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Macrophage Depletion Impairs Skeletal Muscle Regeneration:
the Roles of Pro-fibrotic Factors, Inflammation, and Oxidative
Stress

Weihua Xiao,1,2 Yu Liu,1 and Peijie Chen1,2

Abstract—Muscle contusion is one of the most common muscle injuries in sports medicine. Macro-
phages play complex roles in the regeneration of skeletal muscle. However, the roles of macrophages,
especially the mechanisms involved, in the regeneration of muscle contusion are still not fully under-
stood. We hypothesize that the depletion of macrophages impairs skeletal muscle regeneration and that
pro-fibrotic factors, inflammation, and oxidative stress may be involved in the process. To test these
hypotheses, we constructed a muscle contusion injury and a macrophage depletion model and followed
it up with morphological and gene expression analyses. The data showed that fibrotic scars were formed
in the muscle of contusion injury, and they deteriorated in the mice of macrophage depletion. Further-
more, the sizes of regenerating myofibers were significantly reduced by macrophage depletion. Pro-
fibrotic factors, inflammatory cytokines, chemokines, and oxidative stress-related enzymes increased
significantly after muscle injury. Moreover, the expression of these factors was delayed by macrophage
depletion. Most of them were still significantly higher in the later stage of regeneration. These results
suggest that macrophage depletion impairs skeletal muscle regeneration and that pro-fibrotic factors,
inflammation, and oxidative stress may play important roles in the process.
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INTRODUCTION

Muscle contusion is one of the most common muscle
injuries in sports medicine clinics. The process of healing
injured skeletal muscle in animal models is made up of

three distinct phases: degeneration and inflammation, re-
generation, and fibrosis [1, 2]. The initial phase, which
takes place in the first few days post-injury, shows the
following signs: local swelling at the injury site, formation
of hematoma, necrosis of muscle tissue [3, 4], degenera-
tion, and inflammatory response. Regeneration, which is
the next phase, normally takes place 5 to 10 days post-
injury and, it comprises phagocytosis of the damaged
tissue and regeneration of the injured muscle [5]. In the
final phase, fibrosis (scar tissue formation), which seems to
be the final result of the muscle repair process, hinders full
muscle regeneration.

Several studies have shown that macrophages play
complex roles in an injured skeletal muscle and may be
involved in all the three phases of regeneration, as
described above [2, 6]. Acute damage causes release
of chemoattractant molecules that initially attract neu-
trophils or ‘classically activated’ macrophages (M1)
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into the muscle. M1 macrophages produce both pro-
inflammatory cytokines and nitric oxide, promoting
muscle damage. Moreover, M1 macrophages also re-
lease cytokines that can promote satellite cell activa-
tion and proliferation. Further, M1 macrophages are
replaced by an ‘alternatively activated’ M2 phenotype
which then promotes muscle repair, differentiation, and
growth [2]. Conversely, macrophages are likely to be
involved in limiting the efficacy of regeneration, with
formation of fibrotic scars and fat replacement of the
tissue when the original insult persists [7].

There is a deep understanding of the processes of
skeletal muscle regeneration, as mentioned above. How-
ever, the roles of macrophages, especially the mechanisms
involved, in the regeneration of muscle contusion are still
not fully understood. In the present study, we hypothesize
that depletion of macrophages impairs skeletal muscle
regeneration and that pro-fibrotic factors, inflammation,
and oxidative stress may be involved in the process.

METHODS

Mice

One hundred and twelve C57BL/6 male mice
(weighing between 18.2 and 22.9 g, and purchased from
Shanghai Lab. Animal Research Center, Shanghai, China)
were provided food and water adlibitum andmaintained on
a 12:12-h light-dark cycle. The mice were randomly divid-
ed into two groups, muscle contusion group (group S) and
macrophage depleted group (group T). The mice of both
groups suffered from contusion injury. All experimental
protocols were approved by the Ethics Review Committee
for Animal Experimentation of Shanghai University of
Sports (No. 2014025).

Contusion Model

A simple and reproducible muscle contusion model in
mice [8–10] was used with a little modification. In prepar-
ing the mice for muscle injury induction, they were anes-
thetized with 400 mg/kg chloral hydrate administered in-
traperitoneally. The animals’ hind limbs were positioned
on a board dorsiflexing the ankle to 90°. A 16.3-g (diam-
eter: 15.9 mm) stainless steel ball was dropped from the
height of 100 cm through a tube (interior diameter of tube:
16 mm) onto an impactor [8] resting with a surface of
28.26 mm2 on the middle of the gastrocnemius muscle
(GM) of the mouse. The instantaneous force delivered by
the falling object with these characteristics was calculated

to equal 0.58 N.m.cm-2, where 1 N.m is equal to the force
of an object weighing 100 g falling over a distance of 1 m
[11]. The muscle contusion created by this method was a
high-energy blunt injury that created a large hematoma,
and was followed by a massive muscle regeneration [8,
12], a healing process that is very similar to that seen in
humans [13]. The mice that had bone fracture (fracture rate
of 3.3 %) were foreclosed. The injured mice in this study
had signs of unrelieved pain such as piloerection of fur,
reluctance to ambulate, overgrooming of the injured limb,
and abnormal gait or posture [14]. At different time points
(12 h, 1 day, 3 days, 5 days, 7 days, and 14 days) post-
injury, the mice were killed by cervical dislocation while
under anesthesia, and gastrocnemiusmuscles were harvest-
ed (eight mice per time point).

Macrophage Depletion

For macrophage depletion, we treated mice with 2 mg
clodronate-containing (CL) or control liposomes (pur-
chased at www.clodronateliposomes.com), triggered by
intraperitoneal injection 3 days before contusion injury
and then 0.5 mg on days 0, 3, 6, 9, and 12 after muscle
contusion (contusion group, control liposome injection;
macrophage depleted group, CL-liposomes injection). Af-
ter injection, clodronate liposome was ingested and
digested by macrophages followed by intracellular release
and accumulation of clodronate. At a certain intracellular
concentration, clodronate induced apoptosis of the macro-
phage. This protocol was based on previous publications
[15, 16], as well as discussions at the Web site:
www.clodronateliposomes.com.

Flow Cytometry

The GMs from the mice treated by clodronate-
containing or control liposomes were surgically removed
on days 1 and 3 after injury for evaluation (six mice per
group). Collagenase, dispase, and trypsin were used to
digest the tissue matrix and isolate the cells. Debris was
removed via filtration with 70 μm filters. Flow cytometry
was carried out using the following antibodies, PE-CD11b
and FITC-F4/80 (BioLegend, San Diego, CA, USA) [17,
18]. The percent of CD11b+ F4/80+ cell population
(macrophage) was calculated using Cytomics™ FC 500
(Beckman Coulter).

Hematoxylin and Eosin (H & E) Staining

At the time point of 14 days post-injury, the right
gastrocnemius muscles were collected and embedded in
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paraffin (six mice per group). Cross sections were cut 8 μm
from the midbelly of each gastrocnemius muscle and were
stained with hematoxylin and eosin for morphological
analysis. Using a 40 lens objective, images were captured
for each muscle section (Labphot-2, Nikon, Tokyo, Japan).
The Northern Eclipse software was used to measure the
minor axis diameters of centronucleated regenerating
myofibers (i.e., the smallest diameter of a myofiber across
the central nucleus; 200 random myofibers were obtained
from six samples/group) [19].

Masson’s Trichrome Staining

To measure the area of fibrotic tissue in the injury
sites, Masson’s trichrome staining (total collagen staining)
was performed (six mice per group). After Masson’s
trichrome staining, the ratio of the fibrotic area to the total
cross-sectional area was calculated to estimate the fibrosis
formation by using Image J software. The ratio of the
fibrotic area within the injury sites was quantified using a
previously described protocol [20, 21]. The measurement
was obtained by a blinded independent investigator in
order to ensure the objectivity of the results. To measure
the total collagen positive area under the microscope, 10
random fields were selected for each sample.

RNA Extraction and cDNA Synthesis

Approximately 50 mg of tissue (from the middle
of left gastrocnemius muscle, strike site) was

homogenized using an Ultra-Turrax homogenizer
(IKA, Germany) in a solution of TRIzol Reagent
(Invitrogen, America) (eight mice per group). Total
RNA was isolated using a modified guanidinium
isothiocyanate-CsCl method [22], and the concentra-
tion and purity were determined by measuring the
absorbance at 260 and 280 nm in a spectrophotometer
(NanoDrop 2000, Thermo Scientific). Total RNA was
reverse-transcribed into cDNA using the RevertaidTM

First Strand cDNA Synthesis Kit from Fermentas.
cDNA was synthesized using 2 μg of total RNA,
0.2 μg of random primers, 20 mM dNTP mix, 5×
Reaction buffer, 20U RiboLockTM RNase Inhibitor
and 200 U of RevertaidTM M-MuLV Reverse Tran-
scriptase in a total volume of 20 μl. The reaction was
carried out at 25 °C for 5 min followed by another
60 min at 42 °C and was terminated by the deactiva-
tion of the enzyme at 70 °C for 5 min. Control reac-
tions lacking either reverse transcriptase or template
were included to assess carryover of genomic DNA
and non-specific contamination, respectively.

Real-Time Polymerase Chain Reaction (PCR)

Quantitative PCR was carried out in triplicates in reac-
tions consisting of 12.5 μl 2 ×Maxima SYBR Green/ROX
qPCRMaster mix (Thermo Scientific), 1μl cDNA, nuclease-
free water and 300 nM of each primer. Primer specifications
are listed in Table 1. Amplifications were performed on a

Table 1. Primers Used for qRT-PCR

Target gene Forward primer sequences Reverse primer sequences

CD68 5′-CAAAGCTTCTGCTGTGGAAAT-3′ 5′-GACTGGTCACGGTTGCAAG-3′
CD163 5′-GCAAAAACTGGCAGTGGG-3′ 5′-GTCAAAATCACAGACGGAGC-3′
CD206 5′-GGATTGTGGAGCAGATGGAAG-3′ 5′-CTTGAATGGAAATGCACAGAC-3′
TGF-beta 1 5′-TGCGCTTGCAGAGATTAAAA-3′ 5′-CGTCAAAAGACAGCCACTCA-3′
myostatin 5′-TGCAAAATTGGCTCAAACAG-3′ 5′-GCAGTCAAGCCCAAAGTCTC-3′
TNF-alpha 5′-CTTCTGTCTACTGAACTTCGGG-3′ 5′-CACTTGGTGGTTTGCTACGAC-3′
IL-1beta 5′-TGACGTTCCCATTAGACAACTG -3′ 5′-CCGTCTTTCATTACACAGGACA-3′
IL-6 5′-GAACAACGATGATGCACTTGC-3′ 5′-CTTCATGTACTCCAGGTAGCTATGGT-3′
IL-10 5′-CAAGGAGCATTTGAATTCCC-3′ 5′-GGCCTTGTAGACACCTTGGTC-3′
CCL2 5′-GCTCAGCCAGATGCAGTTAAC-3′ 5′-CTCTCTCTTGAGCTTGGTGAC-3′
CCL3 5′-ACCATGACACTCTGCAACCA-3′ 5′-CCCAGGTCTCTTTGGAGTCA-3′
CCL4 5′-CCACTTCCTGCTGTTTCTCTTA-3′ 5′-CTGTCTGCCTCTTTTGGTCAG-3′
CCL5 5′-CATATGGCTCGGACACCA-3′ 5′-ACACACTTGGCGGTTCCT-3′
CCL8 5′-CTTCTTTGCCTGCTGCTCATAG-3′ 5′-CACTTCTGTGTGGGGTCTACA-3′
CXCL9 5′-CTCCTTGCTTGCTTACCACTTT-3′ 5′-CCAGCCTTGTCTACTTTGAGAG-3′
CXCL10 5′-CCTCATCCTGCTGGGTCTG-3′ 5′-GTGGCAATGATCTCAACACG-3′
CXCL12 5′-ACGGAAGAACCAAAGAGAAAGA-3′ 5′-CTCAGACAGCGAGGCACAT-3′
gp91phox 5′-CCAGTGAAGATGTGTTCAGCT-3′ 5′-GCACAGCCAGTAGAAGTAGAT-3′
GAPDH 5′-ACTCCACTCACGGCAAATTC-3′ 5′-TCTCCATGGTGGTGAAGACA-3′
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StepOnePlus™ PCR-Cycler (Life Technologies) with the
following parameters: activation at 95 °C for 10 min, 40
cycles of denaturation at 95 °C for 15 s, and annealing/
extension at 60 °C for 1 min. The threshold cycle (CT, the
number of cycles to reach threshold of detection) was
determined for each reaction, and the levels of the target
mRNAs were quantified relative to the level of the house-
keeping gene GAPDH using 2−△△CT method [23].

Statistical Analysis

The data were analyzed using SPSS 19.0 for win-
dows. The data of regenerating myofibers or fibrosis
were compared using independent samples t test. Mean
values of gene data were compared using repeated-
measure analysis. Post hoc multiple comparisons were
performed using the Bonferroni test. Correlations were
calculated according to Pearson. All values are
expressed as mean ± S.D., and statistical significance
was set at P < 0.05.

RESULTS

The Effects of CL-Liposomes on the Number and the
Specific Markers of Macrophages in Injured GMs

The number of macrophage in injured skeletal muscle
usually peaks from 1 to 3 days post-injury [2]. The percent
of CD11b+ F4/80+ cell population (macrophages) in in-
jured GM was calculated using flow cytometry. The data
showed that macrophages were significantly reduced by
55.77 % (S1, 0.052 ± 0.014; T1, 0.023 ± 0.004; p < 0.01)
and 63.16 % (S3, 0.019 ± 0.007; T3, 0.007 ± 0.003;
p < 0.05) in the CL-liposomes treatment mice as compared
to the control mice (Fig. 1).

In addition, we tested the mRNA levels of specific
markers of macrophages of muscle. The data showed that
CD68 mRNA increased significantly on days 1 and 3 post-
injury. CL-liposomes injection significantly inhibited
CD68 mRNA level at the time points of 0 (decreased by
51.00 %, p = 0.003), 1 day (decreased by 62.46 %, p =

Group S Group Ta b c

Fig. 1. Effects of CL-liposomes on the percent of macrophages in injured GMs. The percent of CD11b+ F4/80+ cells (macrophages) in injured GMs of group
S (a) and group T (b) was tested by flow cytometry. (c) The percent of macrophages in injured GMs of group S and T. S: muscle contusion group; T: muscle
contusion and macrophage depleted group. Data are means ± S.D., n = 6. aSignificant difference from S3d, P < 0.05. aaSignificant difference from S1d, P < 0.01.

Fig. 2. Effects of CL-liposomes on the specific markers of macrophages of muscle post-injury. a CD68. b CD163. c CD206. S: muscle contusion group; T:
muscle contusion and macrophage depleted group. S0: uninjured control mice; T0: uninjured and macrophage depleted mice. Data are means ± S.D., n = 8;
aSignificant difference from S0, P < 0.05; aaP < 0.01. bSignificant difference from T0, P < 0.05; bbP < 0.01. cSignificant difference from the same time points
of group S, P < 0.05; ccP < 0.01. CD68: the specific marker of M1 macrophages; CD163 and CD206: the indicators of M2 macrophages.
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0.000) and 3 days (decreased by 32.82 %, p = 0.014), as
compared to the muscle contusion group. However, inter-
estingly, CD68 mRNA in injured muscles from the mice
treated with CL-liposomes was significantly higher than
that of the contusion group at days 5, 7, and 14 post-injury
(1.81-fold, p = 0. 011; 1.81-fold, p = 0.007; 5.28-fold, p =
0.000; respectively) (Fig. 2a).

On the other hand, CD163, the molecule marker
of M2 macrophages (M2c) [2, 24], increased signifi-
cantly on days 1, 3, and 5 post-injury (2.69-fold, p =
0.014; 2.69-fold, p = 0.008; 2.86-fold, p = 0.010; re-
spectively). Similarly, CD206, another marker of M2
macrophages (M2a and M2c) [2, 24], increased signif-
icantly on 3 days post-injury. However, CL-liposomes
treatment significantly inhibited CD163 (all time points
of regeneration) and CD206 (1, 3, 5, and 7 days post-
injury) mRNA levels as compared to the contusion
group (Fig. 2b, c).

Macrophage Depletion Decreased the Sizes of
Regenerating Myofibers

After hematoxylin and eosin staining, the sizes of
regenerating myofibers (central nucleation) were evaluat-
ed. The size of the regenerating myofiber of the CL-
liposomes treated group (T14, 39.50 ± 6.80) was

significantly smaller than that of the control liposome
group (S14, 48.83 ± 6.97) at 14 days after contusion injury
(Fig. 3).

Macrophage Depletion Aggravated the Fibrosis of
Injured Skeletal Muscle

After Masson’s trichrome staining, the area of
fibrotic scar tissue was evaluated. The CL-liposomes
treated group (T14, 15.61 ± 5.42) showed significantly
more fibrotic area than the control liposome group
(S14, 6.40 ± 3.21) at 14 days after contusion injury
(Fig. 4).

Macrophage Depletion Increased the Pro-fibrotic Fac-
tors in the Later Stage of Regeneration

TGF-beta 1 plays a key role in the fibrosis of
many tissues [25]. Therefore, we assessed the TGF-
beta 1 mRNA levels of the muscles post-injury. The
data showed that TGF-beta 1 mRNA increased signif-
icantly at 1, 3, and 7 days post-injury. In the macro-
phages depleted group, TGF-beta 1 mRNA increased
significantly at 3, 5, 7, and 14 days. As compared to
the contusion group, macrophage depletion significant-
ly inhibited TGF-beta 1 mRNA levels at 1 day post-

a b

c d

Fig. 3. The sizes of regenerating myofibers 14 days post-injury. a Uninjured control group. b Muscle contusion group (14 days post-injury). c Muscle
contusion and macrophage depleted group (14 days post-injury). dQuantification of the sizes of regenerating myofibers in GMs. Data are means ± S.D., n =
6. aSignificant difference from S14, P < 0.05. Scale bars = 50 μm.
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injury. However, the muscle of the mice from the
macrophage depleted group showed a higher expres-
sion of TGF-beta 1 mRNA at 7 days (1.56-fold, p =
0.006) and 14 days (2.76-fold, p = 0.000) than those of
the contusion group (Fig. 5a).

Moreover, we tested the expression of myostatin,
a member of TGF-beta family, which may be in-
volved in the fibrosis of skeletal muscle [26]. The

data revealed that that myostatin did not change in
the whole process of regeneration after muscle injury.
However, macrophage depletion significantly in-
creased the expression of myostatin at 1 and 3 days
post-injury. Furthermore, myostatin in the muscle of
mice from the macrophage depletion group was sig-
nificantly higher than that of the contusion group at
1 day post-injury (Fig. 5b).

a b

c d

Fig. 4. Histologic evaluation of the formation of scar tissue at 14 days after contusion injury byMasson’s trichrome staining of injured GMs treated with CL-
liposomes. Scar tissues are shown in blue and muscles are in red. a Uninjured control group. b Muscle contusion group (14 days post-injury). c Muscle
contusion and macrophage depleted group (14 days post-injury). dQuantification of the scar tissue area in injured GMs. Scale bars = 50 μm. Data are means
± S.D., n = 6. aaSignificant difference from S14, P < 0.01.

Fig. 5. Effects of macrophages depletion on the pro-fibrotic factors of muscle post-injury. a TGF-beta 1. bmyostatin. S: muscle contusion group; T: muscle
contusion and macrophage depletion group. Data are means ± S.D., n = 8; aSignificant difference from S0, P < 0.05; aaP < 0.01. bSignificant difference from
T0, P < 0.05; bbP < 0.01. cSignificant difference from the same time points of group S, P < 0.05; ccP < 0.01.
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Macrophage Depletion Delayed Inflammatory
Response of Injured Skeletal Muscle

We evaluated some inflammatory cytokines which
may be involved in the fibrosis of skeletal muscles after
injury. The data showed that some inflammatory cytokines
(i.e., TNF-alpha, IL-1beta, IL-6 and IL-10) increased sig-
nificantly at the early stage of regeneration, especially at
the first 3 days (Fig. 6). Moreover, this phenomenon was
also observed in the mice of the macrophage depletion
group, though the extent was small (Fig. 6). In the contu-
sion group, these inflammatory cytokines returned to nor-
mal at the 14 days post-injury. However, a high expression
of TNF-alpha and IL-1beta was observed in the mice of the
macrophage depletion group at the 14 days post-injury.
This was significantly higher than that of the contusion
group (TNF-alpha, 2.38-fold, p = 0.001; IL-1beta, 6.95-
fold, p = 0.000; respectively) (Fig. 6a, b). This phenome-
non even existed in the 5 and 7 days post-injury.

Nonetheless, we tested the expression of CC
chemokines after muscle injury. The data showed that
some CC chemokines (i.e., CCL2, CCL3 and CCL4) in-
creased significantly at the first 3 days of regeneration
(Fig. 7), similarly to some of the inflammatory cytokines
observed above. This phenomenon was also observed in
the mice of macrophage depletion. However, CC ligand-5
(CCL5) and CCL8 had different gene expression patterns.
They peaked at 3 days in both the contusion and the
macrophages depleted groups. In the contusion group, the
CC chemokines returned to normal at the 14 days post-
injury. However, a high expression was observed for all
these CC chemokines in the mice of macrophage depletion
at the 14 days post-injury; and this was significantly higher
than that of the contusion group (CCL2, 4.34-fold, p =
0.000; CCL3, 6.21-fold, p = 0.000; CCL4, 5.32-fold, p =
0.000; CCL5, 4.36-fold, p = 0.002; CCL8, 4.01-fold, p =
0.000; respectively) (Fig. 7a–e).

Fig. 6. Effects of macrophages depletion on the inflammatory cytokines of muscle post-injury. a TNF-alpha. b IL-1beta. c IL-6. d IL-10. S: muscle contusion
group; T: muscle contusion and macrophage depleted group. Data are means ± S.D., n = 8; aSignificant difference from S0, P < 0.05; aaP < 0.01. bSignificant
difference from T0, P < 0.05; bbP < 0.01. cSignificant difference from the same time points of group S, P < 0.05; ccP < 0.01.

2022 Xiao, Liu, and Chen



2023Macrophage Depletion Impairs Skeletal Muscle Regeneration



Furthermore, we investigated the CXC chemokines.
The data showed that CXC ligand-10 (CXCL10) mRNA
increased significantly at the first 3 days of regeneration,
similarly to some of the CC chemokines (i.e., CCL2,
CCL3, and CCL4). However, different from CXCL10,
the mRNA levels of CXCL9 and CXCL12 tended to
decline after muscle contusion. Interestingly, all of these
CXC chemokines in the muscle of mice from the macro-
phage depletion group were significantly higher than that
of the contusion group at 5, 7, and 14 days post-injury
(Fig. 7f–h).

Macrophage Depletion Increased the Gene Expression
of NADPHOxidases in the Later Stage of Regeneration

NADPH oxidases (Nox) have the unique function
of producing reactive oxygen species (ROS), which
may be involved in the fibrosis of skeletal muscles
[27, 28]. We tested the mRNA levels of gp91phox,
which is the key subunit of NADPH oxidases. The
data showed that gp91phox mRNA levels increased
significantly at the time point of 3 days (11.44-fold,
p = 0.000), 5 days (3.51-fold, p = 0.020) and 7 days
(3.75-fold, p = 0.045) post-injury. And it returned to
normal at 14 days post-injury. Although the increase
of gp91phox in the mice of macrophage depletion was
smaller than that of the contusion group at the 3 days
post-injury, the oxidative stress maintained a longer
time after macrophage depletion (3, 5, 7, and 14 days).
Further, the gp91phox mRNA levels of the mice from
macrophage depletion was significantly higher than
that of the contusion group at the 14 days post-injury
(3.87-fold, p = 0.000) (Fig. 8).

Correlation Between the Specific Markers of
Macrophages and the Pro-fibrotic Factors, Inflamma-
tory Cytokines, Chemokines, and Oxidative Stress-
Related Enzymes

To comprehend the relationship between the mac-
rophages and the fibrosis-related factors, the Pearson
correlations were calculated (all data of group S and
group T). The results showed that there was significant
correlation between the M1 macrophages (CD68) and

the pro-fibrotic factors (TGF-beta), and between the
inflammatory cytokines (TNF-alpha, IL-1beta, IL-6
and IL-10) and the chemokines (CCL2, CCL3, CCL4,
CCL8 and CXCL10). However, different from M1
macrophages, the significant correlation only existed
between M2 macrophages (CD163, CD206) and IL-10,
CCL8 and gp91phox (only in CD206), but not in
others (Table 2).

DISCUSSION

To investigate the roles of macrophages in the regen-
eration of muscle contusion and the mechanisms involved,
we constructed a contusion injury and a macrophage de-
pletion model. The number of macrophage in injured skel-
etal muscle usually peaks from 1 to 3 days post-injury [2].
Therefore, the percent of CD11b+ F4/80+ cell population in
GM was calculated using flow cytometry [29, 30]. Our
data showed that CL-liposomes treatment decreased the
percent of macrophages significantly at 1 and 3 days post-
injury. Our result conforms to Shen et al., who reported that
CL-liposomes injection decreased macrophage infiltration
by 73.2 % (1 day post-injury) and 77.4 % (3 days post-
injury) respectively [19]. In addition, we tested the mRNA
levels of specific markers of macrophages by qRT-PCR
[24]. We found that CD68, the specific marker of M1mac-
rophages [2, 24, 31], was inhibited in the early stage of

Fig. 8. Effects of macrophages depletion on the expression of gp91phox
of muscle post-injury. S: muscle contusion group; T: muscle contusion and
macrophage depleted group. Data are means ± S.D., n = 8; aSignificant
difference from S0, P < 0.05; aaP < 0.01. bSignificant difference from T0,
P < 0.05; bbP < 0.01. cSignificant difference from the same time points of
group S, P < 0.05; ccP < 0.01. gp91phox: the key subunit of NADPH
oxidases (NOX).

Fig. 7 Effects of macrophages depletion on the CC and CXC chemokines
of muscle post-injury. a CCL2. b CCL3. c CCL4. d CCL5. e CCL8.
f CXCL9. g CXCL10. h CXCL12. S: muscle contusion group; T: muscle
contusion and macrophage depleted group. Data are means ± S.D., n = 8;
aSignificant difference from S0, P < 0.05; aaP < 0.01. bSignificant
difference from T0, P < 0.05; bbP < 0.01. cSignificant difference from the
same time points of group S, P < 0.05; ccP < 0.01.
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regeneration by CL-liposomes treatment, however, it in-
creased significantly in the later stage of regeneration. In
contrast with CD68, CD163 and CD206 as the specific
marker of M2 macrophages [2, 24] were inhibited in the
whole process of regeneration by CL-liposomes treatment.
The result is similar to the study of Villalta SA et al. [24],
who found that CL-liposomes caused significant reduction
in the expression of CD163 and CD206 in the quadriceps
muscles of mdx mice, but not in CD68.

Histologically, the sizes of regenerating myofibers
were evaluated, and the total collagen staining was
performed to detect fibrosis in the injured muscle as
previously described [1, 19, 32]. The muscle treated
with CL-liposomes showed a smaller size of
regenerating myofiber as well as a more fibrotic scar
formation than that of the control liposomes group at
14 days after contusion injury (Figs. 3 and 4). This
result conforms to Segawa M et al. [33]. However, the
mechanisms involved are still not fully understood.
Due to the potent roles of pro-fibrotic factors in the
fibrosis of tissues [34], we speculated that the pro-
fibrotic factors may be involved in the fibrosis of
injured skeletal muscles after macrophage depletion.
Enough evidence has proved that transforming growth
factor-beta 1 (TGF-beta 1) plays a key role in the
fibrosis of skeletal muscles [25]. TGF-beta 1 is
expressed in injured muscle, which is a major factor
in triggering the fibrotic cascade within injured skeletal
muscle [35, 36]. TGF-beta 1 has the potential to induce

fibrosis around myofibers, probably by stimulating fi-
broblasts to produce ECM proteins such as collagen
and fibronectin [25]. Owing to the central role of TGF-
beta 1 in skeletal muscle fibrosis, anti-TGF-beta 1
therapy was a strategy used to minimize or ameliorate
the effects of fibrosis [20, 37]. In this study, the data
showed that TGF-beta 1 mRNA increased significantly
after muscle contusion. And the expression of TGF-
beta 1 was delayed in the mice of macrophage deple-
tion. On the 14 days post-injury, TGF-beta 1 in the
muscle of the mice from macrophage depletion was
still significantly higher than T0 and S14d. In addition,
we tested another pro-fibrotic factor, myostatin, also
known as growth differentiation factor (GDF) 8.
Myostatin is a TGF-beta family member that is specif-
ically expressed in the skeletal-muscle lineage, where
its most characteristic role is negative regulation of
muscle growth [25]. However, myostatin regulates not
only the growth of muscle cells but also muscle fibro-
blast activation, and hence, the progression of fibrosis
[26]. Myostatin directly promoted fibroblast prolifera-
tion resulting in muscle fibrosis in vivo [26]. Addition-
ally, TGF-beta increases myostatin in a co-regulatory
manner with fibrosis [37]. Although myostatin did not
change in the whole process of regeneration after mus-
cle injury in our study, it significantly increased at 1
and 3 days after macrophage depletion. The upregula-
tion of myostatin, the well-known negative regulator of
muscle growth, could increase the fibrosis of skeletal

Table 2. Correlation Between theMeans of Specific Markers ofMacrophages and theMeans of Pro-fibrotic Factors, Inflammatory Cytokines, Chemokines,
and Oxidative Stress-Related Enzymes

Genes CD68 CD163 CD206

r P value r P value r P value

TGF-beta 0.564 0.036 * * * *
myostatin * * * * * *
TNF-alpha 0.701 0.005 * * * *
IL-1beta 0.636 0.014 * * * *
IL-6 0.758 0.002 * * * *
IL-10 0.949 0.000 0.547 0.043 0.694 0.006
CCL2 0.799 0.001 * * * *
CCL3 0.859 0.000 * * * *
CCL4 0.701 0.005 * * * *
CCL5 * * * * * *
CCL8 0.590 0.026 0.729 0.003 0.901 0.000
CXCL9 * * * * * *
CXCL10 0.769 0.001 * * * *
CXCL12 * * * * * *
gp91phox * * * * 0.709 0.005

*There was no correlation between the specific markers of macrophages (CD68, CD163, and CD206) and the genes list on the left
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muscle. These data suggest that TGF-beta and
myostatin may be involved in the fibrosis of injured
skeletal muscles induced by macrophage depletion.

Moreover, we investigated the inflammatory cyto-
kines and chemokines. The data showed that many
inflammatory cytokines and chemokines increased sig-
nificantly after muscle contusion. Although the extent
of increase of some of the inflammatory cytokines and
chemokines was smaller in the mice of macrophage
depletion group than that of the contusion group, it is
interesting to note that this tendency was completely
reversed in the later stage of regeneration. All of the
inflammatory cytokines and chemokines returned to
normal at the 14 days post-injury; however, some of
the inflammatory cytokines (TNF-alpha and IL-1beta)
and all the chemokines were still significantly higher
than T0 or S14d in the mice of macrophage depletion at
14 days. It means that the expression of these factors
was delayed by macrophage depletion. These data sug-
gest that inflammatory cytokines and chemokines may
be involved in the fibrosis of skeletal muscles induced
by macrophage depletion. Although inflammation trig-
gers regenerative processes, it also causes pain, de-
creases skeletal muscle function, and contributes to
fibrosis [38]. Frequently, muscle fibrosis is preceded
by inflammation, which means that inflammation plays
a significant role in muscle fibrosis [39]. Studies have
shown that inhibition of inflammation could ameliorate
fibrosis. For example, long-term administration of the
TNF blocking drug to mdx mice could reduce the
fibrosis of skeletal muscle [40]. Two weeks of anti-
TNF treatment could increase overall grip strength and
decrease fibrosis of skeletal muscles [41].

Further, we tested the expression of gp91phox, the
key subunit of NADPH oxidase (NOX). The unique
function of NOX is to produce reactive oxygen species
(ROS), which may be involved in the fibrosis of skel-
etal muscles [27, 28]. Acute oxidative stress, caused by
contusion, is usually determined by measuring
gp91phox [42]. The data showed that the expression
of gp91phox increased significantly after muscle injury
and returned to normal at 14 days post-injury. Howev-
er, the expression of gp91phox was delayed in the mice
of macrophage depletion, which is similar to TGF-beta
1 and some cytokines above. It suggests that ROS
mediated by NADPH oxidase may be involved in the
fibrosis of skeletal muscles induced by macrophage
depletion. It is well-known that ROS generated by
NADPH oxidase participate in intracellular signaling
processes that regulate cel l proliferation and

differentiation, as shown in our previous studies [43,
44]. However, there is increasing evidence that oxidant
signaling involving NADPH oxidase has other impor-
tant roles in cell biology. The superoxide generating
enzyme of NADPH oxidase is a major cause of oxida-
tive stress. Recent studies also suggest that NADPH
oxidase-induced ROS is involved in the fibrosis of
skeletal muscles [27, 28], while ROS could enhance
fibrotic scar tissue formation in muscle after contusion
injury [42].

Macrophages are the master regulators of inflamma-
tion and fibrosis [45]. The pro-fibrotic factors, inflamma-
tory cytokines, chemokines, and oxidative stress-related
enzymes, usually originate frommacrophages ormyogenic
cells. For example, TGF-beta1 is expressed in injured
muscles, and moreover, its major resource is the invaded
macrophages [46]. However, we do not know which mac-
rophages phenotypes are the main resources of TGF-beta1,
inflammatory cytokines, chemokines, and NADPH oxi-
dase. Therefore, we calculated the Pearson correlations in
this study. The results showed that there were significant
correlations between the M1 macrophages (CD68) and the
pro-fibrotic factors (TGF-beta), and the inflammatory cy-
tokines (TNF-alpha, IL-1beta, IL-6 and IL-10) and the
chemokines (CCL2, CCL3, CCL4, CCL8 and CXCL10).
However, different from M1 macrophages, the significant
correlation only existed between M2 macrophages
(CD163, CD206) and IL-10, CCL8 and gp91phox (only
in CD206), but not in others (Table 2). These data suggest
that pro-fibrotic factors produced by M1 macrophages,
oxidative stress-related enzymes from M2 macrophages,
and inflammatory cytokines from M1 and M2 macro-
phages may be involved in the fibrosis of skeletal muscles
post-injury. However, this hypothesis still needs further
study to be proved.

CONCLUSIONS

Macrophage depletion induced a smaller size of
regenerating myofiber as well as a more fibrotic scar for-
mation after muscle contusion. Moreover, macrophage
depletion could delay the expression of pro-fibrotic factors,
inflammatory cytokines, chemokines, and oxidative stress-
related enzymes. Most of them were still significantly
higher in the later stage of regeneration. These results
suggest that macrophage depletion impairs skeletal muscle
regeneration and that pro-fibrotic factors, inflammation,
and oxidative stress may be involved in the process.
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