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ABSTRACT. Skeletal muscle injury is caused by a variety of events, such as muscle laceration, contusions,
or strain. Muscle fibers respond to minor damage with immediate repair mechanisms that reseal the cell
membrane. On the other hand, repair of irreversibly damaged fibers is achieved by activation of muscle pre-
cursor cells. Muscle repair is not always perfect, especially after severe damage, and can lead to excessive fi-
broblast proliferation that results in the formation of scar tissue within muscle fibers. Remaining scar tissue
can impair joint movement, reduce muscular strength, and inhibit exercise ability; therefore, to restore mus-
cle function, minimizing the extent of injury and promoting muscle regeneration are necessary. Various
physical agents, such as cold, thermal, electrical stimulation, and low-intensity pulsed ultrasound therapy,
have been reported as treatments for muscle healing. Although approaches based on the muscle regenera-
tion process have been under development, the most efficacious physiological treatment for muscle injury re-
mains unclear. In this review, the influence of these physical agents on muscle injury is described with a fo-
cus on research using animal models.
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Skeletal muscle injury is caused by a variety of events,
such as muscle laceration, contusions, or strain”. Muscle in-
juries are one of the most common injuries in relation to
sports”. Muscle fibers respond to minor damage by utiliz-
ing limited immediate repair mechanisms to reseal the cell
membrane. On the other hand, repair and replacement of ir-
reversibly damaged fibers is achieved by activating muscle
precursor cells that are predetermined to differentiate into
skeletal muscle®®. Satellite cells are the major source of
myogenic cells in adult skeletal muscle. They are located
between the plasma and basement membranes of muscle fi-
bers” and play a key role in muscle repair®. Satellite cells
are normally quiescent in undamaged adult muscle, only
being activated in response to injury. When activated, these
cells can proliferate, move to the area of damage, and fuse
with preexisting fibers and the surviving segments of dam-
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aged fibers. However, muscle repair does not always per-
fectly align the surviving fiber stump with the newly form-
ing repair segment, and thus, many fibers can become
branched after regeneration”, especially after severe or ex-
tensive damage, such as deep wounds, leading to the exces-
sive proliferation of fibroblasts and the formation of scar
tissue within muscle fibers. Scar tissue exhibits no contrac-
tile function and has low extensibility; therefore, remaining
scar tissue can impair joint movement, reduce muscular
strength, and inhibit exercise ability”’. For these reasons,
minimizing the extent of injury and promoting muscle re-
generation is necessary to restore muscle function.

Skeletal muscle regeneration is stimulated by muscle
injury, after which, it undergoes sequential phases of de-
generation, inflammation, regeneration, and the formation
of new myofibers or fibrosis"® (Table 1). The inflammatory
response is essential to the effective repair of tissue, and the
inhibition of these events inhibits the repair phases that fol-
low™”. Therefore, to apply optimal physical agents, it is
necessary to understand the muscle regeneration process. In
the case of pharmacological treatments, anti-inflammatory
drugs, growth factors, and fibrosis inhibitors are prescribed
as appropriate in accordance with the healing process"'"’.
Regarding physiotherapy interventions, various physical
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Table 1.

Phases of skeletal muscle healing®.

Healing phase

Changes within the muscle

Degeneration/inflammation phase
inflammatory reactions
Regeneration phase
activation

Remodeling phase
and scar tissue formation

Characterized by rupture and necrosis of myofibers, formation of a hematoma, and important
Phagocytosis of damaged tissue, followed by myofiber regeneration, leading to satellite cell

Maturation of regenerated myofibers with recovery of muscle functional capacity, fibrosis,

agents, including cold, thermal, electrical stimulation, and
low-intensity pulsed ultrasound therapy (LIPUS), have
been used as treatments for muscle healing. The purposes
of applying physical agents are to diminish pain following
injury and to accelerate muscle healing. In this review, the
influence of these physical agents on muscle injury is de-
scribed with a focus on research using animal models.

Cryotherapy

Cryotherapy, defined as the use of cold modalities,
such as icing, cold packs, and cold water immersion, is
widely applied as a treatment in the acute phase of muscle
injury. The physiological responses to cryotherapy include
decreased blood flow, tissue metabolism, and nerve con-
duction velocity, which diminish bleeding and acute in-
flammation symptoms'*'” such as swelling'” and pain''".
Ischemia due to bleeding and increased enzyme activity fol-
lowing the primary injury can cause additional damage to
uninjured tissues around the injury site, which are referred
to as secondary injuries. Cryotherapy suppresses secondary
injuries because it reduces local metabolism and cellular
energy demands for surviving tissues'™'’, and is therefore
considered valuable in minimizing the extent of muscle
damage.

While cryotherapy has been reported to exert a benefi-
cial effect for posttraumatic symptoms, it has also been
shown to retard muscle regeneration (Table 2). Takagi et
al.™ showed that ice applied immediately after a muscle
crush injury can retard muscle regeneration and induce col-
lagen deposition. They also found that the expression of
both transforming growth factor (TGF)-B1 and insulin-like
growth factor-1 was retarded in the icing group, which sug-
gested that these growth factors, which were produced by
macrophages, regulated the proliferation and differentiation
of satellite cells and collagen synthesis, thereby indicating
that icing delayed muscle regeneration. Shibaguchi et al.*”
investigated the effects of icing after bupivacaine-induced
muscle injury. Their results also showed an increasing col-
lagen area, which might be related to the delay in the timing
of the inhibited expression of TGF-B during regeneration.
Ito et al.” also investigated the effects of cryotherapy using
a cardiotoxin-induced muscle injury model. They found
that the wet weight of regenerated muscle and the cross-

12,13)

sectional area of myofibers were decreased after cryother-
apy. Cryotherapy applied immediately after injury inhibited
the accumulation of macrophages in the inflammatory proc-
ess™*. As inflammatory cells play essential roles in regu-
lating the muscle repair response and development of fibro-
sis after muscle injury”'**”; if these inflammatory events are
impaired by cryotherapy, muscle regeneration is also af-
fected.

On the other hand, it has been reported that cryother-
apy inhibits the inflammatory process without changing the
expression of myogenic regulatory factors, such as desmin
and myoD, or collagen deposition'”. Singh et al.” demon-
strated that icing attenuated or delayed the infiltration of in-
flammatory cells and the expression of proangiogenic fac-
tors in regenerating muscle. Despite these differences, no
significant differences were observed in the capillary den-
sity or myofiber cross-sectional area between the icing and
no icing groups. Ikezaki et al.”” investigated the effects of
icing on the muscle regeneration process, including mole-
cules related to pain, and found that icing was effective for
alleviating muscle soreness; however, icing had no influ-
ence on histological features, such as the cross-sectional
area of regenerated muscle fibers or the ratio of central nu-
cleated fibers. Cryotherapy is generally used in the acute
phase of muscle injury to alleviate inflammatory symptoms
and secondary injuries. However, the results of studies in-
vestigating the effectiveness of cryotherapy on muscle re-
generation have been inconsistent, as described above,
which suggests that cryotherapy should be administered af-
ter muscle injury only after careful consideration.

Thermal Therapy

Several thermal modalities are available for heat appli-
cation to tissues. Thermal therapy is categorized into super-
ficial heating, such as hot packs, warm whirlpool and paraf-
fin, and deep heating, such as continued ultrasound and dia-
thermy. The physiological effects of elevating tissue tem-
perature results in an increase in blood flow to the area, at-
tributable in part to the vasodilatory response in surface
blood vessels. In addition, increasing tissue temperature is
associated with an increasing metabolic rate””’. Based on
these responses, heat stress appears to play a beneficial role
in wound healing after the acute phase as a result of in-
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Table 2. Studies on cold therapy for muscle injury in animal models.

Effects in the cryotherapy compared

. Method of Timing of . . .
Reference Injury type cryotherapy cryotherapy with the 1nJuredg\rx:)11t]I11)0ut cryotherapy
Ramos et al.!» Freezing injury Ice pack Immediately after Decreased macrophage infiltration
(plastic bag filled injury, 24 h and and accumulation of TNF-o, NF-xB,

Takagi et al.2»

Shibaguchi et al.2h

Ito et al.22

Miyakawa et al.23

Singh et al.2»

Crush injury

Bupivacaine-induced
muscle injury

Cardiotoxin-induced
muscle injury

Crush injury

Contusion injury

with crushed ice)
3 sessions of 30 min,
2 h apart

Ice pack, 0.3~1.3 °C
(plastic bag filled
with crushed ice)

20 min

Ice pack, 0 °C
20 min

Ice-cold water
20 min

Ice pack, 0.3~1.3 °C
(plastic bag filled
with crushed ice)

20 min

Icing

48 h after injury

5 min after injury

Immediately after
injury

IE group: 1 h after
injury

ID group: 8 days
after injury

5 min after injury

5 min after injury

and TGF-8

No influence injury area, expression
of desmin and MyoD, and collagen [
and III protein levels.

Retarded number of macrophages and
immunohistochemical expression of
TGF-B1 and IGF-I

Decreased muscle fiber cross-sec-
tional area

Increased collagen fiber area

Delayed the timing of disappearance
of TGF-$
Increased collagen deposition

IE group: decreased muscle wet
weight and muscle fiber cross-sec-
tional area

ID group: no influence of muscle wet
weight and muscle fiber cross-sec-
tional area

Inhibited accumulation of macro-
phages.

Delayed neutrophil and monocyte
chemoattractant protein-1 + cells.

Attenuated and/or delayed neutrophil

20 min

Ikezaki et al.20) Bupivacaine-induced

muscle injury

Ice pack, 0 °C
20 min

and macrophage infiltration, expres-
sion of vVWF, VEGF, and nestin

No influence on capillary density or
muscle fiber cross-sectional area

No influence on muscle fiber cross-
sectional area

Decreased expression of myoD and
BKB2 receptor mRNA

Immediately or 3
days after injury

TNF-a, tumor necrosis factor-a;; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; TGF-f, transforming growth
factor-f; IGF-1, insulin growth factor-1, factor; vWF, von Willebrand factor; VEGF, vascular endothelial growth factor; BKB2 re-
ceptor, Bradykinin B2 receptor; IE group, icing at early stage of muscle injury group; ID group, icing at delayed stage of muscle inju-

ry group.

creased blood flow, which improves wound and periwound
tissue perfusion and increases both oxygen and wound oxy-
gen tension”. In addition, thermal therapy is generally con-
traindicated in acute phase injuries because heat stimulation
increases the inflammation response and metabolic rate ex-
cessively, and can aggravate secondary injuries. However,
heat stress has also been reported to exert a beneficial effect
in the acute stage of muscle damage (Table 3). Kojima et
al.™ showed that whole-body heat stress immediately after
injury stimulated the proliferation of satellite cells and pro-
tein synthesis during the regeneration process in a
cardiotoxin-induced muscle injury model. In addition, the
application of hot water immersion has been shown to ac-
celerate the recovery of fiber size and myonuclear number,
and to increase the numbers of total and activated satellite
cells*. Hatade et al.”” applied a hot pack to a muscle crush
injury and found that heat stress immediately after the in-

jury could enhance the proliferation and differentiation of
myogenic cells and the expression of muscle regulatory fac-
tors MyoD and myogenin. In addition, heat stress was
shown to facilitate the migration of macrophages to the in-
jury site, the proliferation and differentiation of satellite
cells, the growth of muscle fiber, and the inhibition of col-
lagen synthesis in the regenerating muscle in other thermal
stimulation experiments using hot packs after a muscle
crush injury’”. Moreover, in a rat model, no painful behav-
ior responses were exhibited after heat treating. Shibaguchi
et al.”” examined the effects of intermittent heat stress com-
pared with icing on the regeneration process in a
bupivacaine-induced muscle injury. The results indicated
that heat stress suppressed the increasing fibrosis and par-
tially promoted the recovery of muscle mass, protein con-
tent, and size of the muscle fibers in injured skeletal mus-
cle. In addition, enhanced macrophage infiltration, the pro-
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Table 3. Studies on thermal therapy for muscle injury in animal models.

Effects in the thermotherapy

Reference Injury type thgfritg&ir(;f the};lr;n;g;ge ;)af compared with the injured
Py Py without thermotherapy groups
Shibaguchi et al.2h)  Bupivacaine-induced Hot water im- Initiated 48 h after Reduced the development of fibrosis
muscle injury mersion injury and continued Increased muscle mass, myofibrillar pro-
42 °C every other day tein content, muscle fiber cross-sectional
30 min area, and expression of Pax-7-positive
satellite cells and heat shock protein
Kojima et al.2®) Cardiotoxin-induced Whole-body Immediately after Increased protein content, Pax-7-positive
muscle injury heat stress injury satellite cells, and heat shock protein 72
41°C
60 min

Oishi et al.29 Hot water im-
mersion
42+1 °C

30 min
Hot pack
42 °C
20 min

Bupivacaine-induced
muscle injury

Hatade et al.30) Crush injury

Takeuchi et al.3D Crush injury Hot pack
42 °C

20 min

Initiated 48 h after
injury and continued
every other day

5 min after injury

5 min after injury

Increased myonuclear number, numbers
of Pax-7- and MyoD-positive satellite
cells, and heat shock protein 72

Earlier expression of MyoD and myo-
genin protein

Increased muscle fiber cross sectional area
Faster expression of ED1-positive macro-
phages

Increased number of Pax-7-positive satel-
lite cells

Less collagen fiber area

liferation and differentiation of satellite cells, and the ex-
pression of heat shock protein (HSP) 72 were also observed
under a heat stress condition. As a mechanism of these ef-
fects, the involvement of HSPs, some intracellular signaling
pathways related to protein synthesis, and gene expression
associated with muscle growth has been suggested. HSPs
are proteins that respond to stress within the body and play
important roles in preventing protein denaturation, the
regulation of cell signaling, and the maintenance of cell ho-
meostasis™. It has also been reported that heat stress at-
tenuates skeletal muscle atrophy™* and induces hypertro-
phy®***, These previous studies also report that thermal
stimulation is effective for muscle regeneration. However,
thermal therapy has not been applied to acute phase injuries
in the clinical setting because it may increase pain and
bleeding. If thermal therapy is used in the acute phase of
muscle injury in clinical settings, the therapeutic protocol
might need to be modified to deal with acute phase symp-
toms such as pain.

Microcurrent Electrical Neuromuscular
Stimulation (MENS)

Microcurrent electrical neuromuscular stimulation
(MENS) was developed as a physical therapy modality ca-
pable of delivering a current with an amplitude less than 1
mA. The human epidermis exhibits a natural endogenous
battery that generates a small electric current when
wounded™*”. Applying electrical stimulation produces cur-
rent flow in the tissues that mimics the natural skin battery,

and thereby, promotes tissue healing. MENS has been
shown to have beneficial effects in terms of wound heal-
ing*™*", pressure ulcer healing®’, tendon or ligament re-
pair®*, the alleviation of muscle soreness**’, and muscle
regrowth*”. The therapeutic effects of MENS on muscle in-
jury have been evaluated in regard to muscle weight, mus-
cle protein content, mean muscle fiber cross-sectional area,
and number of muscle satellite cells® (Table 4). The results
showed that MENS may facilitate the regeneration of in-
jured skeletal muscle by activating its regenerative poten-
tial*®. Yoshida et al.”’ investigated the effects of MENS
with or without icing on the injured muscle regeneration
process and found that both treatments had similar benefi-
cial effects on the recovery of muscle protein content and
muscle fiber cross-sectional area. However, judging from
the fiber morphology and expression level of phospho-
rylated Akt, MENS combined icing stimulated regeneration
of the injured muscle more effectively than did MENS
alone. Another treatment attempt combined MENS and hy-
perbaric oxygen (HBO) therapy in a cardiotoxin-induced
muscle damage model®. Although MENS or HBO alone
was not effective, MENS combined with HBO increased
the muscle fiber cross-sectional area. With regard to the
mechanisms underlying the effects of MENS, an increase in
the generation of adenosine triphosphate has been re-
ported’™”. Another study demonstrated that MENS increased
the protein content in C2C 12 myotubes. MENS has also
been found to upregulate the expression of caveolin-3, tri-
partite motif-containing 72, and creatine kinase isoenzyme
MM. It has also been suggested that MENS stimulates not
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only protein synthesis, but also membrane repair in regen-
erated skeletal muscle™. These studies suggest that MENS
has a beneficial effect on regeneration after muscle injury.
In future research, it will be necessary to examine the most
effective treatment parameters of MENS and to elucidate its
underlying mechanism in terms of muscle regeneration.

Therapeutic Ultrasound

Ultrasound is a form of acoustic energy that involves
mechanical pressure waves. Sound energy at frequencies >
20 kHz is defined as ultrasound. Ultrasound can be used for
therapeutic purposes in both the low- and high-intensity
ranges. Therapeutic ultrasound for muscle damage is ap-
plied at a low intensity or by pulsing™. Therapeutic ultra-
sound has been shown to induce biological activities related
to tissue recovery, such as the stimulation of protein and
collagen synthesis™*’, and to increase the production of
vascular endothelial growth factor (VEGF), basic fibroblast
growth factor, and interleukin-8°*. Therapeutic ultrasound
has been shown to increase the production of nitric oxide™.
These mechanisms may help promote tissue healing. The
reported effects of therapeutic ultrasound on injured muscle
include the modulation of the inflammatory response and
the upregulation of myogenic differentiation in inflamma-
tory conditions both in in vitro and in vivo™. In addition, it
may increase the number of activated satellite cells, upregu-
late myogenic regulatory factors and skeletal muscle struc-
tural proteins, and increase the muscle fiber cross-sectional
area in injured skeletal muscle™®”. Moreover, therapeutic
ultrasound promotes VEGF mRNA expression and revas-
cularization in injured muscle®. Regarding physiologic per-
formance, therapeutic ultrasound may improve contractive
properties after laceration injury "
load and tensile strength™’. By contrast, it has also been
found to enhance myogenic precursor cell and fibroblast
proliferation without affecting myotube production®. Pied-
ade et al.”” reported that therapeutic ultrasound after lacera-
tion injury increases the differentiation of muscular lineage
cells and the deposition of collagenous fibers. Those re-
29 suggest that ultrasound treatment also prolongs the
proliferation phase of fibroblasts during muscle regenera-
tion, which can increase the amount of permanent scar tis-
sue production, leading to worse muscle function. More-
over, the results of other studies®® suggest that ultrasound
does not improve muscle regeneration. The cause of such
discrepancies is related to a variety of factors, such as dif-
ferences in muscle injury models and the irradiation condi-
tions of therapeutic ultrasound, including frequency and in-
tensity (Table 4). As mentioned above, evidence for the
therapeutic effects of LIPUS on muscle injury is insuffi-
cient, and the mechanisms underlying ultrasound therapies
remain unclear. Using C2C12 cells, Salgarella et al.®” re-
ported the effects of LIPUS at different frequencies and in-

, as well as maximum

sults

tensities. Their results indicated the most effective parame-
ters for maximizing proliferation and differentiation, and
could therefore be useful for conducting in vivo experi-
ments in a future study.

Conclusion

Muscle healing is sometimes delayed, and scar tissue
may remain within muscle fibers. As a result, the residual
muscle injury itself might inhibit the progress of rehabilita-
tion and delay discharge from hospital. For these reasons,
muscle function needs to be restored as soon as possible.
This review described the effects of physical agents on
muscle healing with a focus on research using animal mod-
els. The application of physical agents for the treatment of
muscle injury aims to diminish pain, promote muscle re-
generation, and prevent sequela such as the formation of
scar tissue in muscle. Although appropriate physical ap-
proaches have been attempted to be developed according to
the muscle healing process, the most efficacious treatment
for muscle injury remains unclear. Therefore, further re-
search, including clinical studies, is needed to identify the
most efficacious therapeutic conditions.

Conflict of Interest: The authors have no conflicts of
interest to disclose.
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