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Abstract

Prolonged and excessive inflammation is implicated in resistance to the biological actions of IGF-I
and contributes to the pathophysiology of neurodegenerative, metabolic, and muscle-wasting
disorders. IL-10 is a critical anti-inflammatory cytokine that restrains inflammatory responses in
macrophages and T cells by inhibiting cytokine and chemokine synthesis and reducing expression
of their receptors. Here we demonstrate that IL-10 plays a protective role in nonhematopoietic cells
by suppressing the ability of exogenous IL-1p to inhibit IGF-1-induced myogenin and myaosin heavy
chain expression in myoblasts. This action of IL-10 is not caused by impairment of IL-1B-induced
synthesis of IL-6 or the ability of IL-1p to activate two members of the MAPK family, ERK1/2 and
p38. Instead, this newly defined protective role of IL-10 occurs by specific reversal of IL-1
activation of the INK kinase pathway. IL-10 blocks IL-1B-induced phosphorylation of JNK, but not
ERK1/2 or p38, indicating that only the INK component of the IL-1B-induced MAPK signaling
pathway is targeted by IL-10. This conclusion is supported by the finding that a specific JNK inhibitor
acts similarly to IL-10 to restore IGF-I-induced myogenin expression, which is suppressed by
IL-1B. Collectively, these data demonstrate that IL-10 acts in a novel, nonclassical, protective manner
in nonhematopoietic cells to inhibit the IL-1p receptor-induced JNK kinase pathway, resulting in
prevention of IGF-I resistance.
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IL-1B plays a critical role in host defense and tissue remodeling following injury (16). However,
prolonged activation of inflammatory mediators has now been recognized to impair activity
of a variety of hormones, including IGF-1, thereby inducing hormone resistance (25,26). A
review of several recent studies of muscoskeletal disorders linked local and systemic
inflammation to myopathic changes that are accompanied by pain and a decline in function
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(6). Elevated expression of proinflammatory cytokines, such as IL-1p and TNFa, is also
implicated in muscle wasting and fatigue that is characteristic of normal aging (21), AIDS, and
cancer cachexia (3,25). These actions of proinflammatory cytokines are in part mediated by
inhibiting the expression and activity of hormones such as growth hormone and IGF-I, the two
most important contributors to postnatal growth (25,33). Similar events occur in muscle
progenitor cells at very low, physiologically relevant concentrations of IL-1p and TNFa (0.1-
1 ng/ml). Proinflammatory cytokine-induced IGF-I resistance is characterized by the inability
of IGF-1 to induce global protein synthesis and expression of muscle-specific differentiation
factors such as myogenin (9,52). Promising recent results indicate that the anti-anabolic actions
of proinflammatory cytokines may be mediated by common signaling intermediates, such as
c-Jun NHo-terminal kinase (JNK), that lie downstream of TNFa. type 1 receptor (TNF-R1) and
IL-1 receptor-1 (IL-1R1). INK is a stress-activated protein kinase that serves as a convergence
point in a variety of inflammatory disorders and induces resistance to several hormones,
including IGF-1 (34,53).

IL-10 is the best-characterized anti-inflammatory cytokine to date. It is elevated in most major
diseases and is presumed to limit the clinical manifestations of inflammation by acting on
hematopoietic cells (35,55). The mechanism of IL-10 action is widely accepted to occur by
inhibiting expression of proinflammatory cytokines and their receptors and by inducing
synthesis of cytokine receptor antagonists (35,55). Although the manner in which IL-10
regulates activity of hematopoietic cells is well established, its actions in the physiology of
nonhematopoietic tissues are just beginning to be elucidated.

Several recent reports have established that 1L-10 is synthesized by murine myoblasts (2) and
is elevated in skeletal muscle following exercise (37,44). The increase in IL-10 expression as
a result of exercise is accompanied by a rise in proinflammatory cytokines, including IL-1p,
TNFa, and IL-6 as well as the IL-1p3 receptor antagonist and soluble TNFa receptor (36,37,
43,44). Consequently, IL-10 produced by exercising muscle is thought to limit an exuberant
inflammatory response. This hypothesis is consistent with the observation that intramuscular
injection of an adenoviral vector encoding IL-10 inhibits the synthesis of proinflammatory
cytokines TNFa, IL-1p, and IL-6 in the diaphragms of mice infected with Pseudomonas
aeruginosa (14). Furthermore, administration of recombinant human IL-10 reduces hypoxia-
induced skeletal muscle injury and myocyte necrosis in newborn rats (41). Additional support
for the protective activity of IL-10 comes from animal studies in which IL-10-expressing
plasmids targeted to skeletal muscle ameliorate the clinical severity of inflammatory conditions
such as collagen-induced arthritis (45), diabetes (60), and bacterial infections (14). These
findings establish that nonhematopoietic tissues are capable of synthesizing and responding to
IL-10 and that IL-10 acts in a protective manner. Proinflammatory cytokines have been amply
demonstrated to regulate the biological activity of hormones through receptor cross talk (25,
26), and JNK appears to be a critical mediator as established for growth hormone (30), insulin
(22), IGF-1 (53), and cortisol (42,58). However, the possibility that the anti-inflammatory
cytokine IL-10 regulates muscle development by overcoming IL-1B-induced IGF-I resistance
rather than simply reducing the synthesis of proinflammatory cytokines has not yet been
explored.

IGF-I1, in combination with growth hormone, accounts for >80% of postnatal growth (33).
IL-1p induces IGF-I resistance in muscle progenitors, as defined by its ability to prevent IGF-
| from inducing synthesis of myogenin and myosin heavy chain (MHC) (9,52), but the potential
anti-inflammatory actions of IL-10 in these cells are unknown. We hypothesized that IL-10
would reverse the ability of exogenous IL-1 to inhibit IGF-I-induced expression of myogenin
protein in skeletal muscle myoblasts, and this would occur by IL-10 specifically targeting the
JNK kinase pathway. Here we confirm this hypothesis, thereby defining a new biological
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activity of 1L-10 by showing for the first time that IL-10 acts in a protective manner in skeletal
muscle progenitors to restore IGF-I-induced myogenin expression that is inhibited by IL-1p.

MATERIALS AND METHODS

Reagents

Cell culture

Fetal bovine serum (FBS; <0.25 EU/mI endotoxin), DMEM containing 0.584 g/l glutamine
and 4.5 g/l glucose, sodium pyruvate, and antibiotics (penicillin/streptomycin) were purchased
from HyClone (Logan, UT). Recombinant murine IL-10 was obtained from Pharmingen (2-8
x 108 units/mg protein; San Diego, CA); recombinant murine I1L-1p was from Serologicals
(Norcross, GA), and recombinant human IGF-1 was from Intergen (Purchase, NY). The JNK
peptide inhibitor-1, o-stereoisomer (1-JNK), was purchased from Alexis Biochemicals (San
Diego, CA). Enzyme-linked immunosorbent assay (ELISA) kits were from Pierce
Biotechnology (Rockford, IL). Primary antibodies were obtained as follows: mouse
monoclonal antibodies to phosphorylated ERK1/2 (1gG,,, E-4) and to myogenin (IgG4, F5D)
were from Santa Cruz Biotechnology (Santa Cruz, CA), the antibody to a-tubulin (19G;,
B-5-1-2) was from Sigma Aldrich (St. Louis, MO), and the antibody to embryonic MHC
(1gG4, F1.652) was from Developmental Studies Hybridoma Bank (University of lowa, lowa
City, IA). The rabbit polyclonal antibody to the subdomain XI of ERK1 (K-23) was purchased
from Santa Cruz Biotechnology, and the antibodies specific for INK (9252), phosphorylated
JNK (P-JNK, 9251), p38 (9212), phosphorylated p38 (9211), and phosphorylated MKK7 (P-
MKK?7, 4171) were purchased from Cell Signaling Biotechnology (Danvers, MA). The
secondary horseradish peroxidase (HRP)-linked antibodies (mouse, NA931V, and rabbit,
NA934V) were purchased from GE Healthcare Biosciences (Piscataway, NJ). Other reagents
and chemicals were obtained from Sigma Aldrich.

Murine skeletal muscle progenitor cells, C,C4, myoblasts, were obtained from American Type
Culture Collection (ATCC; Manassas, VA) and cultured as previously described (10,52).
Before treatment, myoblasts were washed three times in complete DMEM devoid of FBS and
incubated in this medium for a minimum of 4 h before initiation of experiments.

In ELISA time course experiments, CoCq, myoblasts were incubated for 24 h in serum-free
medium, with IL-1p present for 24, 16, 8, 4, or only the final 2 h, or left untreated (0 h). In
ELISA experiments that tested the ability of IL-10 to inhibit cytokine synthesis, C,Cq2
myoblasts were pretreated with 1L-10 at 0, 10, 25, or 50 ng/ml for 1 h before addition of
IL-1B, followed by a 24-h incubation and collection of samples. As a control, Co,C1» myoblasts
were treated for 24 h with the highest concentration (50 ng/ml) of IL-10 alone or remained
untreated. In ELISA experiments testing the ability of ERK1/2 and JNK antagonists to inhibit
IL-1pB-induced expression of IL-6, myoblasts were pretreated with an ERK1/2 antagonist
(PD98059, 10 uM) or a JNK antagonist (SP600125, 10 uM) for 1 h before addition of IL-1
and incubation for 24 h. To measure myogenin and MHC expression, C,C12 myoblasts were
treated with IL-1p for 1 h before addition of IGF-I and incubation for 24 h. For experiments
measuring JNK and ERK1/2 phosphorylation, C,C1, myoblasts were treated with IL-1p for
60, 30, 15, 10, and 5 min to determine the timing of JNK and ERK1/2 phosphorylation. To
determine whether IL-10 inhibits IL-1B-induced JNK, ERK1/2, p38 or MKK?7
phosphorylation, myoblasts were pretreated with I1L-10 (10 ng/ml) for 1 h before adding
IL-1p and then incubating for another 10 or 15 min. To determine whether JNK is required for
IL-1p inhibition of myogenin expression, myoblasts were pretreated with IL-10 (10 ng/ml) or
the inhibitor of INK, 1-JINK (2 uM), for 1 h before treatment with IL-1p and IGF-1. Optimal
concentration of I-JNK inhibitor was determined in a recent study from our laboratory (53) to
be 2 uM.
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In this study, we evaluated the ability of a low concentration of IL-10 (10 ng/ml) to inhibit
IL-1B-induced IGF-I resistance in skeletal muscle progenitors. Whereas high concentrations
of recombinant IL-10 up to 300 ng/ml are commonly used for in vitro and ex vivo experiments
(5,20,28,31,38,59), the in vitro endogenous expression of IL-10 rarely exceeds 1 ng/ml, even
when cells are stimulated with high concentrations of LPS (100-1,000 ng/ml) (24,47).
Similarly, endogenous IL-10 concentration is even lower in plasma of humans afflicted with
various diseases, such as malaria (15) and human African trypanosomiasis (11), or in healthy
males injected with 4 ng/kg LPS (13). We utilized a low, more physiologically relevant
concentration of IL-10 (10 ng/ml) to evaluate how it regulates IL-1B-induced signaling activity
in myoblasts. At this low concentration, IL-10 inhibits 1L-1p signaling, but not IL-1B-induced
cytokine synthesis, which requires higher concentrations of IL-10 (25-50 ng/ml).

ELISA and Western blotting

IL-6 and TNFo were measured with specific ELISA assays (Pierce Biotechnology) by adding
50 ul of each sample in duplicate to ELISA plates precoated with an IL-6 or a TNFa capture
antibody. Recombinant murine IL-6 standards ranged from 0 to 2,000 pg/ml, and the lower
assay limit of detection was 7 pg/ml. Recombinant murine TNFa standards ranged from 0 to
2,450 pg/ml. Absorbance was measured on an OPTImax ELISA plate reader from Molecular
Devices (Sunnyvale, CA). IL-6 and TNFa concentrations were expressed as picograms per
milliliter. All Western blotting experiments were conducted as previously described (10,52).
Proteins for Western blotting experiments to measure myogenin (mol mass = 35 kDa), INK
(mol mass = 46 and 54 kDa), ERK1/2 (mol mass = 44 and 42 kDa), p38 (mol mass = 38 kDa)
and MKKY7 (mol mass = 48 kDa) were separated using SDS-containing 10% polyacrylamide
gels, and proteins for measuring MHC (mol mass = 250 kDa) were separated with 6%
polyacrylamide gels. Proteins were then transferred to Trans-Blot polyvinylidene difluoride
(PVDF) membranes, which were incubated overnight at 4°C with primary antibodies to
myogenin, MHC, a-tubulin, phosphorylated JNK, JNK, phosphorylated ERK1/2, ERK1/2,
phosphorylated p38, p38, or MKK?7 diluted 1/1,000 or 1/5,000 (for a-tubulin) in 2% BSA.
Densitometric analysis of scanned autoradiograms was performed using publically available
IMAGE-J software from the National Institutes of Health (Bethesda, MD). To adjust for
interassay variation between experiments, data were standardized by dividing individual
sample values by the mean of the entire experiment. Densitometric summaries were expressed
as ratios of myogenin to a-tubulin, MHC to a-tubulin, Thr183/Tyr185 phosphorylated JNK to
a-tubulin, Tyr2%4 phosphorylated ERK1/2 to a-tubulin, Ser2’1/Thr2’> phosphorylated MKK?7
to a-tubulin, Thrl83/Tyr185 phosphorylated INK to total INK, Tyr294 phosphorylated ERK1/2
to total ERK1/2, and Thr189/Tyr182 phosphorylated p38 to total p38.

Statistical analysis

RESULTS

For all experiments, data were analyzed using the Statistical Analysis System (SAS; version
8) (46). Differences between treatments were detected by an F-protected Duncan’s multiple
range test. Results are expressed as means + SE of at least three independent experiments.

IL-10 restores myoblast differentiation by fully suppressing the ability of IL-1B to inhibit IGF-
I-induced myogenin expression

Muscle tissue development is dependent on a well-orchestrated, sequential expression of
muscle-specific transcription factors, including myogenin and MyoD, that are promoted by
IGF-1. Very low (0.1-1 ng/ml) concentrations of proinflammatory cytokines completely inhibit
the ability of IGF-I to induce expression of myogenin and MyoD as well as MHC, a marker
of more terminal differentiation (10,52). To explore the possibility that IL-10 interacts with
IGF-1 and IL-1 to regulate muscle cell progenitor development, C,C1, myoblasts were
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pretreated with IL-10 (10 ng/ml) for 1 h before treatment with IL-1f (1 ng/ml) and IGF-I (50
ng/ml). A representative Western blot for myogenin is shown in Fig. 1A and for MHC in Fig.
1C. A densitometric summary of three independent experiments expressed as ratios of
myogenin to a-tubulin is presented in Fig. 1B and as ratios of MHC to a-tubulin in Fig. 1D.
Consistent with our previous findings (9,52), the ability of IGF-I to increase myogenin
expression was completely blocked by IL-1p (P < 0.01; Fig. 1, A and B). More importantly,
IL-10 (10 ng/ml) restored myoblast differentiation by suppressing the ability of IL-1f to inhibit
IGF-1-induced myogenin expression (P < 0.05; Fig. 1, A and B). Similar results were obtained
for another early transcription factor, MyoD (data not shown). Finally, IL-10 suppressed the
ability of IL-1p to inhibit IGF-I-induced expression of a more terminal marker of
differentiation, MHC (P < 0.05; Fig. 1, C and D). IL-10 was ineffective when added just after
or at 2 h following addition of IL-1p (data not shown). These data are among the first to show
a direct protective role of IL-10 in the early events that occur during the differentiation of
skeletal muscle progenitor cells.

IL-10 inhibits IL-1B-induced cytokine expression in a dose-dependent manner

To further explore the potential role of IL-10 on nonhematopoietic tissues, we examined its
classical role of inhibiting cytokine synthesis in an established model for skeletal muscle
development, murine C,Cq, myoblasts. For these experiments, C,C1o myoblasts were first
treated with IL-1f (1 ng/ml) for 0, 2, 4, 8, 16, and 24 h. Protein concentrations of IL-6 in the
supernatant were determined by ELISA. Consistent with published results (19), IL-1p induced
a time-dependent increase in IL-6 expression (Fig. 2A). A significant elevation in I1L-6
concentration was detected following a 2-h treatment with IL-1 (P < 0.05; Fig. 2A), and the
largest increase in 1L-6 expression was observed 24 h following treatment (P < 0.01; Fig.
2A). IL-6 was not detected in untreated control cells (lower limit of sensitivity of 7 pg/ml). To
determine whether IL-10 acted in a classical manner in muscle progenitors by inhibiting
cytokine synthesis, we pretreated C,C1, myoblasts with 0, 10, 25, and 50 ng/ml IL-10 for 1 h
before treatment with IL-1p, followed by a 24-h incubation. Consistent with the previous
results, IL-1B induced a significant increase in IL-6 expression following 24 h of treatment.
This increase in IL-6 expression was significantly impaired by I1L-10 at 25 ng/ml and at 50 ng/
ml (P < 0.01; Fig. 2B) but not by the lower, more physiologically relevant concentration of
IL-10, 10 ng/ml, which was used for the experiments presented in Fig. 1. Because we have
previously established that TNFa inhibits the biological activity of IGF-I in myoblasts (10,
52), we next tested the possibility that IL-1f induces expression of TNFa. A summary of these
results established that IL-1p (1 ng/ml) did not induce detectable levels of TNFa (lower limit
of sensitivity of 9 pg/ml) (Fig. 2C). Similarly, IGF-1 or IL-10 or the combination of IGF-I,
IL-10, and IL-1p did not induce detectible TNFa. Additionally, IGF-I (50 ng/ml) did not
increase cell sensitivity to IL-10 as determined by equivalent IL-1f-induced (1 ng/ml)
expression of IL-6 in the presence and absence of IL-10 (10 ng/ml) and IGF-1 (50 ng/ml; data
not shown). Finally, as we have previously established for TNFa (54), neither IL-1p (1 ng/ml)
nor IGF-1 (50 ng/ml) affected expression of IL-10R1 (data not shown). These data confirm and
extend previous findings by showing that IL-10 can act in a classical manner to inhibit the
ability of IL-1p to induce synthesis of 1L-6 in nonhematopoietic cells. However, this inhibition
of cytokine synthesis occurs only at concentrations >25 ng/ml. Therefore, all subsequent
experiments were conducted with IL-10 at 10 ng/ml.

IL-1B induces the phosphorylation of MAPK proteins in muscle progenitors

All three of the major MAPKSs, p38, ERK1/2, and JNK, are activated by IL-1f in hematopoietic
cells (39), but the ability of IL-1p to activate these kinases in skeletal muscle progenitor cells
is not clear. For these experiments, C,C1, myoblasts were treated with IL-1f (1 ng/ml) for O,
5, 10, 15, 30, and 60 min. We evaluated both JNK and ERK1/2 activity in more detail than for
p38 because prolonged activation of these kinases has been shown to disrupt skeletal muscle
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development (53,57), whereas p38 has been shown to promote differentiation (12). A
densitometric summary of seven independent experiments measuring ERK1/2 phosphorylation
is presented in Fig. 3B as a ratio of slower migrating isomer (44 kDa) of P-ERK to a-tubulin,
and a summary of four independent experiments measuring JNK phosphorylation is shown in
Fig. 3D as a ratio of slower migrating (54 kDa) isomer of P-JNK to a-tubulin. IL-1p increased
Tyr204 phosphorylation of ERK1/2 at 10 min, and it remained elevated at 15 min and
diminished within 30 min (P < 0.01; Fig. 3, A and B). Comparable results were observed for
IL-1B-induced phosphorylation of the faster migrating band of ERK1/2 (42 kDa) (data not
shown). Similarly, IL-1B induced a sixfold increase in JINK Thrl83/Tyr185 phosphorylation
within 10 min (P < 0.01; Fig. 3, C and D). JNK phosphorylation remained elevated at 15 and
30 min (P < 0.01; Fig. 3, C and D) but decreased at 60 min (P < 0.05; Fig. 3, C and D). A
similar increase in IL-1B-induced JNK phosphorylation was observed for the faster (46 kDa)
migrating band of JINK (data not shown). Finally, IL-1p also induced a time-dependent increase
in phosphorylation of another major MAPK, p38 (data not shown). These data are consistent
with our previous results showing that TNFa induces JINK phosphorylation in C,C12 myoblasts
(53) in a time-dependent manner and suggest that IL-1f inhibition in muscle progenitors may
be mediated by activation of MAPK family members.

IL-10 specifically blocks the ability of IL-1B to activate the key downstream mediator, JNK,
but not ERK1/2 or p38

MAPK family members are expressed in virtually all eukaryotic cells and are key components
in muscle development (12,27,54,57). Here we address the important possibility that IL-10 can
restore myoblast differentiation by suppressing the ability of IL-1 receptors to respond to
IL-1p and phosphorylate key MAPK mediators downstream of IL-1R1: ERK1/2, p38, and
JNK. To test this hypothesis, we examined the ability of IL-10 to inhibit IL-1p3-induced
ERK1/2, p38, and JNK phosphorylation. C,C1, myoblasts were pretreated with 1L-10 for 1 h
before treatment with IL-1p for an additional 10 and 15 min. Following termination of these
experiments, cells were homogenized and proteins separated on SDS 10% polyacrylamide gels.
Representative Western blots are shown in Fig. 4, A, C, and E, and densitometric summaries
of at least three independent experiments in Fig. 4, B, D, and F. Densitometric summaries for
ERKZ1/2 are presented as ratios of slower migrating isomer (44 kDa) of P-ERK1/2 to total
ERKZ1/2 (Fig. 4B), for p38 as ratios of P-p38 to total p38 (Fig. 4D), and for JNK as ratios of
the slower migrating (54 kDa) isomer of P-JNK to total INK (Fig. 4F). As expected, IL-1
caused an increase in ERK1/2, p38, and JNK phosphorylation at 10 and 15 min (P < 0.01; Fig.
4). However, IL-1p did not induce JNK phosphorylation at later time points (2 to 24 h) and
did not alter total levels of INK (data not shown). Similarly, when added alone, neither 1L-10
nor IGF-I altered ERK1/2, p38, or INK phosphorylation and expression at the early (0 to 60
min) or later (2 to 24 h) time points (data not shown). Importantly, IL-10 completely blocked
the ability of IL-1p to induce JNK but not ERK1/2 or p38 phosphorylation (P < 0.01; Fig. 4).
Furthermore, as demonstrated in Fig. 4G, 1L-10 also suppressed IL-1B-induced
phosphorylation of MKK?7, a kinase that lies directly upstream of JNK and is critical for INK
activation. Consistent with these results, IL-1p-induced expression of IL-6 was inhibited by
the ERK1/2 antagonist (PD98059, 10 uM) but not by a JNK antagonist (SP600125,10 uM)
(P < 0.01; Fig. 5), although both pharmacological inhibitors were effective in suppressing
phosphorylation of their target MAPK at these concentrations (data not shown). In addition,
IL-1pB-induced expression of IL-6 was not blocked by the peptide inhibitor of INK, I-JNK (data
not shown), which we have previously shown to ameliorate proinflammatory cytokine-induced
IGF-I resistance (54). These data demonstrate that the mechanism of action for the protective
biological activity of IL-10 in muscle progenitors is not mediated by global downregulation of
IL-1R1 activity because IL-1f was fully able to activate both ERK1/2 and p38 in the presence
of IL-10. Instead, the mechanism of action of IL-10 occurs by specific targeting of the INK
kinase pathway.
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IL-10 acts like a INK peptide inhibitor to overcome IL-1B-induced inhibition of myoblast
differentiation

Here we tested the important hypothesis that JNK is required for IL-1p inhibitory activity in
muscle progenitors. CoCq, myoblasts were pretreated with a specific peptide inhibitor of INK
(I1-NK, 2 uM) or 1L-10 (10 ng/ml) for 1 h before treatment with IL-1 (1 ng/ml) for an
additional hour. Cells were then incubated in the presence or absence of IGF-1 for 24 h. Proteins
from whole cell lysates were separated on SDS polyacrylamide gels, and membranes were
blotted with a murine myogenin-specific antibody. Representative Western blots (Fig. 6A) and
a densitometric summary of four independent experiments (Fig. 6B) demonstrate that JINK is
required for IL-1p to inhibit myogenin expression and that the protective role of IL-10 in muscle
progenitors is likely mediated by targeting JNK. Consistent with results described above,
IL-1p completely inhibited the ability of IGF-I to promote expression of myogenin (P < 0.01;
Fig. 6). More importantly, the cell-permeable peptide inhibitor of INK, I-JNK, completely
restored IGF-I-induced myogenin expression that was inhibited by IL-1p (P < 0.01; Fig. 6).
These data are consistent with the ability of IL-10 to inhibit INK phosphorylation (Fig. 4, A
and B) and alleviate IL-1p inhibition of myogenin expression (P < 0.01; Fig. 6). Collectively,
these new findings demonstrate that the protective biological activity of IL-10 in muscle
progenitors is mediated by targeting the INK kinase pathway and establish JNK as an important
downstream mediator of proinflammatory cytokine activity in these cells.

DISCUSSION

Myoblasts are stem cells that function as skeletal muscle precursors. They are being intensively
investigated for their potential applications in gene therapy for diseases ranging from heart
disease to urinary incontinence (1,32,48). Severity of disease and tissue damage are often
exacerbated by unrestrained chronic expression of inflammatory mediators (39,40,51). IL-10
was initially characterized as an anti-inflammatory cytokine that is secreted by TH-2 cells and
acts to inhibit activation of TH-1 cells (17). Here we demonstrate for the first time that 1L-10
plays a protective role in development of skeletal muscle progenitors by specifically inhibiting
one aspect of IL-1R1 signaling and restoring IGF-1-induced myogenin expression. The
mechanism of action of IL-10 does not occur by inhibition of cytokine synthesis (Fig. 2) or
blocking of global activity of IL-1p receptors (Fig. 4), as assessed by phosphorylation of either
ERK1/2 or p38. Similarly, IL-10 most likely does not globally affect IL-1f signaling by
reducing the number of IL-1Rs or inducing the IL-1R antagonist. IL-10 alone also does not
induce the phosphorylation of ERK1/2, p38, or INK (Fig. 4). Instead, IL-10 specifically impairs
the ability of IL-1p to induce JNK phosphorylation.

Recent studies with novel peptide inhibitors of INK demonstrate that inhibition of INK activity
can ameliorate severity of disease in animal models of Alzheimer’s disease, stroke, and diabetes
(7,8,34). Here we demonstrate that similar approaches might be applied to reversing the actions
of JNK in muscle progenitor cells. The potent, multifaceted activity of JINK can be partly
attributed to its ability to induce resistance to several growth factors, including growth hormone
(30), insulin (22), IGF-I (53), and cortisol (42,58). Consistent with this concept, we recently
showed that a peptide inhibitor of JNK abrogates IGF-I resistance and therefore suppresses
TNFa- and C,-ceramide-induced inhibition of myogenin expression (53). These data are
consistent with the hypothesis that IL-1p and TNFa exert their actions on muscle progenitors
by inducing phosphorylation of downstream transcription factors that disrupt the biological
activity of growth factors such as IGF-I.

Although JNK has been demonstrated to mediate TNFa inhibition of myogenin expression
(53), this possibility has not been tested for other cytokines. In this study, we clearly show that
a low concentration of IL-1p (1 ng/ml) induces ERK1/2, p38, and JNK phosphorylation in
C,C12 myoblasts (Figs. 3 and 4). High concentrations of TNFa and IL-1B (40 ng/ml) have been
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reported to induce 1L-6 synthesis by C,Cq, cells within 2 h of treatment, and this increase in
IL-6 synthesis could be inhibited by high concentrations of SP600125 (100 uM) (19). However,
when a 40-fold lower more physiological concentration of IL-1p (1 ng/ml) is used to induce
IL-6 production over 24 h, a low concentration of SP600125 (10 uM) that suppresses JNK
phosphorylation (data not shown), does not inhibit the ability of IL-1f to induce IL-6 synthesis
(Fig. 5). Therefore, data in this report clearly demonstrate that ERK1/2, but not JNK; is likely
to mediate the ability of this low concentration of IL-1p to induce synthesis of IL-6 (Fig. 5).
Because we previously found that SP600125 can be toxic to C,Cq, cells over long incubation
periods, we confirmed these inhibition experiments with another inhibitor. This inhibitor, I-
JNK, blocks JNK activity via a different mechanism than SP600125. Importantly, JNK, but
not ERK1/2 or p38, is responsible for inducing IL-1B-induced IGF-I myogenin protein
expression, as shown by the data demonstrating that 1-JNK fully blocks IL-1B-induced
suppression of myoblast differentiation driven by IGF-1 (Fig. 6). These data are consistent with
the idea that INK may serve as a universal downstream target for treatment of wasting
disorders.

It is generally accepted that IL-10 is a classic anti-inflammatory cytokine that acts primarily
by inhibiting the synthesis and expression of inflammatory mediators, including
proinflammatory cytokines, cytokine receptors, co-stimulatory molecules and chemokines
(16,40). Here we establish that the mechanism of action of IL-10 on muscle progenitor cells
is not dependent on its ability to inhibit the synthesis of proinflammatory cytokines or reduce
the sensitivity of IL-1R1 on myablasts. Instead, the mechanism of IL-10 action depends on its
ability to prevent IL-1p from inducing JNK phosphorylation. Recent evidence suggests that
the suppressor of cytokine signaling (SOCS) family of proteins is likely to be involved in even
earlier upstream signaling events that are activated by the IL-10 receptors, which have been
shown to be expressed on myoblasts. SOCS proteins, such as SOCS-2 and SOCS-3, are induced
by IL-10 and are closely involved in its immunosuppressive responses (reviewed in Ref. 55).
These proteins are responsible for the ability of IL-10 to suppress activation of janus kinase
(JAK) and signal transducer and activator of transcription (STAT) proteins and for inhibition
of proinflammatory cytokine synthesis (49,50,55,56). These findings were recently extended
to JNK with the discovery that SOCS-3 inhibits JNK phosphorylation by binding to TNF
receptor-associated factor-6 (TRAF6). This SOCS-3/TRAF6 protein interaction blocks
receptor recruitment of other downstream signaling components that lead to activation of INK
(18). Our results in myoblasts are consistent with the idea that IL-10 inhibits INK
phosphorylation indirectly by targeting a specific upstream mediator of JNK. Indeed, our
results demonstrate that IL-10 inhibits the IL-1p-induced phosphorylation of an upstream
activator of INK, MKKZ7 (Fig. 4G).

Findings from these experiments provide clear support for three novel and important concepts
regarding immune and endocrine interactions in muscle cells. First, these data extend the
emerging concept that a single cell integrates multiple signals from diverse surface receptors
to induce a specific response (23). We show that the proinflammatory cytokine, I1L-1p,
suppresses the biological activity of an endocrine growth hormone, IGF-I, and that an anti-
inflammatory cytokine, IL-10, restores IGF-I-induced myogenin and MHC protein expression.
This restoration does not occur by the classic 1L-10 action of impairing synthesis of
proinflammatory cytokines. Furthermore, 1L-10 most likely did not globally affect IL-1
signaling by reducing the number of IL-1Rs or inducing IL-1R antagonist. Instead, the
mechanism of IL-10 action in these cells occurs by specific inhibition of JINK activation
downstream of IL-1R1. This is a true interaction because neither exogenous IL-1f nor IL-10
alters myogenin or MHC expression in the absence of IGF-1. Second, coupled with our previous
findings, these new results demonstrate that key downstream effector proteins such as JINK
play a central role in mediating specific physiological responses to a variety of proinflammatory
cytokines and should be considered as a potential target for therapeutic treatment of
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inflammatory disorders. Third, the data establish a novel activity of IL-10 in muscle progenitor
cells: IL-10 overcomes IL-1B-inhibition of IGF-I-induced myogenin and MHC expression by
directly inhibiting exogenous IL-1p receptor signaling at concentrations that are lower than
required for inhibition of cytokine synthesis. This new knowledge of 1L-10 action may help
improve strategies for clinical intervention of inflammatory disorders in muscle.
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Fig. 1.

IL-10 reverses the ability of IL-1p to inhibit the ability of IGF-I to increase expression of both
myogenin and myosin heavy chain (MHC). C,C1, myoblasts were pretreated with 1L-10 (10
ng/ml) for 1 h before treatment with IL-1f (1 ng/ml) for an additional 1 h. Myoblasts were then
incubated in the presence or absence of IGF-I (50 ng/ml) for 24 h. Myogenin and MHC
expression was determined by Western blots using monoclonal antibodies specific for
myogenin and MHC. An anti-a-tubulin antibody was used to detect a-tubulin expression,
demonstrating that equal amounts of protein from each sample were loaded. Densitometric
summaries were calculated as ratios of myogenin to a-tubulin and MHC to a-tubulin.
Representative Western blots (A and C) and densitometric summaries (B and D) of 3
independent experiments show that IL-1p completely blocked the ability of IGF-1 to induce
the expression of myogenin (A and B) and MHC (C and D). More importantly, pretreatment
with 1L-10 completely reversed this inhibition by IL-1p and restored the expression of
myogenin and MHC. IL-10 was inactive alone and did not alter IGF-I-induced myogenin and
MHC expression in the absence of IL-1p. *P < 0.05; **P < 0.01.
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Fig. 2.

IL-1B-induced cytokine synthesis in muscle progenitors is inhibited only by high
concentrations of IL-10 (>25 ng/ml). A: C,C1, myoblasts were treated with IL-1p (1 ng/ml)
for 24, 16, 8, 4, and 2 h or with medium alone for 24 h (zero time point). The amount of IL-6
protein was measured with an ELISA specific for murine IL-6. IL-1p significantly increased
IL-6 expression in a time-dependent manner with a statistically significant increase as early as
2 h (n = 3). B: C,Cy» myoblasts were pretreated with 0, 10, 25, or 50 ng/ml IL-10 before
incubation with IL-1f (1 ng/ml) for an additional 24 h or with medium alone or IL-10 alone
for 24 h. Results obtained with an IL-6-specific ELISA demonstrated that IL-10 significantly
inhibited IL-6 expression only at concentrations >25 ng/ml but not at the lower concentration
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(10 ng/ml) (n = 4). IL-6 expression was not detected in supernatants from untreated cells or
cells treated with IL-10 alone (lower limit of sensitivity of 7 pg/ml). C: IL-10 (10 ng/ml), IGF-
I (50 ng/ml), IL-1pB (1 ng/ml), or the combination of IL-10 and IGF-I did not induce detectible
levels of TNFa expression (lower limit of sensitivity of 9 pg/ml). Recombinant murine
TNFa was used as a positive control (2,450, 350, and 50 ng/ml) (n = 3). *P < 0.05; **P < 0.01.
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Fig. 3.

IL-1f induces JNK and ERK1/2 phosphorylation. To determine the time course in which
IL-1p activates two of the classical MAPK pathways in muscle progenitors, we treated
C,C12 myablasts with IL-1f (1 ng/ml) for 0, 5, 10, 15, 30, or 60 min. Phosphorylation of
ERK1/2 and JNK was determined by probing membranes with monoclonal antibodies against
phospho-ERK1/2 and polyclonal antibodies against phospho-JNK. Membranes were then
stripped and reprobed with an anti-a-tubulin-specific antibody to ensure that equal amounts of
protein for each sample were loaded into the SDS-PAGE gels and subsequently transferred to
polyvinylidene difluoride (PVDF) membranes. Densitometric summaries were calculated as
ratios of phosphorylated ERK1/2 and JNK to a-tubulin. A: densitometric summary of 7
independent experiments demonstrated that IL-1p induced an increase in ERK1/2
phosphorylation at 10 min and that this increase was sustained through 15 min. B: similarly, a
densitometric summary of 4 independent experiments indicated that phosphorylation of INK
also required a 10-min induction period in muscle progenitors, but this signal diminished less
rapidly than that for P-ERK1/2. *P < 0.05; **P < 0.01.
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IL-10 blocks IL-1B-induced phosphorylation of JINK but not ERK1/2 or p38. C,C1, myoblasts
were pretreated with 1L-10 (10 ng/ml) for 1 h before treatment with 1L-1p (1 ng/ml) for another
10 and 15 min. Phosphorylation of ERK1/2, p38, and JNK was determined as in Fig. 3.
Membranes were stripped and reblotted with antibodies specific for total ERK1/2, p38, or INK
to ensure that expression of these proteins does not change. Phosphorylation of MKK7 was
determined as described in the wareriais ano meHons. Densitometric summaries were calculated as
ratios of phospho-ERK1/2 to ERK1/2, phospho-p38 to p38, phospho-JNK to JNK, and
phospho-MKK?7 to a-tubulin. Representative Western blots (A) and a densitometric summary
(B) of 6 independent experiments demonstrated that IL-10 does not inhibit IL-1p-induced
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phosphorylation of ERK1/2. Similarly, IL-10 did not inhibit IL-1B-induced phosphorylation
of p38. C: representative Western blots. D: densitometric summary of 3 independent
experiments. Conversely, IL-10 completely blocked the IL-1B-induced increase in JINK
phosphorylation, as demonstrated by representative Western blots (E) and a quantitative
summary (F) of 5 independent experiments. G: similarly, 1L-10 suppressed IL-1B-induced
MKK?7 phosphorylation; representative Western blot of 3 independent experiments. *P < 0.05;
**P < 0.01.
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Fig. 5.

IL-1B-induced expression of IL-6 is inhibited by an ERK1/2 but not by a JNK antagonist.
C,C1, myablasts were incubated with PD98059 and SP600125 (10 pM) at a concentration
that inhibits ERK1/2 and JNK activation, respectively (10 uM, data not shown), 1 h before
treatment with IL-1 (1 ng/ml). IL-1p increased expression of IL-6 (n = 3). This IL-1p-induced
increase in IL-6 concentration was significantly impaired by preincubation with the ERK1/2
inhibitor PD98059 but not by the JNK inhibitor SP600125. **P < 0.01.
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Fig. 6.

Both IL-10 and I-JNK suppress the ability of IL-1p to inhibit myogenin expression. C,C1»
myoblasts were pretreated with an inhibitor of INK, I-JNK (2 uM), or IL-10 (10 ng/ml) for 1
h before treatment with IL-1p (1 ng/ml) for another 1 h. Cells were than treated with IGF-1 (50
ng/ml) for an additional 24 h to induce myogenin expression, which was determined by Western
blotting with a monoclonal myogenin-specific antibody. Representative Western blots (A) and
adensitometric summary (B) of 4 independent experiments demonstrated that IL-10 and I-JNK
completely restored myogenin expression by suppressing IL-1p-induced inhibition of IGF-I
biological activity. Neither 1L-10 nor I-JNK altered myogenin expression in the absence of

Am J Physiol Endocrinol Metab. Author manuscript; available in PMC 2010 October 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Strle et al.

Page 21

IL-1p. These results indicate that the protective biological activity of IL-10 in skeletal muscle
development is expressed by inhibition of JNK. **P < 0.01.
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