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Abstract
Following skeletal muscle injury, both myogenic and immune cells interact closely during the regenerative process. Although 
icing is still a common acute treatment for sports-related skeletal muscle injuries, icing after muscle injury has been shown 
to disrupt macrophage accumulation and impair muscle regeneration in animal models. However, it remains unknown 
whether icing shortly after injury affects macrophage-related phenomena during the early stages of muscle regeneration. 
Therefore, we focused on the distribution of M1/M2 macrophages and cytokines expressed predominantly by macrophages 
during the early stages of muscle regeneration after muscle crush injury. Icing resulted in a decrease, not retardation, in the 
accumulation of M1 macrophages, but not M2 macrophages, in injured muscles. Consistent with the decrease in M1 mac-
rophage accumulation, icing led to a reduction, instead of delay, in the level of tumor necrosis factor-α (TNF-α) expression. 
Additionally, at subsequent timepoints, icing decreased the number of myogenic precursor cells in the regenerating area and 
the size of centrally nucleated regenerating myofibers. Together, our findings suggest that icing after acute muscle damage 
by crushing disturbs muscle regeneration through hindering tM1 macrophage-related phenomena.
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Introduction

Skeletal muscle regeneration is a tightly coordinated pro-
cess that requires the interaction between skeletal muscle 
and the immune system (Tidball 2011). Following muscle 
injury, satellite cells, i.e., muscle stem cells, activate and 
differentiate into myoblasts, which then proliferate (Huard 
et al. 2002; Sciorati et al. 2016). Following cell prolifera-
tion, myoblasts terminally differentiate and fuse with each 
other, forming centrally nucleated regenerating myofibers 
that restore preinjury conditions (Huard et al. 2002; Sciorati 
et al. 2016). During the muscle regeneration process, mac-
rophages, which are the most abundant immune cell popu-
lation, exert their influence as two phenotypically distinct 
subsets, M1 and M2 macrophages (also known as proinflam-
matory and antiinflammatory macrophages, respectively) 
(Mantovani et al. 2004; Sciorati et al. 2016; Tidball 2017). 
To facilitate the restoration process, therapeutic interven-
tions are applied to damaged skeletal muscles (Freitas et al. 
2007; Jarvinen et al. 2007; Li et al. 2010; Oyaizu et al. 2018; 
Kawashima et al. 2021a, b). Among these interventions, 
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icing has traditionally been used as one of the acute treat-
ments to inhibit the inflammatory response, including pain 
and swelling, following soft-tissue injury (Swenson et al. 
1996; Bleakley et al. 2004). However, several studies using 
animal models have reported that icing after skeletal mus-
cle injury impairs muscle regeneration (Takagi et al. 2011; 
Shibaguchi et al. 2016; Kawashima et al. 2021a, b). Nota-
bly, previous studies showed that icing after muscle injury 
delays the accumulation of macrophages and impairs muscle 
regeneration (Takagi et al. 2011; Kawashima et al. 2021a, 
b). However, the macrophage-related phenomena that are 
responsible for the impairment of muscle regeneration by 
icing remain unclear.

Following skeletal muscle injury, monocytes are recruited 
from blood vessels and differentiate into M1 macrophages 
(Sciorati et al. 2016). Then M1 macrophages infiltrate into 
the injured sites, release inflammatory cytokines, and phago-
cytose necrotic muscle debris (Arnold et al. 2007; Smith 
et al. 2008). M1 macrophages then undergo a phenotypic 
transition to M2 macrophages during muscle regeneration, 
where they perform a reparative function during the later 
stages of the regenerative process (Vannella and Wynn 2016; 
Tidball 2017; Santa et al. 2019). Although inflammation has 
been considered harmful (Swenson et al. 1996), the inflam-
matory response involving M1 macrophages is indispensa-
ble to complete skeletal muscle regeneration (Tidball 1995; 
Wang et al. 2014; Chazaud 2020). M1 macrophages express 
multiple inflammatory cytokines involved in muscle regener-
ation, one of which is represented by tumor necrosis factor-α 
(TNF-α), which promotes the proliferation of myoblasts (Li 
2003; Tidball et al. 2014; Santa et al. 2019). While previous 
studies have shown that icing delays macrophage recruit-
ment during the early stages of muscle regeneration (Takagi 
et al. 2011; Kawashima et al. 2021a, b), whether icing affects 
important phenomena such as M1 macrophage accumula-
tion, proinflammatory cytokine expression, and myoblast 
proliferation, occurring in the early stages of muscle regen-
eration, is still poorly understood.

The aim of the present study was to examine the chrono-
logical changes in M1/M2 macrophage accumulation and 
the expression of macrophage-related cytokines during the 
early stages of the icing-induced muscle regenerative pro-
cess. In this study, icing after muscle injury decreased the 
accumulation of M1 macrophages, which was accompanied 
by decreased TNF-α expression, decreased Pax7+ cell accu-
mulation, and eventually delayed muscle regeneration. Thus, 
our results demonstrated that disruption of M1 macrophage-
related events occurs during the early stages of icing-treated 
muscle regeneration.

Material and methods

Animals

One hundred and twenty-four 8 week-old male Wistar rats 
weighing 180–200 g (Japan SLC Inc., Shizuoka, Japan) were 
used in the study and allowed free access to food and water 
throughout the experiments. All animals were housed in a 
controlled environment maintained at 22 ± 2 °C with a 12-h 
light and dark cycle. Additionally, this study was approved by 
the Institutional Animal Care and Use Committee and was 
conducted in accordance with the Kobe University Animal 
Experimentation Regulations (approval numbers P180706 and 
P200906).

Experimental protocol

Muscle injury was induced by crushing the extensor digitorum 
longus (EDL) muscle according to previous reports (Takagi 
et al. 2011; Hatade et al. 2014; Takeuchi et al. 2014; Miyakawa 
et al. 2020; Kawashima et al. 2020). The animals were anesthe-
tized by isoflurane inhalation, the anterolateral surface of their 
left hindlimb was shaved, and a longitudinal incision approxi-
mately 20 mm long was made to expose the EDL muscle. 
The middle section of the muscle belly was crushed for 30 s 
with forceps attached to a 500 g weight. Immediately after the 
injury, the skin was closed with a 4–0 suture. The animals were 
then randomly divided into two groups: non-icing and icing. 
Five minutes after the injury, the animals in the icing group 
were given ice packs made by enclosing crushed ice in a poly-
ethylene bag. The surface temperature of the ice pack ranged 
from 0.3 °C to 1.3 °C. For 20 min, an ice pack was applied 
transcutaneously to the injured EDL muscle with minimum 
compression controlled to merely touching the skin. In our pre-
vious investigation using the same subjects and icing method 
(Takagi et al. 2011), icing could decrease muscle surface tem-
perature by more than 10 °C, but caused little decrease in rectal 
temperature. At 6 and 12 h after injury, as well as 1, 2, 3, 4, 5, 
6, and 7 days after injury, the animals were euthanized, and 
EDL muscles were harvested. These samples were immedi-
ately frozen in dry-ice-cooled acetone and stored at a constant 
temperature of −80 °C until analysis. The samples were used 
for morphological and histochemical analyses at all timepoints 
following injury (n = 5 per group at each timepoint). Addition-
ally, the samples were used for western blot analysis 1, 2, and 
3 days following injury (n = 4 per group at each timepoint).

Morphological analysis

Transverse cryosections (10 μm) of frozen EDL muscles 
were cut and mounted on glass slides using a cryostat 
(CM-3050S or CM-1850, Leica Microsystems, Wetzlar, 
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Germany). As described below, some sections were stained 
with hematoxylin and eosin (H&E), while others were used 
for immunohistochemistry. By staining with H&E and 
comparing with morphological characteristics in figures of 
previous reports (Goetsch et al. 2003; Srikuea et al. 2010; 
Takagi et al. 2011; Takeuchi et al. 2014), every section 
made in this study exhibited the features of an injury site. 
All H&E-stained sections were viewed using an Olympus 
BX50 microscope (Olympus, Tokyo, Japan) equipped with 
Olympus UplanApo 20×/0.70 NA or UplanApo 40×/0.85 
NA objectives. The images were recorded with an EOS Kiss 
X8i camera (maximum resolution 6000 × 4000 pixels, Canon 
Inc., Tokyo, Japan) using the EOS utility software (Canon 
Inc.).

Immunohistochemistry

Cryosections were air-dried for 15 min at room tempera-
ture, fixed with 4% paraformaldehyde, washed in phosphate-
buffered saline (PBS), blocked and permeabilized for 1 h 
at room temperature with PBS containing 10% normal 
goat serum and 1% Triton X 100, and incubated overnight 
at 4 °C or for 1 h at room temperature with primary anti-
bodies. A mouse monoclonal anti-CD68 antibody (1:200, 
MCA341GA, Batch# 0515, Bio-Rad, Hercules, CA, USA, 
RRID:AB_566872), which is a glycosylated type I mem-
brane protein predominantly expressed in late endosomes 
and lysosomes of macrophages, was used to detect mac-
rophages in this study. Because the datasheet for the anti-
F4/80 antibody (ab6640, Lot#GR3327073-2; Abcam, 
Cambridge, UK, RRID:AB_1140040) used in the previous 
study (Kawashima et al. 2021a, b) contains information that 
this antibody recognizes the antigen of mouse F4/80 that 
is expressed by murine macrophages, it was impossible to 
use the same antibody in this study using rats. According 
to the datasheet of mouse monoclonal anti-CD68 antibody 
(MCA341GA, Batch# 0515, Bio-Rad, Hercules, CA, USA, 
RRID:AB_566872), this antibody recognizes rat ED1 anti-
gen (known as CD68), and the CD68 expression has been 
observed in both M1 and M2 macrophages in rats (Fujita 
et al. 2014; Fan et al. 2021). In addition to the anti-CD68 
antibody, rabbit polyclonal anti-mannose receptor (CD206) 
antibody (1:2000, ab64693, lot# GR3256060-1, Abcam, 
Cambridge, UK, RRID:AB_1523910), which is a C-type 
lectin primarily present on the surface of M2 macrophages, 
rabbit polyclonal anti-iNOS antibody (1:100, ab3523, lot# 
GR3230433-8, Abcam, RRID:AB_303872), which is one 
of the isoenzymes of nitric oxide synthase and is highly 
expressed by lipopolysaccharide and other stimuli induced 
by M1 macrophages, mouse monoclonal anti-Pax7 anti-
body (1:50, sc-81648, lot# G1916, Santa Cruz Biotech-
nology, CA, USA, RRID:AB_2159836), rabbit polyclonal 
anti-TNF-α antibody (1:100, ab6671, lot# GR3214221-23, 

Abcam, RRID:AB_305641), and rabbit polyclonal anti-dys-
trophin antibody (1:200, sc-15376, lot# F0910, Santa Cruz 
Biotechnology, RRID:AB_2091230) were used as primary 
antibody and were diluted with PBS containing 5% normal 
goat serum. After washing the sections three times in PBS, 
the samples were visualized for 2 h at room temperature with 
appropriate species-specific Alexa Fluor 488 and/or 568 or 
594 fluorescence-conjugated secondary antibodies (1:1000, 
Thermo Fisher Scientific, Waltham, MA, USA) diluted in 
PBS containing 5% normal goat serum. Following a PBS 
wash, the sections were mounted in a Vectashield mount-
ing medium (Vector Laboratories, Burlington, ON, Canada) 
containing 4′, 6-diamino-2-phenylindole (DAPI), to visual-
ize the nuclei. The samples were then viewed on a ZEISS 
Axio Vert. A1 with an objective (LD A-Plan 40×/0.55 NA, 
Zeiss, Oberkochen, Germany) and photographed with an 
AxioCam MRm (maximum resolution 1388 × 1040 pixels) 
using the AxioVision Rel. 4.8 software (Zeiss).

Control experiments were conducted with the undam-
aged muscle, using double staining for CD68 and iNOS 
or CD206, and single staining for TNF-α and Pax7. These 
experiments were performed as positive or negative control 
of these antibodies in rat muscles. In these control experi-
ments, animals of the same strain and age with those in 
this study were used. In the undamaged muscle sample, no 
CD68+iNOS+ cells and TNF-α could be detected (Supple-
mentary Fig. 1a–d, i–k). Meanwhile, several CD68+CD206+ 
cells were observed in the undamaged muscle (Supplemen-
tary Fig. 1e–h), which may indicate tissue-resident mac-
rophages (Watanabe et al. 2019). Pax7+ cell was observed 
at the periphery of skeletal muscle myofiber (Supplementary 
Fig. 1l–n), where quiescent satellite cells are known to exist 
(Yin et al. 2013).

Quantification of muscle regeneration

Muscle regeneration was quantified using the previously 
described method of measuring the cross-sectional area 
(CSA) of centrally nucleated myofibers, which indicated 
regeneration of myofibers at 7 days after injury (Takagi 
et al. 2011). In the sections used for H&E staining, the CSA 
of 100 muscle fibers with a central nucleus at 7 days after 
injury was determined using ImageJ software (http://​rsbweb.​
nih.​gov/​ij).

Quantitative analyses of macrophages and Pax7+ 
cells

The identification of M1 and M2 macrophages was con-
ducted in accordance with a report published previously 
(Kawashima et al. 2021a, b). CD68 (a pan-macrophage 
marker expressed in M1 and M2 macrophages; Tay-
lor et al. 2005), iNOS (a representative marker of M1 

http://rsbweb.nih.gov/ij
http://rsbweb.nih.gov/ij
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macrophages), and CD206 (a representative marker of 
M2 macrophages) were used for immunolabeling. M1 
macrophages were identified as CD68+iNOS+ cells using 
double immunolabeling for CD68 and iNOS (e.g., Bencze 
et al. 2012; Le Moal et al. 2018; Kawashima et al. 2021a, 
b). According to previous reports, CD68+CD206− cells 
were also quantified as M1 macrophages (Tidball and Vil-
lalta 2010; Villalta et al. 2011; Kawashima et al. 2021a, 
b). M2 macrophages were identified as CD68+CD206+ 
cells using double immunolabeling for both (Villalta et al. 
2011; Rayagiri et al. 2018). Additionally, the following 
method was used to quantify the number of macrophages 
and Pax7+ cells. To summarize, five non-overlapping 
injured fields per animal were captured at ×40 magnifica-
tion using an objective lens. Furthermore, macrophages 
and Pax7+ cells were counted and expressed as number 
of cells per field. A total of five fields were averaged, 
and a single value was recorded per animal. All quantita-
tive analyses were performed using the ImageJ software 
described above, and positive cells were detected by one 
observer (A.M.).

Western blot analysis

Portions (approximately 25 mg) of frozen injured mus-
cle samples were homogenized in PRO-PREP (iNtRON 
Biotechnology Inc., Gyeonggi-do, Korea). The homogen-
ates were centrifuged at 15,000g for 30 min at 4 °C, and 
supernatants were collected. Proteins (50 μg per lane) were 
separated by 7.5% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS–PAGE) and transferred to poly-
vinylidene difluoride (PVDF) membranes (GE Healthcare, 
Chalfont St Giles, UK). After blocking for 1 h in Tris-
buffered saline with Tween 20 (TBS-T) containing 20 g/L 
skim milk or 20 g/L albumin bovine, F–V (Nacalai Tesque, 
Inc., Kyoto, Japan), the membranes were incubated over-
night at 4 °C with the primary antibodies, rabbit polyclonal 
anti-TNF-α antibody (1:500, ab6671, lot# GR3214221-23, 
Abcam, RRID: AB_305641) and rabbit polyclonal anti-insu-
lin-like growth factor (IGF)-1A antibody (1:500, 20,214–1-
AP, lot# 00,039,622, Proteintech, Chicago, IL, RRID: 
AB_10666736). The membranes were then incubated for 
1 h at room temperature with horseradish peroxidase (HRP)-
conjugated species-specific secondary antibodies. Blots were 
developed using the Luminata Forte Western HRP Substrate 
(WBLUF0100; Merck Millipore) and recorded with Optima-
Shot CL-420α (Fujifilm Wako Pure Chemical Co., Osaka, 
Japan). The concentrations of the corresponding protein 
bands were analyzed by using ImageJ software. The expres-
sion levels of the samples were normalized to those of the 
standard samples and expressed as fold changes relative to 
the values in the non-icing group at 1 day after injury.

Statistical analysis

Data are expressed as mean ± standard error. Comparisons 
were made using Welch’s t-test or a two-way analysis of var-
iance (ANOVA) (group × time, group × CSA distribution), 
followed by Tukey’s post hoc test. The statistical differences 
were considered significant at P < 0.05. Additionally, the sta-
tistical analyses were performed using the R statistical pack-
age (version 4.0.5, R Foundation for Statistical Computing 
Platform, Vienna, Austria).

Results

Morphological features of the muscle regenerative 
process in the non‑icing and icing groups

One day after skeletal muscle injury, necrotic myofib-
ers were observed as swollen and round cells with faintly 
stained sarcoplasm, and several mononuclear cells infiltrated 
the necrotic myofibers in both the non-icing and icing groups 
(Fig. 1a, e). At 2 days, the contours of necrotic myofibers in 
the non-icing group became unrecognizable with the robust 
mononuclear cell infiltration (Fig. 1b), whereas the infil-
tration of mononuclear cells was mild in the icing group 
(Fig. 1f). At 3 days, some myotubes, which were formed by 
the fusion of the myoblasts, were observed in the non-icing 
group (Fig. 1c, d). In contrast, the icing group retained a high 
number of mononuclear cells while myotubes were barely 
detectable at the same timepoint (Fig. 1g). These morpho-
logical results were consistent with previous research dem-
onstrating that icing delayed muscle regeneration following 
muscle injury (Takagi et al. 2011; Miyakawa et al. 2020).

To evaluate muscle regeneration, the CSA of the regen-
erating muscle fibers characterized by their central nucleus 
was determined at 7 days after injury (Fig. 2). Quanti-
fication of the CSAs revealed those in the icing group 
(652.91 ± 17.86 µm2) to be significantly less than those in the 
non-icing group (798.33 ± 50.97 µm2) (Fig. 2c). At 7 days 
post-injury, the distribution of CSA revealed that the icing 
group had a higher proportion of centrally nucleated myofib-
ers smaller than 500 µm2 than the non-icing group (Fig. 2d), 
suggesting that icing weakens muscle regeneration.

Icing after skeletal muscle injury diminishes M1 
macrophage accumulation

To identify the mononuclear cells observed in injured myofib-
ers, double immunolabeling with CD68 (a pan-macrophage 
marker; Taylor et al. 2005) and iNOS (a representative M1 
macrophage marker; e.g., Bencze et al. 2012; Le Moal et al. 
2018; Kawashima et al. 2021a, b) was performed (Fig. 3). M1 
macrophages were identified as cells that were double-positive 
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for both markers. At 6 h after injury, several M1 macrophages 
were detected at the injured sites for both the groups (Fig. 3a, 
e). Subsequently, until 1 day after injury, the number of M1 
macrophages increased in both the groups (Fig. 3b, f, i, j). Cor-
respondingly, a remarkable accumulation of M1 macrophages 

was noted at 2 days after injury in the non-icing group, and 
the number of these cells drastically decreased the follow-
ing day (Fig. 3c, d, i, j). However, there were no significant 
changes in the number of M1 macrophages between 1 and 
3 days after injury in the icing group (Fig. 3f–i). Additionally, 

Fig. 1   Morphological charac-
teristics of the regenerating pro-
cess after skeletal muscle injury 
by hematoxylin and eosin stain-
ing. a–g Transverse sections of 
the extensor digitorum longus 
muscle in the non-icing (a–d) 
and icing (e–g) groups at 1 day 
(a, e), 2 days (b, f), and 3 days 
(c, d, g) after injury. Asterisks 
indicate the necrotic myofibers. 
Arrowheads indicate myotubes. 
d A magnified image of boxed 
area in c. Scale bars, 30 µm

Fig. 2   Comparison of regenerating myofiber size at 7 days after skel-
etal muscle injury. a, b Transverse sections of the extensor digitorum 
longus muscle stained with hematoxylin and eosin in non-icing (a) 
and icing (b) groups. Arrowheads indicate regenerating muscle fibers 
with a central nucleus. Scale bars, 60 µm. c Mean cross-sectional area 
(CSA) of regenerating muscle fibers. d CSA distribution of regenerat-

ing muscle fibers. Data pooled from 100 fibers per animal. Values are 
expressed as mean ± standard error (n = 5), and statistical significance 
was assessed with Welch’s t-test (c) or two-way analysis of variance 
followed by Tukey’s post hoc test (d). The interaction between group 
and time is significant in d.*P < 0.05, **P < 0.01; statistical differ-
ence between groups
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at 2 days after injury, the icing group had significantly fewer 
M1 macrophages than the non-icing group (Fig. 3i). Owing to 
their close proximity to regenerating muscle cells expressing 
iNOS from 4 days after injury (Kaliman et al. 1999), iNOS+ 
macrophages became indistinguishable from regenerating 
muscle cells expressing iNOS (Supplementary Fig. 2). As 
a result, CD68+CD206− cells were quantified as M1 mac-
rophages at 4 days after injury, in accordance with previ-
ous reports (Tidball and Villalta 2010; Villalta et al. 2011; 
Kawashima et al. 2021a, b). Moreover, CD68+iNOS+ cells and 
CD68+CD206− cells had similar spatial distributions at 1 day 
after injury in the non-icing group (Supplementary Fig. 3), 

and thus were considered to be the same cells in this study. 
The number of M1 macrophages decreased similarly in the 
non-icing and icing groups from 4 days after injury (Fig. 4). 
Together, these results suggest that icing after skeletal muscle 
injury reduces the accumulation of M1 macrophages.

Icing after skeletal muscle injury decreases TNF‑α 
protein expression in the injured area

Quantification of TNF-α expression levels in injured mus-
cles using western blot analysis revealed a constant level 
of expression from day 1 to 3 after injury in the non-icing 

Fig. 3   Chronological changes in M1 macrophage accumulation 
after skeletal muscle injury. a–h Representative images of M1 mac-
rophages at the injured sites in non-icing (a–d) and icing (e–h) 
groups at 6 h (a, e), 1 day (b, f), 2 days (c, g), and 3 days (d, h) after 
injury. Transverse sections of the extensor digitorum longus muscle 
were analyzed by immunofluorescence for CD68 (green) and iNOS 
(red). Nuclei were stained with 4′, 6-diamino-2-phenylindole (DAPI, 
blue). Scale bars, 20 µm. i Quantification of the number of M1 mac-
rophages after the injury. j Percentages of CD68+iNOS+ cells in total 
CD68+ cells after injury. Arrowheads indicate M1 macrophages iden-

tified as the double-positive color (yellow) of CD68 and iNOS sur-
rounding a nucleus (blue). Five non-overlapping fields per animal 
were counted (n = 4, per group per timepoint). Values are expressed 
as the mean ± standard error, and statistical significance was assessed 
with two-way analysis of variance followed by Tukey’s post hoc test. 
The interaction between group and time is significant in i. **P < 0.01; 
statistical difference between groups. §P < 0.05; statistical differences 
from the previous timepoint in the same group. The main effect is sig-
nificant for time, not for group, in j 
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group (Fig. 5a, b). Interestingly, the TNF-α expression level 
was significantly lower in the icing group than in the non-
icing group at 3 days after injury (Fig. 5a, b).

To investigate the distribution of TNF-α in the injured 
area at 3  days after injury, double immunostaining for 
TNF-α (red) and CD68 (green) or Pax7 (green), a transcrip-
tion factor expressed in quiescent and activated satellite cells 
and proliferating myoblasts (Yin et al. 2013), was performed 
(Fig. 5c, d). TNF-α was expressed in a subset of CD68+ 
macrophages (Fig. 5c), in areas adjacent to Pax7+ cells 
(Fig. 5d), and in the interstitial spaces (Fig. 5c, d).

Icing after skeletal muscle injury reduces Pax7+ cell 
accumulation in injured sites

Activated and migrating satellite cells or proliferating myo-
blasts are detected in injured sites (Yin et al. 2013; Tian 
et al. 2016). To observe Pax7+cells in injured sites, dystro-
phin (red) was used. Dystrophin is a cytoskeletal protein 
that disappears in response to myofiber damage (Lovering 
and De Deyne 2004). No Pax7+ cells were observed in the 
injured area at 2 days after the injury in either group (data 
not shown). However, at 3 days after injury, several Pax7+ 
cells were detected at the injured sites of both the groups 
(Fig. 6a, d, g). Furthermore, at days 4 and 5 after injury, the 
number of Pax7+ cell in the injured sites increased in both 
groups, but appeared to be less abundant in the icing group 
(Fig. 6b, c, e, f). Moreover, two-way ANOVA demonstrated 
the effects of time and group to be significant (Fig. 6g), 

further indicating that the icing group consistently had fewer 
Pax7+ cells in the injured area than the non-icing group. 
These findings suggest that icing after muscle injury reduces 
Pax7+ cell accumulation.

Icing after skeletal muscle injury does not alter M2 
macrophage accumulation and IGF‑1 expression 
patterns

To identify M2 macrophages in the injured area, double 
immunolabeling for CD68 (green) and CD206 (red) was 
performed (Fig. 7). M2 macrophages were identified by 
their double-positive (yellow) coloration surrounding a 
nucleus (blue). M2 macrophages were barely detectable 6 h 
after injury in the non-icing and icing groups (Fig. 7a, f, k, 
l). Subsequently, M2 macrophages were observed in both 
groups at 12 h and gradually increased in both groups by 
3 days following injury (Fig. 7b–d, g–i, k, l). Between 4 and 
7 days after injury, no significant changes in the number of 
M2 macrophages were observed in either group (Fig. 7e, 
j–l). Two-way ANOVA demonstrated a significant effect of 
time but not group (Fig. 7k), suggesting that icing imme-
diately following muscle injury does not affect M2 mac-
rophage accumulation.

IGF-1 is a cytokine that is expressed by both M1 and M2 
macrophages and is known to cause phenotypic transition 
of macrophages from M1 to M2 (Tonkin et al. 2015). In 
this study, IGF-1 protein expression levels were examined at 
the period when the number of M2 macrophages started to 

Fig. 4   Quantification of CD68+CD206− cell (M1 macrophage) num-
ber after skeletal muscle injury. a, b Transverse sections of the exten-
sor digitorum longus muscle in non-icing (a) and icing (b) groups 
were analyzed by immunofluorescence for CD68 (green) and CD206 
(red) at 4 days after injury. Nuclei were stained with 4′, 6-diamino-
2-phenylindole (DAPI, blue). Arrowheads indicate M1 macrophages 
identified as the green color surrounding a nucleus (blue). Scale bars, 
20  µm. c Quantification of the number of M1 macrophages. Five 

non-overlapping fields per animal were counted (n = 5, per group per 
timepoint). Values are expressed as mean ± standard error, and statis-
tical significance was assessed with two-way analysis of variance fol-
lowed by Tukey’s post hoc test. The interaction between group and 
time is significant. **P < 0.01; statistical difference between groups. 
§P < 0.05; statistical differences from the previous timepoint in the 
same group
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increase (i.e., 1–3 days after injury). IGF-1 expression levels 
were comparable between the non-icing and icing groups at 
1–3 days after injury. Two-way ANOVA indicated that nei-
ther time nor group had significant effects (Fig. 8a, b). Thus, 
the findings support our observation that M2 macrophage 
accumulation was not altered by icing after muscle injury.

Discussion

The dynamics of M1/M2 macrophages and the expression 
levels of macrophage-related cytokines were investigated in 
this study to better understand the key phenomena associ-
ated with the inflammatory response that is indispensable for 
optimal muscle regeneration, underlying icing-induced retar-
dation of muscle regenerative process. The present study 
established that icing applied immediately after injury for 
20 min (1) decreased the accumulation of M1 macrophages; 
(2) decreased the expression of TNF-α; (3) decreased the 
accumulation of Pax7+ cells at the regenerating site; and 
(4) eventually resulted in poor muscle regeneration. In our 
previous studies, icing after skeletal muscle injury delayed 
the accumulation of macrophages and impaired muscle 
regeneration (Takagi et al. 2011; Kawashima et al. 2021a, 
b). In addition, before retardation of macrophage accumu-
lation, inhibition of the migration of the monocyte chem-
oattractant protein-1 (MCP-1) positive cells was occurred 
(Miyakawa et al. 2020). In the previous study using eccentric 

contraction-induced muscle damage by electrical stimula-
tion that causes the sustained occurrence of muscle dam-
age over several days, M1 macrophage accumulation and 
TNF-α expression were retarded by icing (Kawashima et al. 
2021a, b). However, this study used muscle crush injury, 
which causes acute damage, and firstly showed that icing 
after acute muscle injury may affect muscle regeneration 
through reduction, not retardation, of M1 macrophage accu-
mulation (Figs. 3, 4) and TNF-α expression (Fig. 5) during 
the early stages of regeneration.

M1 macrophages are one of the most common leukocytes 
infiltrating injured sites following muscle injury (Arnold 
et al. 2007) and are critical for muscle regeneration (Chazaud 
2020). In this study, icing applied shortly after muscle injury 
decreased M1 macrophage accumulation (Figs. 3, 4) and 
TNF-α expression at 3 days after injury (Fig. 5). Given that 
M1 macrophages are the primary source of TNF-α during 
the muscle regeneration process (Tracey and Cerami 1994; 
Tidball and Villalta 2010; Liu et al. 2017), the decreased 
accumulation of M1 macrophages in this study could be 
attributed to the decreased TNF-α expression during the 
icing-treated muscle regeneration. TNF-α is a key factor in 
promoting the proliferation of myoblasts (Li 2003; Arnold 
et al. 2007; Chen et al. 2007). Between day 3 and 5 after 
injury, the icing group had fewer Pax7+ cells at the injured 
sites than the non-icing group (Fig. 6). Therefore, decreased 
M1 macrophage accumulation and decreased TNF-α expres-
sion in the icing group may account for the suppression of 

Fig. 5   Chronological changes in the expression levels of tumor 
necrosis factor-α (TNF-α) and its distribution in the injured sites 
after skeletal muscle injury. a, b Representative blots (a) and quan-
tification (b) of TNF-α at 1, 2, and 3 days after injury in non-icing 
and icing groups. The expression levels of protein were normalized 
to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels 
and expressed as the fold change (arbitrary unit, a.u.) from the values 
in the non-icing group at 1 day after injury. Values are expressed as 
mean ± standard error (n = 4, per group per timepoint), and statistical 
significance was assessed with two-way analysis of variance followed 

by Tukey’s post hoc test. The interaction between group and time is 
significant in b. *P < 0.05; statistical difference between groups. c, 
d Representative images of TNF-α-positive area in the injured sites 
in non-icing group at 3 days after injury. Transverse sections of the 
extensor digitorum longus muscle were analyzed by immunofluo-
rescence for TNF-α (red) and CD68 (green) (c) or Pax7 (green) (d). 
Nuclei were stained with 4′, 6-diamino-2-phenylindole (DAPI, blue). 
Arrowheads in c indicate CD68+ cells, and those in d show Pax7+ 
cells. Scale bars, 20 µm
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myoblast proliferation in the injured or regenerating sites. 
These findings suggest that icing-induced retardation of 
muscle regeneration is caused, at least in part, by disruption 
of M1 macrophage accumulation and TNF-α expression dur-
ing the early stages of the regenerative process.

At 2 days after injury, icing reduced the accumulation of 
M1 macrophages, which are reported to be the major source 
of TNF-α (Figs. 3, 4). Nonetheless, the icing group had a 
significantly lower level of TNF-α protein expression at 
3 days after injury (Fig. 5a, b), implying a time-course gap 
between M1 macrophage accumulation and TNF-α protein 
expression. A previous study reported that TNF-α expres-
sion was observed in the macrophage-invading area and 
interstitial spaces at 3 days after muscle injury (Ramos et al. 
2016). Similarly, in the present study, TNF-α positive area 
was widely detected not only in the macrophage and adjacent 
area, but also in the interstitial space (Fig. 5c, d), indicating 
that the residue of TNF-α derived from M1 macrophages 
accumulated at 2 days after injury may have contributed 

to the decreased TNF-α expression in the icing group at 
3 days after injury. Additionally, TNF-α is expressed by cells 
involved in muscle regeneration, such as myoblasts and myo-
tubes (Cassatella 1999; Collins and Grounds 2001). In the 
present study, TNF-α-positive area was observed adjacent 
to Pax7+ cells (Fig. 5d), and the number of Pax7+ cells was 
significantly lower in the icing group than in the non-icing 
group at 3–5 days after injury (Fig. 6). Furthermore, some 
myotubes emerged at 3 days after injury in the group that 
did not receive icing (Fig. 1). Cumulatively, our data suggest 
that the decrease in TNF-α expression at 3 days after injury 
in the icing group is due to an altered accumulation of TNF-
α-expressing cells such as M1 macrophages, myoblasts, and 
myotubes. Future studies will elucidate the effect of icing on 
the capacity of macrophages and myogenic cells to express 
TNF-α during muscle regeneration.

Additionally, this study showed that icing after muscle 
injury did not alter M2 macrophage accumulation despite 
decreased M1 macrophage recruitment (Figs. 3, 4, 7). 

Fig. 6   Pax7+ cell distribution in the regenerating area after skeletal 
muscle injury. a–f Representative images of Pax7+ cells in non-icing 
(a–c) and icing (d–f) groups at 3 days (a, d), 4 days (b, e), and 5 days 
(c, f) after injury. Transverse sections of the extensor digitorum lon-
gus muscle were analyzed by immunofluorescence for Pax7 (green) 
and dystrophin (red). Nuclei were stained with 4′, 6-diamino-2-phe-
nylindole (DAPI, blue). Scale bars, 20  µm. g Quantification of the 
number of Pax7+ cells. Arrowheads indicate Pax7+ cells identified as 

double-positive color (light blue) of Pax7 and a nucleus. Five non-
overlapping fields per animal were counted (n = 4, per group per time-
point). Values are expressed as mean ± standard error, and statistical 
significance was assessed with two-way analysis of variance. The 
main effects for group (*) and time (§) are significant. The interaction 
between group and time is not significant. *P < 0.05; statistical differ-
ence between groups. §P < 0.05; statistical difference between times
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IGF-1 has been shown to cause a shift in the macrophage 
phenotype from M1 to M2 (Tonkin et al. 2015). No dif-
ference in IGF-1 expression levels was observed between 
the non-icing and icing groups, implying that icing dis-
rupts M1 but not M2 macrophage accumulation. M1 mac-
rophages play important roles in muscle regeneration, 
including the expression of pro-inflammatory cytokines, 
phagocytosis of necrotic muscle debris, and proliferation 
of myoblasts (Tidball 2011; Juban and Chazaud 2017). 
Admittedly, a previous study reported that depletion of 
M1 macrophages during the early stages of muscle regen-
eration impairs regeneration (Wang et al. 2014). These 
previous findings support our notion that icing-induced 
impaired muscle regeneration is associated with decreased 

M1 macrophage accumulation and TNF-α expression dur-
ing the early stages of regeneration.

A limitation of this study is that we did not perform con-
focal microscopy or observation of thinner sections to obtain 
more precise data of M1/M2 macrophage detection. In this 
study, M1 macrophages were identified as the cells that were 
double-positive for iNOS and CD68 within 3 days after 
injury. CD68+iNOS+ cells and CD68+CD206− cells had 
similar spatial distributions at 1 day after injury in the non-
icing group (Supplementary Fig. 3). Ratios of iNOS+CD68+ 
and CD206+CD68+ cells at 2 days after injury of the non-
icing group were 84.27% and 23.09%, respectively (Figs. 3j, 
7l). By contrast, these ratios of the icing group were 70.06% 
and 29.04%, respectively (Figs. 3j, 7l). At 3 days after injury, 

Fig. 7   Chronological changes in the number of M2 macrophages 
after skeletal muscle injury. a–j Representative images of M2 mac-
rophages in the injured sites in non-icing (a–e) and icing (f–j) groups 
at 6 h (a, f), 1 day (b, g), 2 days (c, h), 3 days (d, i), and 4 days (e, 
j) after injury. Transverse sections of the extensor digitorum longus 
muscle were analyzed by immunofluorescence for CD68 (green) and 
CD206 (red). Nuclei were stained with 4′, 6-diamino-2-phenylindole 
(DAPI, blue). Scale bars, 20 µm. k Quantification of the number of 

M2 macrophages after crush injury. l Percentages of CD68+CD206+ 
cells in total CD68+ cells after injury. Arrowheads indicate M2 mac-
rophages identified as double-positive color (yellow) of CD68 and 
CD206 surrounding a nucleus (blue). Five non-overlapping fields 
per animal were counted (n = 5, per group per timepoint). Values are 
expressed as mean ± standard error, and statistical significance was 
assessed with two-way analysis of variance. The main effect is sig-
nificant for time, not group, in k and l 
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the ratios of these cells of the non-icing group were 50.63% 
and 55.51%, respectively, while in the icing group, these 
were 62.32% and 39.84%, respectively (Figs. 3j, 7l). From 
these data, double-positive or double-negative cells of iNOS 
and CD206 might exist. However, these cells were few in 
the total data we obtained. Therefore, statistical differences 
between the non-icing and icing groups in this study were 
not altered because of these cells. To detect these polari-
zations of macrophages and to obtain precise data, future 
investigations will include experiments with flow cytometry 
or confocal microscopy using thinner sections.

Another limitation is the effect of icing is variable 
depending on the depth in the tissues. In our previous study, 
muscle surface and rectal temperatures were measured by 
using the same subject and icing method as in this study 
(Takagi et al. 2011). As mentioned in the study, the icing 
application could decrease local muscle surface temperature 
by more than 10 °C, but cause little decrease in rectal tem-
perature (Takagi et al. 2011). However, there is a possibility 
that some regional variances may affect the results. In this 
study, every icing application was performed by one person 
(A.M.) with the same technique throughout the experiments 
to minimize technical error. Therefore, if the effect of cool-
ing differs depending on the depth, the results of this study 
would not markedly change because of this effect (depth of 
cooling).

In conclusion, we demonstrated that icing disturbs M1 
macrophage accumulation and its related phenomena dur-
ing the early stages of muscle regeneration. This study 
may contribute to a better understanding of the mechanism 
underlying the icing-caused retardation of skeletal muscle 
regeneration.
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