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myoblast proliferation during muscle regeneration.
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(Background: Interleukin-6 (IL-6), as a multifunctional cytokine, was involved in the inflammation microenvironment of

Results: In mice lacking IL-6, less macrophage recruitment and decreased myoblast proliferation impairs muscle regeneration.
Conclusion: In monocytes/macrophages, activation of the IL-6/STAT3 pathway is critical to macrophage migration and

Significance: IL-6/STAT3 pathway is essential for muscle regeneration.
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Inflammation and microenvironment play a crucial role in
muscle regeneration. IL (interleukin)-6, as a multifunctional
cytokine is involved in the processes. However, the causative
effect of IL-6 in muscle regeneration remains unclear. In a
mouse model of cardiotoxin-induced muscle injury/regenera-
tion, infiltrated monocytes/macrophages produce a high level of
IL-6 started on 1 day (24 h) after injury. In IL-6 knock-out (—/—)
mice, the muscle regeneration procedure was impaired along
with decreased myogenic determination factor (MyoD) and
myogenin mRNA level and increased interstitial fibrosis. The
IL-6~/~ mice exhibited less macrophage infiltration, lower
inflammatory cytokine (IL-1f, inducible NO synthase, Trans-
forming growth factor (TGF)-B1, and IL-10) and chemokine
(CCL2, CCL3, and CCL5) expression, and inhibited myoblast
proliferation. In vitro, IL-6 deficiency or Signal Transducer and
Activator of Transcription 3 (STAT3) knockdown in activated
macrophage attenuated the expression of CCL2, CCL3, but not
CCLS5, which resulted in less macrophage migration. Moreover,
inflammatory macrophages promoted myoblast proliferation in an
IL-6-dependent manner. Finally, adoptive transfer IL-67/* BM
cells into IL-6~'~ mice rescued the impaired regeneration with
improved MyoD and myogenin expression. Taken together, IL-6
expression and the activated STAT3 signaling pathway in mono-
cytes/macrophages is a critical mediator of macrophage migration
and myoblast proliferation during muscle regeneration.

Skeletal muscle injury activates myogenic stem cells, known
as satellite cells (SCs),” to initiate proliferation and differentia-
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tion, leading to regenerated muscle fibers (1-3). The progres-
sion proceeds highly coordination by multiple factors (4, 5),
including the endogenous signaling that controls SC self-acti-
vation, proliferation, and differentiation (2), and the interaction
between SCs and microenvironment (i.e. inflammatory cells or
paracrine cytokines). However, detailed molecular and cellular
mechanisms involved in this process are remained unclear.

Inflammatory responses are integral components of the host
reaction to muscle injury and play a crucial role in subsequent
muscle regeneration. After injury, there are a large number of
inflammatory cells infiltrated into injury site, such as neutro-
phils, macrophages, T cells, NK cells, and so on (4). Injured
skeletal muscle recruits monocytes from blood exhibiting
proinflammatory profiles that operate phagocytosis and rapidly
convert to antiinflammatory macrophages that stimulate myo-
blast proliferation, differentiation, and fiber growth (6). Deple-
tion of the macrophage population before cardiotoxin injection
or after necrotic cell removal all lead to an impaired regenera-
tion (6, 7). Knock-out of chemokine CCL2 (—/—) or its receptor
CCR2 (—/—) would result in impaired muscle regeneration
with macrophages infiltration deficiency (8, 9). We also previ-
ously reported that lack of chemokine CXCL16 leads to
reduced macrophage infiltration, which causes poor muscle
regeneration (10). However, the factors that mediate the prolif-
eration promoting effect of proinflammatory macrophages on
myoblast are still unclear.

Among the cytokines secreted by proinflammatory macro-
phages, significantly increased expression of IL-6 and IL-6R
mRNA was first seen in the injury site at 3 h after cardiotoxin
injury (11, 12). Exogenous recombination IL-6 influence the
proliferation and differentiation of cultured myoblast derived
from human or mouse muscle. Its functions were performed
mainly via the activation of STAT3 signaling pathway (13-15).
Additionally, the cytokine IL-6 is also secreted by T cells, fibro-

IL, interleukin; TGF, transforming growth factor; STAT, Signal Transducer
and Activator of Transcription 3; LPS, lipopolysaccharide; MyoD, myogenic
determination factor; G-CSF, granulocyte colony stimulating factor.
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blasts, and other cells, classically associated with the control of
immune responses to trauma or other tissue damage. In acute
inflammation, IL-6 could have a rather protective role by
decreasing neutrophils and favoring monocyte recruitment
through continuous CCL2 secretion (16). However, the causa-
tive effect of increased IL-6 in muscle regeneration and its ori-
gin in this process are unclear. The primary aim of the present
study was to clarify the role of IL-6 in muscle regeneration.

EXPERIMENTAL PROCEDURES

Animals—WT and IL-6 '~ mice in a C57BL/6 background
were bred in the animal facility of Beijing An Zhen Hospital
affiliated to Capital Medical University, which were obtained
from Model Animal Research Center of Nanjing University
(Nanjing, China). Mice were kept in a specific pathogen-free
environment with a 12:12 h light/dark cycle. All experiments
were performed on 12- to 16-week-old mice with 20~25 g of
body weight. Animal experimental protocols were approved by
the Animal Subjects Committee of Capital Medical University.

Muscle Regeneration Model—Muscle regeneration model
was performed as described (10). Briefly, tibialis anterior (TA)
and gastrocnemius muscles were injured via cardiotoxin (10
pmol/liter, Sigma) injection. The tibialis anterior muscles of
anesthetized mice (100 mg/kg, 1% pentobarbital sodium, intra-
peritoneal) were injected with 30 ul of cardiotoxin, and the
gastrocnemius muscles with 60 ul of cardiotoxin. At different
time points after injury, mice were sacrificed by cervical dislo-
cation while under anesthesia. TA muscles were mounted in
optimal cutting temperature and frozen in isopentane chilled
with liquid nitrogen and stored at —80 °C. Gastrocnemius mus-
cles were harvested for mRNA and protein extraction.

Bone Marrow Cells Adoptive Transfer—Bone marrow cells
adoptive transfer was performed as described previously (17).
Bone marrow cells of WT or IL-6 /" mice were washed away
from femurs and tibias with 25-gauge needle and filtered. Then,
cells were washed and resuspended at 2 X 10° cells/ml. The
recipient IL-6 /" mice were anesthetized and transferred with
2 X 107 cells per mouse by tail vein injection. The next day, TA
muscles were injured by injection of cardiotoxin, and the mus-
cle samples were collected at 0 to 15 days post-injury and pre-
pared for histological analysis or for protein or RNA isolation.

Cell Culture—Isolation of primary bone marrow-derived
macrophages (BMDM:s) was performed as described previously
(17). WT and IL-6 '~ bone marrow cells were obtained from
the interface of PBS and Ficoll (HaoYang, TianJin, China) after
density centrifugation, then cells were resuspended with growth
medium (DMEM high glucose medium supplemented with 10%
fetal bovine serum, 1% penicillin-streptomycin) and seeded in the
plates for 4 hours. All of the non-adherent cells were removed, and
adhesion cells were cultured with new growth medium supple-
mented with 50 ng/ml M-CSF (PeproTech, Rocky Hill, NJ) in a
humidified 5% CO, atmosphere at 37 °C.

Cell migration was quantitated in duplicate by use of 24-well
Transwell inserts with polycarbonate filters (8-um pore size)
(Corning Costar, Acon, MA). IL-6~/~ BMDM s (1 X 10*/well)
were added to the upper chamber of the insert. The lower
chambers were seeded by WT or IL-6~/~ BMDMs (1.0 X 10°/
well), which were stimulated with PBS or lipopolysaccharide
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(LPS) (100 ng/ml) for 24 h at 37 °C. Cells that had migrated were
counted by use of DAPI staining.

Proliferation Assay—In vivo, to detect proliferating cells at
day 5 after injury, the mice were injected 5-bromo-2’'-deoxyu-
ridine (BrdU, Sigma; 100 mg/kg) 18 h before harvest. In vitro, to
detect the proliferation of C2C12 myoblast, recombination
mouse IL-6 (PeproTech) or anti-IL-6 (BioLegend, San Diego,
CA) antibody was added to the culture medium of C2C12 myo-
blast. In some experiments, WT or IL-6"/~ BMDMSs stimu-
lated by LPS (100 ng/ml) for 24 h were added to the upper
chamber of a Transwell plate, whereas C2C12 myoblasts
(1 X 10*/well) were seeded in the lower wells, and BrdU (1
uM) was added to the culture medium 4 h before the end
point of 48 h co-culture. BrdU inmmunostaining was per-
formed with primary antibody of mouse monoclonal BrdU
(1:400, Zhongshan Jinqgiao, Beijing, China) at 4 °C overnight
after nucleus denatured by 2 M HCI and 0.1 M sodium tet-
raborate (pH 8.5), and then secondary antibody was incubated at
37 °C for 30 min for 3,3’-diaminobenzidine detection or goat anti-
mouse Alexa Fluor 488 antibody (Invitrogen) was used for immu-
nofluorescence staining.

Western Blot—W estern blot was performed as described pre-
viously (18). Briefly, after blocking in 5% bovine serum albumin,
membranes were incubated with specific antibodies against
IL-6 (1:500 dilution) (Abcam, Cambridge, MA), p-STAT3 (Tyr-
705) (1:1000 dilution), STAT3 (1:1000 dilution) (All Cell Signal-
ing, Beverly, MA), MyoD (1:500 dilution, Santa Cruz Biotech-
nology, Santa Cruz, CA), or myogenin (1:500 dilution, Abcam)
at 4 °C overnight and then washed and incubated with second-
ary antibody (Li-COR Biosciences, Lincoln, NE) conjugated
with IRD800 at room temperature for 1 h, washed, and analyzed
by Odyssey software system (Li-COR). The ratio of the protein
changed was corrected by GAPDH.

Quantitative Real Time PCR (qRT-PCR)—The mRNA levels
of genes were analyzed by qRT-PCR, which were performed
with 2X SYBR master mix (Takara, Otsu, Shiga), using BIO-
RAD iCycler iQ5 (Bio-Rad). The DNA primers sequences are
detailed in the supplemental data. Relative expression levels of
genes were calculated from cycle threshold values using
GAPDH as an internal control. (C,; gene relative expression =
2(GAPDH(C,) — sample?).

Cytokine Concentration Assay—For the analysis of cytokine
concentration in the cell culture medium, Bio-plex (Affymetrix,
Santa Clara, CA) was performed according to the manufactur-
er’s instructions.

Statistical Analysis—Values were reported as means = S.E.
Measurements of IL-6 expression were compared between
time points using one-way analysis of variance. Measurements
of muscle regeneration were compared between wild-type and
IL-6 '~ mice at different time points using two-way analysis of
variance. Statistical differences between two groups were
assessed by unpaired two-tailed Student’s ¢ test. For all statisti-
cal tests, p < 0.05 was considered as statistically significant.
Detailed descriptions of flow cytometry analysis, proliferation
assay, histological and immunohistochemical analysis, apopto-
sis analysis (TUNEL staining), protein and mRNA extraction,
and part of in vitro cell culture experiments are in the supple-
mental “Methods.”
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FIGURE 1. The IL-6/STAT3 pathway is activated after TA muscle injury. A, IL-6 mRNA expression levels in the uninjured (day 0) and injured TA muscle at day
1,3, or 5were accessed by qRT-PCR; values were corrected by GAPDH (n = 4 in each group). B, Western blotting was used to detect IL-6 and downstream STAT3
phosphorylation levels, the two lanes at each time point represented muscle samples from duplicate experiment at each time point. C, injured TA muscles (1
day after injury) were immunostained with anti-IL-6 (red) antibody; nuclei were stained with DAPI (blue). The uninjured (day 0) muscle and IL-6~/~ muscle were
used as negative control. D, muscle resident cells (CD45 ), T cells (CD45*CD3™"), and monocytes/macrophages (CD45"CD11b™") were isolated from injured
muscles (1 day after injury) by flow sorting. Then, qRT-PCR was used to detect IL-6 mRNA expression levels of each type of cells (n = 3 in each group).*, p < 0.05
compared with CD45 ™ cells; #, p < 0.05 compared with CD45*CD3™ cells. £, injured TA muscles (1 day after injury) were immunostained with anti-Mac-2 (left,
brown) or anti-IL-6 (right, brown) antibodies, nuclei were stained by hematoxylin (blue); scale bars, 50 um. F, IL-6 mRNA expression levels in the uninjured (day
0) and injured TA muscles (1 day after injury) from WT, IL-6 ', or IL-6 "/~ transferred with WT BMDMSs were accessed by qRT-PCR. (n = 3 in each group) *, p <

0.05 compared with 0 day. CTX, cardiotoxin.

RESULTS

IL-6 Is Expressed in Injured Muscle—After muscle injury, the
regeneration procedure includes three periods: the inflamma-
tion period (hours to 7 days after injury, accumulation of
inflammatory cells in injured sites), the regeneration period
(2-7 days, the activation and proliferation of SCs), and the
remodeling period (5-30 days, the growth of newly formed
fibers and remodeling of extracellular matrix). To determine
the time course for IL-6 expression during the muscle regener-
ation, injured muscles at different time points were assessed the
level of IL-6 mRNA and protein. There was a minimal level of
IL-6 in uninjured muscle. However, at 1 day after injury, there
was an ~280-fold increase in IL-6 mRNA expression in the TA
muscles compared with values of uninjured muscles, and then
the IL-6 mRNA level gradually decreased at day 3 and day 5,
which was still higher than values of uninjured muscles (Fig.
1A). The protein IL-6 and downstream STAT3 phosphoryla-
tion levels showed similar trends as IL-6 mRNA expression
(Fig. 1B).
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We next determined cell type contributing to the sharp
increase of IL-6 production in injured muscles. At day 1 after
injury of muscles, IL-6 expressing cells were identified by
immunostaining as mononucleated cells located in the extra-
cellular spaces between damaged muscle cells, although there
was almost no expression in uninjured myofibers or IL-6/~
injured muscle (Fig. 1C). In addition to the muscle resident
cells, there was also large number of monocytes/macrophages
(CD457CD11b") and T cells (CD45"CD3 ™) infiltrated in mus-
cle after cardiotoxin injection (supplemental Fig. 14). We then
sorted out the muscle resident cells (CD45), monocytes/
macrophages (CD457CD11b™), or T cells (CD45"CD3™) from
WT or IL-6 /" injured muscles (1 day after injury) and exam-
ined the mRNA expression of IL-6 in each cell type. The result
revealed that the CD45"CD11b* bone marrow-derived mono-
cytes/macrophages expressed the highest IL-6 mRNA than
CD457CD3™ T cells or CD45~ muscle resident cells (Fig. 1D).
At day 3 after injury, the CD45"CD11b™ monocytes/macro-
phages still expressed the highest IL-6 mRNA, which was lower
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FIGURE 2. Knock-out of IL-6 impairs regeneration of injured muscles. A and B, at day 5 after injury, the protein levels (A) and mRNA expression levels (B) of
MyoD and myogenin were assessed (n = 4in each group).C,atday 0, 5, 15 after injury, H&E-stained muscle from WT and IL-6 /™ mice (n = 4in each group) were
examined. Scale bars, 50 um. The right graph indicated the mean cross-sectional area of muscle myofiber in each group. D, at day 15 after injury, muscles from
WTandIL-6 "/~ mice were immunostained with laminin (red), and nuclei were stained with DAPI (blue). E, the cross-sectional area of ~250 myofibers per muscle
were measured to calculate the distribution of myofiber sizes. *, p < 0.05; **, p < 0.01 compared with WT values. CSA, cross-sectional area; CTX, cardiotoxin.

than that of 1 day after injury (supplemental Fig. 1B). The
immunohistochemical staining of two serial sections of injured
muscle stained with anti-Mac-2 (a marker of monocytes/
macrophages) or IL-6 showed that the Mac-2 and IL-6 could be
detected at the same area (Fig. 1E). To further confirm the con-
tribution of macrophage in IL-6 expression, WT BMDM:s were
adoptively transferred into IL-6"/~ mice, an increase in IL-6
mRNA level in recipient mice was detected at 1 day after injury
(Fig. 1F). In vitro, we found LPS activated macrophages
expressed a higher IL-6 level than that of fibroblast (supple-
mental Fig. 1, C and D), and the IL-6 mRNA level in macro-
phages decreased after phagocytosis of myoblast debris (sup-
plemental Fig. 1E). These findings revealed that inflammatory
monocytes/macrophages produced IL-6 at a high level in the
early period of regeneration process.

IL-6 Knock-out Impairs Muscle Regeneration—To further study
the role of IL-6 in muscle regeneration, we injured TA muscles of
WT and IL-6/~ mice and compared the expressions of MyoD
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and myogenin (markers of satellite cells proliferation and differen-
tiation) at day 5 after injury. Regenerating muscle in IL-6 '~ mice
had significantly lower levels of MyoD and myogenin protein (Fig.
2A) compared with values in WT mice. The mRNA levels corre-
sponded to lower protein levels (Fig. 2B). On day 5 after injury,
H&E-stained muscle sections from IL-6~'~ or WT mice revealed
that IL-6/~ muscles had smaller newly formed myofibers (indi-
cated by central nuclei) (Fig. 2C) and more interstitial fibrosis (sup-
plemental Fig. 2) compared with WT values. At day 15 after injury,
IL-6/~ muscles still exhibited smaller myofibers (Fig. 2C). The
size distribution of myofibers in WT mice had virtually returned to
levels present in uninjured muscles. In contrast, in IL-6/" mice,
the size distribution of regenerated myofibers was much smaller
(Fig. 2, Dand E). These results indicated that IL-6 was required for
efficient muscle regeneration.

1L-6 Deficiency Blunts the Inflammatory Response in Injured
Muscle—Macrophage plays a key role in the processes of mus-
cle regeneration. In the absence of macrophages, muscle regen-

S
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FIGURE 3. Inflammation response is blunted in IL-6 '~ injured muscles compared with WT mice. A, the monocyte/macrophage infiltration in WT and
IL-6~/~ muscles (0, 1,3, and 5 days after injury) was examined by immunostaining with anti-Mac-2 (brown) antibody. The right graph indicated the percentages
of Mac-2-positive cells per vision (n = 3in each group). Scale bars, 50 wm. B, at day 3 after injury, proinflammatory and anti-inflammatory cytokines mRNA levels
(changed fold compared with uninjured muscle) were accessed by qRT-PCR. C, the percentages of CD11b* monocytes and CD11b*F4/80" macrophage in
peripheral blood of WT and IL-6 /™ mice were detected by FACS. D-F, chemokine CCL2, CCL3, and CCL5 mRNA levels were examined by gRT-PCRat 0, 1,3, and
5 days after injury (n = 3 in each group). *, p < 0.05; **, p < 0.01 compared with WT values.

eration is sharply impaired (6). IL-6 is considered as a multi-
functional cytokine, which exerts proinflammatory or anti-
inflammatory roles in different diseases (19), but the role of IL-6
in the regulation of macrophage infiltration during muscle
regeneration is still unknown. The percentages of infiltrated
macrophages (Mac-2 positive cells) at different time points
were examined. Compared with WT mice, IL-6 /~ mice had
less Mac-2-positive macrophages at 1 day after injury, and the
decrease of macrophage infiltration in IL-6"/~ muscles were
more significant at day 3 and day 5 after injury (Fig. 34). More-
over, the mRNA levels of proinflammatory cytokines (IL-1(3,
inducible NO synthase) and antiinflammatory cytokines (T GE-
B1, IL-10) in IL-6 '~ muscles were lower than values of WT
muscles at day 3 after injury (Fig. 3, B and C). The number
of CD45"CD11b*CD206~ (M1 macrophages) and
CD45"CD11b*CD206 " (M2 macrophages) in injured muscle
were also less in IL-6/~ muscle at day 5 after injury (supple-
mental Fig. 3). Then, we examined the ratio of CD11b* mono-
cytesand CD11b"F4/80™ macrophages in the peripheral blood
but found there was no difference between WT and IL-6"/~
mice (Fig. 3D). The percentages of TUNEL-positive cells
(which could indicate the apoptosis of cells) had also no differ-
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ence between WT and IL-6"/" injury muscles (supplemental
Fig. 4). We next examined the mRNA levels of chemokines
CCL2, CCL3, and CCL5, which were associated to macrophage
recruitment at different conditions. In the muscles of IL-6 '~
mice, the mRNA levels of CCL2, CCL3, or CCL5 were all lower
than values of WT mice (Fig. 3, D-F).

IL-6/STAT3 Pathway Is Essential for Chemokines Production
by Activated Macrophages—We have sorted splenic mono-
cytes/macrophages and examined the mRNA expression levels
of chemokines (CCL2, CCL3, and CCL5) in WT mice as con-
trols. Splenic monocytes/macrophages expressed very low lev-
els of these chemokines, and there was no significant difference
between WT and IL-6"/~ splenic monocytes/macrophages.
(supplemental Fig. 5A). To find a relationship between
decreased chemokines and reduction in infiltrated macro-
phages, we examined the CCL2, CCL3, and CCL5 mRNA levels
of in sorted CD45"CD11b* monocytes/macrophages of
injured muscle at day 1 and 3 after injury. IL-6 "/~ monocytes/
macrophages expressed lower mRNA levels of CCL2 and CCL3
than that of WT cells, but there were no differences of CCL5
mRNA levels between two types of cells (Fig. 4, A—C). As we
showed in Fig. 34, there were massive monocytes/macrophages
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cytes/macrophages were isolated from injured muscles (1 or 3 days after injury) by using flow sorting, and then the chemokine CCL2, CCL3, and CCL5 mRNA
levels were accessed by qRT-PCR (n = 3 in each group). ¥, p < 0.05; **, p < 0.01 compared with values of WT cells. D, Transwell assay of macrophage migration.
IL-6~/~ BMDMs were plated on the upper chambers of Transwell inserts. The WT or IL-6/~ BMDMs with PBS or LPS (100 ng/ml) activation were plated on the
lower chambers. Cells that had migrated to the lower chambers were counted by DAPI staining. The left graph represented the percentages of migrated cells.
E, quantification of CCL2, CCL3, and CCL5 levels in the supernatant of cells cultured as described in D. *, p < 0.05; **, p < 0.01 compared with control group. F-G,
WT BMDMs treated with STAT3 siRNA or siRNA negative control (NC) were stimulated by PBS or LPS (100 ng/ml) 24 h, the mRNA levels of STAT3 and chemokines
were accessed by qRT-PCR. *, p < 0.05; **, p < 0.01 compared with siRNA negative control-treated group. M®, macrophages. Data were the presentation of
three independent experiments.

infiltrated into muscle 24~48 h after cardiotoxin injury. The age-associated molecular patterns (20). Damage-associated
acute injury by cardiotoxin injection causes disruption of the molecular patterns include intracellular proteins, heat shock
myofiber sarcolemma, resulting in necrosis of muscle cells protein (HSP) or high mobility group box-1 protein, and non-
along with increased myofiber permeability and release dam- proteins derived from the extracellular matrix such as hyaluro-
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nan fragments (21-25). Necrotic cellular corps or damage-as-
sociated molecular patterns would activate the Toll like
receptor (TLR) on the membranes of infiltrated monocytes/
macrophages, leading to inflammatory responses (24, 26, 27).
LPS, as a classic ligand for TLR4, would trigger inflammatory
signaling in macrophages, which is similar to damage-associ-
ated molecular pattern- or necrotic cell debris-induced inflam-
mation in injury muscle, even though LPS is not present in the
model. Therefore, we used LPS treatment to mimic TLR acti-
vation and test whether the capacity for the chemokine produc-
tion was dependent on IL-6 in macrophages. To demonstrate
the role of produced chemokines, we performed chemoattac-
tant assay. As shown in Fig. 4D, less macrophages were che-
moattacted by IL-6~/~ activated macrophages than WT-acti-
vated macrophages. The concentrations of CCL2 or CCL3 in
the supernatants of activated IL-6 /~ macrophages were also
lower than that of WT-activated macrophages, consistent with
the cell migration assay (Fig. 4E). In vivo, the STAT3 phosphor-
ylation levels in the muscle of IL-6/~ mice was lower than that
of WT mice, and IL-6 '~ macrophages exhibited lower STAT3
phosphorylation levels after stimulated by myoblast debris in
vitro (supplemental Fig. 5, B and C). When we inhibited the
STAT3 expression in activated macrophages, the mRNA
expression level of CCL3 was also lower than control cells (Fig.
4@G). These results demonstrated that IL-6/STAT3 pathway was
essential to chemokines productions of macrophages after acti-
vation, which could promote a feed-forward macrophage
recruitment.

IL-6 Deficiency Impairs Macrophage-stimulated Myoblast
Proliferation—To investigate the link between impaired muscle
regeneration and reduced inflammatory response in IL-6
knock-out mice, we performed BrdU assay to examine the pro-
liferation of myoblast (the major action of myoblast in the early
period of regeneration). There were less BrdU-positive cells
and lower mRNA levels of cyclin D1in IL-6 '~ muscle at day 5
(Fig. 5, A and C), and all of the BrdU™ cells were also myoD (a
marker of myoblast) positive cells (Fig. 5B), indicating that the
proliferation of myoblast was impaired in IL-6~'~ mice. It has
been reported that exogenous IL-6 could promote the prolifer-
ation of myoblast (13, 28), and we determined a dose response
effect of IL-6. The recombinant IL-6 was added to the culture of
C2C12 myoblasts with different concentrations, recombinant
IL-6 could promote the proliferation of myoblast, especially at
the concentration of 10 ng/ml (the percentage of BrdU-positive
cells in control group was ~15% and in that group, 10 ng/ml
IL-6 was ~35%) (Fig. 5D). When IL-6 neutralizing antibody was
added into the culture, the promoting effect was suppressed
(Fig. 5D). As IL-6 is mainly produced by macrophage, different
numbers of activated macrophages were co-cultured with
C2C12 myoblast, and results showed that myoblast prolifera-
tion ratio was elevated with the increased macrophage number
(Fig. 5E). In contrast, IL-6 '~ macrophages failed to stimulate
the proliferation of myoblast (Fig. 5F). Moreover, IL-6 '~
macrophages produced less levels of granulocyte colony
stimulating factor (G-CSF) than that of WT macrophages
(Fig. 5G). These results indicated that IL-6 deficiency
impaired macrophage- stimulated myoblast proliferation.
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Adoptive Transfer of BM Cells from WT Mice to IL-6 '~ Mice
Could Rescue the Impaired Muscle Regeneration—To test a
hypothesis of that IL-6 production of monocytes/macrophages
is essential for macrophage migration and myoblast prolifera-
tion, we used an adoptive BM cells transfer strategy. IL-6 '~
mice were transferred with WT BM cells or IL-6 '~ BM cells,
followed by cardiotoxin injection on the next day. At days 1 and
3 after injury, the reduction of infiltration of Mac-2-positive
macrophages in IL-6 /" mice were rescued by adoptive trans-
fer of WT BM cells (Fig. 6A4), and inducible NO synthase
expression was also rescued (Fig. 6B). Furthermore, the MyoD
and myogenin mRNA levels were also elevated after WT BM
cells transfer (Fig. 6C). As shown in Fig. 6D, WT BM cells trans-
fer could restore muscle regeneration impaired in IL-6 /" mice
as the mean myofiber cross-sectional area was significantly
increased at day 15 after injury (1389.40 * 176.40 um? and
2209.93 * 324.53 wm? respectively, p < 0.05) (Fig. 6D).

DISCUSSION

We demonstrate in the present study that IL-6 derived from
monocyte/macrophages is increased after cardiotoxin injury,
and IL-6 deficiency impairs muscle regeneration with defective
in both chemokine production and recruitment of macro-
phages. The activation of the IL-6/STAT3 pathway in
macrophages is essential for the chemokines production by
macrophages. The lack of IL-6 and G-CSF is associated with
the reduced myoblast proliferation and adoptive transfer WT
BM cells into IL-6 '~ mice could rescue the impaired muscle
regeneration.

Normal skeletal muscles express IL-6 at a very low level, it has
been reported that the significant increase of IL-6 expression is
induced in response to cardiotoxin injury in hours, but the ori-
gin and function of this rapid increased IL-6 were still unclear.
Many types of cells are reported to produce IL-6, including
macrophages, T cells, fibroblasts, or myoblasts. We analyzed
the IL-6 mRNA level of different cell types in injured muscle
and found that CD45"CD11b™ monocytes/macrophages
expressed the highest mRNA, whereas CD45™ muscle-resident
cells (including myoblast and muscle fibroblast) expressed very
low levels of IL-6 mRNA (Fig. 1D). Proinflammatory mono-
cytes/macrophages were recruited from periphery blood to
injured muscle several hours after injury, reaching the peak at
~24h post-injury and kept constant until 2 days post-injury (1),
this was consistent with the appearance of IL-6 in injured mus-
cle. When monocytes/macrophages infiltrated in injured mus-
cle, they would remove necrotic myofibers by phagocytosis,
accompanied by a phenotype shift of macrophages, from an
inflammatory monocytes/macrophages to an anti-inflamma-
tory macrophages (6). This is also consistent with our results
that there were decreases in IL-6 mRNA levels of CD11b™
macrophages at 3 days compared with 1 day (supplemental Fig.
1A). In vitro, we also have found that the IL-6 mRNA level was
decreased after phagocytosis of myoblast debris (supplemental
Fig. 1D). When we transferred WT macrophages into IL-6/~
mice before injury, the increase of IL-6 mRNA was restored in
injured muscle (Fig. 1F), indicating the origin of IL-6 is primar-
ily from monocytes/macrophages.
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FIGURE 5. IL-6 deficiency impairs macrophage-stimulated myoblast proliferation. A, BrdU immunohistochemical staining was used to detect the prolif-
erating cells in injured muscle (at day 5 after injury) of WT and IL-6 /" mice, the right graph indicated the percentages of positive areas (n = 3 in each group;
scale bars, 50 um). B, double immunofluorescence staining with BrdU (green) and MyoD (red) in injured muscle (at day 5 after injury) of WT mice, nuclei were
stained with DAPI (blue) (scale bars, 50 um). C, cyclin D1 mRNA levels of injured muscle (5 days after injury) of WT and IL-6~/~ muscle were valued by gRT-PCR
(n = 3in each group). ¥, p < 0.05, compared with WT values. D, rIL-6 (0, 0.1, 1, or 10 ng/ml) and IL-6 neutralization antibody (10 wg/ml) were added to the
medium of C2C12 myoblasts, and proliferation was measured by BrdU-positive cells. E, during 48 h of co-culture, C2C12 myoblasts (1 X 10%*/well) and WT
BMDMs (1 X 103 2 X 10% 1 X 10% 5 X 10% were separated by the Transwell membrane, and the proliferation states of myoblast were detected by BrdU
incorporation assay. *, p < 0.05; **, p < 0.01, compared with PBS control group. F, the proliferation of C2C12 myoblasts co-cultured with WT or IL-6 '~ BMDMs
(5 X 10*/well) were measured by the BrdU incorporation ratio. The left graph was the representation of cultured cells, and the right graph was the statistical
result. G, the cytokines in the culture medium of WT and IL-6~/~ BMDMs were analyzed by Bio-plex. ¥, p < 0.05, compared with WT values. Data were the
presentation of three independent experiments. CTX, cardiotoxin.

Our results point to a critical role for IL-6 in muscle regen-
eration; in injured muscles of IL-6"/" mice, the expression of
MyoD and myogenin was significantly lower than in muscle of
WT mice, indicating that IL-6 influences satellite cell function
(Fig. 2). This is important because stimulation of satellite cells is
necessary for muscle regeneration (29). We found that muscle
regeneration was impaired in IL-6 /" mice, accompanied with
increased interstitial fibrosis; even after 15 days, regenerating
myofibers were smaller and nonuniform compared with results
from wild-type mice (Fig. 2, C-E).
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How does IL-6 determine muscle regeneration? The process
of muscle regeneration is complex, which includes not only the
activation, proliferation, and differentiation of SCs, but also
inflammatory cell infiltration, which promote SC proliferation
and activation (1). Periphery monocyte/macrophage depletion
by clodronate-containing liposome or the diphtheria toxin-
diphtheria toxin receptor system is associated with impaired
repair processes after skeletal muscle injury (6, 7). In the pres-
ent study, we have found that during muscle regeneration,
macrophage infiltration, and the expression of cytokines (IL-
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FIGURE 6. BM cells from WT mice could rescue the impaired muscle regeneration of IL-6~/~ mice. IL-6"/~ mice were injected WT BM cells (2 X 107
cells/mice), and TA muscles were injected with cardiotoxin (CTX). A and B, the inflammatory response in injured muscle (at day 1 and day 3 after injury) was
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bone marrow.

1B, inducible NO synthase, TGF-1, IL-10) and chemokines
(CCL2, CCL3, CCL5) were all increased after injury in WT
muscles; however, the enhanced inflammatory response was
blunted in IL-6 knock-out mice (Fig. 3). Lin et al. (30) showed
that, in the models of epidermis wound healing, IL-6-deficient
mice exhibited a reduced expression of chemokines (CCL3,
CCL4, KC), adhesion molecules (VCAM-1, ICAM-1), and less
macrophage infiltration, which resulted in a delayed wound
closure. This is also consistent with our finding of that IL-6 "/~
mice showed decreased infiltration of macrophages and less
chemokine expression (Fig. 3). It was reported that muscle
regeneration was impaired in CCL2~/~ mice with less macro-
phage infiltration (8), which was consistent with our result that
there was less CCL2 production in IL-6"/~ mice with less
macrophage infiltration.

Intracellular signaling transduction of two IL-6 signaling,
including classical signaling via the interaction of IL-6 with its
membrane-bound IL-6Ra subunit and trans-signaling via a nat-
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urally occurring soluble IL-6Ra that is proteolytically cleaved
from the cell surface, is dependent on the ubiquitously
expressed common gp130 receptor subunit and is triggered by
gp130-associated Janus Kinase kinases, which tyrosine phos-
phorylate the gp130 cytoplasmic domain to enable activation of
STATS3 and, to a lesser extent, STAT1 (31). This leads to the
subsequent homodimerization and translocation of p-STAT3
to the nucleus. Once in the nucleus, p-STAT3 binds to the
y-interferon activation sequence element where it then pro-
motes the transcription of downstream genes (32). These genes
have been shown to be responsible for a number of cellular
functions, including proliferation, migration, as well as anti-
apoptotic functions (33). We have found that the phosphoryla-
tionlevel of STAT3inIL-6 '~ muscle is lower than WT muscle
in vivo, and IL-6-deficient macrophages also displayed lower
STATS3 phosphorylation in vitro (supplemental Fig. 5, Band C).
In the WT macrophages, when the STAT3 was knocked down
by siRNA, the transcription levels of chemokines CCL2 and
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CCL3 were down-regulated (Fig. 4G). Jougasaki et al. (34)
reported that statins inhibited IL-6-induced CCL2 expression
of human aortic endothelial cells via suppressing STAT3 phos-
phorylation, STAT3 siRNA transfection inhibited THP-1
monocyte migration enhanced by IL-6/soluble IL-6R. During
LPS-induced osteoclastogenesis, inhibited STAT3 activation
by capric acid also exhibits reduced CCL2 mRNA expression
(35). Thus, the IL-6/STATS3 signaling pathway is essential for
further macrophage recruitment in injury muscle.

The proinflammatory macrophages could promote the pro-
liferation of myoblast (4), but the mediator for the promoting
effect of macrophages was still unknown. Previous studies have
demonstrated that exogenous IL-6 could promote the prolifer-
ation of human and mouse myoblast cultured in vitro and in
vitro (13, 28). Serrano et al. reported that IL-6 can be produced
by myoblasts and promoted myoblast proliferation and hyper-
trophy intrinsically (14); therefore, there is a possibility of that
abnormal myoblasts in IL-6"/~ mice may also contribute to
impaired muscle regeneration. However, our present study
demonstrated that the impaired muscle regeneration in
IL-6/~ mice is primarily caused by the IL-6 deficiency in
monocytes/macrophages. First, there was no difference in the
fiber size of WT and IL-6'~ mice (Fig. 2, D and F) during
normal skeletal muscle development. Second, injury-induced
muscle regeneration and the proliferation of myoblast
depended on infiltrated inflammatory cells. When the mono-
cytes were depleted in WT mice, even if the proliferation capac-
ity of myoblasts was similar, the regeneration was deficient (6,
7). Finally, we showed that the major source for IL-6 production
is monocytes/macrophages (Fig. 1), and the importance of mac-
rophage-derived IL-6 was demonstrated by adaptive transfer-
ring WT BM cells into IL-6 '~ mice, which rescued impaired
muscle regeneration (Fig. 6). In vitro, the promoting effect of
macrophages was impaired when IL-6 is deficiency, and the
concentration of G-CSF in the supernatant of IL-6/~ macro-
phages was also lower than that of WT macrophages (Fig. 5).
Hara et al. (36) has demonstrated that G-CSF influences mouse
skeletal muscle development and regeneration by stimulating
myoblast proliferation. Thus, our results indicated that IL-6 is
essential to the promoting effect of macrophages on myoblast
proliferation.

In conclusion, our results demonstrate that proinflammatory
monocytes/macrophages infiltrated into the injured muscle
produce a high level of IL-6 in the early phase of regeneration.
The secreted IL-6 activates the gp130/STAT3 pathway in the
macrophages, which is essential for chemokine CCL2 and
CCL3 production, and further stimulates macrophage infiltra-
tion into injured muscle. Macrophages promote the prolifera-
tion of myoblast via IL-6 and G-CSF. When IL-6 is deficient, the
decreased phosphorylation of STAT3 results in less CCL2 and
CCL3 production, along with less macrophage infiltration, pro-
inflammatory, and anti-inflammatory cytokine production,
and the promoting effect of macrophages is impaired for the
lack of IL-6 and G-CSF.
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