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Interleukin-6 (IL-6) is an important myokine that is highly expressed
in skeletal muscle cells upon exercise. We assessed IL-6 expression in
response to electrical stimulation (ES) or extracellular ATP as a
known mediator of the excitation-transcription mechanism in skeletal
muscle. We examined whether the canonical signaling cascade down-
stream of IL-6 (IL-6/JAK2/STAT3) also responds to muscle cell
excitation, concluding that IL-6 influences its own expression through
a positive loop. Either ES or exogenous ATP (100 p.M) increased both
IL-6 expression and p-STAT3 levels in rat myotubes, a process
inhibited by 100 wM suramin and 2 U/ml apyrase. ATP also evoked
IL-6 expression in both isolated skeletal fibers and extracts derived
from whole FDB muscles. ATP increased IL-6 release up to 10-fold.
STAT3 activation evoked by ATP was abolished by the JAK2
inhibitor HBC. Blockade of secreted IL-6 with a neutralizing antibody
or preincubation with the STAT3 inhibitor VIII reduced STAT3
activation evoked by extracellular ATP by 70%. Inhibitor VIII also
reduced by 70% IL-6 expression evoked by ATP, suggesting a
positive IL-6 loop. In addition, ATP increased up to 60% the protein
levels of SOCS3, a negative regulator of the IL-6 signaling pathway.
On the other hand, intracellular calcium chelation or blockade of
IPs-dependent calcium signals abolished STAT3 phosphorylation
evoked by either extracellular ATP or ES. These results suggest that
expression of IL-6 in stimulated skeletal muscle cells is mediated by
extracellular ATP and nucleotide receptors, involving IPs-dependent
calcium signals as an early step that triggers a positive IL-6 autocrine
loop.

myokines; muscle plasticity; exercise; signal transducer and activator
of transcription 3; purinergic signaling

INTERLEUKIN-6 (IL-6) is a proinflammatory cytokine that has
been related to several processes in skeletal muscle cells,
including in vitro proliferation and differentiation, regeneration
of damaged adult fibers, atrophy, and hypertrophy, among
others (7, 35, 71, 86). Variations of IL-6 expression levels have
been related to metabolic changes in skeletal muscle undergo-
ing different exercise protocols (17, 66, 77). It is known that
IL-6 plasma concentration in volunteers performing exercise
can reach increases of up to 100-fold, depending on the
exercise characteristics (endurance/strength) and duration (re-
viewed in Ref. 61). The main source of plasma IL-6 during
exercise is the skeletal muscle fibers themselves, although
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other cell types such as cells from the immune system and
subcutaneous adipose tissue cannot be ruled out as IL-6 pro-
ducers (2, 8, 41, 58).

Several intracellular signaling pathways have been related to
IL-6 expression in skeletal muscle. It has been suggested that
intracellular free Ca™", acting as a second messenger, regulates
the expression of IL-6 in skeletal muscle, possibly through the
Ca®"-dependent phosphatase calcineurin (5, 8, 87). Also, an-
other Ca?*-dependent process, possibly through the action of
p38 MAPK and Ca?*/calmodulin-dependent kinase, has been
reported to play a role on IL-6 expression related to intracel-
lular glycogen content (17, 87). The role for NF-«kB, a classic
activator of proinflammatory interleukin expression, in IL-6
expression mediated by muscle activity is less clear, as we and
others have obtained disparate results (4, 45, 89). Whereas we
reported a NF-kB activation in C,C;, cells after a 45-Hz
electrical stimulation (ES) (4, 45), Whitham et al. (89) did not
find any differences in IL-6 expression between control and
cells pharmacologically treated for IKK inhibition after 1-Hz
ES. This discrepancy might represent a fine-tuned regulation of
IL-6 expression that is strongly dependent on a stimulation
pattern that might have a role in the muscle plasticity process.
On the other hand, AP-1 appears to have a major role in IL-6
expression. Recently, it has been shown that the JNK/AP-1
pathway plays an important role in IL-6 expression in muscle
cells (89). Whitham et al. (89) demonstrated that contraction of
skeletal muscle cells induced by electric pulse stimulation
increases the JNK phosphorylation, the activity of an AP-1
luciferase reporter, and the expression of IL-6. All of these
effects were abolished upon pharmacological inhibition of
JNK. The same results were obtained when they analyzed
p-JNK levels and IL-6 expression in control and knockout mice
for INK1 at rest and after 30 min of exercise (89). In agreement
with the role of AP-1 on IL-6 expression, we have demon-
strated previously that depolarization of primary skeletal mus-
cle cells from rats, as well as C,Cy, cells, increases both 1L-6
mRNA levels and activity of an IL-6 reporter. The mutation of
the AP-1 response element in IL-6 reporter fully abolished
reporter activity after membrane depolarization, reinforcing the
major role of AP-1 in IL-6 expression. (45). Furthermore, the
increase in IL-6 expression as a consequence of membrane depo-
larization was abolished using inositol 1,4,5-trisphosphate (IPs)
pathway inhibitors, indicating a role for Ca>* from intracellular
deposits (45).

Nerve activity over skeletal muscle, in addition to promoting
contraction of muscle fibers, drives a process known as exci-
tation-transcription coupling (ETC) that induces changes in
transcription of genes of several pathways (metabolic, struc-
tural, endocrine, etc.) (6, 59). We have demonstrated that the
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ETC process involves the participation of dihydropyridine
receptor (Cavl.1l) as the membrane voltage sensor coupled to
ATP release from skeletal muscle cells through pannexin-1
hemichannels (6, 11, 24). We have established that extracellu-
lar ATP is a relevant mediator between membrane depolariza-
tion and signaling pathways leading to gene expression both in
rat newborn-derived myotubes and in mouse adult skeletal
fibers (11, 16, 42, 43). Extracellular ATP activates metabo-
tropic P2Y receptors; [B/y-subunits of the attached heterotri-
meric G protein subsequently activate phosphatidylinositol
3-kinase (PI3K) and phospholipase C (PLC), increasing the
intracellular IP3 levels and cytosolic Ca?* concentration via
IP5 receptor (IP3R) activation in the sarcoplasmic reticulum
membrane (11, 23, 24). This calcium signal is mainly nuclear
in distribution (12) and has been related to expression of early
genes (Fos/Jun, Egrl), late genes as IL-6, and structural genes
as Troponin I via activation of several signal transduction
cascades (ERK1/2, CREB, NF-kB, AP-1) in skeletal muscle
cells (11-13, 16, 45, 62, 85). We have also reported that direct
stimulation of rat myotubes with exogenous ATP induces an
increment in IL-6 mRNA levels (11). Beyond the role of the
depicted transcription factors, we cannot rule out the partici-
pation of other players in IL-6 expression in muscle cells.

A number of studies in different tissues have demonstrated
that expression of IL-6 can be the result of the action of
extracellular IL-6 itself through an autoregulatory mechanism
(30, 48, 73, 87). After receptor binding, IL-6 induces the
activation of Janus-activated kinase 2 (JAK?2) tyrosine kinase
and the signal transducer and activator of transcription 3
(STATS3) (74). This signaling cascade has been related directly
to the expression of IL-6, since pharmacological inhibition of
the JAK2/STATS3 pathway in the malignant fibrous histiocy-
tomma cell line blocks both the expression and secretion of
IL-6 (73). The same result was obtained when the suppressor
of cytokine signaling 3 (SOCS3), a natural inhibitor of the
pathway, was overexpressed (73). The expression of IL-6 was
also promoted in rat osteoblasts by 100 ng/ml of exogenous
IL-6; however, this induction is dependent on the presence of
a soluble IL-6 receptor. Moreover, intact response elements on
IL-6 promoter for NF-kB, NF-IL-6, and CREB transcription
factors are necessary for IL-6 expression, indicating that these
proteins play a major role on the expression of the cytokine
(30). In muscle tissue, positive feedback for IL-6 has been
demonstrated in vivo as well as in vitro (48, 87). In healthy
people, an IL-6 infusion right into the femoral artery was
translated into a large increase of IL-6 mRNA levels in vastus
lateralis muscle (>120-fold compared with control) (48). An-
other report showed that stimulation of C,C;, cells with IL-6
also provoked an increase in IL-6 that was partially attributed
to p38 MAPK and rises in intracellular Ca>* concentration
(87). Notwithstanding that STAT3 activation on muscle cells
has been widely described in response to exercise (82, 83) and
also after IL-6 stimulation (3, 14, 71), a role for this pathway
on autoregulation of IL-6 in response to skeletal muscle activ-
ity has not been assigned.

The aim of this work was to confirm that IL-6 expression
responds to the events described for the mechanism of ETC in
skeletal muscle. Additionally, we examined whether the ca-
nonical signaling cascade downstream of IL-6 (IL-6/JAK2/
STAT3) also responds to ETC and whether it participates in the
autocrine regulation of the cytokine expression. We demon-

EXTRACELLULAR ATP EVOKES MUSCLE IL-6 EXPRESSION

strated that depolarization of skeletal muscle cells induces not
only expression of IL-6 mediated by ATP signaling but also
secretion of the cytokine to extracellular medium. Furthermore,
expression of IL-6 depends on an IPs-derived Ca®* signal,
acting as an early step to promote a positive IL-6 loop via the
JAK2/STAT3 pathway. These results expand the understand-
ing of the ETC mechanisms in skeletal muscle and the regu-
lation of IL-6 expression due to muscle activity.

EXPERIMENTAL PROCEDURES
Reagents

ATP, ADP, UTP, UDP, apyrase grade VII from potato, suramin,
cytosine arabinoside, penicillin, streptomycin, amphotericin B, LY-
290042, U-73122, cycloheximide, actinomycin D, and mouse anti-(3-
actin antibody were obtained from Sigma-Aldrich (St. Louis, MO).
Dulbecco’s modified Eagle’s medium-F-12, bovine serum, and fetal
calf serum were from Invitrogen (Carlsbad, CA). Collagenase type Il
was from Worthington Biochemical (Lakewood, NJ). Recombinant
rat IL-6 was from PeproTech (Rocky Hill, NJ). Complete Mini
Protease Inhibitors were from Roche Applied Science (Indianapolis,
IN). Antibodies against p-Tyr’°/STAT3 and SOCS3 were from Cell
Signaling Technology (Beverly, MA). Anti-rat I[L-6-neutralizing an-
tibody was from R & D Systems (Minneapolis, MN). Secondary
horseradish peroxidase-conjugated anti-rabbit and anti-mouse anti-
bodies were from Pierce Biotechnology (Rockford, IL). Enhanced
chemiluminescence (ECL) reagents were from Amersham Biosci-
ences (Piscataway, NJ). Pharmacological inhibitors 2-aminoethoxydi-
phenyl borate (2-APB) and 1,2,3,4,5,6-hexabromocyclehexane (HBC)
were from Tocris Bioscience (Bristol, UK). STAT3 inhibitor VIII
(5,15-diohenylporphirin) was from Santa Cruz Biotechnology (Dallas,
TX). Xestospongin B was kindly donated by Dr. Jordi Molgé (Labo-
ratoire de Neurobiologie Cellulaire et Moléculaire, Institut Fédératif
de Neurobiologie Alfred Fessard, CNRS, France). The cell permeant
chelator BAPTA-AM was from Molecular Probes (Eugene, OR).
Plasmid coding for parvalbumin protein with cytosolic localization
(PV-NES-DsRed) was kindly provided by Dr. Manuel Estrada (25).
p-DsRed-Monomer control plasmid was purchased from Clontech
Laboratories, (Mountain View, CA).

Newborn-Derived Rat Myotube Culture

Animal care, manipulation, and procedures were in agreement with
protocols approved by the Bioethical Committee of the Facultad de
Medicina, Universidad de Chile. Neonatal derived rat myotubes were
cultured as described previously (40). Briefly, muscle tissue from the
hindlimbs of 12- to 24-h postnatal Sprague-Dawley rat pups was
dispersed mechanically and then treated with 0.2% (wt/vol) collage-
nase for 15 min with mild agitation. The suspension was filtered
through a Nytex membrane or lens tissue paper and spun down at low
speed. Ten to fifteen minutes of preplating was performed for the
enrichment of myoblasts; cells were plated at densities of 3.5 X 10°
cells/dish (35 mm). The plating medium was Dulbecco’s modified
Eagle’s medium-Ham’s F-12, 10% bovine serum, 25% fetal calf
serum, 100 mg/l penicillin, and 50-mg/] streptomycin. After 36 h in
culture, fetal calf serum concentration was reduced to 1.8% to induce
differentiation. Myotubes in the dish, some spontaneously contracting,
with an estimated purity of 90% were visible after the 5th day of
culture; these were used for experiments after 5-7 days in culture.
When required, transfections were performed on myoblasts on the 4th
day. Two micrograms of plasmids was used to transfect cells with
Lipofectamine 2000 (Invitrogen) according to the supplier’s instruc-
tions.
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Whole Muscle Dissection and Skeletal Fiber Isolation

Flexor digitorum brevis (FDB) muscles were dissected from 5- to
7-wk-old BalbC mice. Either whole muscle treatment with exogenous
ATP or skeletal fiber isolation was carried out. Isolated muscle fibers
were obtained by enzymatic digestion with collagenase type II, as
described by Casas et al. (16). Isolated fibers were seeded in matrigel-
coated dishes and used 20 h after seeding.

Cell Treatments

Depolarization assays were performed as reported previously (24).
In brief, cells were washed and incubated in Krebs buffer (145 mM
NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 5.6 mM glucose, and
10 mM HEPES, pH 7.4) for 30 min. Then, electrical field stimulation
(ES) of the whole dish was carried out with a handmade stimulation
device connected to a GRASS S48 stimulator. The tetanus protocol
used was 45 Hz, 400 pulses, 1 ms each (24). Alternatively, 0.1-500
M of exogenous nucleotides (ATP, ADP, UTP, or UDP) was added
to culture media by the indicated times. The blockers and inhibitors
were preincubated by different time periods and maintained during the
stimulus (ATP, ES, or recombinant 1L6), as follows: apyrase, 5 min;
suramin, 30 min; cycloheximide or actinomycin D, 2 h; HBC or
inhibitor VIII, overnight.

Western Blot Analysis

Stimulated cells were lysed in 60 wl of ice-cold lysis buffer (20
mM Tris-HCI, pH 7.4, 1% Triton X-100, 2 mM EDTA, 10 mM
Na3zVOy, 20 mM NaF, 10 mM sodium pyrophosphate, 150 mM NacCl,
1 mM PMSF, and a protease inhibitor mixture). Cell lysates were
separated in 10% SDS-polyacrylamide gels and transferred to poly-
vinylidenedifluoride membranes (Millipore). Membranes were
blocked at room temperature for 1 h in Tris-buffered saline containing
3% fat-free milk, with or without 0.5% Tween-20, and then incubated
overnight with the appropriate primary antibody. Membranes were
incubated with the secondary antibody at room temperature for 1.5 h.
The immunoreactive proteins were detected using ECL reagents
according to the manufacturer’s instructions. For loading control,
membranes were stripped in buffer containing 0.2 M glycine (pH 2)
and 0.05% Tween-20 at room temperature for 30 min, blocked as
described above, and assessed with the corresponding control anti-
body.

mRNA Determinations

Total RNA from either skeletal myotubes, isolated fibers, or
whole muscles was extracted with TRIzol reagent (19). The reverse
transcription (RT) reaction was performed with 1 pg of total RNA
using an oligo(dT) primer. Conventional PCR (semiquantitative)
was carried out using forward and reverse primers specific for
IL-6: IL-6 forward primer, 5'-CCAATTTCCAATGCTCTCCT-3";
IL-6 reverse primer, 5-ACCACAGTGAGGAATGTCCA-3".
GAPDH mRNA amplification was used as the internal con-
trol: GAPDH forward primer, 5'-CAACTTTGGCATCGTG-
GAAG-3'; GAPDH reverse primer, 5'-CTGCTTCACCAC-
CTTCTT-3'. After an initial 10-min denaturing at 94°C, amplifi-
cations were carried out for 25-30 cycles as follows: denaturing at
94°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for
30 s. After completion of the cycles, a final 10-min extension at
72°C was carried out. PCR products were analyzed by electropho-
resis in 1.5% agarose gels. Amplifications without the RT step
were made to exclude possible contamination with genomic DNA.
Quantitative PCR (qPCR) was performed in Mx3000P Thermocy-
cler (Stratagene, La Jolla, CA) using the Brilliant SYBR Green
QPCR Core Reagent Kit, also from Stratagene. The primers used
to amplify IL-6 or GAPDH mRNA were the same used in conven-
tional RT-PCR experiments. PCR amplification of the housekeep-
ing gene GAPDH or B-actin was performed as a control. The (-actin
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forward primer was 5'-TCTACAATGAGCTGCGTGTG-3', and the
B-actin reverse primer was 5'-TACATGGCTGGGGTGTTGAA-3'. Ex-
pression values were calculated using the 2~2ACT method (55).

ELISA

The concentration of IL-6 released to the culture media at different
times was assessed by rat IL-6 Enzyme-Linked Immuno Sorbent
Assay Quantikine Rat IL-6 (R & D Systems) according to the
manufacturer’s instructions. The absorbance was read at 450 nm
(corrected at 540 nm) in a Synergy 2 Multi-Mode Microplate Reader
(Biotek). Results were expressed as total picograms of IL-6 at the
supernatant per total milligrams of protein in the cell extract (pg
IL-6/mg protein).

Statistical Analysis

Data of n experiments were expressed as means * SE. The
significance of difference among treatments was evaluated using a
t-test for unpaired data or analysis of variance followed by Dunnett’s
posttest for multiple comparisons or by one-way ANOVA test fol-
lowed by Bonferroni’s posttest. A P value of <0.05 was considered
statistically significant.

RESULTS

IL-6 Expression Evoked By ES in Rat Myotubes:
Dependence on Extracellular ATP and Nucleotide Receptor
Activation

ES of skeletal myotubes evoked a significant and transient
increase in IL-6 mRNA levels detected by conventional RT-
PCR. Two hours after the stimulus, IL-6 mRNA doubled its
basal level (Fig. 1A). Previously, we demonstrated that ATP is
endogenously released during myotube or adult fiber ES,
acting as a relevant mediator between membrane depolariza-
tion and cell signaling leading to gene expression (11, 42). In
light of those results, we looked for a possible role of extra-
cellular ATP-mediating IL-6 mRNA expression evoked by ES.
Both extracellular ATP/ADP metabolization using apyrase (2
U/ml) and P2Y/P2X nucleotide receptor blockade using the
general blocker suramin (100 wM) strongly reduced the rise in
IL-6 mRNA expression evoked by ES (Fig. 1, B and C). These
results suggest that extracellular ATP, activating P2Y/P2X
receptors, is a mediator between membrane depolarization and
IL-6 expression changes in skeletal cells. Interexperiment vari-
ability in ES-evoked IL-6 mRNA increase was observed, as
can be seen comparing Fig. 1, A and B, with Fig. 1C. For that
reason, we performed proper controls for each experimental set
and compared treatments with their own controls.

Subsequently, we studied the effect of exogenous ATP
addition on IL-6 expression detected by conventional RT-PCR.
ATP rose IL-6 mRNA significantly in a time- and concentra-
tion-dependent manner (Fig. 2, A—C). One-hundred micromo-
lars of ATP increased IL-6 mRNA in just 15 min, reaching a
rise of up to sixfold after 45 min of exposure (Fig. 2A). The rise
was maintained =90-min incubation with ATP. In the concen-
tration-response curve, 10-500 uM ATP incubated for 30 min
significantly increased IL-6 mRNA levels (Fig. 2, B and C).
Considering that ATP has the ability to activate all the P2Y/
P2X receptor subtypes, we used a pharmacological strategy,
tending to discriminate between receptor subtypes involved in
IL-6 expression in rat myotubes. ADP, an agonist that activates
only some P2Y receptor subtypes (P2Y;, P2Y2, P2Y}3),
evoked a concentration-dependent rise in IL-6 mRNA, reach-
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Fig. 1. Electrical stimulation (ES) induced ATP-dependent IL-6 expression in rat myotubes. Rat myotubes were electrically stimulated (45 Hz, 400 pulses, 1 ms
each). Total RNA was isolated at the indicated times. IL-6 mRNA expression was assessed by conventional semiquantitative RT-PCR. A: IL-6 mRNA levels
increase with ES. B: extracellular nucleotide metabolization abolished IL-6 expression evoked by ES. IL-6 expression increased 2 h after ES, and this increase
was blocked after ATP metabolization using 2 U/ml apyrase for 30 min prior to and during the protocol. C: nucleotide receptor blockade strongly reduced IL-6
expression evoked by ES. The general P2Y/P2X antagonist suramin (100 wM), incubated for 30 min prior to and during the protocol, significantly reduced IL-6
expression increased 2 h after ES. Top: representative agarose gels for RT-PCR products from IL-6 mRNA amplifications with their corresponding GAPDH
control. Bottom: correspondence to intensity quantization of each IL-6 band normalized to GAPDH expression, presented as fold increase of untreated control
cells (means = SE; n = 3-6). *P < 0.05, **P < 0.01, and ***P < 0.001, analysis of variance followed by Dunnett’s multiple comparison test.

ing =3.5-fold increase at 100 pM (Fig. 2, B and C). In a
previous study, we demonstrated that P2Y,; but not P2Y, or
P2Y 3 mRNA was detected in our model of newborn rat
myotubes (11), suggesting a role for P2Y, in the ADP-evoked
signaling. Otherwise, the pyrimidine nucleotides UTP and
UDP, which activate P2Y>, P2Y4, and P2Y, receptors, failed to
increase IL-6 mRNA in a concentration range of 0.1-500 puM
(Fig. 2, B and C). To validate the IL-6 expression evoked by
ATP in adult muscle, we stimulated mouse adult fiber isolated
from FDB muscles with 100 puM ATP for 4 h and assessed
IL-6 mRNA by qPCR. A 10-fold increase in IL-6 mRNA level
was observed with this treatment (Fig. 2D). Moreover, a
twofold increase in IL-6 mRNA was detected when whole
FDB muscles were incubated with 500 wuM ATP for 4 h (Fig.
2E). These results reinforce the role of extracellular ATP as a
trigger for IL-6-expression in adult muscle.

ES or Exogenous ATP Activates the Canonical IL-6
Signaling Pathway Through IP3-Dependent Calcium
Transients and an Autocrine IL-6-Positive Loop

ATP evokes IL-6 secretion that can activate a positive IL-6
loop through the canonical IL-6 receptor pathway. The canon-
ical IL-6 signaling pathway considers sequential activation of
plasma membrane IL-6 receptors, JAK2 kinase, and the tran-
scription factor STAT3 (69, 74). An autocrine-positive loop of
IL-6 has been widely described in several cell types, where
released IL-6 controls their own expression by activation of its
canonical pathway (30, 48, 73, 87). In our model, we demon-
strated that 100 uM ATP evoked a strong increase in extra-
cellular IL-6 in 1 h, reaching a 10-fold peak after 3 h of
incubation (Fig. 3A). To assess whether released IL-6 involves
de novo synthesis or a preformed pool, we measured ATP-
evoked IL-6 release after 2 h of preincubation with 30 uM
cycloheximide (translation inhibitor) or 0.5 wM actinomycin D
(transcription inhibitor). Actinomycin D abolished ATP-

evoked IL-6 release (from 1 to 4 h); cycloheximide abolished
ATP-induced IL-6 at 1 and 2 h, maintaining just a 15-25%
release at longer times (Fig. 3A). It can be seen that neither
cycloheximide nor actinomycin D altered the extracellular IL-6
content at rest (Fig. 3B) at the maximal incubation time (6 h,
corresponding to 2-h preincubation and 4-h treatment). Al-
though 6-h actinomycin D did not modify total protein content
of skeletal myotubes, 6-h incubation with cycloheximide re-
duced it by 15% (Fig. 3C). Four-hour ATP evoked a fivefold
increase in IL-6 mRNA, as measured by qPCR, that was totally
abolished by actinomicyn D (Fig. 4D). Actinomycin D also
reduced by 80% the IL-6 mRNA content at rest (Fig. 4D).
Surprisingly, 6-h cycloheximide increased =40-fold IL-6
mRNA levels at rest and rose 120-fold ATP-evoked IL-6
mRNA expression (Fig. 4D), suggesting that translation block-
ade triggers a compensatory response by increasing IL-6 ex-
pression levels. Total RNA content of rat myotubes was
unaffected by 6-h cycloheximide but reduced by 30% after 6 h
with actinomycin D (Fig. 4E).

Considering the IL-6 release, we explored whether a positive
IL-6-loop could be controlling IL-6 expression in skeletal
muscle cells. In adult mouse isolated skeletal fibers, 0.2-2
ng/ml recombinant IL-6 (rIL-6) increased IL-6 mRNA levels
significantly =4.5-fold, as measured by qPCR assays (Fig. 4A).
To study the canonical pathway involved in IL-6-evoked IL-6
expression in our model, we first assessed the activation of the
transcription factor STAT3 by detecting its phosphorylated
form (p-Tyr’%). Addition of rIL-6 to rat myotubes evoked a
transient and concentration-dependent STAT3 phosphoryla-
tion, reaching a 70% increase after 30 min with 20 ng/ml rIL-6
(Fig. 4, B and C). STAT3 activation evoked by rIL-6 was
abolished when myotubes were preincubated with the JAK2
inhibitor HBC (50 pM, overnight), demonstrating a role of this
kinase in the signaling pathway activated by this stimulus (Fig.
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Fig. 2. Extracellular ATP induced IL-6 expression in newborn-derived myotubes, adult muscle fibers, and whole adult skeletal muscle. Rat myotubes were
stimulated with exogenous nucleotides, as indicated. Total RNA was isolated and IL-6 mRNA expression assessed by conventional semiquantitative RT-PCR
(A—C) or by real-time quantitative PCR (D and E). A: exogenous ATP (100 M) induced IL-6 expression in a time-dependent manner. Myotubes were incubated
with 100 puM ATP for different times before total RNA extraction. B: ATP and ADP, but not pyrimidine-derived nucleotides, evoked IL-6 expression in a
concentration-dependent manner. Myotubes were incubated for 30 min with increasing concentrations (0.1-500 wM) of ATP, ADP, UTP, or UDP. Representative
agarose gels for RT-PCR products from IL-6 mRNA amplifications with their corresponding GAPDH control are shown. C: intensity quantization of IL-6 bands
obtained in B, normalized to GAPDH expression and presented as fold increase of untreated control cells (n = 3—4). D: incubation of isolated mice flexor
digitorum brevis (FDB) fibers with 100 uM ATP for 4 h evoked a 10-fold increase in IL-6 expression. E: incubation of mouse whole FDB muscles with 500
M ATP for 4 h evoked a 2-fold increase in IL-6 expression. In D and E, data were normalized to GAPDH mRNA levels and expressed as fold increase related
to nonstimulated conditions (control) (n = 6). Values are expressed as means = SE. *P < 0.05, **P < 0.01, and ***P < 0.001, analysis of variance followed

by Dunnett’s multiple comparison test.

4D). Control of HBC alone did not change STAT3 phospho-
ryation levels (not shown).

These results suggest that ATP stimulation evokes de novo
synthesis and release of IL6, which could control its own
expression, by activating the canonical IL-6 receptor signaling
pathway.

ES evokes canonical IL-6 pathway activation mediated by
extracellular ATP. ES doubled the STAT3 phosphorylation
level after 60 min (Fig. 5A). One-hundred micromolars of
suramin abolished STAT3 activation evoked by ES (Fig. 5B),
reinforcing the role of extracellular ATP as a mediator between
ES and cell signaling related to IL-6 expression. Exogenous
ATP (100 uM, 60 min) also doubled the STAT3 phosphory-
lation level (Fig. 5C). Either 100 wM suramin or 2 U/ml
apyrase (ATP metabolizing enzyme) abolished STAT3 activa-
tion evoked by 100 wuM ATP, confirming that extracellular
ATP/ADP is required and that nucleotide receptors are in-
volved in the signaling (Fig. 5C). Neither suramin nor apyrase
modified STAT3 basal phosphorylation level (not shown). It is
important to note that none of the treatments or blockers
assessed along this work altered total STAT3 levels (not

shown); p-STAT3 was normalized against (-actin due to
interference between p-STAT3 and total STAT3 antibodies.

STAT3 activation evoked by 100 uM ATP was totally
abolished when myotubes were preincubated with a neutraliz-
ing antibody against IL-6 (Fig. 6A) or with the JAK2 inhibitor
HBC (Fig. 6B). STAT3 inhibitor VIII, which selectively pre-
vents STAT3 dimerization and ligand binding without modi-
fying its phosphorylation (84), reduced STAT3 phosphoryla-
tion evoked by ES and ATP by 70 and 65%, respectively (Fig.
6C). Interestingly, inhibitor VIII reduced by 60% the induction
of IL-6 mRNA levels evoked by 100 uM ATP (Fig. 6D).

It has been described that the final step of the IL-6 signaling
pathway is the STAT3-dependent increase in SOCS3 expres-
sion, which acts as a negative regulator of the IL-6 pathway
and stops the signaling, avoiding further JAK?2 activation (38,
74). We assessed the protein levels of SOCS3 in skeletal
muscle cells after stimulation with exogenous ATP at different
times. Rat myotubes incubated with 100 uM ATP increased
SOCS3 levels in a time-dependent manner, with a peak of 60%
increase at 2 h and a complete return to basal levels after 6 h
(Fig. 6E).
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Fig. 3. Extracellular ATP evoked IL-6 de
novo synthesis and secretion. A: ATP in-
creased IL-6 extracellular levels =10-fold,
depending on transcription and translation
processes. Rat myotubes were stimulated
with 100 uM ATP after 2-h preincubation,
with 30 wM cycloheximide (translation
blocker), with 0.5 uM actinomycin D (tran-
scription blocker), or without (w/o) treat-
ment. At different times, 50 pl of superna-
tant was removed, and IL-6 was quantified
by ELISA. B: resting levels of extracellular
IL-6 were not affected by 6-h treatment
with either cyclohemimide or actinomycin
D. C: total protein levels from myotube ly-
sates were significantly reduced by 6-h treat-
ment with cycloheximide but not actinomy-
cin D. D: IL-6 mRNA increase evoked by
100 pM ATP (4 h) was abolished by acti-
nomycin D treatment but largely increased
after cycloheximide. Cycloheximide treat-
ment increased IL-6 mRNA levels at rest by
40-fold, suggesting that translation blockade
activates a positive loop of IL-6 transcrip-
tion. IL-6 mRNA was measured by quanti-
tative PCR, normalized to GAPDH, and ex-
pressed as fold increase related to nonstimu-
lated condition. E: total mRNA levels form
myotube extracts were significantly reduced
by 6-h actinomycin D treatment but unaf-
fected by 6-h cycloheximide. Values (n = 3)
are expressed as means * SE. *P < 0.05,
*#*P < 0.01, and ***P < 0.001, analysis of
variance followed by Dunnett’s multiple
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All of these results suggest that ES, through extracellular
ATP, increases IL-6 expression at least in part by activating a
positive IL-6 loop.

IPs-dependent calcium transients are relevant for STAT3
activation promoted by ATP or ES. Previously, we have
demonstrated the relevance of the slow IPs-dependent cal-
cium signal in gene expression evoked by ES in rat myo-
tubes and adult skeletal fibers (16, 43, 45). In the current
work, we studied the dependence of STAT3 activation on
these calcium signals using molecular and pharmacolo-
gical approaches. The rise in free intracellular Ca>" evoked
by 40 mM caffeine activated STAT3 at levels similar to
those observed previously with tetanic stimulation or ATP
(Fig. 7A). To assess whether free intracellular Ca®* signals
were required for STAT3 phosphorylation, myotubes were
transfected with a plasmid coding for parvalbumin protein
with cytosolic localization (PV-NES-DsRed; Fig. 7B). This
tool, used as Ca>* chelator, strongly reduced basal STAT3
phosphorylation levels as well as ES-evoked STAT3 acti-
vation (Fig. 7B). We also tested the blockade of other
critical mediators of the slow calcium signal such as PLC,
PI3K, and IPsR (11, 16, 23, 24, 39). Ten micromolars of
U-73122, a PLC inhibitor, abolished STAT3 activation
evoked by ES (Fig. 7C). On the other hand, STAT3 activa-
tion evoked directly by exogenous ATP was abolished when
free intracellular Ca?" was chelated with 50 uM
BAPTA-AM (Fig. 7D). Either 10 uM U-73122 or 40 pM

LY-290042 (PI3K inhibitor) totally blocked ATP-evoked
STAT3 phosphorylation (Fig. 7E). STAT3 activation in-
duced by extracellular ATP was also abolished when myo-
tubes were preincubated with 50 wM 2-APB (Fig. 7F),
which has been used in previous studies as a blocker of the
IP5-dependent slow calcium signal and gene expression in
skeletal myotubes (15, 43, 45, 62). The specific blocker of
IP;R xestospongin B (5 wM) reduced by 40% the STAT3
phosphorylation evoked by ATP (Fig. 7F). All of these data
suggest that the IP3;-dependent calcium signal is a critical
step in the pathway for STAT3 activation promoted by
either ATP or ES.

DISCUSSION

In this work, as schematically depicted in Fig. 8, we have
demonstrated that electrical stimulation of cultured myotubes
induces both expression and secretion of IL-6 mediated by
extracellular ATP and the consequent IP3-dependent intracel-
lular Ca®* signal. IL-6 released into the culture medium would
induce the activation of the IL-6 receptor-a (IL-6Ra) through
an autocrine mechanism, leading to the activation of transcrip-
tion factor STAT3. In turn, STAT3 would modulate IL-6
signaling at the transcriptional level either by increasing the
synthesis of the cytokine or by promoting the expression of the
negative regulator of IL-6 SOCS3.
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Fig. 4. Recombinant IL-6 (rIL-6) increased IL-6 expression and evoked
STAT3 phosphorylation through JAK2 activity. A positive IL-6 loop is
suggested. A: incubation of isolated mouse FDB fibers with 0.2-20 ng/ml rIL-6
for 2 h increased IL-6 mRNA expression. Total RNA extraction, reverse
transcription, and quantitative PCR were used for IL-6 mRNA detection. Data
were normalized to GAPDH mRNA level and expressed as fold increase
related to unstimulated conditions (means + SE; n = 5-6). B: rIL-6 induced
a concentration-dependent STAT3 phosphorylation. Rat myotubes were stim-
ulated with 0.2-20 ng/ml rIL-6 for 0-120 min, and the effects over p-STAT3
levels were assessed by Western blot (n = 4-6). C: rIL-6 induced a time-
dependent STAT3 phosphorylation. Rat myotubes were stimulated with 20
ng/ml rIL-6 for 0—120 min, and the effects over p-STAT3 levels were assessed
by Western blot (n = 6). D: JAK2 mediates STAT3 phosphorylation evoked
by rIL-6. Rat myotubes were incubated overnight with 50 uM of the JAK2
inhibitor 1,2,3,4,5,6-hexabromocyclehexane (HBC) or the respective vehicle
control. After that, myotubes were stimulated with 20 ng/ml rIL-6 in the
presence of HBC for 30 min (n = 3). The values are expressed as means = SE.
*P < 0.05 and **P < 0.01, analysis of variance followed by Dunnett’s
multiple comparison test.

Muscle contraction depends on the depolarization of the
plasma membrane (T-tubules), where Cavl.1 acts as a voltage
sensor (63). Membrane depolarization is the primary event for
excitation-transcription coupling (9, 22) that triggers Cavl.1
activation and the IPs-dependent Ca®>* pathway (6, 24). Pre-
vious results from our laboratory have placed the activation of
gene expression, particularly of IL-6, as an event downstream
of the myotube membrane depolarization (15, 45, 46). Depo-
larization of cultured myotubes using a high K* solution
induces the expression of IL-6 (45). By using a more physio-
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logical stimulus, we now show expression of IL-6 induced by
tetanic electrical stimulation. The kinetics of activation of IL-6
mRNA expression after this stimulus is similar to that obtained
with K* (45). The expression of IL-6 in response to membrane
electrical activity has also been studied in other cell types (47,
67, 79). Depolarization of neurons in culture using an extra-
cellular solution of 45 mM K¥ evokes an increment in IL-6
expression. The same effect was observed in neuronal-type
PC12 cells (67). Furthermore, it has been observed that isch-
emia-reperfusion injury of rat brain induces expression of IL-6
via activation of voltage-dependent Ca?>" channels (79). The
expression of IL-6 in neurons and glia would have a neuro-
protective function against damage caused by hypoxia or
inflammation (31, 79). All these data suggest that the expres-
sion of IL-6 appears to be a general physiological phenomenon
in excitable cells, responding to specific demands of each
tissue such as the energy stress in skeletal muscle (17, 77) or
the need for neuronal protection against ischemia-reperfusion
injury, epilepsy, or other brain diseases (47).

Our laboratory has described that electrical stimulation of
skeletal muscle cells evokes the release of ATP, subsequent
activation of metabotropic purinergic receptors, and the gen-
eration of IP3-dependent Ca®* transients (6, 11, 23, 40). In this
work, we have determined that this pathway is required for
IL-6 expression. Blockade of the purinergic receptors with the
general antagonist suramin, as well as extracellular nucleotide
metabolization using apyrase, abolished the increase in IL-6
mRNA induced by depolarization. These results convincingly
suggest that the cellular signaling that leads to the expression
of IL-6 in electrically stimulated myotubes is mediated by
extracellular ATP, indicating that membrane depolarization,
ATP signaling, and the expression of IL-6 are part of the same
signaling pathway. Numerous reports have related the expres-
sion and secretion of IL-6 with extracellular nucleotides (10,
31, 60). Previously, we have reported the expression of IL-6 in
skeletal myotubes after 30-min incubation with 500 uM ATP
(11). Our results indicate that ATP-induced IL-6 expression is
concentration dependent in rat myotubes. In addition, we know
that the release of ATP depends on the activity of pannexin-1
channels, suggesting a regulated process of ATP release (11).
The results obtained in this study reinforce the idea of a
specific and physiological response to ATP in myotubes to
promote the expression of IL-6. In this work we did not address
the question of which purinergic receptor subtype commands
IL-6 expression; however, pharmacological analysis and the
fact that the expression of IL-6 and STAT3 phosphorylation
depends on IPs/Ca®" signaling strongly suggest that a P2Y
receptor subtype is involved. Four P2Y receptors, P2Y, P2Y>,
P2Y,4, and P2Y;;, are expressed mainly in myotubes, with
P2Y, and P2Y, being expressed in higher amounts (11). In
addition, recent findings in our laboratory showed that P2Y,
and P2Y; are also the predominant P2Y receptor subtypes in
skeletal fibers isolated from adult mice FDB; both of them are
putatively activated by ATP and ADP (28).

We demonstrated an increase in IL-6 mRNA after 100-500
pM ATP in either adult FDB-isolated fibers or adult whole
FDB muscle. ATP concentrations at the micromolar range
could appear too high considering the P2Y receptor’s affinity at
the nanomolar range (1) and the measured interstitial ATP
concentration of contracting muscles (2 wuM) (36). However, it
is relevant to note that released ATP plays a role in autocrine
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Fig. 5. Phosphorylation of STAT3 evoked by ES depends on extracellular ATP signaling. To assess the effect of ATP or ES over STAT3 phosphorylation, total
protein extracts were obtained from stimulated myotubes at the indicated times, and Western blot was performed. A-C, top: representative Western blots of
p-Tyr’%>-STAT3 and B-actin used as loading control. A~C, bottom: bar graphs showing normalized levels of phosphorylated STAT3 compared with untreated
control. A: STAT3 phosphorylation was induced by ES (n = 7). B: STAT3 phosphorylation evoked by ES was dependent on nucleotide receptor activation. Rat
myotubes were incubated or not with 100 uM suramin for 30 min before ES; 1 h later, protein extracts were obtained to perform Western blot analyses (n =
3). C: exogenous ATP induced STAT3 phosphorylation. Rat myotubes were incubated for 1 h with 100 wM ATP in the presence or not of 100 wM suramin or
2 U/ml apyrase (n = 3). Values are expressed as means = SE. *P < 0.05 and **P < 0.01, analysis of variance followed by Dunnett’s multiple comparison test.

signaling, acting very locally inside the T-tubule space and at
the pericellular space, being rapidly metabolized by ectonucle-
otidases, which precludes a significant convection into the bulk
milieu (44, 90). So the ATP locally released at the T-tubules is
probably much higher than we could measure. For the same
reason, to allow ATP diffusion to the T-tubules and surpass
ectonucleotidases metabolization, we need to use higher ATP
concentrations and time exposures for whole muscle experi-
ments (500 wM, 4 h) than for newborn-derived myotubes
(10-100 uM for 15-60 min). All the studies relating P2Y
receptor activity with skeletal muscle physiology, using vary-
ing experimental models, have used high uM ATP concentra-
tions (50-180 puM) (18, 20, 21, 56, 57, 80). It is relevant to
note that, considering that ATP release is a local event, only
=1% intracellular ATP pool needs to be released to maximally
activate all receptors. Thus, extracellular ATP signaling can
occur without compromising cell metabolism or essential en-
zyme reactions (reviewed in Ref. 70).

It has been described that IL-6 plasma levels range between
I pg/ml at rest and =120 pg/ml after strenuous physical
performance such as a marathon (27, 29, 49, 76). However,
interstitial IL-6 concentration in skeletal muscle is 100-fold
higher than plasma levels, ranging between 300 pg/ml at rest
and 2,000 pg/ml during and after exercise (49, 65). Very
interestingly, concentrations of recombinant IL-6 widely de-
scribed for in vitro assays are even higher, between 20 ng/ml in
C,Cy2 and L6 myotubes and 120 ng/ml in skeletal muscle
strips from patients (14, 32, 88). Considering that in vivo IL-6
is probably secreted from skeletal fibers to the highly packed
T-tubule, it is possible that the local IL-6 concentration for
autocrine signaling is higher than that measured by microdi-
alysis in muscle interstitium. We assessed from 0.2 to 20 ng/ml
rIL6 in our systems and obtained STAT3 phosphorylation

starting from 2 ng/ml and IL-6 mRNA expression from 0.2
ng/ml.

From the results obtained in this work, it appears that
STAT3 activation evoked by myotube depolarization is totally
secondary to IP3-dependent Ca®" transients. Previous studies
have indirectly shown cytosolic Ca?"-induced phosphorylation
of STAT3. Gong et al. (34) suggest a link between impaired
levels of intracellular Ca>*, caused by a protein from hepatitis
C virus, and the activity of STAT3. In another report, the
activation of L-type Ca®>" channels by ischemia in rat hip-
pocampus results in the activation of STAT3 (52). Finally, Shi
and Kehrl (72) stated the involvement of Ca?*-dependent
tyrosine kinase Pyk2 in potentiating the activity of STAT3
induced by epidermal growth factor. However, in none of these
works did the authors identify the Ca?" pool that would
participate in the activation of STAT3. Here we show that
intracellular free Ca®>* is required for STAT3 activation by
either ATP or tetanic stimulation. Considering recent reports
suggesting that IL-6 release evoked by skeletal muscle con-
traction is independent of calcium transients (33, 50), in our
system Ca>" would probably be required for an initial step in
IL-6 expression but not for the IL-6 release mechanism. Our
results suggest that STAT3 activation mediated by Ca®* tran-
sients is an indirect effect; /) both electrical stimulation and
stimulation with ATP evoke transient IP3;-dependent Ca?*
signals (11, 24, 40), 2) both depolarization and ATP induce the
expression of IL-6 in skeletal muscle (this work and Refs. 11
and 45), 3) the increased expression of IL-6 by depolarization
is dependent on IPs-dependent Ca>" transients (45), and 4)
inhibition of IL-6 signaling cascade blocks STAT3 phosphor-
ylation. Together, these results suggest that intracellular free
Ca®* would be necessary for the expression of IL-6 and that
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Fig. 6. Extracellular ATP activated STAT3 and increased IL-6 expression partially through a positive IL-6 loop. A: blockade of released IL-6 abolishes STAT3
activation evoked by ATP. Myotubes were incubated with 100 puM ATP for 1 h in the absence or presence of an anti-rat IL-6-neutralizing antibody (aIL6, 1
pg/ml, 30 min before and during the ATP stimuli; n = 4). B: ATP induced STAT3 phosphorylation via JAK2. Rat myotubes were incubated overnight with 50
M HBC or vehicle. Stimulation with 100 puM ATP for 1 h was performed in the presence of HBC. After that, total protein extracts were obtained (n = 3).
C: STAT3 inhibitor VIII reduced STAT3 phosphorylation evoked by ES or ATP. Rat myotubes were incubated overnight with 50 wM inhibitor VIII or vehicle;
1 h after ES or 100 wM ATP addition, total protein extracts were obtained, and phosphorylated STAT3 was detected by WB (n = 4). D: STAT3 inhibitor VIII reduced
IL-6 expression evoked by ATP. Myotubes were stimulated as in C but processed for total RNA extraction. IL-6 mRNA expression was assessed by conventional
semiquantitative RT-PCR, normalized to GAPDH expression, and presented as fold increase of untreated control cells (n = 3). E: ATP evoked expression of suppressor
of cytokine signaling 3 (SOCS3), a negative regulator of the JAK/STAT3 pathway. Myotubes were incubated with 100 WM ATP for different times; total protein extracts
were obtained, and SOCS3 expression was assessed by WB (n = 4). Values are expressed as means = SE. *P < 0.05 and **P < 0.01 (as indicated); #P < 0.05 and
##P < 0.01 (compared against condition with only inhibitor VIII), analysis of variance followed by Dunnett’s multiple comparison test.

due to prior expression and release of IL-6 to the culture

the cytokine could act as a mediator between cell stimulation
medium and the establishment of an autocrine signaling path-

and STAT3 phosphorylation.

The fact that STAT3 activation is a late event (1 h post-
stimulation) also suggests that there should be a secondary
mediator between stimulation of the myotubes and activation
of the transcription factor, which is probably IL-6. In other cell
types, a late activation of STAT3 as a result of stimuli as varied
as the epidermal growth factor (EGF)-like growth factor bind-
ing to heparin, isoproterenol, or angiotensin II (51, 68, 91) has
been observed. In each of these cases, STAT3 activation was

way for the cytokine. It is interesting to note that, in our
experiments, when the autocrine IL-6 loop or the canonical
IL-6 pathway was blocked using neutralizing IL-6 antibodies
or a STAT3 dimerization inhibitor, a 30% residual-activated
STAT3 or IL-6 expression evoked by ATP was maintained.
These results reinforce the idea of a parallel signaling pathway,
most probably Ca?* dependent, promoting IL-6-expression as
a first step to evoke the autocrine IL-6 loop. Indeed, we have
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Fig. 7. Inositol trisphosphate (IP3)-related calcium signaling mediates STAT3 phosphorylation by ES and ATP. To determine the participation of intracellular
Ca®" signaling on phosphorylation of STAT3, myotubes were incubated with 40 mM caffeine (A) and 100 pM ATP (D-F), or electrically stimulated, as
described in EXPERIMENTAL PROCEDURES (B and C) and different inhibitors or blockers of the IPs-dependent Ca>* pathway were used. A-F, top: representative
Western blot of p-STAT3 and (-actin used as loading control. A—F, bottom: bar graph showing normalized levels of phophorylated STAT3 compared with basal.
A: myotubes were preincubated in Krebs buffer for 30 min. The cells were stimulated with 40 mM caffeine by 9 s in the same buffer. After the times indicated,
total protein extracts were obtained and Western blot performed (n = 3—4). B: myotubes expressing PV-NES-DsRed plasmid or a control DsRed plasmid were
electrically stimulated, and total protein extracts were obtained after 60 min to perform Western blot (n = 3). Cell micrograph shows staining of PV-NES-DsRed
(left) or LAP2 immunofluorescence (right) in transfected myotubes. C: STAT3 activation by electrical stimulation is dependent on IP3-signaling pathway.
Myotubes were preincubated with 10 uM U-73122 for 20 min, and ES was performed. After 60 min, total protein extracts were obtained to perform Western
blot (n = 3). D: myotubes were preincubated in Krebs buffer containing 50 pM BAPTA-AM. The cells were washed twice in the same buffer, and 100 uM
ATP was added. After 1 h, the proteins were obtained and Western blot performed. The values are the mean of 2 different experiments. E: to further investigate
the participation of IP3 pathway on STAT3 activation by ATP, phosphatidylinositol 3-kinase and phospholipase C inhibitors were used. Cells were preincubated
with 40 pM LY-290042 for 30 min or with 10 wM U-73122 for 20 min. Then, the cells were stimulated with 100 wM ATP. The analysis of STAT3
phosphorylation was carried out by Western blot (n = 3-4). F: to see whether STAT3 activation by ATP was also dependent on IP3-Ca’>* pool, cultured
myotubes were preincubated or not with the IP3 receptor inhibitor xestospongin B (5 wM, 30 min) or with the IP3 pathway inhibitor 2-aminoethoxydiphenyl
borate (2-APB; 50 nM, 30 min). After that, 100 uM ATP was added, and total protein extracts were obtained after 60 min (n = 4). *P < 0.05, **P < 0.01,
and ##*P < 0.001 vs. basal nonstimulated cells; #P < 0.05 and ##P < 0.01 vs. ATP stimulated without pharmacological inhibitors. Analysis of variance followed
by Dunnett’s multiple comparison test (A, E, and F) or Bonferroni’s test (B and C).

demonstrated that IL-6 release evoked by ATP involves de activation of transcription factors like AP-1 and NF-«kB (15-90
novo synthesis. In our case, the time course of events ending in  min), which participate in the expression of IL-6 (10 min to 2 h)
STAT3 phosphorylation would be as follows: /) the depolar- (15, 85); 4) IL-6 is released into the extracellular medium (hours),
ization of cultured myotubes induces the release of ATP into reaching an increase of ~4.5-fold over baseline 1 h after stimu-
the culture medium reaching a maximum extracellular ATP 15 lation with ATP; and 5) finally, IL-6 activates IL-6Ra, triggering
s after depolarization (11); 2) the ATP released by depolariza- JAK2 phosphorylation, which induces STAT3 phosphorylation
tion activates P2Y receptors and induces a transient IP3- and IL-6 expression (hours post-stimulus).

dependent Ca®" signal, which remains high for seconds to Very interestingly, we noted that cycloheximide treatment
minutes in the cytoplasm (11); 3) these Ca®>* signals induce the intended for protein translation blockade increased resting

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00450.2013 - www.ajpendo.org



EXTRACELLULAR ATP EVOKES MUSCLE IL-6 EXPRESSION

E879

Fig. 8. Proposed model for IL-6 expression
in skeletal muscle cells. Membrane depolar-
ization of skeletal muscle induces ATP se-
cretion through pannexin 1 (Pnx1) hemi-
channels. After binding to P2Y purinergic
receptors (P2YR), ATP provokes an increase
in intracellular free Ca®>* concentration by
activating GBy-PI3K-PLC signaling cas-
cade. IL-6 expression increases after free
Ca?" rise mediated by AP-1 and NF-«B and
possibly through CREB activity (not
shown). The newly formed IL-6 is stored in
vesicles and released to extracellular media.
Now, IL-6 binds to its own receptor (ILO6R)
on skeletal muscle cells membrane, activat-
ing the canonical IL-6 signaling cascade,
i.e., JAK2 and STAT3 phosphorylation. p-
STAT3 would have a partial role on IL-6
expression, whereas it would directly influ-
ence SOCS3 expression. IP3R, IP3 receptor;
G, G trimeric protein. DHPR, dihydropyri-
dine receptor.

levels of IL-6 mRNA =40-fold, and ATP-evoked IL-6 expres-
sion =120-fold. Previously, some authors have reported IL-6
superinduction evoked by blockade of protein synthesis in
epithelial cells through increases in both IL-6 mRNA synthesis
and stability (26, 37, 64). In the light of our results, considering
that actinomycin D totally blocked ATP-evoked IL-6 expres-
sion and secretion, the effect over mRNA synthesis is probably
more important than that over mRNA stability. This mecha-
nism has never been described in skeletal muscle cells, and it
could be a very important control point for IL-6 expression
regulation in physiopathological conditions.

We also demonstrated that stimulation with ATP induced a
65% increase in expression of SOCS3 protein. The expression
of SOCS3 in response to exercise has been shown previously
(82, 83). Analysis performed on young people and older adults
shows that the expression of SOCS3 is also much higher in
young people; this correlates well with the fact that phosphor-
ylation of STAT3 is higher in older adults (83). Those authors
suggest that these alterations in cytokine signaling are ex-
plained by reduced expression of SOCS3 in older people.
Furthermore, those authors speculate that this signaling poten-
tiation by IL-6 would be involved in impaired muscle regen-
erative capacity observed in older adults through the establish-
ment of a proinflammatory state. In our case, the expression of
SOCS3 reaches the peak after 3 h in stimulated cells, which
temporally coincides with the decrease in IL-6 present in the
environment, suggesting that SOCS3 is negatively regulating
the expression of IL-6. Thus, the negative regulator could have
a function of terminating signal to avoid a chronic IL-6
response to exercise.

It is worth noting the fact that myotube depolarization
evokes a late (2 h) expression of IL-6 compared with that

obtained with ATP (30 min), whereas STAT3 phosphorylation
by electrical stimulation occurs at the same time with both
stimuli. This point that appears as a discrepancy could be
explained by the fact that although we know that electrical
stimulation of myotubes, as well as exercise or the activity of
motor neurons, causes ATP release from the muscle cells (11,
53, 54, 75), we do not know the effective amount of ATP
reaching purinergic receptors on muscle. This is very important
considering the different affinity (ECso) that the purinergic
receptor subtypes have for ATP and ADP (78, 81). One
possibility then is that the purinergic receptors that are acti-
vated by exogenous ATP (100 M) are different (in expression
levels or receptor subtype) from the ones activated by ATP
released from the depolarized myotubes, thus generating dif-
ferent responses. Another possibility is that exogenous ATP
activates purinergic receptors located both at the sarcolemma
and the T-tubules, triggering signaling pathways parallel to
those evoked by endogenous ATP released at the T-tubules
during depolarization. STAT3 phosphorylation prior to in-
creased expression of IL-6 by depolarization could correspond
to preformed IL-6, which is stored in vesicles within the
cytoplasm of muscle cells, since these vesicles merge with
plasma membrane and release their contents upon muscular
contraction.

The results presented here contribute to a wider understand-
ing of the ways by which electrical activity of skeletal muscle
cells could drive gene expression. IL-6 is a good model to
study ETC not only because it responds to membrane depo-
larization but also because it does in response to IP3-dependent
calcium signals that we have related previously to gene ex-
pression. IL-6 has a major role in exercise physiology, acting
as an energy sensor for skeletal muscle and also acting sys-
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temically, helping to avoid metabolic syndrome (66). Future
research will shed light on the role of IL-6 in energetic and
metabolic balance of skeletal muscle and further unravel de-
tails of its regulation.
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