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Background: Although rat anti-mouse IL-6 receptor (IL-6R) antibody (MR16-1) has been reported to effectively
ameliorate various tissue damages, its effect on skeletal muscle regeneration has not been determined. Moreover,
the localization, persistence and duration of action of this reagent in damaged tissues after systemic administration
have not been assessed.
Methods: TheMR16-1was administered i.p. immediately after cardiotoxin (CTX)-inducedmuscle damage onmice.
Results:MR16-1 administered i.p. was observed only to the damagedmuscle. This deliveredMR16-1 was dramat-
ically decreased from 3 to 7 days post-injury concomitantlywith a reduction of IL-6R expression. This reduction of
theMR16-1 level in the damagedmuscle was not rescued by additional administration of MR16-1, suggesting the
short half-life of MR16-1 was not the factor for the remaining levels. In addition, a significant inhibitory effect of
MR16-1 on phosphorylation of the signal transducer and activator of transcription 3 was observed in the

macrophage-enriched area of damagedmuscle 3 days after injury. Finally, the acceleration ofmuscle regeneration
observed at day 7 post-injury following MR16-1 treatment was associated with reduced expression of fibrosis-
related genes, such as interleukin-10 and arginase, in the infiltrated macrophages.
Conclusions: These results suggest that MR16-1 which was found primarily localized in infiltrated macrophages in
the damaged muscle might facilitate muscle regeneration via immune modulation.
General significance:These findings are deemed to provide further insight into the understanding not only of
MR16-1 treatment on muscle regeneration, but also of the other anti-cytokine treatment on the cytokine-
related disease.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Regeneration of skeletal muscle following injury is a coordinated
process that involves proliferation and differentiation of muscle stem
cells called satellite cells, leading to new fiber formation [1,2]. The first
step of regeneration is the inflammation phase. This is a highly complex
process that requires infiltration of inflammatory cells; the release of
growth factors and pro- or anti-inflammatory cytokines; and is closely
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linked to myogenesis [3,4]. Well-regulated inflammation after injury is
critical for myogenesis. Lack of a successful inflammatory response,
which is often associatedwith incompletemuscle tissue reconstruction,
such as in severe fibrosis, results in poor muscle regeneration [5,6].

Neutrophils, followed by macrophages, rapidly infiltrate into
damaged muscle at the start of muscle inflammation [7]. Although
infiltration of neutrophils is generally considered to have an adverse
influence on muscle regeneration [8], macrophages have apparently
conflicting roles, which may be partly explained by the existence of a
phenotypically distinct population that can promote muscle injury
and repair [9–12]. Heterogeneity of macrophages has recently been
recognized as a result of adaptation from a pro-inflammatory to an
anti-inflammatory phenotype in particular micro-environments, and
vice versa [13–15]. This phenotypical change of macrophages has a
strong modulatory effect on gene expression profiles in cells, such as
cytokines, that is essential for maintaining a balance between inflam-
mation and acceleration of myogenesis [9,16].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagen.2014.01.014&domain=pdf
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Both positive and negative participation of pro-inflammatory cyto-
kines, including tumor necrosis factor-α (TNF-α) [17,18], interferon-γ
[19], and interleukin-6 (IL-6) [20–23], has been reported in the muscle
regeneration processes. TNF-α, which is secreted by a wide range of
inflammatory cells and by damaged muscle, is considered to be a
pathological factor in muscle regeneration from the standpoint that it
inhibits Notch 1 expression [24] and insulin-like growth factor-1 signal-
ing [25]. Moreover, Grounds and Torrisi reported that inhibition of TNF-
α signaling through the use of an anti-TNF-αdrug caused greater reduc-
tion and delayed breakdown of myofibers following necrosis in mdx
mice [26]. On the other hand, anti-TNF-α drugs should be used with
caution, because there are reports suggesting that TNF-α is required
for muscle regeneration through p38 activation [17,18].

In addition, IL-6, another major pro-inflammatory cytokine, is also
known to have bimodal functions. By general consensus, IL-6 is recog-
nized to have roles in immune responses and inflammation, such as
antibody production through B cell maturation and macrophage differ-
entiation [27,28]. Furthermore, escalating evidence indicates that excess
IL-6 is linked to various pathological conditions, including rheumatoid
arthritis (RA) and spinal cord injury [29–31]. Human clinical trial was
conducted to treat RA by a specific humanized neutralizing antibody
against IL-6R (MRA) with promising effects [30].

In skeletal muscle, studies using mice that over-express IL-6
have suggested that several proteolytic systems, such as the cathepsin
B-mediated lysosomal pathway, the cathepsin B + L mediated
lysosomal pathway and the ubiquitin–proteasome pathway, were sig-
nificantly activated in the presence of a high concentration of IL-6. But
all of these changes were inhibited by treatment with an anti-mouse
IL-6 receptor antibody (MR16-1) [22]. That MR16-1 binds specifically
mouse IL-6R and blocks transmitting of IL-6 signals, but does
not cross-react human IL-6R [32,33]. Further, it has been reported that
IL-6 plays a critical role in satellite cell-mediated hypertrophic growth
[21,34], suggesting that the inhibition of IL-6 signaling by MR16-1 has
adverse effects on muscle regeneration. In other words, the role(s) of
MR16-1 in the plasticity of skeletal muscle is not well understood.
Furthermore, although MR16-1 treatment has gained popularity for
the treatment of a variety of diseases, little work has been done to
elucidate the mechanisms underlying the efficacy of MR16-1 in these
contexts, including clarification of the localization, persistence and
duration of activity of MR16-1. Therefore, the assessment of the effects
of MR16-1 in various models and clarification of the mechanisms of
this agent would be useful information for the treatment of not only
muscle injury but also other human diseases.

The present studywas performed to evaluate the therapeutic poten-
tial of MR16-1 in the regeneration of injured skeletal muscle.

2. Materials and methods

2.1. Animals

This study was approved by the Animal Use Committee at Osaka
University and was performed following the Japanese and American
Physiological Society's Guide for the Care and Use of Laboratory
Animals. Eight-week-old male C57BL/6J mice (CLEA Japan, Tokyo,
Japan) and 8- to 9-week-old male IL-6 knock-out (IL-6−/−) mice were
used. The IL-6−/− mice had a C57BL/6J background. Each mouse was
housed in a cage (20 × 10 cm with 10-cm height). Solid food (CE-2;
CLEA Japan) and water were supplied ad libitum. Temperature and
humidity in the animal room were maintained at ~23 °C and ~55%
under a 12:12 h light:dark cycle.

2.2. Muscle injury and MR16-1 treatment

To induce muscle injury, cardiotoxin (CTX) (Naja mossambica
mossambica venom; Sigma, St. Louis, MO) was used. Briefly, mice were
anesthetized by i.p. injection of pentobarbital sodium (5 mg/100 g
body weight). The hairs of the left leg were shaved and the tibialis
anterior (TA) muscle was exposed by incision of the skin (~5 mm).
Five μl of CTX (0.03%) was injected into the medial and lateral regions
of the TA muscle using a microsyringe (Hamilton 701N; Hamilton Co.,
Reno, NV). The skin was then sutured and isodine was applied to the
surgical site to avoid infection. The contralateral TA muscle served as
the sham-operated control without CXT injection (CON).

The mice were randomly assigned to 2 groups, a group with
(CTX + MR16-1, n = 18) and onewithout (CTX, n = 30) i.p. adminis-
tration of MR16-1 (2 mg/mouse) immediately after CTX injection.
Mice of the former group were administered MR-16-1 either once
(immediately after CTX injury; n = 12) or twice (immediately and
3 days after CTX injury; n = 6). IL-6−/− mice were also treated with
CTX in the same way explained above (n = 16). Mice in each group
were randomly euthanized at either 3 (CTX, n = 15; CTX + MR16-1,
n = 6; IL-6−/−, n = 10) or 7 (CTX, n = 15; CTX + MR16-1, n = 6;
IL-6−/−, n = 6) days after the CTX injection under anesthesia with
pentobarbital sodium (5 mg/100 g body weight). The TA muscles
were sampled bilaterally, and the excess fat and connective tissues
were removed and quickly weighed. The muscles were stretched at an
optimum length in vivo on a cork and pinned, frozen in isopentane
cooled with liquid nitrogen, and stored at−80 °C until analyses.
2.3. Histological and immunohistochemical analyses

Cross sections (10-μm thickness) of the midbelly region of
muscle were cut in a cryostat (−20 °C) for immunohistochemical
analysis of the morphological properties. Hematoxylin and eosin
(H&E) staining was carried out to check the degree of damage and
the regeneration process in the left TA. Briefly, cross sections were
air-dried at room temperature and fixed in 10% formalin (Nacalai
Tesque, Kyoto, Japan) for 10 min. Then, the cross sections were
stained with Mayer's hematoxylin (Wako, Osaka, Japan) and 0.5%
eosin (Merck, Rahway, NJ).

The cross sections were initially fixed in 4% (wt/vol) paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4) for 15 min and processed for
immunohistochemical analyses [35]. Mouse Ig blocking reagent and a
Vector M.O.M. immunodetection kit (Vector Laboratories, Burlingame,
CA) were applied to prevent the non-specific binding of a secondary
anti-mouse antibody on the endogenous mouse tissue Igs in the cross
sections labeled with mouse monoclonal primary antibody. The cross
sections were incubated at 4 °C overnight with primary antibodies as
follows: rat monoclonal anti-CD68 (1:200; Abcam, Cambridge, MA),
ratmonoclonal anti-neutrophil marker (1:100; Santa Cruz Biotechnolo-
gy, Santa Cruz, CA), rat monoclonal anti-CD11b (1:200; Abcam), rabbit
polyclonal anti-dystrophin (1:200; Thermo Scientific, Rockford, IL), rab-
bit polyclonal anti-desmin (1:200; Thermo Scientific), rabbit polyclonal
anti-IL-6R (1:200; Santa Cruz Biotechnology), mouse monoclonal anti-
myogenin (1:200; ABM, Vancouver, Canada) and neonatal myosin
heavy chain (nMyHC) (1:200; Leica Biosystems, Newcastle, UK).
M.O.M. biotinylated anti-mouse IgG (Vector Laboratories) secondary
antibody was used following the application of mouse monoclonal
primary antibody. Lastly, the cross sections were washed with 0.1 M
phosphate buffered saline (PBS) and mounted with VECTASHIELD
containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories)
for nuclear staining. Immunoreactionswithout primary antibodieswere
also performed to evaluate the specificity of staining. The cells that were
stained for desmin, myogenin, and nuclei were counted twice in three
damaged regions within the square shown in Fig. 1 (n = 6/group).
The nMyHC positive areas in three damaged regions (100 to 400
myotubes) per mouse were determined by NIH ImageJ software
(n = 3–4/group). The two serial sections per mouse were measured
in each analysis. Stained cross sections were visualized using a fluores-
cent microscope (BX50; Olympus, Tokyo, Japan), and the images were
arranged using Adobe Photoshop software.
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Fig. 1. Cross-section of the tibialis anterior muscle stained with hematoxylin and eosin,
3 days after induction of damage by injection of cardiotoxin. The area within the square
was used for histological analyses.
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2.4. ELISA for IL-6

IL-6 levels in muscles were determined using a commercially
available sandwich ELISA kit (RayBio Inc., Norcross, GA) following the
manufacturer's instructions. The whole TA muscles (up to 60 mg)
were homogenized in 500 μl ice-cold PBS. The muscle homogenates
were then centrifuged at 15,000 rpm for 15 min at 4 °C. The superna-
tant (3 mg/ml) diluted 1:5 sample diluent buffer was used for ELISA.
The protein concentration of each sample was measured using the DC
protein assay kit (Bio-Rad Laboratories, Hercules, CA) standardized to
BSA according to the manufacturer's protocol.

2.5. Proximity ligation assay

For the proximity ligation assay (PLA), cross sections (10 μm thick-
ness) were cut in a cryostat and mounted on a superfrost microslide
glass with an aminopropylsilane coating. Pre-treatments of samples
for PLA reactions were almost identical to the procedure described
above for the immunohistochemical analyses, except for the blocking
reagent and the processes after incubation of primary antibodies.
Duolink blocking reagent was applied to the sections, and then the
sections were incubated in a pre-heated humidity chamber for 30 min
at 37 °C before overnight incubation of primary antibodies at 4 °C. The
primary antibodies used for the detection of IL-6 receptor (IL-6R) and
phosphorylated signal transducer and activation of transcription 3
(pSTAT3)were rabbit IL-6R (1:200; Santa Cruz Biotechnology) and rab-
bit p-STAT3 (Tyr705) (1:100; Cell Signaling Technology, Beverly, MA),
respectively. After washing of the cross sections with Duolink wash
buffer (Tris buffered saline with Tween 20), incubation with anti-
rabbit IgG PLA probes and analysis with a Duolink detection kit 613
(Olink) were conducted following the manufacturer's protocol with
some modifications. The hybridization and ligation times were extend-
ed to 30 min and the concentration of Duolink polymerase was
increased 1.5-times vs. the manufacturer's recommendation. Nuclei
were stainedwith theHoechst 33342 included in the detection solution.
For the detection of administered MR16-1, cross sections were reacted
with anti-rat IgG PLA probes without incubation with any primary
antibodies.

Staining was verified using the appropriate negative and positive
controls to ensure the specificity of staining. As a positive control for
the detection of IL-6R and intraperitoneally administered MR16-1, the
cross sections of damaged muscles without MR16-1 administration
were incubated with MR16-1 overnight at 4 °C, followed by the
standard processes of PLA (Fig. S1). As a negative control for IL-6R and
pSTAT3 staining, the cross sections were prepared without primary an-
tibodies following the standard processes as described above (Fig. S2).
Stained cross sections were visualized using a fluorescent microscope
(BX50; Olympus), and the images were arranged using Adobe
Photoshop software. PLA signals were counted by a Duolink Image
Tool (Olink Biosciences, Uppsala, Sweden). The number of PLA signals
was counted in the areas with infiltration of mononucleated cells
and swollen necrotic fibers. PLA signals per 10,000 μm2 were then
calculated.

2.6. Western blot analysis

Tissue samples were homogenized in lysis buffer (20 mM Tris–HCl
with pH 7.6, 150 mM NaCl, 50 mM NaF, 1 mM Na3VO4, and 1% Triton
X-100) with a protease inhibitor cocktail (Millipore, Bedford, MA)
using a hand-held homogenizer. The homogenates were stirred by
rotation of tubes overnight at 4 °C, and then centrifuged at
15,000 rpm for 10 min at 4 °C. The supernatant, collected as a
detergent-soluble fraction, was stored immediately at −80 °C for sub-
sequent use in western blot analyses. The protein concentration was
determined using a NanoOrange Protein Quantitation kit (Molecular
Probes, Eugene, OR) following the manufacturer's protocol.

Equal amounts of protein (1.5 μg/μl) were denatured in sample buff-
er (5 min, 99 °C) and separated on 10% SDS-PAGE gels. Separated pro-
teins were transferred onto polyvinylidene difluoride membranes and
blocked in 5% (wt/vol) skim milk diluted in Tris-buffered saline with
0.1% (vol/vol) Tween 20 (TBST) or Blocking-one P (Nacalai Tesque) for
1 h at room temperature. Following the blocking, primary antibodies
against pSTAT3 (Tyr705), STAT3 (Cell Signaling Technology) and IL-6R
(Santa Cruz Biotechnology) diluted in 5% (wt/vol) bovine serum albu-
min in TBST were applied, and the membranes were incubated at 4 °C
overnight. Themembranes were then washedwith TBST and incubated
for 1 h at room temperaturewith secondary anti-rabbit IgG horseradish
peroxidase (HRP)-conjugated antibodies (Cell Signaling Technology).
Following the detection of specific antibodies, the same membranes
were stripped with WB stripping solution (Nacalai Tesque) for 2 h at
room temperature and reprobed with rabbit anti-Pan-actin antibody
(Cell Signaling Technology) to confirm that equal amounts of proteins
were loaded. Detection of intraperitoneally administered MR16-1 in
the muscle was performed using an anti-rat IgG HRP-conjugated anti-
body without any primary antibodies, because MR16-1 was derived
from rat IgG. MR16-1 itself (10 ng), dissolved in the sample buffer,
was electrophoresed as a positive control to identify the band for rat
IgG. All bands were visualized by ECL-plus (GE Healthcare, Bucking-
hamshire, UK) with an ECL mini camera (GE Healthcare). The band
density was analyzed by NIH ImageJ software.

2.7. Conventional RT-PCR and real-time PCR

Total RNA was extracted from TA muscle using ISOGEN (Nippon
Gene, Toyama, Japan) according to the manufacturer's instruction.
Total RNA (1 μg) was reverse-transcribed using a Super-Script™ II Re-
verse Transcriptase kit (Invitrogen, Carlsbad, CA)with Oligo dT primers.
Then, 2 μl of the first-strand RT product was amplified using an Expand
High Fidelity PCR System (Roche, Mannheim, Germany) with specific
primers for glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(185 bp), IL-6R (615 bp), and gp130 (687 bp). The PCRprimers for con-
ventional RT-PCR were as follows: GAPDH, sense 5′-ACTCCCACTCTTCC
ACCTTC-3′ and antisense 5′-TCTTGCTCAGTGTCCTTGC-3′; 18S rRNA,
sense 5′-TCAAGAACGAAAGTCGGAGGTT-3′ and antisense 5′-GGACAT
CTAAGGGCATCACAG; IL-6R, sense 5′-TGTCAACGCCATCTGTGAGTGG-3′
and antisense 5′-ACTTTCGTACTGATCCTCGTGG-3′; and gp130, sense
5′-CCGCGTACACAGATGAAGGTGGGAAAGA-3′ and antisense 5′-GCTG
ACTGCAGTTCTGCTTGA-3′ (purchased from Invitrogen). Ten μl of ampli-
fication productwas subjected to electrophoresis on 4% agarose gel con-
taining ethidium bromide for visualization. In the case of real-time PCR
analysis, a High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster
City, CA) was used to obtain cDNA. Real-time PCR was performed
using commercially designed Taqman gene expression assays {specific
for IL-6R, IL-6, TNF-α, interleukin-1β (IL-1β), inducible nitric oxide



3173R. Fujita et al. / Biochimica et Biophysica Acta 1840 (2014) 3170–3180
(iNOS), interleukin-10 (IL-10), arginase, and GAPDH} and Taqman
Universal PCR master mix (Applied Biosystems). The quantitative data
were obtained in duplicate on a 384-well plate using an ABI Prism
7900 HT Sequence Detection System (Applied Biosystems). Primer
pairs were designed at intron/exon boundaries to avoid genomic DNA
contamination. The threshold cycle was calculated by SDS software
(version 2.3; Applied Biosystems).

All data were obtained using the standard curve method and
normalized by GAPDH level (internal control). Data were expressed as
the fold increase versus the control value.

2.8. Laser capture microdissection system and real-time RT-PCR

Cross sections (20-μm thickness) were cut in a cryostat and
mounted on foil-coated slide glass (90 FOIL-SL25; Leica Microsystems,
Heidelberg, Germany). The cross sectionswerefixed in 70% cold ethanol
for 3 min, briefly rinsed in diethyl pyrocarbonate (DEPC)-treated cold
water, stained with toluidine blue (pH 7.0) for 2 min, and then rinsed
two times in DEPC-treated cold water and dried completely. Isolation
of the macrophage-enriched region with infiltrated mononuclear cells
(macrophages) was performed using a laser capture microdissection
(LMD) system (Leica Microsystems). The isolated regions were collect-
ed into a PCR tube containing 30 μl of ISOGEN (NipponGene). Total RNA
was extracted from 12muscle sections (equivalent to 10 mm2/sample)
and 5 μl of RNA solution was reverse-transcribed using a High Capacity
RNA-to-cDNA kit (Applied Biosystems) according to themanufacturer's
instructions, followed by real-time PCR using the protocols described
above. Total RNA extracted from the contralateral muscle cross sections
(equivalent to 10mm mm2/sample) was used as the control. All data
were normalized against GAPDH (internal control).

2.9. Statistical analysis

Values were expressed as the means ± SEMs. Statistical analyses
were performed by ANOVA, followed by Scheffé's post-hoc test, and
Student's t-test using SPSS ver. 10.0 (SPSS Japan Inc., Tokyo, Japan)
when appropriate. Statistical significance was accepted at p b 0.05.

3. Results

3.1. Body weight and muscle wet weight

Intramuscular CTX injection and i.p. MR16-1 administration had no
effect on the body weight at any time points (Table S1). The intact TA
wet weight relative to body weight remained unchanged during the
experimental period. Three days after CTX injection, the TA weights
were the same in all groups. However, the relative wet weights in the
damaged muscles (2.13 ± 0.03) were significantly less than those in
the contralateral controls (1.58 ± 0.05) at 7 days after CTX injection
(25.44 ± 2.49% reduction, p b 0.001). Furthermore, the relative TA
wet weights at the 7th day after CTX injection were also significantly
less than those of the injured muscles at day 3 (1.92 ± 0.05)
(17.91 ± 2.74% reduction, p b 0.005). Significant differences were not
seen between the damaged muscles with and those without treatment
of MR16-1 at any time points.

3.2. Morphological changes of muscle after CTX injection

Histological examinationwas also performed in the cross sections of
muscle to confirm the damage at day 3 post-injury (Fig. 1). Changes of
muscle morphology were clearly evident, especially with respect to
the surface area. The characteristics of necrotic fibers generally
consisted of round-shaped cytoplasma that were lightly stained by
eosin, and no peripheral nuclei. However, fibers in the deep region
were intact. Note that the damaged areas were invaded by inflammato-
ry cells. These patterns caused by CTX injection agreed with other
reports [36,37]. The surface area, indicated by the square, was utilized
for immunohistochemical analyses of myogenin, desmin and nMyHC.

3.3. Delivery of MR16-1 to the damaged regions

The localization of rat IgG in TA muscle was analyzed to check the
delivery of administeredMR16-1 at 3 days after the induction of injury.
Bands for the heavy chain (HC) and light chain (LC) of rat IgG were
noted following western blot analyses in the damaged muscle treated
with MR16-1 (Fig. 2A). However, these bands were not observed in
the contralateral intact muscle even with MR16-1 treatment. The local-
ization of MR16-1 in this specific muscle region was further checked by
PLA. PLA signals were hardly detectable in the cross sections of either
the undamaged or damaged muscles without MR16-1 treatment
(Fig. 2B a and c). The PLA signals were predominately detected in the
damaged area with necrotic fibers characterized by circular shape,
disappearance of peripheral nuclei, and infiltrated mononuclear cells,
as shown in Fig. 2B (d and h). In addition, a PLA experiment was per-
formed using MR16-1 as a primary antibody on the damaged muscle
cross sections at day 3 (Fig. S1). The distributions of PLA signals were
similar to those shown in Fig. 2B d and h. These results indicated that
MR16-1 was located in the damaged muscle.

3.4. MR16-1 levels in the damaged muscle

Changes of MR16-1 levels in the damaged muscle during the course
of regenerationwere investigated bywestern blot analysis. Both HC and
LC levels declined significantly from day 3 to 7 after injury with CTX
(Fig. 3A and B). We also investigated whether the decrease of MR16-1
levels was related to the short half-life of MR16-1 or to a reduction of
its target, IL-6R. The first possibility was examined by analyzing the re-
sponses of HC and LC levels to 2 bouts of MR16-1 administration imme-
diately and 3 days after induction of injury. However, the levels of both
HC and LC at day 7were identical between themuscles receiving 1 bout
and those receiving 2 bouts of MR16-1 treatment (Fig. 3B).

To test the second possibility, the expressions of IL-6R and gp130
were analyzed at days 3 and 7 post-injury by real-time PCR (Fig. 3C
and D). Both IL-6R and gp130 expressions were significantly up-
regulated 3 days after CTX injury and down-regulated thereafter. The
changes in the IL-6R expression duringmuscle regeneration normalized
by 18S were almost identical to the data normalized by GAPDH (data
not shown). Furthermore, the protein level of IL-6R in the damaged
muscles was also significantly greater than in the control at day 3, but
was down-regulated at day 7 (Fig. 3E and F), and these findings were
perfectly matched with the shift of mRNA levels. Taken together, these
results indicated that the decrease in the level of MR16-1 from day 3
to 7 may have been closely related to a reduction of IL-6R level.

3.5. IL-6R expression in infiltrated mononucleated cells

Since MR16-1 was detected in the necrotic fibers and infiltrated
mononuclear cells, this localization may have been modulated by
the amount of IL-6R expression. Therefore, we next investigated the
cause of the elevation of IL-6R level. PLA signals for IL-6R were mainly
detected in the area with infiltrated mononucleated cells (Fig. 4a–d),
supporting the localization of MR16-1 shown in Fig. 2B d and h. In addi-
tion, PLA signals for IL-6R were weakly observed around the necrotic
fibers (Fig. 4e–h).

CD68, which is one of the markers for macrophages, was predomi-
nantly detected in the area where the mononuclear cells were accumu-
lated (Fig. 5a and c). Similar staining patternswere noted in response to
CD11b antibody, which marks both macrophages and neutrophils, in
the same area of the serial cross section (Fig. S3A a and c). However,
the staining of the serial muscle cross sections did not show any immu-
noreactivity for the neutrophil marker in the same area (Fig. 5d and f).
In the interstitial areas of the muscle cross section at day 1 post-injury,
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however, positive stainings for the neutrophil marker and CD11b were
observed (Fig. S3B a, c, d and f). In contrast, CD68-positive cells were
hardly detectable at day 1 post-injury (Fig. S3B g and i). In addition,
double staining of CD68 and IL-6R was conducted, and revealed the
co-localization of CD68 and IL-6R at 3 days post-injury (Fig. 5g–l).
These results suggested that the robust increase of IL-6R expression fol-
lowing CTX injurywasmainly derived from infiltration of CD68-positive
macrophages.

3.6. Phosphorylation of STAT3 during muscle inflammation

It has previously been considered that IL-6 signaling is potentially
transduced via the activation of Janus kinases and the recruitment and
phosphorylation of STAT family members such as STAT3. Therefore,
the levels of total STAT3 and phosphorylation of STAT3 (pSTAT3) of
50

0

150

200

250

100

C

LC

HC

Day 3

PCMR16-1:

Day 7

++ ++

IL-

Pan-

HC LC

80

100

60

40

20

120

0

Day 3 +
Day 7 +
Day 7 ++

*
*

*
*

A

B

80

100

60

40

20

120

0B
an

d 
de

ns
ity

 (
%

 o
f d

ay
 3

)

E

Fig. 3. Time-course changes of MR16-1 levels remaining in the damaged muscle. A: The levels
induction of injury. B: Densities of HC and LC bands. Values are the means ± SEM. n = 6/group
and D: Time-course changes of themRNA expression of interleukin-6 receptor (IL-6R) and gp13
dehydrogenase. Values are the means ± SEM. n = 4/group. E: Changes of IL-6R expression i
means ± SEM. n = 3/group. *: p b 0.05 vs. CON. See Fig. 2 for other abbreviations.
muscle extracts at days 3 and 7 after CTX injury were examined
by western blot analysis. The bands of pSTAT3 were not detected in
non-damaged muscle at any time points, irrespective of whether the
treatment with MR16-1 was applied (Fig. 6A). Increased expression of
STAT3 and elevation of the pSTAT3 level were seen at days 3 and 7
following injury. The total STAT3 protein levels remained constantly
high throughout the experimental period. However, the pSTAT3 level
appeared to decrease with time. The phosphorylation of STAT3 in dam-
aged muscle was significantly inhibited by treatment with MR16-1 at
day 3 post-injury (Fig. 6A and B). However, a significant inhibitory effect
of MR16-1 administration on the level of pSTAT3 was not seen at day 7
post-injury.

PLA signals for pSTAT3 were detected in the macrophage-enriched
area and in necrotic fibers (Fig. 6C and D). However, the number of
PLA signals in the macrophage-enriched area was significantly higher
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than that in the area of necrotic fibers (CTX: 926 ± 99 in the
macrophage-enriched area vs. 374 ± 43 in the area of necrosis,
p b 0.01; CTX + MR16-1: 510 ± 107 vs. 217 ± 49 in the same areas,
p b 0.05). Importantly, the number of PLA signals was significantly
lower in the macrophage-enriched area of the MR16-1-treated mice
than in that of the untreated mice (Fig. 6E). The number of PLA signals
in the section stained without the primary antibody (background
signal) was 88.3 ± 18.7 (n = 3).

The levels of total STAT3 and pSTAT3 of muscle extracts at days 3
and 7 after CTX injury in IL-6−/− mice were also examined. The phos-
phorylation of STAT3 in damaged muscle was significantly inhibited in
IL-6−/− mice, compared with wild type (WT) mice, at day 3 post-injury
(Fig. 6F and G). At day 7 after injury, there was no significant difference
in pSTAT3 levels between IL-6−/− andWT mice (Fig. 6F and G).
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3.7. Immunohistochemical analyses for muscle regeneration

Relative to the well-arranged myofibers with peripheral nuclei in
the normal control muscles (Fig. 7A a and b), some swollen myofibers
lightly stained by eosin and with many inflammatory cells were ob-
served in the damaged muscles at day 3 (Fig. 7A c and e). Inflammatory
cells still remained at day 7, although their distribution was drastically
reduced from day 3 (Fig. 7A d and f). Further, newly regenerating
myofibers with central nuclei were also observed.

To examine whether MR16-1 treatment stimulatedmuscle regener-
ation, the number of myogenin+ cells (arrows in Fig. 7B a–i) was quan-
tified, and the results indicated that MR16-1 treatment significantly
increased the number of myogenin+ cells compared with that in non-
treated damaged muscle (Fig. 7C). The number of myogenin+/desmin+
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cells, indicated by the arrowheads in the enlarged images in Fig. 7B g–i,
was also significantly increased in the damaged muscle treated with
MR16-1 compared with the non-treated damaged muscle (Fig. 7D). In
addition, neonatal myosin heavy chain (nMyHC)+ cells were assessed
in regenerating muscles with or without MR16-1 treatment (Fig. 7E, F
and G). The nMyHC expressionwas generally detected in newly formed
myotubes, but not in mature myofibers. The number of nMyHC+ cells
tended to be increased by MR16-1 treatment, but not to a statistically
significant degree (Fig. 7F, p = 0.07). However, the percentage area of
MyHC+ cells in regenerating muscle subjected to MR16-1 treatment
was significantly higher than that in non-treated damaged muscle
(Fig. 7G). These data suggested that MR16-1 accelerated the muscle
regeneration after CTX-induced injury.

3.8. Gene expressions in the LMD-isolated macrophage-enriched area

Since MR16-1 treatment affected the CD68-positive macro-
phages expressing IL-6R in the present study, we hypothesized
that the modulated gene expression in those cells played a role in
the acceleration of myogenesis by MR16-1 treatment. To investigate
the responses of the gene expressions in macrophages, the
macrophage-enriched (CD68-positive) areas were isolated by LMD
3 days after CTX injury with or without MR16-1 treatment in WT
mice and IL-6−/− mice (Fig. 8A). Real-time PCR showed that the
expressions of TNF-α and IL-1β, the major pro-inflammatory cyto-
kines, were decreased in the macrophage-enriched areas following
MR16-1 treatment, although these differences did not reach the sta-
tistically significant level (Fig. 8B a and b). The expression of iNOS
was not influenced by treatment with MR16-1 (Fig. 8B c). The
expressions of IL-10 and arginase, which were associated with tissue
fibrosis, were significantly decreased by MR16-1 treatment (Fig. 8B d
and e). In addition, the increased expressions of IL-10 and arginase
were also inhibited in IL-6−/− mice, which was similar to the results
observed in response to MR16-1 treatment (Fig. 8B d and e). Howev-
er, the TNF-α and IL-1β levels in IL-6−/− mice were not different
from those detected in WT mice with MR16-1 treatment (Fig. 8B
a and b). The expression of iNOS was also not influenced by the
deletion of IL-6 (Fig. 8B c).
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4. Discussion

Three major results were noted. First, the administered anti-mouse
IL-6R antibody, MR16-1, was delivered to the CTX-induced damaged
muscles. This delivery was positively correlated with the IL-6R expres-
sion levels. Secondly, treatment with MR16-1 resulted in reduced
phosphorylation of STAT3 in the macrophage-enriched area, where IL-
6R was highly expressed at day 3 after CTX injury. Finally, MR16-1
treatment after CTX-induced damage accelerated the skeletal muscle
regeneration, in association with an increased number of myogenin+/
desmin+ cells and increased nMyHC-positive myotube area.

Currently, cytokines are used for the treatment of a variety of path-
ological conditions, including RA, polymyositis, and/or Duchenne mus-
cular dystrophy [26,30,36]. However, the mechanism by which these
agents are delivered to the damaged tissue is not clear yet.Wakabayashi
et al. [37] tried to visualize MR16-1 by using biotinylated MR16-1, but
the distribution of MR16-1 within the damaged region could be deter-
mined. Here, by using western blotting and PLA, we demonstrated
that the i.p.-administered MR16-1 was present in the damaged muscle,
but not in the contralateral undamaged muscle. Thus, MR16-1 was
suggested to play an important role in the treatment of damaged
tissues. Moreover, the results depicted in Fig. 3 indicated that the
time-course-dependent reduction of the MR16-1 level in the damaged
muscle was attributable to a drastic reduction in the IL-6R expression
level from day 3 to 7 after injury. A phenomenon similar to the change
in IL-6R expression after injury was also seen for the pSTAT3 level,
whichwas elevated at day 3 post-injury and decreased at day 7. Howev-
er, whether i.p.-injected MR16-1 was specifically delivered to damaged
muscles was still not clear, because the extra-cellular matrix in injured
tissues was usually sticky and cross-reacted with non-specific proteins.
Therefore, further studies will be needed to determine whether or not
MR16-1 is specifically distributed to damaged muscle.

In the CTX-induced muscle injury model, the expression of IL-6
in damaged muscle increased markedly at day 3 post-injury, and this
up-regulation was constantly maintained up to day 7 post-injury
(Fig. S4A). Although the IL-6 protein levels were markedly increased
in damaged muscles at day 3, this up-regulation had dropped sharply
at day 7 post-injury (Fig. S4B). These data suggest that IL-6/IL-6R signal-
ing might play a large role in the early phase of muscle regeneration
(inflammatory phase). IL-6 signaling is mediated by the activation of
Janus kinase and the recruitment and phosphorylation of STAT family
members such as STAT3. A significant inhibitory effect of MR16-1 on
phosphorylation of STAT3 was found at day 3 post-injury, but not at
day 7 post-injury, possibly due to insufficient expression of IL-6/IL-6R
signaling. The possibility that the injectedMR16-1might have been de-
graded within 7 days was rejected, since the levels of MR16-1 were
identical in response to single- and double-injection treatment. Takagi
and colleagues [33] reported that, when MR16-1 was administered to
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patients with late-phase collagen-induced arthritis, it appeared to have
no inhibitory effect on the disease development, even though the
production of IL-6 was detected. These results lead us to conclude
that we should focus on not only the IL-6 expression level, but also
the IL-6R expression level, in order to improve the performance of
MR16-1 treatment under some pathological conditions.

MR16-1 treatment did not affect the macrophage recruitment in
the present study. However, it was reported previously that MR16-1
treatment after spinal cord injury reduced the inflammatory cell accu-
mulation [29,31]. One of the possible causes for these disparate results
might be that TNF-α and IL-1β, which play critical roles for the infiltra-
tion of macrophages into injured tissue, were not significantly changed
by MR16-1 treatment.

The acceleration of muscle regeneration by MR16-1 treatment was
confirmed by the increases in myogenin+, myogenin+/desmin+ cells
and newly formed myotubes with nMyHC. This positive effect of
MR16-1 on muscle regeneration may have been ascribable to the
reduced level of macrophage-induced IL-10 and arginase expressions.
It is also known that Th2 cytokines, such as IL-10, can activate M2mac-
rophages, and this activationmaydrivemusclefibrosis through arginine
metabolism by arginase [38]. Therefore, it was suggested that the
administration of MR16-1 suppressed the secretion of fibrosis-related
cytokines derived from macrophages. The subsequent enhancement of
myogenesis might be triggered by the inhibited fibrosis, which could
interfere with the muscle regeneration.

In addition to Th2 cytokines, it has been reported that IL-1β
promotes fibroblast formation through the activation of transforming
growth factor-β (TGF-β) [5,39]. Although no significant influence
of MR16-1 treatment on IL-1β was observed in the present study, its
expression tended to decrease following the treatment with MR16-1
(Fig. 8B b). Marked decreases of IL-10 and arginase in infiltrated
macrophages by MR16-1 treatment were noted, but other fibrosis-
related genes, including IL-13 and TGF-β, were not measured in the
present study. Hence, further studies considering a larger number of
fibrosis-related genes in macrophages are required to reveal the precise
mechanism responsible for the prevention of fibrosis by treatmentwith
MR16-1.

There is no direct evidence that down-regulations of IL-10 and
arginase are affected by a reduction of pSTAT3 in infiltrated macro-
phages. Phosphorylation of STAT3 was also inhibited at day 3 after
injury in IL-6 null mice, compared with wild type mice (Fig. 6F and G).
In addition, the overall tendency in the changes of gene expression in
the LMD-isolated macrophage-enriched areas of muscle in IL-6 null
mice was similar to those observed in response to MR16-1 treatment
(Fig. 8B d and e), except in the cases of TNF-α and IL-1β (Fig. 8B a and
b). The different responses of TNF-α and IL-1β may have been related
to the up-regulation of these pro-inflammatory cytokines in IL-6
null mice by compensatory mechanisms. It has been reported that
MR16-1 treatment suppresses the activity of matrix metalloprotease-2
(MMP-2), which plays a critical role in the development of fibrogenesis,
after myocardial infarction [31,40], and reduces scar tissue formation
after spinal cord injury [31,40]. Activation of STAT3 is known to promote
MMP-2 expression through interaction with the MMP-2 promoter [41].
Therefore, these data suggest that MR16-1 suppresses the phosphoryla-
tion of STAT3 and the subsequent modulation of fibrosis-related genes,
such as IL-10 and arginase.

The prevention and amelioration of fibrosis are clinically important
for the efficient regeneration of muscle from severe damage, because
the development of fibrosis after injury is known to hinder muscle
regeneration and to prevent the recovery to full strength [5,6]. In
the present study, it was suggested that the inhibition of IL-6 signaling
may prevent fibrosis and promote rapid myogenesis after CTX-
induced injury, even though it has also been reported that IL-6 facilitates
muscle growth via the activation of satellite cells [21,34]. This disparity
might be partly explained by the finding that MyoD+ satellite cells are
present only at very low numbers at day 3 after CTX-induced muscle
injury [42]. Thus, since prominent IL-6R expression in infiltrated
CD68+ macrophages is noted at day 3 post-injury, the direct effects of
MR16-1 on the activation of satellite cells are not particularly signifi-
cant. This possibility was also supported by a previous study demon-
strating that IL-6R and gp130 mRNA expressions were not observed in
newly formed myogenin-expressing myotubes after contusion [43].
Taking these findings together, we consider that the acceleration of
myogenesis by MR16-1 treatment seen in the present study might
have been mainly achieved by the modulation of fibrosis-related
genes in inflammatory macrophages.

Moreover, the results of the present study provide clinically relevant
evidence that the subsequent reduction of IL-6R in damaged tissuemay
reflect a need for IL-6 signaling, which may be a good predictor of the
effectiveness of MR16-1 treatment for several types of diseases and
conditions.

In conclusion, the present study demonstrated that MR16-1 treat-
ment reduces gene expressions associated with fibrogenesis in infiltrat-
edmacrophages, and thusMR16-1might facilitate muscle regeneration
via immune modulation. Therefore, the effectiveness of IL-6-signal
blockade by MR16-1 should be a focus on another muscle disease
models such as mdx mouse (DMD mouse model), in which virtually
skeletal muscle function is compromised by fibrosis.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2014.01.014.
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