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Abstract

Skeletal muscle satellite cell function is largely dictated by the surrounding environment following injury. Immune cell
infiltration dominates the extracellular space in the injured area, resulting in increased cytokine concentrations. While
increased pro-inflammatory cytokine expression has been previously established in the first 3 days following injury, less is
known about the time course of cytokine expression and the specific mechanisms of cytokine induced myoblast function.
Therefore, the expression of IL-18 and IL-6 at several time points following injury, and their effects on myoblast proliferation,
were examined. In order to do this, skeletal muscle was injured using barium chloride in mice and tissue was collected 1, 5,
10, and 28 days following injury. Mechanisms of cytokine induced proliferation were determined in cell culture using both
primary and C2C12 myoblasts. It was found that there is a ~20-fold increase in IL-13 (p=0.05) and IL-6 (p =0.06) expression
5 days following injury. IL-1f increased proliferation of both primary and C2C12 cells ~25%. IL-1f stimulation also resulted
in increased NF-kB activity, likely contributing to the increased proliferation. These data demonstrate for the first time that
IL-1B alone can increase the mitogenic activity of primary skeletal muscle satellite cells and offer insight into the
mechanisms dictating satellite cell function following injury.
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Introduction kin-6 (IL-6) [9-13]. The secretion of TNF-a, IL-1f, and IL-6 by

) ) ) M1 macrophages during the pro-inflammatory stage coincides
Skeletal muscle is a highly adaptable tissue and capable of with MPC proliferation ['1 4.

robust regeneration in response to injury. In skeletal muscle, the
resident stem cells responsible for tissue repair are termed satellite
cells (SC). In intact skeletal muscle, SCs exist as a quiescent
population of cells located between the basal lamina and
plasmalemma [1]. When exposed to signals from damaged tissue,
satellite cells exit the quiescent stage and enter the cell cycle [2,3].
These proliferating satellite cells become a population of muscle
precursor cells (MPCs), which play a key role in regeneration [4—
7].

While the mechanism of injury can vary (e.g., strenuous physical
activity, contusions, genetic defects, or exposure to toxins), the
response involves a similar coordinated series of events leading to
repair. Injuries result in necrosis of damaged tissue, which induces
a rapid and sequential inflammatory response. Neutrophils are the
first to infiltrate the damaged tissue, and increase in number within
1 hour post injury [8]. Following neutrophil infiltration, macro-
phages begin to populate the injury site. These macrophages
remove cellular debris from the area by phagocytosis, prevent
muscle cell apoptosis, and secrete various cytokines and growth
factors to facilitate muscle fiber repair. The early inflammatory
cascade involves mainly pro-inflammatory macrophages (M1) that
secrete several pro-inflammatory cytokines such as tumour
necrosis factor-oo (TNF-0), interleukin-18 (IL-1f), and interleu-

A strong link exists between inflammatory cell function and
skeletal muscle repair. For example, blocking or minimizing the
impact of inflammatory cells using non-steroidal anti-inflammato-
ry drugs (NSAID) impaired muscle regeneration [15,16], weak-
ened musculotendinous units [17,18], and diminished SC function
[19,20] compared to untreated animals. In addition, macrophage
depletion causes increased fibrosis and impaired regeneration of
skeletal muscle post-injury [21]. However, less is known about the
coordinated immune response leading to increased cytokine
expression in the regulation of MPCs and their contribution to
skeletal muscle repair.

IL-1P has pleiotropic effects in many cell types [22]. Following
skeletal muscle injury, elevated tissue IL-1P expression is observed
within 2 days and likely reflects release from T cells and
macrophages [23,24]. This expression has been linked to a
decrease in muscle specific proteins and myotube size [25] and has
been shown to have mitogenic effects in human smooth muscle
cells when acting together with IL-1o [26]. IL-1P has also been
shown to increase TNF synthesis in macrophages [27] and IL-6
expression in neuroendocrine cells [28]. IL-1p expression is known
to initiate expression of mitogens in fibroblasts that will stimulate
proliferation of mesenchymal cells in a paracrine manner [29],

PLOS ONE | www.plosone.org 1 March 2014 | Volume 9 | Issue 3 | €92363


http://creativecommons.org/licenses/by/4.0/

and when human myoblasts were exposed to activated monocyte
conditioned media, proliferation and IL-6 expression were both
increased [30].

In particular, it is known that endogenous expression of IL-6 has
mitogenic effects on MPCs [31,32]. MPCis isolated from L6~/
mice exhibit reduced proliferation, which can be rescued with the
addition of recombinant IL-6 [32]. Furthermore, in mice lacking
IL-6, there was reduced macrophage recruitment to the injury site,
along with decreased MPC proliferation [33]. This suggests that
IL-6 secretion by both MPCs and M1 macrophages facilitates the
regeneration process. Both IL-1$ and TNF-a have been shown to
increase IL-6 expression and release, as well as reduce myogenic
differentiation [28,34-36]. However, the mechanism of IL-18
induced IL-6 expression, and the relationship between TNF-a, IL-
1B, and IL-6 during the critical stages of MPC proliferation have
yet to be resolved. The purpose of the present study was to
determine the effects of IL-1$ on MPC proliferation, and to gain
further insight into the role of the IL-1B/IL-6/TNF-o axis. Results
from this study have shown for the first time the timeline of IL-13
up regulation following skeletal muscle injury. In addition, the
elevated IL-1B does increase proliferation of MPCs and myoblasts,
and is likely accomplishing this through activation of NF-kB.
Therefore, the transient increase in IL-1f following injury is
significant, coinciding with the activation and proliferation of
MPCs, which is a required step leading to the terminal
differentiation of MPCs resulting in de novo muscle fiber formation.

Methods

Animals

Fisher 344 x Brown Norway F1 hybrid, male rats were obtained
from the National Institute on Aging. Male C57BL/6 mice
(~25 g) were purchased from Jackson Labs (Bar Harbor, ME). In
order to minimize suffering, animals were anesthetized by
intraperitoneal injection of a xylazine (15 mg/kg) and ketamine
(100 mg/kg) cocktail. Animals were housed at 21°C on a 12-hr
light/12-hr dark cycle and allowed free access to food and water.
For tissue collection, animals were given an intraperitoneal
injection of ketamine (80 mg/kg), xylazine (10 mg/kg), and
acepromazine (4 mg/kg). The animals were killed by removing
the heart, and the tissue was excised.

Ethics Statement

All procedures that involved rats were approved by the
Institutional Animal Care and Use Committees at Colorado State
University (protocol# 11-2947A) and Lakehead University
(protocol# 13-2011). All procedures that involved skeletal muscle
injury in mice were approved by the Institutional Animal Care
and Use Committee at Emory University (protocol# 069-2010).

Cell Culture

Primary MPCs were isolated as described previously [37-44].
Briefly, cells were isolated from the gastrocnemius and plantaris
muscles by pronase digestion and pre-plated for 24 hours on
tissue-culture treated 150-mm plates. MPCs were cultured on
Matrigel (BD Biosciences, San Jose, CA) coated plates (0.1 mg/ml
Matrigel, 60 minutes at 37°C) and passaged only one time (growth
media (GM), 20% FBS in Ham’s F-10; 6% Oy, 5% CO,, and 89%
Ny at 37°C). C2C12 mouse myoblast cells were obtained from
American Type Culture Collection and maintained 5% CO, 37°C
10% FBS in Dulbecco’s Modified Eagle’s Medium supplemented
with penicillin (100 U/ml) and streptomycin (100 pg/ml). Cyto-
kines were added to the cell culture media at the concentration
indicated. For experiments involving soluble tumour necrosis
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factor receptor I (sTNFRI), the cytokines and sTNFRI (0.3 ng/ml)
were pre-incubated for 2 hours at 37°C. in cell culture media prior
to treatment. For experiments to inhibit NIF-xB, ammonium
pyrrolidine dithiocarbamate (PDTC, Sigma, St. Louis, MO) was
used at a concentration of 50 pM and cells were pretreated for 1.5
hours at 37°C prior to cytokine addition.

Barium Chloride-induced Skeletal Muscle Injury

Fifty-ul of a 1.2% barium chloride (BaCly) solution (diluted in
sterile saline) was injected into mouse TA muscles using a 27 G
needle as previously described [45]. Contralateral TA muscles
served as uninjured controls. Briefly, the needle was inserted at the
origin of the TA, extended past the mid-belly of the muscle to a
region just superior to the distal tendon. Next, the diluted BaCly
solution was continuously injected into the TA as the syringe was
removed. Complete serial sections of the injured TA confirmed
that the mid-belly section was affected by the myotoxin. Injured
and uninjured, contralateral control muscles were harvested post
mortem at 1, 5, 10, and 28 days following injury and processed for
markers of degeneration and regeneration.

Histological Assessment of Regeneration in Injured TA
Muscles

Uninjured and injured TA muscles were removed, embedded in
OCT, and immediately frozen in isopentane cooled in liquid
nitrogen. To ensure that we were assessing the most damaged
portion of the TA, muscles were cut in serial sections at 10 pm
beginning at the mid-belly. Sections were then processed for
hematoxylin and eosin staining, dehydrated, mounted, and
visualized at 10X with a Leica light microscope as previously
described [46—49]. Cross-sectional areas of approximately 200
centrally-nucleated fibers (i.e., regenerated fibers) per muscle were
calculated using Image] software (NIH, Bethesda, MD).

Real-time Polymerase Chain Reaction (RT-PCR)

Injured and contralateral control TA muscles were immediately
frozen in liquid nitrogen and stored at —80°C until processed for
RT-PCR analyses as previously described [46,48,50]. Briefly,
trizol was added (1 ml/100 mg tissue) and the tissues homoge-
nized using an electric tissue homogenizer. Total RNA (2.5 pg)
was reverse transcribed in a 25-50 pl final reaction volume using
random primers and M-MLV reverse transcriptase (Invitrogen,
Carlsbad, CA). The reverse transcription reaction was incubated
at 65°C for 10 min, 80°C for 3 min, and 42°C for 60 min. RT-
PCR products were analyzed using the iCycler 1Q) system (Bio-
Rad, Hercules, CA). cDNA (5 pl of a 1:10 dilution) was amplified
in a 12.5 pl reaction containing 400-nm gene-specific primer pair
and 1Q) Sybr Green Supermix (Bio-Rad). Primers were as follows:
IL-1B, 5'-AGAGCATCCAGCTTCAAATCTC-3" and 5'-
CAGTTGTCTAATGGGAACGTCA-3"; IL-6, 5'-CAAAGC-
CAGAGTCCTTCAGAG-3" and 5'-GTCTTGGTCCTTAGC-
CACTCC-3". As a control, RT-PCR was also performed on 2 pl
of each RNA sample to confirm absence of contaminating
genomic DNA. For primary MPC mRNA measurements, samples
were lysed at 2, 4, and 24 hours post-stimulation with IL-1B in
RLT-lysis buffer with 1% B- mercaptoethanol and passed through
a QJAshredder (Qiagen, Valencia, CA). RNA purification was
performed with the on-column DNase I digestion using the
RNeasy micro kit (Qiagen) according to the manufacturer’s
mstructions. RNA was quantified spectrophotometrically and
purity was assessed by measuring the ratio of the absorbance at
260 nm and 280 nm, and RNA integrity was verified using
agarose electrophoresis. RNA was reverse transcribed using
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SuperScript TM III first-strand cDNA synthesis system (Invitrogen)
with random hexamer primers. RT-PCR was performed using
Sybr Green Master Mix and an ABI Prism 7000 (Applied
Biosystems, Foster City, CA). The specificity of the primer pair
was evaluated using agarose gel electrophoresis; only a single
product of appropriate size was observed. 25 ng of cDNA for each
sample was used. Standard curves for all targets and 18S rRNA
were run to determine amplification efficiency. All reactions were
performed in duplicate and the starting quantity of the gene of
interest was normalized to 18S rRNA for each sample. Data are
represented as means * range of potential values based on the
9~ AACT method with the error expressed as the expected low
(2 AACTHSDY and expected high (24T ~ 5P) [46-49,51] and
expressed as fold changes relative to uninjured controls.

Proliferation

To analyze cell proliferation, 5-bromo-2'-deoxyuridine (BrdU)
incorporation was determined using flow cytometry as described
previously [37,39,42]. For MPC and C2C12 proliferation, cells
were plated in GM and cultured for 24 hours. After 24 hours, cells
were either treated with cytokine, pre-incubated cytokine and
STNFRI, or vehicle. In experiments to inhibit NF-kB, cells were
pretreated for 1.5 hours with 50 uM PDTC prior to cytokine
addition. The cells were then pulsed with BrdU for 60 min
beginning either 23 hours following treatment, or 20 hours
following treatment during NF-kB inhibition. 20,000 cells were
analyzed using a FACS-Calibur flow cytometer and CellQuest Pro
(BD Biosciences, San Jose, CA).

Luciferase

Transient transfections were performed using Fugene 6 (Roche
Applied Science, Indianapolis, IN), following the manufacturer’s
instructions. Cells were transfected with the nuclear factor-kappa
B (NF-xB) cis-reporter construct, which contains 5 repeats of the
transcription recognition sequence (ITGGGGACTTTCCGC)
linked to a basic promoter element (TATA box) and the firefly
luciferase gene (Stratagene, La Jolla, CA). The pRL-CMV Renilla
luciferase reporter vector (Promega, Madison, WI) was co-
transfected in each experiment and used as an internal control
promoter in order to normalize for transfection efficiency. A total
of 1 pg of DNA for each well on a 6-well plate was used for both
firefly and Renilla luciferase reporter constructs at a firefly: Renilla
ratio of 20:1. Cells were lysed using passive lysis buffer (Promega,
Madison, WI) and stored at —80°C. Firefly and Renilla lumines-
cence were measured using the Dual-Luciferase Reporter Assay
System (Promega) on a FLUOstar microplate luminometer (BMG
Labtech, Ortenberg, Germany).

Statistics

Data are presented as mean = SEM. Sample sizes are indicated
for each measurement in the figure legends. Comparisons between
groups were done using ANOVA and the Fisher’s LSD post-hoc
analysis (SigmaStat software, Systat, Chicago, IL). Significance
was accepted at p=0.05.

Results

Immediately following injury, an immune response is triggered
that assists the muscle in progressing through reparative phases.
Specifically, an increase in pro-inflammatory cytokine content is
observed within the first 2-3 days following injury (reviewed by
Tidball et al. [52]). However, very little is known about the
expression level of IL-1B and IL-6 over several weeks following
skeletal muscle injury that contributes to complete regeneration. In
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order to better understand the time course of pro-inflammatory
cytokines, we injured skeletal muscle and collected tissues at 1, 5,
10, and 28 days following injury (Figure 1). These time points were
selected because they reflect unique and distinct stages of skeletal
muscle regeneration ranging from early inflammatory events (day
1), initial regeneration and regrowth (days 5 and 10), and complete
recovery (day 28) [45,53-58]. As seen in Figure 1B, 1 day
following injury, the normal skeletal muscle structure has been
disrupted and increased oedema and cells in the interstitial space
are observed. While there are still increased cells in the interstitial
space at 5 days following injury, small muscle fibers with centrally
located nuclei are observed (Figure 1C). 10 days following injury,
the newly forming fibers are larger (Figure 1D) and by 28 days the
regenerating fibers are approaching the size of controls (Figure 1A
and E).

mRNA expression levels of IL-6 and IL-1B at multiple time
points following injury to the tibialis anterior muscle were
measured (Figure 2). IL-1 mRNA expression has been reported
to be increased 2 to 3.5-fold 1 to 3 days following injury in
response to intense exercise in humans [59-61]. Data from our
group revealed ~100-fold increase in IL-1 mRNA 2 days after
skeletal muscle injury using BaCly (data in press). The findings
from the present study indicate that while IL-1 mRNA was not
elevated 1 day after BaCl, injury, there was a near 20-fold increase
after 5 days (p=0.05) (Figure 2A). These results, together with
those of previous studies, indicate that peak IL-1p expression is
likely to be between day 2 and 3 after injury, but remains elevated
at least up to 5 days post-injury.

Similar to IL-1f, IL-6 mRNA has been shown to be elevated
ranging from 2 hours to 3 days following injury (intense resistance
and eccentric exercise) [61,62]; however, it has also been reported
that no increase was observed at 3 days following acute resistance
exercise [60]. Our data demonstrate that IL-6 was not elevated at
day 1 after muscle injury. However, there was a near 20-fold
increase (p=0.06) at 5 days following injury (Figure 2B). This
elevated expression of IL-6 mRNA diminished back to baseline by
day 10 following injury.

Since it was shown that IL-1B expression is high during early
regeneration, which is a critical time for MPC proliferation, we
determined the direct effects of IL-1B treatment on proliferation
(Figure 3). A dose response in the C2C12 myoblast cell line
revealed that concentrations of IL-1B from 0.05 ng/ml to 1 ng/ml
caused a significant increase in proliferation (p=0.05; Figure 3A).
An intermediate dose was chosen to test on primary MPCs and a
~24% increase in proliferation was observed (p=0.05; Figure 3B).
Along with proliferative effects, IL-1P has also been shown to
induce IL-6 expression [63,64], which we tested in MPCs and
myoblasts. In primary MPCs, IL-1p caused an increase in IL-6
mRNA expression as early as 2 hours post-stimulation (Figure 4A).
The elevated IL-6 mRNA levels declined by 24 hours post-
stimulation, but still remained elevated compared to control (p=
0.05; Figure 4A). In addition, C2C12 myoblasts treated with 1 ng/
ml IL-1P for 24 hours released IL-6 protein into the media (p=
0.05; Figure 4B).

Since IL-6 is known to possess mitogenic effects on MPCs
[31,32], we tested whether it was possible that the increased
proliferation induced by IL-1f could be a result of the IL-6
released by the myoblasts. To do this the mitogenic effects of IL-
6 on C2C12 myoblasts were tested however, incubation with IL-
6 for 24 hours did not alter BrdU (Figure 5). Therefore, the
mitogenic effect of IL-1P does not appear to act through IL-6
expression in myoblasts.

It has also been shown that IL-1f expression can increase TNF-
o expression [65] and this may occur through an NF-kB response
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Figure 1. Histological representation of the progression of injured muscle through repair and regeneration. (A) Uninjured tibialis
anterior (TA) muscle. Injured TA muscle (B) 1 days, (C) 5 days, (D) 10 days, and (E) 28 days after barium chloride (BaCl,) injection. Bar in E=100 pm.

Images taken at 10X magnification.
doi:10.1371/journal.pone.0092363.g001

element on the TNF-o promoter [66]. This increased TNF-o
expression can also promote further activation of NF-kB [67]. In
order to examine this sequence of events, we tested the effect of
both IL-1f and TNF-o on NF-kB promoter activity as a measure
of NF-xB activation (Figure 6). It was found that both TNF-o
(Figure 6A) and IL-1P (Figure 6B) significantly increased NF-xB
promoter activity, suggesting that IL-1 may be acting through
TNF-o expression. It has been shown previously that TNF-o
increases MPC proliferation [43] and this was confirmed in
myoblasts when a ~20% increase in BrdU incorporation was
observed following treatment with 0.25 ng/ml TNF-a (Figure 7).

Since TINF-ou expression was shown to increase proliferation,
and has been shown to be induced by IL-1f expression [65], we
examined whether IL-1f induced proliferation worked directly
through TNF-a.. To do this, BrdU incorporation was measured
after myoblasts were treated with TNF-o or IL-1B, with and
without pre-incubation with sTNFRI (Figure 8). A concentration
of 0.3 pg/ml sTNFRI successfully inhibited TNF-a0 induced

PLOS ONE | www.plosone.org

proliferation of myoblasts (Figure 8A). However, sTNFRI did
not block IL-1B induced myoblast proliferation, suggesting that
IL-1P induced proliferation may not work directly through TNF-a
(Figure 8B).

In order to test whether IL-1 and TNF-o induced proliferation
were dependent on the activation of NI-kB, we used pyrrolidine
dithiocarbamate (PDTC) to inhibit NF-xB. PDTC has been
shown to be effective at decreasing NF-kB activation in C2C12
myotubes [68-71] and myoblasts [72] at concentrations ranging
from 10 pm to 100 pM. In order to observe this effect in
proliferating C2C12 myoblasts, NF-kB promoter activity and
BrdU incorporation were measured following treatment with IL-
1B or TNF-a, with and without 50 pM PDTC. This concentration
successfully inhibited NF-kB activation, and consequently, blocked
proliferation induced by IL-1B or TNF-a (Figure 9 A and B).
These data demonstrate that both IL-1f and TNF-o work to

induce proliferation through NF-kB activation.
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hours of ipjury, followed by §ubsequent macrophage and T.cell proliferation of primary MPCs. Moreover, we provide further
accumulation that can persist for 10-14 days [52]. Previous evidence of IL-1B/NF-kB signalling that is likely involved in the
reports have focussed on increased cytokine expression within the regulation of MPCs following injury.
first 3 days following injury [73]. In the pr esent.study, we extended While IL-1B has been shown to promote proliferation in other
our knowledge of IL-1B and IL-6 expression over 28 days cell types [74,75], less is known about its mitogenic role in
following injury. We found that IL-1$ mRNA begins to increase as response to skeletal muscle injury. Following a contusion injury,
early as 1 day following injury and is significantly elevated ~20- the concentrations of IL-1f in rat tibialis anterior muscle were
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Figure 3. The mitogenic effects of IL-1f. (A) An IL-1f3 dose response was performed on C2C12 myoblasts. Concentrations of 0.5 ng/ml to 1 ng/ml
significantly increased proliferation in myoblasts. (B) An intermediate dose of IL-1 (0.25 ng/ml) was used to test the mitogenic effects of IL-1B on
primary muscle precursor cells. Data are expressed relative to control = SEM. *denotes significance (p=0.05) compared to control (n=3-5 per dose).
doi:10.1371/journal.pone.0092363.9003
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found to be ~200 pg/mg muscle protein [76]. Once water
content of muscle and the fact that IL-1B occupies the interstitial
space are accounted for, the conversion would be roughly ~7 ng/
ml in the interstitial space. In our study, we first tested a dose
response of IL-1f ranging from 0.05 to 1.0 ng/ml on BrdU
incorporation in C2C12 myoblasts. Our doses are within what was
reported by Almeida et al. [76] and therefore represent concen-
trations that are likely achievable in response to injury. We found
that a maximal response was observed at 0.1 and 1.0 ng/ml IL-1.
In addition, when primary MPCs were treated with an interme-
diate dose (0.25 ng/ml), a ~25% increase in BrdU incorporation

50 -

40 A T

was observed. To our knowledge, this is the first report of IL-18
treatment alone increasing primary MPC proliferation. These
findings are significant because the local milieu of injured skeletal
muscle is dictated by immune cell derived cytokines and for MPCs
to effectively contribute to muscle repair, they must respond and
thrive in the presence of high concentrations of pro-inflammatory
cytokines.

Previous reports have found that IL-6 expression is elevated 1 to
3 days following injury [61,62]. In the present study, we found that
IL-6 mRNA may remain elevated, although not significantly,
~20-fold 5 days post-injury. Importantly, we also found that IL-18
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Figure 5. The mitogenic effects of IL-6 on C2C12 myoblasts. Myoblasts were treated with IL-6 (1 ng/ml) and BrdU incorporation was

determined 24 hours after treatment (n=5).
doi:10.1371/journal.pone.0092363.9g005
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0.05) compared to control (n=7 for TNF-o and n=6 for IL-1p).
doi:10.1371/journal.pone.0092363.9g006

increased IL-6 mRNA and protein release from primary MPCs
and C2C12. It has been shown that IL-1f can regulate IL-6
production in various cell types including smooth muscle cells,
enterocytes, endothelial cells, and fibroblasts [77-82]. Further-
more, IL-1B can increase IL-6 expression and release in C2C12
skeletal muscle myoblasts [63,64] and C2C12 myotubes [35]. To
our knowledge, this is the first report demonstrating IL-1f induces
endogenous IL-6 expression in primary MPCs, which has
implications for mitogenic effects i vivo. Our data support the
notion that primary MPCs are a significant source of IL-6 in
response to skeletal muscle injury.

IL-6 has been shown to have mitogenic effects on MPCs, and
therefore, may play a key role in the regulation of skeletal muscle
cell proliferation and regeneration [31,83,84]. IL-6"'" mice
displayed impaired regeneration, decreased macrophage infiltra-
tion, and inhibited myoblast proliferation [33]. While IL-6 has
been shown to promote proliferation of C2C12 myoblasts [31],
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Figure 7. TNF-o promotes proliferation of myoblasts. BrdU
incorporation was measured after a 24 hour TNF-o treatment (20 ng/
ml). Data are expressed relative to control = SEM. *denotes significance
(p=0.05) compared to control (n=7).
doi:10.1371/journal.pone.0092363.g007
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this was only observed at a concentration of 10 ng/ml. IL-6 at 1
ng/ml, the same dose used in the present study, did not affect
proliferation [31]. Interstitial IL.-6 concentration in the local milieu
of MPCs in the injured skeletal muscle compartment is not
currently known. We chose to test IL-6 at 1 ng/ml, a dose well
above what was observed in the cell culture media after IL-1
treatement (Figure 4B). Since IL-6 did not increase proliferation at
1 ng/ml in the present study, it is not likely that the observed
increase in proliferation in response to IL-1 stimulation is a result
of endogenous IL-6 release.

Along with increasing IL-6 release, stimulation with 1 ng/ml
IL-1PB increased the activation of NF-kB to a similar extent as
TNF-a at a concentration of 20 ng/ml. IL-1f has been shown to
increase TNF-o expression and release in several cell types and
tissues [65,85—-88], and we demonstrated that TINF-o increases
proliferation of myoblasts; therefore we investigated the role of
TNF-o in IL-1B induced proliferation. If IL-1B induced prolifer-
ation were a result of increased TINF-a release from the myoblasts,
then one would expect that blocking TNF-o using the sTNFRI
would prevent IL-1B induced proliferation. However, while
sTNFRI was able to prevent TNF-o induced proliferation, there
was no attenuation of IL-1B effects. Even though IL-1B does
increase NI-kB activity, leading to increased proliferation, it does
so independently of endogenous TNF-a expression. IL-1f and
TNF-o have a common signalling protein termed NF-xB-inducing
kinase [89]. Both cytokines may increase expression and activation
of NF-kB through their respective receptors [66,89-92]. In
addition, IL-1p and TNF-o. have both been shown to act via
p38 MAPK [93-96]. Baeza-Raja et al. [97] reported cross-talk
between the p38 MAPK and NI-«kB pathways leading to NI-xB
activation and increased myogenic progression [97], therefore p38
MAPK may also be a common signalling molecule for both
cytokines.

In order to confirm the direct effect of each cytokine on NF-kB
activation, and also the importance of this activation in IL-1p and
TNF-a induced proliferation, PDTC was used to block NF-kB.
PDTC is a known inhibitor of NF-kB in many cell types
[70,72,98,99], and Hayakawa et al. [98] discovered that it works
through blocking the polyubiquitylation of IxB. In the present
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Figure 8. Determining the role of TNF-a in IL-1$ mediated proliferation. (A) The effect of TNF-o. on myoblast proliferation is blocked by pre-
incubation of TNF-o with soluble TNF receptor | (STNFRI) (0.3 pg/ml, 2 hours at 37°C). (B) IL-1 induced proliferation of myoblasts is not blocked by
pre-incubation with sTNFRI. Data are expressed relative to control = SEM. *denotes significance (p=0.05) compared to control. # denotes

significance (p<<0.05) compared to TNF-o treated.
doi:10.1371/journal.pone.0092363.9g008

study, a concentration of 50 uM PDTC completely inhibited
cytokine-induced NF-xB activity, resulting in decreased myoblast
proliferation. In terms of skeletal muscle injury, IL-1p is likely one
of many candidates that could increase NF-xB activity leading to a
mitogenic response on MPCs. Along with TNF-o, which is
elevated after injury [58] and increases proliferation (Figure 7),
reactive oxygen species production is also increased after injury
leading to increased NF-xB activation [100].

The timeline of expression of IL-1B and IL-6 coincides with
activation and proliferation of MPCs, therefore the present study
improved our understanding of the role of pro-inflammatory
cytokines in skeletal muscle regeneration. We found that IL-18

A

does have a mitogenic effect in both primary MPCs and C2C12
myoblasts. Also, an IL-1B/TNF-0/1L-6 axis may exist, in that we
report that IL-1f can increase the expression of IL-6, while
previous research has shown that TNF-o may also increase 1L-6.
Importantly, both IL-1B and TNF-o increase NF-kB activation
and proliferation of myoblasts. It seems likely that this common
signalling through NF-kB is related to the mitogenic effect
observed. While there is a common NF-kB activation, the IL-1f
induced proliferation is not dependent on IL-1f stimulated TNF-o
expression. These findings are important for highlighting the
existing knowledge gaps regarding the pro-inflammatory milieu
following skeletal muscle injury, and the synergistic relationship
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Figure 9. Determining the role of NF-kB activation in IL-1p and TNF-a induced proliferation. (A) NF-«B activity was determined using the
NF-«B cis-reporter construct and data are reported as the ratio of firefly to Renilla luminescence. C2C12 myoblasts were transfected with the NF-xB
cis-reporter construct, pretreated with 50 uM PDTC for 1.5 hours, and treated with either 1 ng/ml IL-1B or 20 ng/ml TNF-a. for four hours. *denotes
significance (p=0.05) compared to control (n=4). (B) Proliferation of myoblasts was measured through BrdU incorporation in C2C12 myoblasts
following a 50 uM PDTC pretreatment for 1.5 hours, and a 20 hour treatment with either 1 ng/ml IL-1f or 20 ng/ml TNF-o.. *denotes significance (p=
0.05) compared to control (n=4).

doi:10.1371/journal.pone.0092363.g009
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between the inflammatory response and the mechanisms regulat-
ing MPC function. Advancing our understanding of this relation-
ship will facilitate the development of new treatments aimed at
improving skeletal muscle regeneration in aging and disease.

References

1. Mauro A (1961) Satellite cell of skeletal muscle fibers. JBiophysBiochemCytol 9:
493-495.

2. Hawke TJ, Garry DJ (2001) Myogenic satellite cells: physiology to molecular
biology. J Appl Physiol 91: 534-551.

3. Tedesco FS, Dellavalle A, Diaz-Manera J, Messina G, Cossu G (2010) Repairing
skeletal muscle: regenerative potential of skeletal muscle stem cells. J Clin Invest
120: 11-19.

4. Parise G, McKinnell IW, Rudnicki MA (2008) Muscle satellite cell and atypical
myogenic progenitor response following exercise. Muscle Nerve 37: 611-619.

5. Sambasivan R, Yao R, Kissenpfennig A, Van Wittenberghe L, Paldi A, et al.
(2011) Pax7-expressing satellite cells are indispensable for adult skeletal muscle
regeneration. Development 138: 3647-3656.

6. Murphy MM, Lawson JA, Mathew SJ, Hutcheson DA, Kardon G (2011)
Satellite cells, connective tissue fibroblasts and their interactions are crucial for
muscle regeneration. Development 138: 3625-3637.

7. Lepper C, Partridge TA, Fan CM (2011) An absolute requirement for Pax7-
positive satellite cells in acute injury-induced skeletal muscle regeneration.
Development 138: 3639-3646.

8. Fielding RA, Manfredi TJ, Ding W, Fiatarone MA, Evans W], et al. (1993)
Acute phase response in exercise. III. Neutrophil and IL-1 beta accumulation in
skeletal muscle. Am J Physiol 265: R166-172.

9. Yin H, Price F, Rudnicki MA (2013) Satellite cells and the muscle stem cell
niche. Physiol Rev 93: 23-67.

10. Lolmede K, Campana L, Vezzoli M, Bosurgi L, Tonlorenzi R, et al. (2009)
Inflammatory and alternatively activated human macrophages attract vessel-
associated stem cells, relying on separate HMGBI1- and MMP-9-dependent
pathways. J Leukoc Biol 85: 779-787.

11. Arnold L, Henry A, Poron F, Baba-Amer Y, van Rooijen N, et al. (2007)
Inflammatory monocytes recruited after skeletal muscle injury switch into
antiinflammatory macrophages to support myogenesis. J Exp Med 204: 1057~
1069.

12. Warren GL, Hulderman T, Jensen N, McKinstry M, Mishra M, et al. (2002)
Physiological role of tumor necrosis factor alpha in traumatic muscle injury.
FASEB J 16: 1630-1632.

13. Collins RA, Grounds MD (2001) The role of tumor necrosis factor-alpha (TNF-
alpha) in skeletal muscle regeneration. Studies in TNF-alpha(—/—) and TNF-
alpha(—/—)/LT-alpha(—/—) mice. J Histochem Cytochem 49: 989-1001.

14. Saclier M, Yacoub-Youssef H, Mackey AL, Arnold L, Ardjoune H, et al. (2013)
Differentially activated macrophages orchestrate myogenic precursor cell fate
during human skeletal muscle regeneration. Stem Cells 31: 384-396.

15. Almekinders LC, Gilbert JA (1986) Healing of experimental muscle strains and
the effects of nonsteroidal antiinflammatory medication. Am J Sports Med 14:
303-308.

16. Mishra DK, Friden J, Schmitz MC, Lieber RL (1995) Anti-inflammatory
medication after muscle injury. A treatment resulting in short-term improvement
but subsequent loss of muscle function. J Bone Joint Surg Am 77: 1510-1519.

17. Barlow Y, Willoughby J (1992) Pathophysiology of soft tissue repair. Br Med Bull
48: 698-711.

18. Merrick MA (2002) Secondary injury after musculoskeletal trauma: a review and
update. J Athl Train 37: 209-217.

19. Mikkelsen UR, Langberg H, Helmark IC, Skovgaard D, Andersen LL, et al.
(2009) Local NSAID infusion inhibits satellite cell proliferation in human skeletal
muscle after eccentric exercise. J Appl Physiol 107: 1600-1611.

20. Mendias CL, Tatsumi R, Allen RE (2004) Role of cyclooxygenase-1 and -2 in
satellite cell proliferation, differentiation, and fusion. Muscle Nerve 30: 497-500.

21. Cornelison DD (2008) Context matters: in vivo and in vitro influences on
muscle satellite cell activity. J Cell Biochem 105: 663-669.

22. Onozaki K (2013) [Interluekin-1: from regulation of cell proliferation to chronic
inflammatory diseases]. Yakugaku Zasshi 133: 645-660.

23. Berger A (2000) Thl and Th2 responses: what are they? BMJ 321: 424.

24. Allavena P, Sica A, Solinas G, Porta C, Mantovani A (2008) The inflammatory
micro-environment in tumor progression: the role of tumor-associated
macrophages. Crit Rev Oncol Hematol 66: 1-9.

25. Li W, Moylan JS, Chambers MA, Smith J, Reid MB (2009) Interleukin-1
stimulates catabolism in C2C12 myotubes. Am J Physiol Cell Physiol 297:
C706-714.

26. Libby P, Warner §J, Friedman GB (1988) Interleukin 1: a mitogen for human
vascular smooth muscle cells that induces the release of growth-inhibitory
prostanoids. J Clin Invest 81: 487-498.

27. Tidball JG (1995) Inflammatory cell response to acute muscle injury. Med Sci
Sports Exerc 27: 1022-1032.

28. Spangelo BL, Farrimond DD, Pompilius M, Bowman KL (2000) Interleukin-1
beta and thymic peptide regulation of pituitary and glial cell cytokine expression
and cellular proliferation. Ann N 'Y Acad Sci 917: 597-607.

PLOS ONE | www.plosone.org

IL-1B Induced Proliferation

Author Contributions

Conceived and designed the experiments: SJL. AJC MAF JSO SN.
Performed the experiments: SJL. AJC MAF JSO SN NH. Analyzed the
data: SJL JSO SN NH. Contributed reagents/materials/analysis tools: SJL
AJC MAF JSO SN NH. Wrote the paper: SJLL AJC MAF JSO SN NH JLS.

29. Werner S, Smola H (2001) Paracrine regulation of keratinocyte proliferation and
differentiation. Trends Cell Biol 11: 143-146.

30. Cantini M, Massimino ML, Rapizzi E, Rossini K, Catani C, et al. (1995)
Human satellite cell proliferation in vitro is regulated by autocrine secretion of
IL-6 stimulated by a soluble factor(s) released by activated monocytes. Biochem
Biophys Res Commun 216: 49-53.

31. Wang X, Wu H, Zhang Z, Liu S, Yang J, et al. (2008) Effects of interleukin-6,
leukemia inhibitory factor, and ciliary neurotrophic factor on the proliferation
and differentiation of adult human myoblasts. Cell Mol Neurobiol 28: 113-124.

32. Serrano AL, Baeza-Raja B, Perdiguero E, Jardi M, Munoz-Canoves P (2008)
Interleukin-6 is an essential regulator of satellite cell-mediated skeletal muscle
hypertrophy. Cell Metab 7: 33-44.

33. Zhang C, Li Y, Wu Y, Wang L, Wang X, et al. (2013) Interleukin-6/signal
transducer and activator of transcription 3 (STAT3) pathway is essential for
macrophage infiltration and myoblast proliferation during muscle regeneration.
J Biol Chem 288: 1489-1499.

34. Langen RC, Schols AM, Kelders MC, Wouters EF, Janssen-Heininger YM
(2001) Inflammatory cytokines inhibit myogenic differentiation through
activation of nuclear factor-kappaB. FASEB J 15: 1169-1180.

35. Luo G, Hershko DD, Robb BW, Wray CJ, Hasselgren PO (2003) IL-1beta
stimulates I1.-6 production in cultured skeletal muscle cells through activation of
MAP kinase signaling pathway and NF-kappa B. Am J Physiol Regul Integr
Comp Physiol 284: R1249-1254.

36. Prelovsek O, Mars T, Jevsek M, Podbregar M, Grubic Z (2006) High
dexamethasone concentration prevents stimulatory effects of TNF-alpha and
LPS on IL-6 secretion from the precursors of human muscle regeneration.
Am J Physiol Regul Integr Comp Physiol 291: R1651-1656.

37. Dumke BR, Lees SJ (2011) Age-related impairment of T cell-induced skeletal
muscle precursor cell function. American journal of physiology Cell physiology.

38. Rathbone CR, Booth FW, Lees SJ (2008) FoxO3a preferentially induces
p27Kipl expression while impairing muscle precursor cell-cycle progression.
Muscle & nerve 37: 84-89.

39. Jump SS, Childs TE, Zwetsloot KA, Booth FW, Lees SJ (2009) Fibroblast
growth factor 2-stimulated proliferation is lower in muscle precursor cells from
old rats. Exp Physiol 94: 739-748.

40. Lees SJ, Rathbone CR, Booth FW (2006) Age-associated decrease in muscle
precursor cell differentiation. Am J Physiol Cell Physiol 290: C609-C615.

41. Rathbone CR, Booth FW, Lees SJ (2009) Sirtl increases skeletal muscle
precursor cell proliferation. EurJCell Biol 88: 35-44.

42. Lees SJ, Childs TE, Booth FW (2008) p21(Cipl) expression is increased in
ambient oxygen, compared to estimated physiological (5%) levels in rat muscle
precursor cell culture. Cell Prolif 41: 193-207.

43. Lees §J, Zwetsloot KA, Booth FW (2009) Muscle precursor cells isolated from
aged rats exhibit an increased tumor necrosis factor- alpha response. Aging Cell
8: 26-35.

44. Lees SJ, Childs TE, Booth FW (2008) Age-Dependent FOXO Regulation Of
p27Kipl Expression Via A Conserved Binding Motif In Rat Muscle Precursor
Cells. AmJPhysiol Cell Physiol.

45. O’Connor RS, Mills ST, Jones KA, Ho SN, Pavlath GK (2007) A combinatorial
role for NFAT5 in both myoblast migration and differentiation during skeletal
muscle myogenesis. ] Cell Sci 120: 149-159.

46. Otis JS, Guidot DM (2009) Procysteine stimulates expression of key anabolic
factors and reduces plantaris atrophy in alcohol-fed rats. Alcohol Clin Exp Res
33: 1450-1459.

47. Otis JS, Brown LA, Guidot DM (2007) Oxidant-induced atrogin-1 and
transforming growth factor-betal precede alcohol-related myopathy in rats.
Muscle Nerve 36: 842-848.

48. Otis JS, Guidot DM (2010) Procysteine increases alcohol-depleted glutathione
stores in rat plantaris following a period of abstinence. Alcohol Alcohol 45: 495—
500.

49. Otis JS, Ashikhmin YI, Brown LA, Guidot DM (2008) Effect of HIV-1-related
protein expression on cardiac and skeletal muscles from transgenic rats. AIDS
Res Ther 5: 8.

50. Clary CR, Guidot DM, Bratina MA, Otis JS (2011) Chronic alcohol ingestion
exacerbates skeletal muscle myopathy in HIV-1 transgenic rats. AIDS Res Ther
8: 30.

51. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

52. Tidball JG, Villalta SA (2010) Regulatory interactions between muscle and the
immune system during muscle regeneration. Am J Physiol Regul Integr Comp
Physiol 298: R1173-1187.

March 2014 | Volume 9 | Issue 3 | 92363



53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

Warren GL, Hulderman T, Mishra D, Gao X, Millecchia L, et al. (2005)
Chemokine receptor CCR2 involvement in skeletal muscle regeneration.
FASEB J 19: 413-415.

Schertzer JD, Lynch GS (2006) Comparative evaluation of IGF-I gene transfer
and IGF-I protein administration for enhancing skeletal muscle regeneration
after injury. Gene Ther 13: 1657-1664.

. Nozaki M, Ota S, Terada S, Li Y, Uehara K, et al. (2012) Timing of the

administration of suramin treatment after muscle injury. Muscle Nerve 46: 70—
79.

Krause MP, Moradi J, Coleman SK, D’Souza DM, Liu C, et al. (2013) A novel
GFP reporter mouse reveals Mustnl expression in adult regenerating skeletal
muscle, activated satellite cells and differentiating myoblasts. Acta Physiol (Oxf)
208: 180-190.

Griffin CA, Kafadar KA, Pavlath GK (2009) MOR23 promotes muscle
regeneration and regulates cell adhesion and migration. Dev Cell 17: 649-661.
Dekeyser GJ, Clary CR, Otis JS (2013) Chronic alcohol ingestion delays skeletal
muscle regeneration following injury. Regenerative Medicine Research 1: 1-12.
Jozsi AC, Dupont-Versteegden EE, Taylor-Jones JM, Evans W], Trappe TA, et
al. (2000) Aged human muscle demonstrates an altered gene expression profile
consistent with an impaired response to exercise. Mech Ageing Dev 120: 45-56.
Przybyla B, Gurley C, Harvey JF, Bearden E, Kortebein P, et al. (2006) Aging
alters macrophage properties in human skeletal muscle both at rest and in
response to acute resistance exercise. Exp Gerontol 41: 320-327.

Hamada K, Vannier E, Sacheck JM, Witsell AL, Roubenoff R (2005)
Senescence of human skeletal muscle impairs the local inflammatory cytokine
response to acute eccentric exercise. FASEB J 19: 264-266.

Trenerry MK, Carey KA, Ward AC, Farnfield MM, Cameron-Smith D (2008)
Exercise-induced activation of STAT3 signaling is increased with age.
Rejuvenation Res 11: 717-724.

Frost RA, Nystrom GJ, Lang CH (2003) Lipopolysaccharide and proinflamma-
tory cytokines stimulate interleukin-6 expression in C2C12 myoblasts: role of the
Jun NH2-terminal kinase. Am J Physiol Regul Integr Comp Physiol 285:
R1153-1164.

Frost RA, Nystrom GJ, Lang CH (2002) Lipopolysaccharide regulates
proinflammatory cytokine expression in mouse myoblasts and skeletal muscle.

Am ] Physiol Regul Integr Comp Physiol 283: R698-709.

. Bethea JR, Gillespie GY, Benveniste EN (1992) Interleukin-1 beta induction of

TNF-alpha gene expression: involvement of protein kinase C. J Cell Physiol 152:

264-273.

Collart MA, Baeuerle P, Vassalli P (1990) Regulation of tumor necrosis factor
alpha transcription in macrophages: involvement of four kappa B-like motifs and
of constitutive and inducible forms of NF-kappa B. Mol Cell Biol 10: 1498-1506.
Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM, et al. (1999) NF-kappaB
activation by tumour necrosis factor requires the Akt serine-threonine kinase.
Nature 401: 82-85.

Jove M, Planavila A, Sanchez RM, Merlos M, Laguna JC, et al. (2006) Palmitate
induces tumor necrosis factor-alpha expression in C2C12 skeletal muscle cells by
a mechanism involving protein kinase C and nuclear factor-kappaB activation.
Endocrinology 147: 552-561.

Jove M, Planavila A, Laguna JC, Vazquez-Carrera M (2005) Palmitate-induced
interleukin 6 production is mediated by protein kinase C and nuclear-factor
kappaB activation and leads to glucose transporter 4 down-regulation in skeletal
muscle cells. Endocrinology 146: 3087-3095.

Boyd JH, Divangahi M, Yahiaoui L, Gvozdic D, Qureshi S, et al. (2006) Toll-
like receptors differentially regulate CC and CXC chemokines in skeletal muscle
via NF-kappaB and calcineurin. Infect Immun 74: 6829-6838.

Li YP, Lecker SH, Chen Y, Waddell ID, Goldberg AL, et al. (2003) TNF-alpha
increases ubiquitin-conjugating activity in skeletal muscle by up-regulating
UbcH2/E220k. FASEB J 17: 1048-1057.

Soltow QA, Lira VA, Betters JL, Long JH, Sellman JE, et al. (2010) Nitric oxide
regulates stretch-induced proliferation in C2C12 myoblasts. ] Muscle Res Cell
Motil 31: 215-225.

Peake J, Della Gatta P, Cameron-Smith D (2010) Aging and its effects on
inflammation in skeletal muscle at rest and following exercise-induced muscle
injury. Am J Physiol Regul Integr Comp Physiol 298: R1485-1495.

Sung MS, Lee EG, Jeon HS, Chae HJ, Park SJ, et al. (2012) Quercetin inhibits
IL-1beta-induced proliferation and production of MMPs, COX-2, and PGE2 by
rheumatoid synovial fibroblast. Inflammation 35: 1585-1594.

“atanzaro R, Marotta F, Jain S, Rastmanesh R, Allegri F, et al. (2012) Beneficial
effect of a sturgeon-based bioactive compound on gene expression of tumor
necrosis factor-alpha, matrix metalloproteinases and type-10 collagen in human
chondrocytes. J Biol Regul Homeost Agents 26: 337-345.
de Almeida P, Tomazoni SS, Frigo L, de Carvalho PD, Vanin AA, et al. (2013)

What is the best treatment to decrease pro-inflammatory cytokine release in

PLOS ONE | www.plosone.org

10

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

91.

93.

94.

96.

97.

98.

99.

IL-1B Induced Proliferation

acute skeletal muscle injury induced by trauma in rats: low-level laser therapy,
diclofenac, or cryotherapy? Lasers Med Sci.

Khan I, Blennerhassett MG, Kataeva GV, Collins SM (1995) Interleukin 1 beta
induces the expression of interleukin 6 in rat intestinal smooth muscle cells.
Gastroenterology 108: 1720-1728.

McGee DW, Beagley KW, Aicher WK, McGhee JR (1993) Transforming
growth factor-beta and IL-1 beta act in synergy to enhance IL-6 secretion by the
intestinal epithelial cell line, IEC-6. J Immunol 151: 970-978.

Parikh AA, Salzman AL, Fischer JE, Szabo C, Hasselgren PO (1997)
Interleukin-1 beta and interferon-gamma regulate interleukin-6 production in
cultured human intestinal epithelial cells. Shock 8: 249-255.

Sironi M, Breviario F, Proserpio P, Biondi A, Vecchi A, et al. (1989) IL-1
stimulates IL-6 production in endothelial cells. J Immunol 142: 549-553.
Chabaud M, Fossiez F, Taupin JL, Miossec P (1998) Enhancing effect of IL-17
on IL-1-induced IL-6 and leukemia inhibitory factor production by rheumatoid
arthritis synoviocytes and its regulation by Th2 cytokines. J Immunol 161: 409
414.

Elias JA, Lentz V (1990) IL-1 and tumor necrosis factor synergistically stimulate
fibroblast IL-6 production and stabilize IL-6 messenger RNA. J Immunol 145:
161-166.

McKay BR, De Lisio M, Johnston AP, O’Reilly CE, Phillips SM, et al. (2009)
Association of interleukin-6 signalling with the muscle stem cell response
following muscle-lengthening contractions in humans. PLoS One 4: ¢6027.
Toth KG, McKay BR, De Lisio M, Little JP, Tarnopolsky MA, et al. (2011) IL-6
induced STATS3 signalling is associated with the proliferation of human muscle
satellite cells following acute muscle damage. PLoS One 6: ¢17392.

. Knofler M, Kiss H, Mosl B, Egarter C, Husslein P (1997) Interleukin-1

stimulates tumor necrosis factor-alpha (TNF-alpha) release from cytotropho-
blastic BeWo cells independently of induction of the TNF-alpha mRNA. FEBS
Lett 405: 213-218.

Isumi Y, Kubo A, Katafuchi T, Kangawa K, Minamino N (1999)
Adrenomedullin  suppresses interleukin-1beta-induced tumor necrosis factor-
alpha production in Swiss 3T3 cells. FEBS Lett 463: 110-114.

Cumberbatch M, Singh M, Dearman RJ, Young HS, Kimber I, et al. (2006)
Impaired Langerhans cell migration in psoriasis. ] Exp Med 203: 953-960.
Kafoury RM, Madden MC (2005) Diesel exhaust particles induce the over
expression of tumor necrosis factor-alpha (TNF-alpha) gene in alveolar
macrophages and failed to induce apoptosis through activation of nuclear
factor-kappaB (NI-kappaB). Int J Environ Res Public Health 2: 107-113.
Bacuerle PA (1998) Pro-inflammatory signaling: last pieces in the NF-kappaB
puzzle? Curr Biol 8: R19-22.

Chevrel G, Granet C, Miossec P (2005) Contribution of tumour necrosis factor
alpha and interleukin (IL) lbeta to IL6 production, NF-kappaB nuclear
translocation, and class I MHC expression in muscle cells: in vitro regulation
with specific cytokine inhibitors. Ann Rheum Dis 64: 1257-1262.

Turner NA, Das A, Warburton P, O’Regan DJ, Ball SG, et al. (2009)
Interleukin-lalpha stimulates proinflammatory cytokine expression in human
cardiac myofibroblasts. Am J Physiol Heart Circ Physiol 297: H1117-1127.

. Trendelenburg AU, Meyer A, Jacobi C, Feige JN, Glass D] (2012) TAK-1/p38/

nNFkappaB signaling inhibits myoblast differentiation by increasing levels of
Activin A. Skelet Muscle 2: 3.

Raingeaud J, Gupta S, Rogers JS, Dickens M, Han J, et al. (1995) Pro-
inflammatory cytokines and environmental stress cause p38 mitogen-activated
protein kinase activation by dual phosphorylation on tyrosine and threonine.
J Biol Chem 270: 7420-7426.

Lee JG, Heur M (2013) Interleukin-1beta enhances cell migration through AP-1
and NF-kappaB pathway-dependent FGF2 expression in human corneal
endothelial cells. Biol Cell 105: 175-189.

. Lee TS, Song HJ, Jeong JH, Min YS, Shin CY, et al. (2006) IL-1beta activates

p44/42 and p38 mitogen-activated protein kinases via different pathways in cat
esophageal smooth muscle cells. World J Gastroenterol 12: 716-722.

Zhan M, Jin B, Chen SE, Reecy JM, Li YP (2007) TACE release of TNF-alpha
mediates mechanotransduction-induced activation of p38 MAPK and myogen-
esis. J Cell Sci 120: 692-701.

Baeza-Raja B, Munoz-Canoves P (2004) p38 MAPK-induced nuclear factor-
kappaB activity is required for skeletal muscle differentiation: role of interleukin-
6. Mol Biol Cell 15: 2013-2026.

Hayakawa M, Miyashita H, Sakamoto I, Kitagawa M, Tanaka H, et al. (2003)
Evidence that reactive oxygen species do not mediate NF-kappaB activation.
EMBO J 22: 3356-3366.

Schreck R, Meier B, Mannel DN, Droge W, Bacuerle PA (1992) Dithiocarba-
mates as potent inhibitors of nuclear factor kappa B activation in intact cells.

J Exp Med 175: 1181-1194.

100. Frangogiannis NG (2008) The immune system and cardiac repair. Pharmacol

Res 58: 88-111.

March 2014 | Volume 9 | Issue 3 | €92363



