & Hung, 2001). We
used dChip to exclude all probes having fold change < 2
(3 h and 6 h compared to 0 h) and we further excluded
all non-specific probes ( x suffixes). The expression values
from the remaining probes were log10 transformed and
analysed for significant changes in gene expression using
a one-way repeated measures ANOVA (PROC MIXED,
SAS 9.1.2, SAS Institute). In this study we present
significantly (P < 0.05) changed known genes (EST and
hypothetical proteins excluded). For a complete list of
significantly changed known genes, including probe i.d.,
GenBank accession numbers, and fold change, see the
online supplemental material. Figures and calculations
of fold change were performed by dChip. We selected a
subset of eight genes from the genes with significantly
changed mRNA expression in the microarray analysis and
measured gene expression using RT-PCR as described
above. The data discussed in this publication have been
deposited in NCBI’s Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/) (Edgar et al. 2002)
and are accessible through GEO Series accession number
GSE10685.

Plasma measurements of calprotectin and IL-6

Plasma IL-6 concentration was measured using a
high-sensitivity ELISA kit (no. HS600B; R&D Systems,
Minneapolis, MN, USA), which detects total IL-6
independent of binding to soluble receptors, with
sensitivity of ∼0.04 pg ml−1 and intra- and interassay
coefficients of variation of < 8%. Plasma calprotectin
was measured using an ELISA kit (HK325; Hycult
biotechnology, Uden, the Netherlands) which detects the
S100A8–S100A9 dimer but not the monomers, with a
sensitivity of ∼1.5 ng ml−1, an intra-assay coefficient of
variation of < 6% and an interassay coefficient of variation
of < 15%.

Results

Gene expression profiling of human skeletal muscle
tissue in response to IL-6 infusion

Muscle biopsies were obtained at baseline as well as
immediately after and 3 h after an infusion of rhIL-6
for 3 h (n = 7). We randomly selected three persons for
gene expression profiling using Affymetrix microarrays.
We identified 50 genes, whose expression was significantly
changed more than 2-fold in skeletal muscle tissue at
the 3 h or 6 h time points compared with the 0 h time
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point (Fig. 1). Focusing on genes potentially involved in
inflammation and metabolism, we selected eight genes
out of these and performed quantitative real-time PCR
analysis of the gene expression levels for these genes in
seven subjects who received rhIL-6 infusion and seven
controls (Table 1). Overall we found an effect of time
or interaction between time and treatment in 6 out of
8 samples, hence validating the microarray findings in
Fig. 1. However, we found that only three genes, FKBP5,
S100A8 and USP2, were significantly changed by rhIL-6
infusion compared to controls. As there was only a trend

inhibitor of DNA binding 3
UDP-GlcNAc:betaGal beta-1,3-N-acetyl glucosaminyl transferase 5
frizzled homolog 7 (Drosophila)
S 100P binding protein Riken
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solute carrier family 16 (monocarboxylic acid transporters), member 7
alpha thalassemia/mental retardation syndrome X-linked (RAD54 homolog, S. cerevisiae)
HECT domain containing 1
RAP1 interacting factor homolog (yeast)
transcription factor 8 (represses interleukin 2 expression)
NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75kDa (NADH-coenzyme Q reductase)
Nebulin
metastasis associated lung adenocarcinoma transcript 1 (non-coding RNA)
RNA binding motif protein 20
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nuclear factor of activated T-cells 5, tonicity-responsive
nuclear receptor subfamily 1, group D, member 2
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transducin (beta)-like 1X-linked receptor 1
dual specificity phosphatase 10
OTU domain containing 1
CDC-like kinase 4
chemokine orphan receptor 1
leucine-rich, glioma inactivated 1
protein phosphatase 1, regulatory (inhibitor) subunit 3A (glycogen and sarcoplasmic reticulu...
thyroid hormone receptor, alpha
ubiquitin specific protease 2
fibronectin leucine rich transmembrane protein 2
MADS box transcription enhancer factor 2, polypeptide A (myocyte enhancer factor 2A)
histone deacetylase 9
insulin receptor substrate 1
Zinc finger, MYND domain containing 17
transmembrane protein 46
protein phosphatase 2C, magnesium-dependent, catalytic subunit
Transforming growth factor, beta 2
eyes absent homolog 1 (Drosophila)
ankyrin repeat domain 20A
vestigial like 2 (Drosophila)
S100 calcium binding protein A8 (calgranulin A)
thioredoxin interacting protein
FK506 binding protein 5
uncoupling protein 3 (mitochondrial, proton carrier)
gamma-glutamyltransferase-like 3
histone deacetylase 4
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Figure 1. Gene expression profiling of the response of human skeletal muscle to IL-6 infusion
Hierarchical clustering of the expression pattern of significantly (P < 0.05) changed genes over time (not compared
with a control group) in human skeletal muscle following an IL-6 infusion from 0 h to 3 h, with more than a 2-fold
increase or decrease, as described in Methods. Red indicates up-regulation and green indicates down-regulation.

towards difference between rhIL-6 infusion and controls
for HDAC4 and PP2MC (interaction of time × treatment,
P = 0.0541 and P = 0.0764, respectively) (Table 1), care
should be taken not to overinterpret the microarray results
without validation against control subjects. S100A8 forms
a dimer with S100A9 named calprotectin, which is an
acute phase reactant and present in plasma (Striz &
Trebichavsky, 2004). As we originally hypothesized that
IL-6 infusion would lead to an increase in secreted factors,
we decided to focus on the S100A8 result and calprotectin
as a putative skeletal muscle secreted factor.
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Table 1. Validation of IL-6 responsive genes in human skeletal muscle

Gene Treatment 0 h (a.u.) 3 h (a.u.) 6 h (a.u.) Main effect

FKBP5 IL-6 2.18 (0.79–3.57)# 3.22 (1.83–4.61) 3.46 (2.07–4.85) Time, P < 0.0001
Con 0.64 (−0.75–2.03) 2.68 (1.29–4.07)∗∗∗ 3.61 (2.22–5.00)∗∗∗ Time × Treat, P < 0.01

HDAC4 IL-6 1.47 (0.85–2.08) 2.11 (1.50–2.73) 3.24 (2.62–3.85)∗ Time, P < 0.01
Con 1.54 (0.93–2.16) 1.68 (1.06–2.29) 1.99 (1.37–2.01)

HDAC9 IL-6 2.92 (2.28–3.57) 1.25 (0.61–1.90) 1.23 (0.59–1.88) Time, P < 0.0001
Con 3.09 (2.44–3.73) 2.18 (1.53–2.82) 1.36 (0.71–2.00)∗∗

MEF2A IL-6 1.54 (0.87–2.20) 1.55 (0.89–2.22) 1.75 (1.09–2.42)
Con 1.88 (1.22–2.55) 1.72 (1.06–2.39) 1.77 (1.11–2.44)

PPM2C IL-6 3.20 (2.29–4.11) 1.47 (0.55–2.38)∗ 1.57 (0.66–2.48)∗ Time, P < 0.0001
Con 5.11 (4.19–6.01) 3.34 (2.42–4.24) 2.05 (1.14–2.96)∗∗∗ Treat, P < 0.05

S100A8 IL-6 1.30 (0.30–2.30) 4.14 (3.14–5.14)∗∗∗### 2.60 (1.59–3.60) Time, P < 0.01,Treat,P < 0.01
Con 1.76 (0.75–2.76) 1.10 (0.09–2.10) 1.37 (0.37–2.37) Time × Treat, P < 0.01

UCP3 IL-6 1.22 (0.62–1.82) 1.51 (0.91–2.11) 1.99 (1.39–2.59)
Con 1.63 (1.03–2.23) 1.71 (1.11–2.31) 1.63 (1.03–2.23)

USP2 IL-6 2.94 (2.08–3.80) 2.19 (1.32–3.05) 2.34 (1.48–3.20) Time × Treat, P < 0.05
Con 2.03 (1.16–2.89) 2.80 (1.94–3.66) 2.24 (1.38–3.10)

RT-PCR results of selected genes on human subjects treated with IL-6 versus controls (con). FKBP5: FK506 binding protein 5;
HDAC4: histone deacetylase 4; HDAC9: histone deacetylase 9; PPM2C: protein phosphatase 2C, magnesium-dependent, catalytic
subunit; S100A8: S100 calcium binding protein A8 (calgranulin A); UCP3: uncoupling protein 3; USP2: ubiquitin specific protease
2. All values are shown as means with 95% confidence intervals in arbitrary units (a.u.). ∗P < 0.05 versus 0 h time point, ∗∗P < 0.01
versus 0 h time point, ∗∗∗P < 0.001 versus 0 h time point. #P < 0.05 versus control at the same time point, ###P < 0.001 versus
control at the same time point.

IL-6 infusion increases S100A8 and S100A9 mRNA
levels in human skeletal muscle tissue

We found that both S100A8 and S100A9 mRNA levels
increased approximately 3-fold in skeletal muscle tissue
following 3 h of rhIL-6 infusion (n = 7) compared to
controls (n = 7) (Fig. 2A and B). Plasma levels of IL-6
increased more than 100-fold during rhIL-6 infusion
(Fig. 2C), but no increase in plasma calprotectin was
observed (Fig. 2D).

Acute exercise increases S100A8 and S100A9 mRNA
levels in human skeletal muscle tissue

Given that working skeletal muscle produces IL-6,
we investigated S100A8 and S100A9 mRNA levels in
muscle biopsies in response to 3 h of cycle ergometer
exercise in humans (n = 8) and in resting controls
(n = 7). Both S100A8 and S100A9 mRNA levels increased
approximately 5-fold in skeletal muscle tissue following
bicycle exercise (Fig. 3A and B). Plasma levels of IL-6
increased approximately 30-fold in response to exercise
(Fig. 3C) and plasma calprotectin increased approximately
5-fold in response to exercise (Fig. 3D).

Calprotectin is released from skeletal muscle tissue
following exercise

To identify the source of calprotectin, arterial and
femoral venous plasma calprotectin were measured before

and during two-legged knee extensor exercise. Arterial
concentrations of calprotectin increased progressively
throughout two-legged knee extensor exercise, reaching
a maximal increase of approximately 2-fold at the end
of the exercise bout (Fig. 4A). When arterial–venous
differences of plasma calprotectin across the exercising
limb were measured and plasma flow in the leg was
taken into consideration, we were able to measure net
flux of calprotectin and we observed an approximately
40 μg min−1 net leg release (P < 0.01) of calprotectin
after 3 h of exercise (Fig. 4B), thereby providing indirect
evidence that calprotectin is released from skeletal muscle.

Discussion

The main novel findings of this study were that
(1) both IL-6 infusion and endurance exercise induce
mRNA expression of both S100A8 and S100A9 in skeletal
muscle tissue, (2) endurance exercise, but not IL-6
infusion, induces an increase in plasma calprotectin, and
(3) calprotectin is released from the working muscle.

Gene expression changes in skeletal muscle
in response to IL-6 infusion

The microarray analysis revealed that 50 genes were
significantly changed more than 2-fold in human skeletal
muscle tissue in response to an IL-6 infusion. Validation of
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this result by RT-PCR of eight genes showed a significant
change in expression in six cases. The discrepancy between
the microarray study and the RT-PCR validation may
be attributable to a larger variation between subjects in
the RT-PCR study than in the microarray study. The
strength of the study is the repeated measures design,
which provides more statistical power than if samples
were pooled before performing the hybridization (Zhang
& Gant, 2005). Thus we are convinced that the micro-
array results can largely be considered correct. However,
the two-way ANOVA of RT-PCR data found a difference
between the IL-6 infusion group and the control group
for only three genes out of eight. However, two genes,
HDAC4 and PPM2C, had a trend towards interaction
(P < 0.1). This indicates that care should be taken not
to overinterpret results from the IL-6 infusion microarray
study.

We were surprised about the low number of genes
changed in skeletal muscle tissue following an IL-6
infusion that mimics plasma levels of IL-6 seen in
subjects following a marathon run (Fischer, 2006) or
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Figure 2. IL-6 infusion increase S100A8 and S100A9 mRNA levels in human skeletal muscle tissue, but
not plasma calprotectin levels
A and B, S100A8 (A) or S100A9 (B) mRNA levels in muscle biopsies during a 3 h infusion of recombinant IL-6
(from 0 h to 3 h) in humans (n = 7) or controls (n = 7) as described in Methods. Data are presented as geometric
means ± standard error normalized to the 0 h time point. ∗∗P < 0.01 versus controls (post hoc t tests, Bonferroni
corrected). C and D, IL-6 plasma (C) or calprotectin plasma (D) levels in venous blood samples during a 3 h infusion
of recombinant IL-6 (from 0 h to 3 h) in humans (n = 7). Data are presented as means ± standard error. ∗∗P < 0.01
versus 0 h (post hoc t tests, Bonferroni corrected).

patients that had survived sepsis (Herrmann et al. 2000).
IL-6 acts through its binding to the IL-6R, which is found
in a membrane bound form and in a soluble form (Saito
et al. 1992). After IL-6 is bound, the IL-6R combines
with gp130 and conveys its actions through the JAK/STAT
signalling pathway and subsequently through SOCS-1 and
SOCS-3 (Murray, 2007). Furthermore, binding of IL-6
to its receptor leads to an activation of the MAPK and
PI3K pathways (Heinrich et al. 2003). Thus, IL-6 is able
to activate a variety of signalling pathways, all known to
promote changes in gene expression levels. Maybe the
systemic levels of IL-6 are not important or high enough
for gene regulation in skeletal muscle tissue, whereas the
high local IL-6 levels seen following exercise (Rosendal
et al. 2005) might induce expression of more genes. An
in vitro microarray study in fibroblasts found that only
57 genes changed their expression levels following IL-6
stimulation, indicating that perhaps IL-6 mostly exerts
post-transcriptional effects leading to altered signalling
pathways (Weigert et al. 2006) rather than changes in gene
expression.
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Figure 3. Acute bicycle exercise increase S100A8 and S100A9 mRNA levels in human skeletal muscle
tissue as well as plasma IL-6 and calprotectin levels
A and B, S100A8 (A) or S100A9 (B) mRNA levels in muscle biopsies immediately before (0 h), immediately after
(3 h), 3 h post (6 h) or 21 h post (24 h) 3 h of bicycle exercise in humans (n = 8) or resting controls (n = 7). Data
are presented as geometric means ± standard error normalized to the 0 h time point. C and D, IL-6 plasma (C)
or calprotectin plasma (D) levels immediately before (0 h), immediately after (3 h), 3 h post (6 h) or 21 h post
(24 h) 3 h of bicycle exercise in humans (n = 8) or controls (n = 7). Data are presented as means ± standard error.
∗∗P < 0.01 versus controls, ∗∗∗P < 0.001 versus controls (post hoc t tests, Bonferroni corrected).
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Figure 4. Calprotectin is released from skeletal muscle tissue following exercise
A and B, calprotectin plasma levels in arterial blood (A) or calprotectin net release (B) (Fick’s principle: plasma flow
multiplied with arterial–femoral venous differences) before and after 3 h of two-legged knee extensor exercise
endurance exercise (from 0 h to 3 h) (n = 7). Data are presented as means ± standard error for calprotectin plasma
levels and as medians with interquartile ranges for calprotectin net release levels. ∗P < 0.05 versus 0 h, ∗∗P < 0.01
versus 0 h, ∗∗∗P < 0.001 versus 0 h.
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Calprotectin mRNA induction by IL-6 infusion
and endurance exercise

S100A8 belongs to a family of more than 20 different
proteins, characterized by their calcium binding S100
domain (Donato, 2003). S100A8 forms a heterodimer with
S100A9, another member of the S100 protein family, and
translocates to membranes and intermediate filaments
in a calcium-dependent manner (Rammes et al. 1997;
Hermani et al. 2006). The S100A8–S100A9 complex,
calprotectin, is secreted by a largely unknown mechanism
from neutrophils and monocytes when they are activated
(Rammes et al. 1997; Boussac & Garin, 2000) or as a result
of cell disruption or cell death (Voganatsi et al. 2001).
Calprotectin was originally found in neutrophils, where it
constitutes up to 60% of total cytosol protein (Berntzen &
Fagerhol, 1990). However, calprotectin is also present in
other cells like monocytes and acute phase macrophages,
but not in mature tissue bound macrophages or different
epithelial tissues (Striz & Trebichavsky, 2004).

To our knowledge, this is the first study showing an
induction of S100A8 and S100A9 mRNA expression levels
in skeletal muscle tissue by IL-6 and exercise. The tight
correlation between S100A8 and S100A9 mRNA induction
we observe in skeletal muscle tissue, both following
IL-6 infusion and exercise, is remarkable. However, this
observation is in contrast to induction of S100A8 mRNA
expression by growth factors in fibroblasts (Rahimi et al.
2005) or by inflammatory mediators in monocytes (Xu
& Geczy, 2000), where only S100A8, but not S100A9,
is induced, suggesting that another signalling pathway is
responsible for induction of S100A8 and S100A9 in skeletal
muscle tissue. Furthermore, we see a higher induction of
S100A8 and S100A9 mRNA levels in skeletal muscle tissue
following exercise than IL-6 infusion, perhaps due to the
large difference between systemic concentrations and local
concentrations of IL-6 present in skeletal muscle tissue
during exercise (Rosendal et al. 2005).

Calprotectin has been found to be released from
monocytes following activation of protein kinase C
(PKC) (Rammes et al. 1997), independently of the PKCβ

isoform, whereas PKCα was shown to induce calprotectin
in keratinocytes (Cataisson et al. 2005). However, another
study found no induction of S100A8 and S100A9 protein
following PKC activation (Koike et al. 1992). IL-6 has
been shown to activate PKCδ in several cell types (Jain
et al. 1999), while exercise was found to activate PKCζ

and PKCλ (Perrini et al. 2004) as well as atypical PKC
(aPKC) (Rose et al. 2004). Interestingly, aPKC activation
by exercise was found to be increased in well-trained
individuals compared with controls (Roglans et al. 2002)
and the exercise induced plasma calprotectin increase was
found to be increased in well-trained individuals (Mooren
et al. 2006), perhaps suggesting an involvement of aPKC in
regulation of S100A8 and S100A9 in skeletal muscle tissue.

Our observation that IL-6 does not induce release of
calprotectin from muscle, but only induces an increase in
the mRNA expression levels of its constituents, suggests
that calprotectin synthesis and release are governed by
two separate signalling pathways. Differences in PKC
isoform activation between a singular IL-6 signal and
exercise, which activates both IL-6 signalling pathways
and a host of other signalling pathways, may be one
explanation. Alternatively, the local IL-6 concentration
in skeletal muscle during IL-6 infusion, compared with
exercise, might be an order of magnitude too low for
calprotectin release induction or another signal induced
by exercise is required for calprotectin release.

Calprotectin is released from the working muscle

Calprotectin has previously been shown to be increased in
serum or plasma following exercise (Fagerhol et al. 2005;
Mooren et al. 2006; Peake et al. 2007). Fagerhol et al. (2005)
found an increase of between 3.4-fold (V̇O2,max test) and
96.3-fold (marathon run) in plasma calprotectin following
acute exercise of varying intensity and length, with the
most strenuous and prolonged exercise giving the highest
response. Mooren et al. (2006), however, only found
a 7-fold increase in calprotectin following a marathon
run. Interestingly, Mooren et al. (2006) also found that
more strenuous exercise produced a faster calprotectin
increase, and that well-trained individuals had a 1.5-fold
higher increase in calprotectin following a marathon run,
whereas the increase in white blood cells did not differ
between well-trained and moderately trained individuals.
As calprotectin levels in neutrophils are not increased
by exercise (Fagerhol et al. 2005), this strongly suggests
that a source other than neutrophils is responsible for the
increase in calprotectin levels seen during exercise.

When comparing the release of calprotectin from the
contracting muscle with the amount accumulated in
the body (Fig. 4), it is clear that the release markedly
surpassed the rate of accumulation. The increase in
arterial plasma calprotectin concentration during the last
2 h of exercise was 32.1 ng ml−1 (12.1–52.1 ng ml−1, 95%
confidence interval (CI)). Assuming that the calprotectin
produced is diluted in the extracellular space (∼12 l), the
total amount of calprotectin accumulated during the last
2 h of exercise was about 385.2 μg (145.2–625.2 μg, 95%
CI) or 3.21 μg min−1 (1.21–5.21 μg min−1, 95% CI). This
implies that the highest net release of calprotectin from the
working leg was approximately 13-fold higher than the rate
of calprotectin accumulation (3 h median; 41.2 μg min−1,
Fig. 4). This suggests that skeletal muscle may be the
main source behind the increase in plasma calprotectin
seen during exercise. However the exact cellular source
of calprotectin cannot be identified from the indirect
evidence of skeletal muscle calprotectin release conferred
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above. Thus we cannot rule out that exercise-induced
activation of, for example, neutrophils or macrophages
embedded in muscle tissue may contribute to the observed
calprotectin release.

The physiological role of calprotectin released during
exercise

After secretion, calprotectin interacts with endothelial
heperan sulphate proteoglycans, and it has been suggested
that the complex plays an important role in extravasation
of leucocytes (Robinson et al. 2002). Calprotectin can
also act in a cytokine manner, as an extracellular ligand
for cell surface receptors by binding to the receptor
for advanced glycation end products (RAGE), leading
to activation of cellular pathways involving the p38 or
p44/42 MAP kinases, cdc42/Rac and NFκB signalling
components (Hermani et al. 2006). The close association
between activated inflammatory cells and release of
S100A8/S100A9 has made it a marker of the activity in
different autoimmune diseases, like rheumatoid arthritis
and inflammatory bowel diseases (Striz & Trebichavsky,
2004; Hermani et al. 2006). Furthermore, an increase in
serum calprotectin was seen in type 1 diabetics (Bouma
et al. 2004).

Calprotectin has also been found to be able to induce
apoptosis in a variety of tumour cell lines (Yui et al.
1995), including colon cancer cell lines (Ghavami et al.
2004), and to be able to inhibit matrix metalloproteinases
(Isaksen & Fagerhol, 2001), indicating a possible role for
calprotectin in cancer protection. Although speculative,
skeletal muscle-derived calprotectin might be involved in
mediating the protective effect of regular exercise against
colon cancer and breast cancer (Thune & Furberg, 2001).

Prolonged heavy exertion has been shown to have
a negative impact on the immune system (Nieman &
Pedersen, 1999). This ‘open window’ of altered immunity
(which can last from 3 to 72 h) provides an increased
risk of obtaining a subclinical or clinical viral or
bacterial infection (Nieman & Pedersen, 1999). Inter-
estingly, prolonged heavy exertion has been shown to
increase calprotectin levels for days (Fagerhol et al.
2005) and patients suffering from hypercalprotectinaemia
have recurrent infections as well as increased systemic
inflammation (Sampson et al. 2002), suggesting a possible
role for calprotectin in exercise immunology.

Conclusion

IL-6 infusion changed the expression of only a small subset
of genes in skeletal muscle tissue, among others S100A8,
a subunit of calprotectin. The mRNA levels of both
subunits of calprotectin, S100A8 and S100A9, were found
to increase in skeletal muscle tissue during both IL-6

infusion and exercise. However, IL-6 infusion had no
effect on plasma calprotectin levels, whereas calprotectin
increased during endurance exercise and was found to
cause a net release of calprotectin from the working leg.
The clinical significance of muscle-released calprotectin
remains to be identified. However, calprotectin has the
potential to mediate both beneficial and detrimental
health effects of exercise, such as on the one hand offering
protection against some cancers and on the other being a
player in exercise-induced immune impairment following
heavy exertion.
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