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» After injury, muscie healing occurs through different phases, including (1) degeneration and inflammation, (2)
muscle regeneration, and (3) development of fibrosis.

» The severity and type of muscle injury influence the healing process.
» Enhancement of muscle regeneration and prevention of muscle fibrosis can improve muscle healing.

» Growth factors, including basic fibroblast growth factor (bFGF), insulin-like growth factor-1 (IGF-1), and nerve
growth factor (NGF), can improve muscle regeneration, but the post-injury healing process remains incomplete.

» The use of antifibrosis agents that antagonize the effect of transforming growth factor-f1 (TGF1) can prevent
fibrosis and improve muscle healing, resulting in nearly complete recovery.

» Optimal muscle recovery may require the use of novel technologies, such as gene therapy and tissue engineer-
ing, to achieve both high levels and long-term persistence of these growth factors and cytokines within the in-
jured muscle.

Muscle injury presents a challenging problem in trauma- = Skeletal Muscle: Structure and Function

tology, as injured muscles heal very slowly and often with | Skeletal muscle represents the largest tissue mass in the body,
incomplete functional recovery. It has been observed that | constituting 40% to 45% of total body weight. It is a compos-
injured muscles can initiate regeneration promptly, but the @ ite structure consisting of muscle cells, organized networks of

healing process is often inefficient and hindered by the for- | nerves and blood vessels, and an extracellular connective-
mation of scar tissue, which may contribute to the tendency | tissue matrix'. This framework is necessary both to produce
for muscle injury to recur. The enhancement of muscle re- | joint movement and locomotion and to support the regen-
generation and the prevention of muscle fibrosis through the | eration process that occurs after injury. The basic structural
use of biological approaches are being investigated in an ef- - element of skeletal muscle is the muscle fiber or myofiber
fort to improve muscle healing after injury. In this Current  (Fig. 1). The cytoplasm of the myofiber, called the sarcoplasm,
Concepts Review, we will outline the structure and histolo-  contains a cellular matrix and organelles, including the Golgi
gical organization of skeletal muscle and describe the basic apparatus, mitochondria, sarcoplasmic reticulum, lipid drop-
physiology of skeletal muscle contraction. We will subse- lets, glycogen, and myoglobin. The skeletal muscle fiber is a
quently summarize the biological and pathological processes | syncytium derived from the fusion of multiple myoblasts
that occur in skeletal muscle after injury (i.e., degeneration, (myogenic precursor cells). Briefly, the myoblasts fuse to form

inflaimmation, regeneration, and fibrosis) and present the | long, cylindrical, multinucleated myotubes that exhibit central
clinical treatments currently available for injured skeletal nucleation. Once the myonuclei shift from a central position
muscle. Finally, we will discuss current trends in research, to a subsarcolemmal position, the muscle cells are usually
which include the improvement of regeneration and the in- | termed myofibers (Fig. 1). In fact, the appearance of central
hibition of fibrosis in injured skeletal muscle. By enhancing | nuclei within otherwise normal adult muscle can be an in-
our understanding of the muscle healing process, it may be = dication of muscle regeneration under certain conditions, as
possible to develop more effective biological approaches to described.

improve muscle healing and obtain complete functional The endomysium is the connective-tissue layer that sur-
recovery. . rounds individual myofibers, whereas the perimysium sur-
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rounds fascicles or bundles of myofibers. The epimysium is
the outside connective-tissue layer that surrounds the skeletal
muscle (Fig. 1). The fiber arrangement, which is an important
determinant of the functional and contractile properties of the
skeletal muscle, may be parallel or oblique to the long axis of
the muscle.

The sarcolemma is the plasma membrane that sur-
rounds each myofiber unit. The basal lamina or basement
membrane, which constitutes the 100 to 200-nm-thick exter-
nal connective-tissue layer, is composed of an inner layer, an
intermediate lucida, and the outer lamina densa'. The base-
ment membrane contains a number of proteins, including
collagen, fibronectin, laminin, and many glycoproteins. Each
myofiber contains a multitude of nuclei derived from myo-
blasts located at the periphery of the myofibers. In addition,
separate cells called satellite cells are located between the
basal lamina and plasma membrane and play a key role in
the muscle regeneration process™. It has become clear from
the work of many investigators over the past three years that
satellite cells proliferate following muscle trauma and form
new myofibers through a process equivalent to muscle histo-
genesis in the embryo. Upon activation after focal injury, the
degeneration of one or more myofibers results in satellite cell
proliferation. This process is limited to areas where there is
necrosis of myofibers. Satellite cell progeny (myoblasts) be-
gin to fuse and form multinucleated myotubes after a few
cell divisions, but the proliferation of satellite cells can con-

cell divisions, but the proliferation of satellite cells can con

Epimysium

MUSCLE INJURIES AND REPAIR:
CURRENT TRENDS IN RESEARCH

tinue for nine to ten days, depending on the severity of the
injury (Fig. 1).

Skeletal muscle function is under the control of a nerve
that enters the muscle at its motor point. Each nerve-cell axon
branches many times, and each myofiber is contacted by one
nerve terminal (Fig. 2). The point of contact between the my-
ofiber and the nerve is called the motor end plate of the neuro-
muscular junction. The neuromuscular junction contains three
major structural components: the presynaptic axon, the syn-
aptic cleft, and the postsynaptic area on the myofibers. The
single nerve axon and all of the myofibers that it contacts con-
stitute a motor unit. Both the number of myofibers within a
motor unit and the number of motor units per skeletal muscle
vary according to the type of movement made by a given mus-
cle. In fact, where fine motor control and highly coordinated
movement are necessary, such as in the extraocular muscles,
there may be as few as ten myofibers per motor unit. This con-
trasts with large skeletal muscles, such as the gastrocnemius,
which contain up to 1000 myofibers per single motor unit. In
general, the initial step in muscle contraction involves the re-
lease of acetylcholine by the presynaptic axons in the synaptic
clefts. The acetylcholine released in the synaptic cleft binds to
the acetylcholine receptors of the postjunctional folds of the
myofibers (postsynaptic area) and consequently depolarizes
the cell (Fig. 2). The depolarization triggers an action poten-
tial that passes along the length of the myofibers, resulting in
muscle contraction. After the depolarization of the end plate,

muscle contraction. After the depolarization of the end plate,

mature myofiber
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the electric impulse passes along the muscle membrane to
reach the interior of the muscle by means of the transverse tu-
bule. This causes a momentary release of calcium from the
sarcoplasmic reticulum’. The calcium that is released causes
the contractile proteins (actin and myosin) to interact and to |
generate force in a stepwise manner. The calcium is first re-
leased from the sarcoplasmic reticulum and binds to troponin,
which is a component of the actin filament to which myosin
binds. The calcium subsequently causes a conformational
change of the troponin. This allows the interaction between
actin and myosin to occur and consequently results in muscle
contraction. Finally, at the end of muscle contraction, the ace-
tylcholine is deactivated by the enzyme acetylcholinesterase
(or by other less specific cholinesterases), muscle relaxation
occurs, the intracellular calcium is transported in the trans-
verse tubules within the myofiber, and the troponin prevents
the interaction between the actin and myosin molecules'.
Different types of muscle contraction can occur (Fig. 3).
In isometric contraction, the force generated by the muscle is
equal to the resisting load and, therefore, the length of the
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muscle does not change. In concentric contraction, the force
generated by the muscle is larger than the resisting load and
causes the muscle to shorten. Isometric contraction can be
voluntarily produced—for example, by lifting a weight and
maintaining the forearm in a partially flexed position. The
amount of muscle tension produced can then be increased by
recruiting more muscle fibers until the muscle begins to
shorten; at this point, isometric contraction is converted to
concentric contraction. In eccentric contraction, the resisting
load is larger than the force generated by the skeletal muscle
and causes the muscle to lengthen.

Conditions of nerve activation can be controlled to pro-
duce a single stimulus, repetitive stimuli at constant frequen-
cies, or stimuli in other desired modes. When a skeletal muscle
is stimulated with a single electric shock of a sufficient voltage,
it quickly contracts and then relaxes. This response is called
single twitch. If the stimulator is set to deliver an increasing
frequency of electric shocks automatically, the relaxation time
between successive twitches will get shorter and shorter as the
strength of contraction increases in amplitude. This response

A: Diagram illustrating the innervation of a mus-
cle fiber by a motor neuron located in the ventral
horn of the spinal cord. B: D am of motor end
plates at the neuromuscular junctions, illustrat-

e direction of the nerve influx, vesicles, ace-
tylcholine, acetylcholine rece s, and action
potential migrating along the muscle fibers
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is called a paired twitch or incomplete tetanus. Finally, at a par-
ticular “fusion frequency” of stimulation there is no visible re-
laxation between successive twitches; this leads to a sustained
muscle contraction called tetanus'.

In order to move a joint, individual skeletal muscles
work as a group. The first muscles involved in a particular
movement are called agonists. Muscles that provide resistance,
generally on the opposite side of a joint, are called antagonists.
For example, when the elbow is brought into flexion the ante-
rior muscles (such as the biceps) of the arm are agonists while
the posterior muscles (such as the triceps) are antagonists.
However, when the elbow moves into extension the anterior
muscles become antagonists while the posterior muscles are
agonists.

Several muscles may also be involved in a specific move-
ment by immobilizing a joint and acting as force couples that
prevent undesirable movement. Moreover, the composition of
the skeletal muscle may change in relation to the type of exer-
cise and performance required. There are three major types of
myofibers: type 1, which are slow myofibers that are resistant
to fatigue; type 2A, which are fast myofibers that are resistant
to fatigue at an intermediate level between the levels of types 1
and 2B; and type 2B, which are also fast myofibers but are not
resistant to fatigue'. Although most human skeletal muscles

Eccentric

Isometric
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are composed of a mixture of muscle fiber types, the type of
performance may change the overall distribution of muscle fi-
ber types in a given muscle’. For example, muscle biopsies
performed on elite sprinters are more likely to show a larger
number of type-2 myofibers, whereas biopsies performed on
distance runners are more likely to show an increased number
of type-1 myofibers’. In general, the force produced by a skele-
tal muscle is proportional to its physiological cross-sectional
area, but the total amount and speed of shortening are pro-
portional to the individual muscle fiber’s length and type’.

Biological Process of Skeletal

Muscle Healing Following Injury

Muscle injuries occur through a variety of mechanisms, includ-
ing direct trauma (e.g., lacerations, contusions, and strains)
and indirect causes (e.g., ischemia and neurological dysfunc-
tion)™”. The different phases of healing occurring within the
damaged muscle are similar among the various types of muscle
injuries, but the functional recovery of the injured muscle var-
ies from one type of muscle injury to another. After many years
of research, it has become clear that the processes occurring in
injured muscle (i.e., necrosis/degeneration, inflammation, re-
pair, and scar-tissue formation [fibrosis]) are all interrelated
and time-dependent™”,

Types of
contraction

Concentric

. Filaments
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Relative amount of tissue
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Fig. 4

The different stages of muscle healing
after muscle injury. The first event is
muscle degeneration and inflamma-
tion, which occurs within the first min-
utes and continues for up to one to two
weeks after injury. Muscle regeneration
begins in the first week post-injury and
peaks at about fourteen days post-
injury. Fibrosis usually occurs at two
weeks post-injury and increases over

Weeks after injury

In injured muscle, mechanical trauma destroys the integ-
rity of the myofiber plasma membrane and basal lamina, lead-
ing to the ingress of extracellular calcium'"”*. The injured
myofibers undergo necrosis by autodigestion mediated by in-
trinsic proteases’. Local swelling and hematoma formation
occur rapidly after injury and further promote muscle degen-
eration'"***, Subsequently, the necrotic area is invaded by small
blood vessels, and mononuclear cells, activated macrophages,
and T-lymphocytes infiltrate the local tissue. These activated
lymphocytes simultaneously secrete several cytokines and
growth factors, which perform a wide range of functions in the
inflammation process™™. The secretion of substances such as
adhesion molecules (e.g., P-selectin, L-selectin, and E-selectin)
and cytokines (e.g., interleukins [IL-8, IL-6, IL-1] and tumor
necrosis factor-a [TNF-a]) influences local blood flow and
vascular permeability and accelerates the inflammatory re-
sponse™* . More importantly, the release of growth factors such
as insulin-like growth factor-1 (IGF-1), hepatocyte growth fac-
tor (HGF), epidermal growth factor (EGF), transforming growth
factors (TGF-o. and TGF-B), and platelet-derived growth fac-
tors (PDGF-AA and PDGF-BB) at the injured site also regu-
lates myoblast proliferation and differentiation to promote
muscle regeneration and repair (Table I). This phase is associ-
ated with the activation of satellite cells as described above™ . It
is hypothesized that, after muscle injury, disruption of the basal
lamina and plasma membrane releases and activates the satel-
lite cells' *. The satellite cells, under the influence of various
growth factors, then become activated, proliferate, and differ-
entiate into multinucleated myotubes and eventually into re-
generated myofibers.

After injury, muscle undergoes a distinct set of healing
phases, consisting of degeneration, inflammation, regenera-
tion, and fibrosis (Fig. 4). Active muscle degeneration and in-
flammation occur in the first few days post-injury, whereas
muscle regeneration usually occurs seven to ten days after in-
jury. The regeneration process usually peaks at two weeks and
then decreases at three to four weeks post-injury. The forma-
tion of scar tissue (fibrosis) begins between the second and
third weeks postinjury, and the scar tissue increases in size
over time. The formation of scar appears to be the end prod-
uct of the muscle repair process. We therefore believe that as

time for up to four weeks post-injury.

long as scar is formed, complete regeneration of muscle tissue
cannot occur. On the basis of the biological process of muscle
healing described above, the development of biological ap-
proaches to enhance muscle regeneration and prevent muscle
fibrosis to improve the potential for muscle healing post-
injury is being investigated.

Current Trends in Research

Improving Muscle Regeneration

Use of human recombinant growth factors

to improve muscle healing

Many growth factors stimulate growth and protein secretion
in various musculoskeletal cells™. Preliminary data suggest that
growth factors play a variety of roles during muscle regene-
ration™™. Insulin-like growth factor-1 (IGF-1) is of particular
interest since it is highly mitogenic for myoblasts™ . Although
other growth factors, including fibroblast growth factors
(FGF) and platelet-derived growth factors (PDGF), display
potent stimulating effects on satellite cell proliferation™"",
IGF-1 appears to be critical in mediating the growth of skeletal
muscle®”. Systemic administration of IGF-1 results in increased
muscle protein content and reduced protein degradation™.
More importantly, transgenic mice overexpressing human
IGF-1 exhibit muscle hypertrophy™. In a study of healthy older
men, the loss of muscle mass was prevented when endogenous
levels of IGF-1 were induced by exogenous administration of
growth hormone®. Recently, gene transfer of IGF-1 by an
adeno-associated viral (AAV) vector into mouse skeletal mus-
cle was found to block the well-documented age-related loss
of muscle mass and function”*". However, IGF-1, a potent
mitogen for fibroblasts, can increase production of matrix
components such as collagen and decrease expression of matrix-
degrading enzymes such as collagenase, potentially resulting
in the development of fibrosis following muscle injury”.

In a mouse model, IGF-1, basic fibroblast growth factor
(bFGF), and to a lesser extent nerve growth factor (NGF) di-
rectly injected at two, five, and seven days post-injury were
shown to enhance regeneration in lacerated, contused, and
strain-injured muscle' """, The number of regenerating myo-
fibers substantially increased seven days after injection. The
diameter of the regenerating myofibers in the treated muscle
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TABLE | Effect of Growth Factors on Myoblasts in Vitro

Growth Factor

Hepatocyte growth factor (HGF)

Basic fibroblast growth factor (bFGF)
Insulin-like growth factor-1 (IGF-1)
Nerve growth factor (NGF)

Leukemia inhibitory factor (LIF)

Acid fibroblast growth factor (aFGF)
Platelet-derived growth factor (PDGF-AA)
Platelet-derived growth factor (PDGF-BB)
Epidermal growth factor (EGF)
Transforming growth factor-a (TGF-a.)

Transforming growth factor-81 (TGF-81)

also substantially increased, indicating an acceleration of mus-
cle regeneration in the injured tissue treated with these growth
factors. Furthermore, an overall improvement in strength (te-
tanic and fast twitch strength) was observed in the injured
mouse muscle treated with IGF-1, bFGF, and NGF at fifteen
days after the injection'"'*".

There are additional growth factors that activate satellite
cells and enhance muscle regeneration after injury (Table I).
Hepatocyte growth factor (HGF) and leukemia inhibitory
factor (LIF) are two good examples of satellite cell stimula-
tors'” 7 Although HGF can activate quiescent satellite
cells in skeletal muscle, the injection of HGF directly into an
injured muscle does not promote repair”. Preliminary data in-
dicate that LIF can improve muscle healing, but there is need
for additional research investigating this effect™. Other factors,
such as vascular endothelial growth factor (VEGF), can im-
prove healing of ischemic muscle by stimulating angiogene-
sis™. It is clear that the dosages of these growth factors play a
major role in their ability to improve muscle healing, as de-
scribed below.

Gene Therapy to Deliver Growth

Factors into Injured Skeletal Muscle

One potential advantage associated with using human recom-
binant growth factors in the treatment of muscle injuries is the
ease and safety of the injection procedure. However, the direct
injection of recombinant proteins (growth factors) is limited
by the high concentration of the factor typically required to
produce a substantial effect. Indeed, it has been shown that
growth factors exhibit a dose-dependent effect on myoblast
proliferation and differentiation in vitro whereas, in vivo,
three consecutive injections of a relatively high concentration
of NGEF, IGF-1, and bFGF (100 ng of growth factor) are usually
required to achieve detectable enhancement of healing of skele-

Cell Cell
Proliferation Differentiation
Stimulates Stimulates
Stimulates Stimulates
Stimulates Stimulates
Stimulates Stimulates
Stimulates Stimulates
Inhibits Stimulates
Inhibits Stimulates
Stimulates Inhibits
Inhibits Inhibits
Inhibits Inhibits
Inhibits Inhibits

tal muscle in mice""*'*. The bloodstream’s rapid clearance of
the molecules and the molecules’ relatively short biological
half-lives are the main reasons that large concentrations of
growth factor are typically required. Gene therapy may prove
to be an effective method for delivering stable high concentra-
tions of growth factor to injured muscle.

Both viral vectors (adenovirus, retrovirus, herpes sim-
plex virus, and adeno-associated virus) and nonviral vectors
(plasmid DNA and liposomes) have been used to deliver genes
to injured skeletal muscle™”. Each of these vector systems has
advantages and disadvantages, but the ability of the adenovi-
rus to efficiently transduce regenerating myofibers™ has
prompted researchers to focus on adenoviral vectors as prom-
ising gene delivery vehicles. Direct intramuscular or myoblast-
mediated ex vivo gene transfer of recombinant adenovirus
carrying a so-called reporter gene (3-galactosidase) was shown
to be highly efficient in the treatment of lacerated, contused,
and strain-injured skeletal muscle'"'*". (Reporter genes, which
encode for easily detectable non-therapeutic proteins, provide
evidence that the transduced cells express the gene properly.)
Many B-galactosidase-expressing myofibers were found in
the injured sites five days after either direct or ex vivo gene
transfer.

Since previous studies have shown that IGF-1 is a potent
growth factor in stimulating muscle regeneration and improv-
ing muscle healing in vivo following injury'"*', an adenovirus
carrying the IGF-1 gene was engineered and was evaluated for
its ability to improve muscle healing following injury”. In a
mouse model, the direct injection of the adenovirus 1GF-1
(Ad-IGF-1) vector into lacerated muscles did not significantly
improve muscle strength (fast twitch and tetanic strength) at
two weeks after injection. While the myoblast-mediated ex
vivo gene transfer by adenovirus IGF-1 (myob/Ad-IGF-1) did
improve muscle healing after laceration in immunocompetent
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mice'', a better healing process was observed with the trans-
plantation of the same number of myoblasts alone (without
Ad-IGF-1). Although an immune response against the aden-
ovirus may limit the success of gene therapy ™", the lack of im-
provement in severe combined immunodeficient (SCID) mice
suggests that the immune response is not a major factor in this
lack of improvement in muscle healing. Histologically, the
SCID mouse muscle, which was lacerated and injected with
adenovirus IGF-1 and IGF-1-expressing myoblasts, showed
the development of muscle fibrosis within the lacerated site
even though a high level of IGF-1 was produced”. Taken to-
gether, these results suggest that a high level of IGF-1 secretion
mediated by adenoviral-based gene therapy can improve mus-
cle healing but the functional recovery of the injured muscle
remains impaired. The stimulatory action of IGF-1 on myo-
fibroblast proliferation and the deposition of extracellular
matrix may interfere with the ability of this growth factor, even
at high concentrations, to improve muscle healing after injury™.
Another promising technique that may overcome these
hurdles has been reported recently. Using a novel DNA controlled-
release device, researchers reported efficient and persistent
gene delivery of the reporter gene (alkaline phosphatase) to
skeletal muscle . Although this new technology looks promis-
ing, more research is required to evaluate its utility in specific
applications, including muscle repair.

MUSCLE INJURIES AND REPAIR:
CURRENT TRENDS IN RESEARCH

Inhibition of Fibrosis

Use of an Operative Procedure

to Prevent Muscle Fibrosis

The effect of surgical repair (suture) compared with that of a
short period of immobilization (five days) on the develop-
ment of muscle fibrosis and the overall healing process of a
lacerated skeletal muscle was investigated in our laboratory™.
Forty-four adult mice were divided into four groups: lacera-
tion of the gastrocnemius muscle followed by surgical (su-
ture) repair, laceration of the gastrocnemius muscle followed
by immobilization, laceration of the gastrocnemius muscle
only (injured control group), and no injury (uninjured con-
trol group). The natural course of muscle recovery was moni-
tored with histological and immunohistochemical analyses
as well as functional testing at two, seven, ten, fourteen, and
twenty-eight days post-injury. Suturing the lacerated muscle
immediately after injury promoted healing and prevented the
development of a deep scar, although a superficial scar was
still observed. In contrast, immobilization resulted in slower
muscle regeneration and the development of a large scar
within the injured muscle. This single study suggests that im-
mobilization of the lacerated muscle has no major effect on
the development of fibrosis, whereas suturing can limit the fi-
brosis deep in the injured muscle but cannot eliminate super-
ficial fibrosis.

Current trends in research
Muscle injuries and repair
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Antifibrotic Therapy by

Blocking Overexpression of TGF-f31

Although TGF-B1 has been implicated in the development of
fibrosis in various tissues™™, very few reports have demon-
strated the role of this cytokine in skeletal muscle fibrosis. It
has been reported, however, that TGF-B1 is expressed at high
levels and is associated with fibrosis in the skeletal muscle of
patients with Duchenne muscular dystrophy” ™. The authors
of those reports”™™ suggested that muscle degeneration occur-
ring secondary to the lack of dystrophin is followed by myofi-
ber necrosis. An inflammatory reaction may take place in the
area of necrosis and lead to the focal release of TGF-B1, which
triggers fibrosis through extracellular matrix activation and
connective-tissue proliferation. An excess of TGF-B1 also has
been observed in muscle biopsy specimens from patients with
dermatomyositis. This excess TGF-B1 leads to chronic inflam-
mation, fibrosis, and accumulation of extracellular matrix™".
We too have observed (with immunohistochemical analysis) a
strong expression of TGF-B1 within diseased and injured skel-
etal muscle in animal models. These results support the theory
that the expression of TGF-f1 in skeletal muscle may play an
important role in the fibrotic cascade following the onset of
muscle disease or trauma. Therefore, it is conceivable that pre-
venting fibrosis by neutralizing TGF-f1 expression in injured
muscle could inhibit the formation of scar tissue. Indeed, the
use of anti-fibrosis agents (e.g., decorin) that inactivate this
molecule can reduce muscle fibrosis and consequently improve
muscle healing, leading to a more nearly complete recovery
after laceration”. Other candidate agents, such as gamma-
interferon and suramin™™, are also being investigated for
their antifibrotic properties. Gamma-interferon is currently
used to treat liver fibrosis and, because it has already been ap-
proved by the Food and Drug Administration, is particularly
appealing for expedited clinical use'"'"*. Suramin is also clini-
cally available and has been shown to break down collagen af-
ter its deposition>"™. This product could be extremely useful
for the elimination of scar tissue that is already present within
healing skeletal muscle.

Because of the apparently critical role of TGE-B1 in the
development of tissue fibrosis, this molecule could become a
key target for developing strategies to prevent fibrosis in heal-
ing skeletal muscle. Various approaches to antagonize the ef-
fect of TGF-P1 are currently being investigated; however,
blocking the effects of TGF-1 may not be the only method
available for the prevention of fibrosis. Blocking the effects of
other molecules involved with the fibrotic cascade, such as
collagen deposition, may one day prove to be an effective al-
ternative method. A schematic representation of the different
phases of muscle healing after laceration and the beneficial ef-
fect of growth factors and anti-fibrosis agents on the healing
process is shown in Figure 5. It is important to note that since
the muscle repair process may differ depending on the severity
and type of injury, approaches to improve muscle healing may
also be variable and may require combined therapies. Indeed,
the development of approaches to improve healing within an
injured muscle in which scar tissue has already developed may

MUSCLE INJURIES AND REPAIR:
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require the elimination of the scar tissue prior to the enhance-
ment of muscle regeneration and the prevention of extracellu-
lar matrix deposition.

Overview

The best treatment for muscle injuries has not been clearly
defined. Consequently, recommended conservative treatment
regimens vary widely depending on the severity of the injury.
In addition to these conservative treatments, operative treat-
ments can be used, especially for acute injuries such as serious
strains that lead to the development of a large intramuscular
hematoma. Although all of the above treatments have been
used in the clinical setting with good outcomes, the functional
recovery of injured skeletal muscle remains limited ™" """
Consequently, basic research exploring additional ways to im-
prove muscle healing has expanded. The realization that in-
jured skeletal muscle can promptly initiate regeneration but is
likely hindered by fibrosis is critical to the development of bio-
logical approaches to improve muscle healing post-injury. The
delivery of human recombinant proteins to injured skeletal
muscle either by direct injection or through the use of gene
therapy represents potential methods described in this review
for enhancing muscle regeneration and inhibiting fibrosis.
Continued research should improve our incomplete under-
standing of the muscle healing process, expedite the develop-
ment of methodology necessary to promote efficient muscle
healing to achieve complete functional recovery, and perhaps
contribute to the development of innovative therapies for con-
genital muscle diseases. m
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