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Macrophages play an essential role in skeletal muscle regen-
eration. The phagocytosis of muscle cell debris induces a switch
of pro-inflammatory macrophages into an anti-inflammatory
phenotype, but the cellular receptors mediating this phagocyto-
sis are still unclear. In this paper, we report novel roles for SRB1
(scavenger receptor class BI) in regulating macrophage phago-
cytosis and macrophage phenotypic transitions for skeletal
muscle regeneration. In a mouse model of cardiotoxin-in-
duced muscle injury/regeneration, infiltrated macrophages
expressed a high level of SRB1. Using SRB1 knockout mice, we
observed the impairment of muscle regeneration along with
decreased myogenin expression and increased matrix deposit.
Bone marrow transplantation experiments indicated that SRB1
deficiency in bone marrow cells was responsible for impaired
muscle regeneration. Compared with WT mice, SRB1 defi-
ciency increased pro-inflammatory macrophage number and
pro-inflammatory gene expression and decreased anti-inflam-
matory macrophage number and anti-inflammatory gene
expression in injured muscle. In vitro, SRB1 deficiency led to a
strong decrease in macrophage phagocytic activity on myoblast
debris. SRB1-deficient macrophages easily acquired an M1 phe-
notype and failed to acquire an M2 phenotype in lipopolysac-
charide/myoblast debris activation. Furthermore, SRB1 defi-
ciency promoted activation of ERK1/2 MAPK signaling in
macrophages stimulated with lipopolysaccharide/myoblast
debris. Taken together, SRB1 in macrophages regulates phago-
cytosis and promotes M1 switch into M2 macrophages, contrib-
uting to muscle regeneration.

Microenvironments play critical roles in regulating muscle
regeneration. Interaction between leukocytes and differenti-
ated monocytes, such as different types of macrophages, deter-
mines the formation of a coordinated microenvironment that is
optimal for muscle regeneration (1). The tissue injuries stimu-

late infiltration of T cells into injured muscle and induce
expression of Th1 cytokines, such as interferon-� (IFN-�)4 and
TNF�, that drive the classical activation of macrophages to type
1 phenotype (M1) or inflammatory macrophages (2, 3). M1
macrophage has dual impacts on injured muscle. It could
induce muscle damage by production of cytotoxic levels of
nitric oxide (NO), which is generated by inducible nitric-
oxide synthase (4). On the other hand, M1 macrophage
could clear up the damaged cellular debris by phagocytosis
(5). After injury, the muscle recruits pro-inflammatory
CX3CR1lo/Ly-6C� monocytes/macrophages first, and then
these cells switch their phenotype to become anti-inflamma-
tory CX3CR1hi/Ly-6C� monocytes/macrophages through
phagocytosis of muscle cell debris (6). M2 macrophages are
activated by Th2 cytokines. Interleukin4 (IL4), IL10 and IL13
play particularly well-characterized roles in their activation
(7). M2 macrophages promote muscle regeneration and have
proved to be associated with M2 macrophage–specific CD
antigens, such as CD163 and CD206 (8 –10). M2 macro-
phages increase the expression of anti-inflammatory cyto-
kines and inactivate Th1 cells (11). However, the molecular
mechanisms that regulate M2 differentiation of macro-
phages in injured muscle remain unclear.

Scavenger receptors (SRs) belong to a cell surface transmem-
brane glycoprotein family with broad ligand-binding abilities
(12). SRs may have diverse function, as they have 1) broad
ligand binding (13), 2) tissue-specific expression (14 –16), and
3) an important role in innate immunity and tissue homeostasis
(17). Scavenger receptor class B member 1 (SRB1) was origi-
nally identified as a high-density lipoprotein receptor that binds
HDL with high affinity and mediates both the selective lipid
uptake of cholesterol esters from lipid-rich HDL to cells and the
efflux of unesterified cholesterol from cells to HDL and is
required for microvillar channel formation and the localization
of HDL particles to the surface of adrenocortical cells (18).
SRB1 is highly expressed in steroidogenic cells as well as in the
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thrombosis and contributes to acute cardiovascular events in
vivo in hypercholesterolemia (20). SRB1 expressed in fibro-
blast-like cells mediates acute-phase apoprotein serum amyloid
A–induced pro-inflammatory pathways in rheumatoid arthri-
tis synovial membrane (21). Recent research shows that SRB1 is
also expressed in macrophages (22, 23), but its function in the
macrophages is still unclear. However, type I and II class A
macrophage scavenger receptors (SR-AI/II) are reported as
homotrimeric membrane proteins of mononuclear phagocytes
mediating phagocytosis of apoptotic thymocytes and endocy-
tosis of modified lipoproteins (24). Reduction of CD36, a class B
scavenger in macrophages, leads to a decrease of the phagocytic
ability of macrophages in the peritoneum of women with endo-
metriosis (25). SRB1, as a phosphatidylserine receptor, enables
Sertoli cells to recognize and phagocytose apoptotic spermato-
genic cells at all stages of differentiation (26). Thus, SRB1 may
regulate macrophages’ phagocytosis.

In this study, we aimed to examine the role of SRB1 in macro-
phage phagocytosis in injured skeletal muscle. We found that,
through regulation of phagocytosis, SRB1 regulated macro-
phage differentiation, contributing to muscle regeneration.

Results

The abundance of SRB1 protein was increased in injured
muscles of WT mice

We used a muscle injury/recovery models to study the
impact of SRB1 on muscle regeneration in vivo. Cardiotoxin
was injected into the tibialis anterior (TA) muscles of WT
mice (C57BL/6J background) for inducing muscle injury,
and the mice whose TA muscles were injected with PBS
served as the sham group. The amount of SRB1 protein was
sharply increased 1 day after injury compared with uninjured
muscles (Fig. 1A). Immunofluorescence staining showed the
presence of SRB1 expression in the injured skeletal muscle
tissue at day 3. To identify whether the increased SRB1 was
due to infiltration of macrophages, we double-stained Mac2,
a marker of phagocytic macrophage, and SRB1 in the muscle
3 days after injury. As shown in Fig. 1B, the staining of Mac2
was co-localized with SRB1, which indicated that SRB1 is
primarily expressed in phagocytic macrophages. To confirm
that macrophage expresses SRB1, we isolated bone marrow–
derived macrophages. By immunostaining with F4/80 (another

Figure 1. SRB1 protein expression is increased in injured muscles of WT mice. A, cardiotoxin was injected into the tibialis anterior muscle of WT mice
(C57BL/6J background). Muscles were collected 0, 1, and 5 days after CTX injection, and Western blots were performed using antibody against SRB1. �-Actin
was used as an internal control. Densitometric analysis of SRB1 levels is shown in the right histogram. Data represent the results of three independent
experiments. **, p � 0.01. B, top panels, immunohistochemical analysis of SRB1 and Mac2 in undamaged skeletal muscle (scale bar, 10 �m); bottom panels,
immunohistochemical analysis of SRB1 and Mac2 in skeletal muscle 3 days after CTX-induced injury (scale bar, 7.5 �m). C, immunohistochemical analysis of
SRB1 and F4/80 on macrophages derived from the bone marrow of WT mice. DAPI, 4�,6-diamidino-2-phenylindole. Scale bar, 10 �m. Error bars, S.D.
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macrophage marker), we found that F4/80 co-localized with SRB1
(Fig. 1C). These findings indicate that macrophages express SRB1
in injured skeletal muscle.

Knockout of SRB1 impairs muscle regeneration capacity
To determine whether SRB1 affects the capacity for mus-

cle regeneration, cardiotoxin (CTX) was injected into TA
muscles of both SRB1 KO and WT mice. There was no sig-
nificant difference between SRB1 KO and WT muscle before
injury. Five days after injury, new myofibers (identified by
central nuclei) formed in TA muscles of WT mice, but less in
TA muscles of SRB1 KO mice (Fig. 2A). At day 15, muscles
from SRB1 KO mice had smaller new myofibers compared
with those of WT mice (Fig. 2, B and C). The size distribution

of myofibers showed that fiber sizes have a significant left
shift in SRB1 KO mice from those in WT mice, which indi-
cated that muscle regeneration capacity was decreased in SRB1
KO mice (Fig. 2D). Muscle regeneration was also quantified by TA
muscle weight and the ratio of TA muscle weight to body weight at
15 days after injury; the TA muscle weight and ratio of TA muscle
weight to body weight was lower in SRB1 KO mice than in WT
mice (Fig. 2E). Myogenic regulatory factor myogenin-positive cells
were counted to determine muscle regeneration capacity. The
number of myogenin-positive cells was significantly lower in the
injured muscle of SRB1 KO mice versus WT mice (Fig. 2F). These
results indicate that SRB1 is required for muscle progenitor cell
differentiation and skeletal muscle regeneration.

Figure 2. SRB1 deficiency impairs muscle regeneration capacity. A, cardiotoxin was injected into the tibialis anterior muscle of WT and SRB1 KO mice.
Muscles were collected and performed with HE staining at 0, 5, and 15 days after injection. Scale bar, 50 �m. B, muscles from WT and SRB1 KO mice were
immunostained with laminin at 15 days after injury. Scale bar, 100 �m. C, the graph indicates the mean cross-sectional area (CSA) of muscle myofiber at 15 days
after injury (n � 6 in each group). D, the graph indicates the distribution of myofiber size in WT and SRB1 KO mice at 15 days after CTX injections (n � 6 in each
group). E, quantitative analysis of the TA muscle weight in each group at 15 days after injury is shown in the left histogram, and quantitative analysis of the ratio
of TA muscle weight to body weight in each group at 15 days after injury is shown in the right histogram (n � 8 in each group). F, immunohistochemical staining
and quantitative analysis of myogenin� cells in skeletal muscle of WT and SRB1 KO mice at 5 days after CTX-induced injury. Scale bar, 50 �m (n � 4 in each
group). *, p � 0.05; **, p � 0.01. Error bars, S.D.
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Knockout of SRB1 promotes interstitial fibrosis in injured
muscle

To detect the interstitial fibrosis in injured muscle, the col-
lagen deposition was measured by Masson’s trichrome staining
at 15 days after muscle damage. There was significantly
increased interstitial fibrosis in injured muscle of SRB1 KO
mice compared with that of WT mice, whereas there was no
significant difference between fibrosis in sham muscle of WT
mice and sham muscle of SRB1 KO mice (Fig. 3, A and B). The
amount of TGF� (a pro-fibrotic cytokine) was markedly higher
in the muscle of SRB1 KO mice than in WT mice after the
injection of CTX for 15 days (Fig. 3, C and D). These data sug-
gest that knockout of SRB1 promotes interstitial fibrosis during
skeletal muscle regeneration.

SRB1 deficiency in bone marrow– derived cells inhibits muscle
regeneration

We performed bone marrow transplantation experiments to
address whether SRB1 deficiency in skeletal muscle cells or
bone marrow– derived cells inhibited muscle regeneration.
Bone marrow chimeric mice were reconstituted after trans-
plantation of WT or SRB1-deficient bone marrow cells. 8 weeks
after bone marrow transplantation, mice underwent CTX
injury. At day 15, mice that received SRB1 knockout bone mar-
row had smaller new myofibers compared with that received
WT bone marrow, regardless of the genotype of the recipient
mice (Fig. 4, A and B). The fiber sizes have a left shift in mice
that received SRB1 knockout bone marrow compared with
those that received WT bone marrow (Fig. 4C). The TA muscle

weight and ratio of TA muscle weight to body weight was lower
in mice that received SRB1 knockout bone marrow compared
with those that received WT bone marrow (Fig. 4D). Thus,
SRB1 deficiency in bone marrow cells rather than skeletal mus-
cle cells is responsible for the muscle regeneration defect.

The early pro- to anti-inflammatory macrophage phenotypic
transition is regulated by SRB1 during skeletal muscle
regeneration

Pro-inflammatory (M1) macrophage to anti-inflammatory
(M2) macrophage transition plays a key role during skeletal
muscle regeneration. Considering SRB1 expressed on macro-
phage, we addressed whether macrophage transition was regu-
lated by SRB1 deficiency. We measured muscle macrophage
phenotype by flow cytometry. The F4/80 and CD11b antibodies
were used to identify macrophages, and the Ly6C antibody was
used to identify different macrophage subsets. Ly6C� macro-
phages were considered as the pro-inflammatory (M1) macro-
phages, whereas Ly6C� macrophages were considered as the
anti-inflammatory (M2) macrophages (Fig. 5A). 3 days after
injury, the total and Ly6C� macrophages were decreased in
SRB1 KO mice compared with those in WT mice, and Ly6C�

macrophages were increased in SRB1 KO mice (Fig. 5B). The
ratio of Ly6C� macrophage to Ly6C� macrophage was
increased in SRB1 KO mice compared with that in WT mice
(Fig. 5C).

To further investigate the phenotype of the macrophages
infiltrating damaged muscle, we isolated WT and SRB1 KO
macrophage by cell sorting and detected pro-inflammatory

Figure 3. SRB1 deficiency promotes interstitial fibrosis in injured muscle. A, at 15 days after injury, muscles from WT and SRB1 KO mice were histochem-
ically stained with Masson trichrome. Muscle fiber (red color) and collagen (green) are shown. Scale bar, 100 �m. B, quantitative analysis shows the ratio of
interstitial fibrosis to total TA area in each group (n � 6 in each group). C, representative immunohistochemical staining of TGF� in WT and SRB1 KO muscles
at 15 days after CTX-induced injury. Scale bar, 50 �m. D, quantification of immunohistochemical staining of TGF� in each group (n � 6 in each group). **, p �
0.01. Error bars, S.D.

SRB1 promotes macrophage transition for muscle regeneration

J. Biol. Chem. (2019) 294(43) 15672–15685 15675



(M1) and anti-inflammatory (M2) marker expression by real-
time PCR (Fig. 6). Results showed that macrophages from SRB1
KO mice expressed M1-specific genes (IL12p35, IL12p40, and
IL6) more strongly than macrophages from WT mice. Con-
versely, macrophages from WT mice expressed M2-specific
genes (IL13ra1, CD206, and CD163) more strongly than
macrophages from SRB1 KO mice. There was no significant
difference in TGF� expression between WT and SRB1 KO
macrophages.

We also measured the levels of M1-specific (IL1�) and
M2-specific (arginase 1, Arg1) gene expression in TA muscle by
immunohistochemistry analysis. The level of IL1� was
increased in the muscle of SRB1 KO mice at 5 days after injury,
and the level of Arg1 was significantly decreased in the muscle
of SRB1 KO mice compared with that of WT mice (Fig. 7).
These results demonstrated that SRB1 deficiency limits pro-
inflammatory macrophages switch into anti-inflammatory
macrophages in response to acute muscle injury.

SRB1 is essential for macrophage phagocytosis of myoblast
debris and macrophage migration

Study has shown that infiltrated macrophage phagocytosis
will support myogenesis (6). Because SRB1 was mainly ex-
pressed in macrophages, we isolated macrophages from bone
marrow of WT and SRB1 KO mice and treated them with
C2C12 myoblast debris to measure the phagocytosis of macro-
phages. Myoblast debris was incubated with macrophages for 1,
3, and 12 h. The myoblast debris could be engulfed by WT
macrophages (Fig. 8A). Phagocytosis was quantified by count-
ing fluorescent microspheres inside of macrophage using
flow cytometry analysis (Fig. 8B). The rate of phagocytosis
was much lower in SRB1 KO mice compared with that in WT
mice (Fig. 8C).

Flow cytometry analysis demonstrated that total macro-
phages were decreased in SRB1 KO mice compared with that in
WT mice 3 days after injury (Fig. 5B). The migration assay was

performed to evaluate the chemotaxis of WT and SRB1 KO
macrophages to myoblast debris. SRB1 deficiency inhibited
migration of macrophages with or without myoblast debris
treatment (Fig. 8, D and E). Thus, SRB1 knockout limits macro-
phage phagocytosis of myoblast debris and limits macrophage
migration.

SRB1 promotes macrophage phenotype transition after
phagocytosis of myoblast debris in vitro

To assess the role of SRB1 in macrophage phenotype transi-
tion, we detected the effects of M1-specific or M2-specific gene
expression in bone marrow derived macrophages from WT and
SRB1 KO mice by adding LPS, myoblast debris, or LPS plus
myoblast debris. After activation with these stimuli, we de-
tected the M1-specific and M2-specific gene expression on
RNA levels by real-time PCR. Deletion of SRB1 led to increased
M1-specific gene expression (IL12p40, TNF�) and decreased
M2-specific gene expression (CD206) after LPS plus myoblast
debris activation (Fig. 9, A–C). We also collected WT and SRB1
KO macrophage conditioned medium and detected cytokine
expression with the BD Biosciences Cytometric Bead Array
(CBA) mouse inflammation kit. Deletion of SRB1 led to
increased M1-specific gene expression (IL6, TNF, IL12p70, and
MCP1) after LPS activation, and deletion of SRB1 led to
increased M1-specific gene expression (IL6) and decreased
M2-specific gene expression (IL10) after LPS plus myoblast
debris activation (Fig. 9, E–J). These results confirmed that
SRB1-deficient macrophages easily acquired M1 phenotypes
but not M2 phenotypes.

SRB1 deficiency promoted ERK1/2 MAPK signaling activation
in macrophages stimulated with LPS/myoblast debris

We investigated which downstream signaling pathway was
activated by SRB1 in macrophages stimulated with LPS/myo-
blast debris. SRB1 deficiency increased phosphorylated ERK1/2
in macrophages with myoblast debris/LPS treatment (Fig. 10, A

Figure 4. SRB1 deficiency in bone marrow– derived cells inhibits muscle regeneration. A, four groups of chimeric mice were injured by CTX injection.
Muscles were immunostained with laminin at 15 days after injury. Scale bar, 100 �m. B, the graph indicates the mean cross-sectional area (CSA) of muscle
myofiber at 15 days after injury (n � 6 in each group). C, the graph indicates the distribution of myofiber size in each group at 15 days after CTX injections (n �
6 in each group). D, quantitative analysis of the TA muscle weight in each group at 15 days after injury is shown in the left histogram, and quantitative analysis
of the ratio of TA muscle weight to body weight in each group at 15 days after injury is shown in the right histogram (n � 6 in each group). *, p � 0.05; **, p �
0.01. Error bars, S.D.
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and B). To determine whether activation of the ERK1/2 MAPK
pathway was necessary for IL10 expression of macrophages,
U0126 was used to block activity of the ERK1/2 MAPK signal
pathway. Pretreatment with U0126 significantly suppressed
IL10 expression induced by LPS/myoblast debris (Fig. 10C).
These results indicated that SRB1 deficiency promotes activa-
tion of the ERK1/2 MAPK pathway in macrophages, and the
ERK1/2 MAPK pathway induced IL10 expression with treat-
ment of LPS/myoblast debris.

Discussion

In this study, we identified the role of SRB1 on macrophage in
skeletal muscle regeneration process. Our results indicated that

SRB1, a scavenger receptor of macrophage, plays an important
role in determining the microenvironment for muscle regener-
ation. SRB1-positive macrophages were significantly infiltrated
into the CTX-injured skeletal muscle. Knockout of SRB1 im-
paired muscle regeneration capacity by regulating a switch
from M1 into M2 macrophages. SRB1 deficiency in bone mar-
row cells was responsible for impaired muscle regeneration.
The SRB1 is involved in phagocytosis and migration of macro-
phages, and SRB1 promoted the differentiation into M2 pheno-
type and inhibited differentiation into M1 phenotype in vitro.
SRB1 deficiency promoted activation of ERK1/2 MAPK signal-
ing in macrophages stimulated with LPS/myoblast debris.
Thus, SRB1 promotes muscle regeneration by mediating the

Figure 5. SRB1 deficiency blocks M1 macrophages switching into M2 macrophages during skeletal muscle regeneration. A, flow cytometry analysis of
Ly6C� and Ly6C� macrophages present in skeletal muscle of WT and SRB1 KO mice at 3 days after CTX-induced injury. B, the cell population of total, Ly6C�, and
Ly6C� macrophages was analyzed (n � 5 in each group). C, the ratio of Ly6C� macrophages to Ly6C� macrophages was analyzed (n � 5 in each group). *, p �
0.05; **, p � 0.01. Error bars, S.D.
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phagocytosis ability of macrophage and promoting M1 switch
into M2 macrophage.

It is well-known that inflammation is involved in skeletal
muscle regeneration. In response to injury, inflammatory cells
are infiltrated into the injury site. After acute muscle injury, the
first-response inflammatory cells are neutrophils, which appear
within 2 h in injured muscle (9). Following the infiltration of
neutrophils, macrophages infiltrate into the injured muscle,

with peak numbers at about 3 days. After that, macrophages
begin to decline, and only a small number of macrophages
maintain in muscle after 7 days (27). As an important part of the
inflammatory microenvironment, MP plays a key role in mus-
cle regeneration (6, 28, 29). The inhibition of macrophage infil-
tration leads to incomplete skeletal muscle regeneration and
causes adipogenesis and fibrosis (28), and depletion of the MPs
reduces the diameter of myofibers (29). In acute skeletal muscle

Figure 6. SRB1 regulates M1 to M2 macrophage phenotypic transition during skeletal muscle regeneration. Macrophages were isolated by cell sorting
from WT or SRB1 KO skeletal muscle at 3 days after CTX-induced injury. Expression of IL12p35, IL12p40, IL6, IL13ra1, CD206, CD163, and TGF� was analyzed by
real-time PCR in isolated macrophages from WT and SRB1 KO mice. GAPDH was used to normalize the quantitative real-time data (n � 4 in each group). *, p �
0.05; **, p � 0.01. Error bars, S.D.

Figure 7. SRB1 deficiency promotes M1-specific gene expression and inhibits M2-specific gene expression during skeletal muscle regeneration. A,
injured TA muscles (5 days after CTX injection) were immunostained with IL1� (brown), and nuclei were stained by hematoxylin (blue). Scale bar, 50 �m. B,
quantification of IL1� staining in injured skeletal muscle (n � 4 in each group). C, injured TA muscles (5 days after CTX injection) were immunostained with Arg1
(brown), and nuclei were stained by hematoxylin (blue). Scale bar, 50 �m. D, quantification of Arg1 staining in injured skeletal muscle (n � 4 in each group). *,
p � 0.05. Error bars, S.D.
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injury, the peripheral monocyte/macrophage (MP) depletion is
associated with impaired regeneration after acute skeletal mus-
cle injury (5, 6). In the CTX injection–induced acute muscle
injury/regeneration model, we demonstrated that SRB1 defi-

ciency impaired muscle regeneration (Fig. 2) and aggravated
muscle interstitial fibrosis (Fig. 3). Thus, in acute skeletal mus-
cle injury/regeneration, SRB1 is critical for muscle regenera-
tion. The number of total macrophages in injured muscle was

Figure 8. SRB1 is essential for phagocytosis and migration of macrophages. A, macrophages isolated from bone marrow of WT mice were cultured and
stimulated with C2C12 myoblast debris, which was labeled by CellTracker Green CMFDA. Immunohistochemical analysis of F4/80 (red) and myoblast debris
(green) on WT macrophages. Top panels, low-magnification images of F4/80 (red) and myoblast debris (green). Scale bar, 25 �m. Bottom panels, high-magnifi-
cation insets from the white boxes of the top panels. Scale bar, 5 �m. B, phagocytosis was quantified by counting fluorescent microspheres inside of the
macrophage using flow cytometry analysis at different time points (0, 1, 3, and 12 h). C, the bar graph shows the percentage of debris swallowed by
macrophages at different time points. The data are expressed as a percentage of the microspheres relative to the total cell number. D, representative images
of the migration of WT or SRB1 KO macrophages stimulated with or without myoblast debris treatment. Scale bar, 100 �m. E, the number of migrated WT or
SRB1 KO macrophages was counted. Data represent the results of three independent experiments. *, p � 0.05. Error bars, S.D.
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suppressed in SRB1 KO mice (Fig. 5, A and B), suggesting that
the decrease in total macrophage number in SRB1 KO mice
might contribute to impaired muscle regeneration. We also
found that SRB1 was expressed in macrophages of injured mus-
cle (Fig. 1), and SRB1 deficiency on bone marrow impaired skel-
etal muscle regeneration (Fig. 4). Therefore, we thought the
phenotypes observed in the global SRB1 KO mice might be
attributed to SRB1 deficiency on bone marrow– derived mono-
cytes/macrophages rather than resident skeletal muscle cells.

Different types of macrophage have different functions in the
injury/recovery process. The macrophages are classified into
pro-inflammatory (M1) and anti-inflammatory (M2) subtypes.
At an early stage of skeletal muscle injury, M1 macrophages
infiltrate into injured muscle. M1 macrophages are character-
ized by expressing proinflammatory cytokines TNF� and IL1�
and others (2). Then M1 macrophages are replaced by M2
macrophages to attenuate the inflammatory response. M2
macrophages are characterized by expressing M2-specific
genes, such as CD206 (7). In our study, we also identified two
subsets of macrophages, Ly6C� and Ly6C�, that were infil-
trated into injured skeletal muscle. SRB1 deficiency decreased
the number of Ly6C� (M2) macrophages and increased the
number of Ly6C� (M1) macrophages (Fig. 5). SRB1 deficiency
promoted macrophage expressing M1-specific genes and
inhibited macrophage expressing M2-specific genes (Figs. 6
and 7). Thus, SRB1 regulates the phenotype of macrophages in
injured skeletal muscle.

Previous research has demonstrated the M1 macrophages
increase myogenic precursor cell growth and proliferation,
whereas M2 macrophages promote myogenic precursor cell
differentiation and fusion (6, 30). Our previous research
also demonstrated that coculture of myoblasts in indirect con-
tact with M1 macrophages rather than M2 macrophages

could promote myoblast proliferation (31). M1 macrophage–
conditioned medium stimulates myogenic precursor cell pro-
liferation, whereas M2 macrophage– conditioned medium pro-
motes myogenic precursor cell differentiation and fusion into
myotubes (30). Because M1 macrophages secrete proinflam-
matory cytokines, such as TNF�, and M2 macrophages secrete
anti-inflammatory cytokines, such as IL10, the effects of M1 or
M2 macrophage– conditioned medium on myoblasts are likely
to be related with these cytokines. Different cytokines play dif-
ferent roles in skeletal muscle regeneration. IL10 deficiency in
mdx mice increased muscle damage in vivo and reduced mouse
strength (32). TNF� inhibited myoblast differentiation and
fusion (33, 34). It has been reported that IL6 could promote the
proliferation of myoblasts (35). Sometimes the synergistic
effect of cytokines is powerful. For example, the combined
stimulation of IL6 and TNF� greatly promote myoblast prolif-
eration (36). Therefore, the effect of M1 or M2 macrophages on
myoblasts is likely to be the synergistic effect of many cytokines.
The expression of myogenin reflects the differentiation of sat-
ellite cells, and the decrease of myogenin expression in muscle
of SRB1 KO mice (Fig. 2F) indicates that satellite cell differen-
tiation is inhibited. In our study, the decrease in differentiation
of satellite cells may be related to the decrease in the number of
M2 macrophages in SRB1 KO mice.

TGF� plays a key role in skeletal muscle interstitial fibrosis.
TGF� stimulates the fibroblasts to produce extracellular matrix
proteins (37), and TGF� also induces the transdifferentiation of
several resident cell types into myofibroblasts, leading to exces-
sive extracellular matrix deposition and fibrosis (38). In our
study, SRB1 deficiency led to aggravated muscle interstitial
fibrosis and elevated TGF� expression after skeletal muscle
injury (Fig. 3). Although SRB1 deficiency increased TGF�
expression in macrophages with the treatment of LPS/myoblast

Figure 9. SRB1 promotes macrophage phenotype transition after phagocytosis of myoblast debris in vitro. Macrophages were isolated from bone
marrow of WT and SRB1 KO mice. Expression of IL12p40 (A), TNF� (B), CD206 (C), and TGF� (D) was analyzed by real-time PCR in isolated macrophages with LPS
(50 ng/ml), myoblast debris, or LPS plus myoblast debris activation for 3 days. GAPDH was used to normalize the quantitative real-time data. IL6 (E), TNF (F), IL10
(G), IL12p70 (H), MCP1 (I), and IFN-� (J) concentrations in WT or SRB1 KO macrophages with LPS/myoblast debris activation were analyzed by a BD Biosciences
CBA mouse inflammation kit. Data represent the results of three independent experiments. *, p � 0.05; **, p � 0.01. Error bars, S.D.
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debris, the expression of TGF� in both WT and SRB1 KO
macrophages was low in LPS/myoblast debris stimulation (Fig.
9D). Meanwhile, there was no significant difference between
TGF� expression in WT and SRB1 KO macrophage sorting
from injured skeletal muscle (Fig. 6). Thus, we speculate that
the source of TGF� expressing in skeletal muscle after injury
may be multiple. In fact, TGF� can be produced by different
types of cells, including inflammatory cells, mesenchymal cells,
and epithelial cells (39). In skeletal muscle, impaired muscle
regeneration is often accompanied by more severe interstitial
fibrosis. A variety of cells and various cytokines are involved in
the interstitial fibrosis of skeletal muscle (40). In our study, we
found that SRB1 deficiency impairs skeletal muscle regenera-
tion by directly inhibiting macrophage phenotype transition
from M1 to M2. SRB1 deficiency promoted fibrosis as a con-
comitant result of impaired regeneration, but the effect of SRB1
on fibrosis might be indirect.

Phagocytosis is an important function of macrophages,
which clear cell debris from necrosis or apoptosis to assist
inflammation resolution. The phagocytosis plays an important
role in skeletal muscle myogenesis because accumulated necro-
sis debris would cause excessive inflammation, which would
impair muscle regeneration. During myogenesis after injury, a
decrease in the phagocytosis capacity of macrophage would
inhibit the expression of inflammatory factors in macrophages,
which would regulate muscle regeneration (6). It is known that
molecules, including SRs, are involved in phagocytosis of clear
debris during the injury/recovery process. SR-A, a member of
the SR superreceptor family in macrophages, has been shown to
mediate macrophage adhesion in vitro, and a role for SR-A in
the phagocytosis of apoptotic thymocytes has been inferred
from the in vitro analysis of SR-A gene knockout animals (41).
We showed in this study that lack of SRB1 impairs macrophage
phagocytosis of myoblast debris (Fig. 8, B and C). SRB1 is a

Figure 10. SRB1 deficiency promoted ERK1/2 MAPK signaling activation. A, both phosphorylated ERK1/2 (p-ERK1/2) and total ERK1/2 (Total-ERK1/2) were
measured by immunoblotting. B, densitometric analysis was performed to determine the ratio of phospho-ERK1/2 to total ERK1/2. C, IL10 concentrations in
macrophages in the presence of LPS/myoblast debris with or without U0126 (ERK1/2 MAPK inhibitor, 10 �M). Data represent the results of three independent
experiments. *, p � 0.05; **, p � 0.01. Error bars, S.D.
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subtype of SR-B members, and previous work has demon-
strated that SRB1 plays an essential role in meditating the
uptake of HDL-derived cholesterol and cholesteryl ester in the
liver and steroidogenic tissues (42); therefore, our findings add
a novel role of SRB1 in regulating macrophage function during
skeletal muscle regeneration. We also detected the chemotaxis
of WT and SRB1 KO macrophages to myoblast debris and
found that SRB1 deficiency inhibited macrophage migration
even without myoblast debris treatment (Fig. 8, D and E).
Therefore, SRB1 also promotes skeletal muscle regeneration
through stimulating macrophage migration.

Because anti-inflammatory effectors are increased and pro-
inflammatory effectors are decreased in phagocyting macro-
phages (43, 44), the transition of macrophages from the M1 to
the M2 phenotype is considered to be accomplished by phago-
cytosis. Injured skeletal muscle recruits monocytes from blood
exhibiting pro-inflammatory profiles that operate phagocytosis
and rapidly convert to anti-inflammatory macrophages (6).
Previous research has shown that AMPK�1 deficiency led to a
strong decrease in macrophage phagocytic activity, and the
defect in phagocytosis of AMPK�1 deficiency macrophages is
associated with decreased phenotypic transition from M1 to
M2. Skeletal muscle regeneration is also impaired in AMPK�1
deficiency mice (30). In the present study, we demonstrated
that SRB1 deficiency in macrophages prevented the acquisition
of an M2 phenotype in vitro, as assessed by the lower expression
of M2 markers and the higher expression of M1 markers upon
LPS/myoblast debris stimulation (Fig. 9). Thus, muscle injury
promotes macrophage switch into M2 type macrophage, and
lack of SRB1 significantly impaired this process and stimulated
M1 macrophage differentiation and inhibited M2 macrophage
differentiation. Our results established a critical role of SRB1 in
linking macrophage phagocytosis ability and macrophage tran-
sition. It is well-established that the ERK1/2 MAPK signaling
pathways participate in cytokine and growth factor actions
in macrophages and the transcription of a variety of genes
involved in inflammation (45, 46). Our results demonstrated
that LPS/myoblast debris activated ERK1/2 MAPK signaling
pathway, and the secretion of IL10 in macrophages upon LPS/
myoblast stimulation was abrogated by pretreatment with
ERK1/2 MAPK inhibitor (Fig. 10). Thus, the ERK1/2 MAPK
signaling pathway is essential for the LPS/myoblast-induced
secretion of IL10 from macrophages.

In conclusion, we identified a critical role of SRB1 on skeletal
muscle myogenesis during muscle injury/recovery. We demon-
strated that SRB1 promotes muscle regeneration by mediating
the phagocytosis ability of macrophage and promoting M1
macrophage switch into M2 macrophages.

Experimental procedures

Animals

The SRB1 knockout (SRB1 KO) mice were from the Jackson
Laboratory (Bar Harbor, ME) and were crossed into C57BL/6J
background for 10 generations, and the C57BL/6J WT mice
were used as controls. The Guide for the Care and Use of Lab-
oratory Animals (National Institutes of Health Publication
85-23, 1996) was followed, and the study was approved by

the Animal Care and Use Committee of Capital Medical
University.

Muscle injury/regeneration model

WT (C57BL/6J) and SRB1-KO mice were kept in a 12-h light/
12-h dark cycle and studied at 8 –12 weeks old. For muscle
regeneration models, the anesthetized mice were injected with
40 �l of 10 �M CTX (C9759, Sigma-Aldrich) into the TA mus-
cle using a 27-gauge needle as described (47). The sham muscle
was injected with the same volume of PBS.

Histological and immunohistochemical analyses

Serial, transverse cryosections (7 �m thick) of the mid-belly
region of frozen TA muscles were stained with hematoxylin and
eosin, Masson trichrome. Standard immunohistochemical
techniques were used to detect changes in muscle regeneration.
Collagen in the interstitial of muscle was stained by Gomori
trichrome, and the green colors of collagen were selected to
calculate the percentage of fibrosis relative to muscle area. To
calculate the cross-sectional area of individual myofibers, the
muscle sections were incubated with antibody against laminin
(1:100; ZSGB-BIO, Beijing, China) at 4 °C overnight and then
incubated with goat anti-mouse IgG labeled with Alexa Fluor
488 (1:500; Invitrogen). Some muscle tissues were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned (5 �m
thick). These muscle sections were incubated with antibody
against myogenin (1:100; Abcam, Cambridge, MA), TGF�1
(1:200; Santa Cruz Biotechnology, Inc.), arginase 1 (Arg1, 1:200;
Santa Cruz Biotechnology), and IL1� (1:200; Santa Cruz Bio-
technology) and then incubated with secondary antibody and
detected with 3,3-diaminobenzidine for immunohistochemis-
try. Images were captured by a Nikon Eclipse 90i microscope
(Nikon, Tokyo, Japan) and analyzed by a person blinded to
treatment with the use of NIS-Elements BR 3.1 (Nikon).

To detect the expression of SRB1, the muscle sections were
incubated with antibody against galectin-3 (Mac2; 1:200;
ZSGB-BIO), SRB1 (1:100; Novus Biologicals LLC, Littleton,
CO) at 4 °C overnight and then incubated with Alexa Fluor 488
secondary antibodies (1:500; Invitrogen) or Alexa Fluor 555
secondary antibodies (1:500; Invitrogen) at room temperature
for 1 h. To detect the expression of SRB1 on macrophage, the
bone marrow– derived macrophages from WT mice were incu-
bated with antibody against F4/80 (1:100; Abcam), SRB1 (1:100;
Novus Biologicals LLC) at 4 °C overnight and incubated with
secondary antibodies at room temperature for 1 h. Images were
captured by a Leica TSC-SP5 laser-scanning confocal micro-
scope (Leica, Wetzlar, Germany).

Generation of bone marrow chimeric mice

Bone marrow cells were collected from femurs and tibias of
WT or SRB1 KO mice and resuspended in RPMI 1640. 4 h after
irradiation, recipient mice were intravenously injected with 1 �
107 bone marrow cells. The mice were then kept in a specific
pathogen-free environment for another 8 weeks to reconstitute
their bone marrow with sterilized water and food. Four groups
of chimeric mice were generated: WT to WT, SRB1 KO to WT,
WT to SRB1 KO, and SRB1 KO to SRB1 KO.
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Flow cytometry

Flow cytometry was performed using muscle single-cell sus-
pension, which was prepared as described with minor modifi-
cations (31). In brief, TA muscles were dissected and then
gently torn with tissue forceps. The tissue was digested by col-
lagenase type II (2.5 units/ml; Sigma-Aldrich) at 37 °C for 30
min. After washing, the second round of enzymatic digestion
was performed with collagenase D (1.5 units/ml; Roche Diag-
nostics GmbH, Mannheim, Germany) and Dispase II (2.4 units/
ml; Roche Diagnostics) at 37 °C for 30 min, and cells were col-
lected at 300 � g for 10 min. Flow cytometry was carried out
using the following antibodies: PerCP-Cy5.5 anti-mouse
CD45.2 (BD Biosciences), PE anti-mouse F4/80 (Biolegend, San
Diego, CA), allophycocyanin-Cy7 anti-mouse CD11b (BD Bio-
sciences), and V450 anti-mouse Ly6C (BD Biosciences). Flow
cytometric analysis was performed on LSRFortessa (BD Biosci-
ences), and flow cytometric sorting was performed on a FAC-
SAria III instrument (BD Biosciences) and analyzed using BD
FACSDiva software (BD Biosciences).

Quantitative real-time PCR

Total RNA was extracted with TRIzol (Invitrogen). Equal
amounts of RNA (2 �g) were added to the reverse transcrip-
tase reaction mix with oligo(dT) primers (Promega, South-
ampton, UK). SYBR Premix Ex Taq (TaKaRa, Shiga, Japan)
was used to perform quantitative real-time PCRs with an IQ5
multicolor real-time PCR detection system (Bio-Rad). The
following primers were used: IL12p35 (5�-AGTTTGGCCA-
GGGTCATTCC-3� (forward) and 5�-TCTCTGGCCGTCT-
TCACCAT-3� (reverse)), IL12p40 (5�-AGACCCTGCCCA-
TTGAACTG-3� (forward) and 5�-CGGGTCTGGTTTGAT-
GATGTC-3� (reverse)), IL6 (5�-TTCCATCCAGTTGCCT-
TCTTG-3� (forward) and 5�-TTGGGAGTGGTATCCTCT-
GTGA-3� (reverse)), IL13ra1 (5�-CAGCTGGGATACAGG-
CATCT-3� (forward) and 5�-TGGTTTCCACAGCATTT-
CAA-3� (reverse)), CD206 (5�-CCCAAGGGCTCTTCTAA-
AGCA-3� (forward) and 5�-CGCCGGCACCTATCACA-3�
(reverse)), CD163 (5�-TCCCAGACACTATTGCCATGT-
AGT-3� (forward) and 5�-CCTTTGGAATTGTAGAGCTT-
GTTG-3� (reverse)), TNF� (5�-CACAAGATGCTGGGAC-
AGTGA-3� (forward) and 5�-TCCTTGATGGTGGTGCA-
TGA-3� (reverse)), TGF� (5�-TCAGACATTCGGGAA-
GCAGT-3� (forward) and 5�-TCGAAAGCCCTGTATTC-
CGT-3� (reverse)), and GAPDH (5�-CATGGCCTTCCGTG-
TTCCTA-3� (forward) and 5�-GCGGCACGTCAGATCCA-3�
(reverse)).

Cell culture and bone marrow– derived macrophage isolation

These cells were isolated from tibia and femur bone marrow
of WT (C57B/L6) mice and SRB1 KO mice as described by
phagocytosis (48). Briefly, unaggregated cells were passed
through a 100-�m filter and subjected to density centrifuga-
tion. Culture medium was 1640 supplemented with 10% horse
serum and 30 ng/ml macrophage colony–stimulating factor.
Cells were cultured at 37 °C in a 5% CO2 incubator. Cells were
identified as macrophages by staining with antibodies against
F4/80. C2C12 myoblasts were cultured in Dulbecco’s modified

Eagle’s medium with 10% fetal bovine serum at 37 °C in a 5%
CO2 incubator.

Phagocytosis

The phagocytosis was performed as described previously (6).
C2C12 myoblasts were labeled with CellTracker Green
CMFDA (C7025, Invitrogen) and then induced by H2O treat-
ment for 1 h at 37 °C. 100% of cells were propidium iodide–
positive. Myoblast debris was incubated with macrophages for
1, 3, and 12 h at 37 °C. The number of CellTracker–positive
cells was quantified under a flow test and expressed as a per-
centage of total cells. Phagocytosis was quantified by counting
fluorescent microspheres inside of the macrophage using
flow cytometry analysis (Epics XL, MCL, Beckman Coulter,
Miami, FL).

Cell migration assay

Cell migration was quantitated by the use of 24-well Tran-
swell inserts with a polycarbonate membrane filter (8-mm pore
size; Corning, Inc.). The bone marrow– derived macrophages
were seeded onto the upper chamber of the insert. The bottom
chambers were treated with or without myoblast debris. These
macrophages were allowed to migrate for 12 h at 37 °C with 5%
CO2.

Analysis of cytokine concentrations

WT and SRB1 KO macrophage conditioned medium were
analyzed for cytokine expression by the BD Biosciences CBA
mouse inflammation kit according to the manufacturer’s pro-
tocol. The fluorescence produced by the beads was measured
on a FACSAria III instrument (BD Biosciences), and the latter
results were analyzed with FCAP Array version 3.0 (Soft Flow,
Duesseldorf, Germany).

Western blotting

The proteins were extracted from muscle collected 0, 1, and
5 days after CTX injection or cultured macrophages stimulated
with LPS/myoblast debris by T-PER reagent (Thermo Fisher
Scientific). A protease inhibitor mixture and phosphatase
inhibitors (Roche Diagnostics) were added according to the
manufacturer’s instructions. Proteins were resolved by SDS-
PAGE and transferred to nitrocellulose membranes. After
blocking, the nitrocellulose membranes were incubated with
SRB1 (Novus Biologicals LLC), phosphorylated ERK1/2 (Cell
Signaling Technology, Beverly, MA), total ERK1/2 (Cell Signal-
ing Technology), or �-actin (Cell Signaling Technology) over-
night at 4 °C and then incubated with IRDye 800CW secondary
antibodies (LI-COR Biosciences, Lincoln, NE) for 1 h at room
temperature. Quantification was done using the Odyssey IR
imaging system (LI-COR Biosciences).

Statistical analysis

Values are presented as means � S.D. Results were analyzed
using Student’s t test when results from two experimental
groups were compared. One-way analysis of variance was con-
ducted followed by Bonferroni post hoc test for comparisons
between more than two groups. Statistical analysis was per-
formed using SPSS 13.0 software (SPSS Inc.).
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