vol. 12 e no. 6 SPORTS HEALTH

Muscle Atrophy After ACL Injury:
Implications for Clinical Practice

Lindsey K. Lepley, PhD, ATC,*' Steven M. Davi, MS, ATC,* Julie P. Burland, PhD, ATC,$
and Adam S. Lepley, PhD, ATC'

Context: Distinct from the muscle atrophy that develops from inactivity or disuse, atrophy that occurs after traumatic joint
injury continues despite the patient being actively engaged in exercise. Recognizing the multitude of factors and cascade of
events that are present and negatively influence the regulation of muscle mass after traumatic joint injury will likely enable
clinicians to design more effective treatment strategies. To provide sports medicine practitioners with the best strategies to
optimize muscle mass, the purpose of this clinical review is to discuss the predominant mechanisms that control muscle
atrophy for disuse and posttraumatic scenarios, and to highlight how they differ.

Evidence Acquisition: Articles that reported on disuse atrophy and muscle atrophy after traumatic joint injury were
collected from peer-reviewed sources available on PubMed (2000 through December 2019). Search terms included the
following: disuse muscle atrophy OR disuse muscle mass OR anterior cruciate ligament OR ACL AND mechanism OR muscle
loss OR atrophy OR neurological disruption OR rebabilitation OR exercise.

Study Design: Clinical review.
Level of Evidence: Level 5.

Results: We highlight that (1) muscle atrophy after traumatic joint injury is due to a broad range of atrophy-inducing factors
that are resistant to standard resistance exercises and need to be effectively targeted with treatments and (2) neurological
disruptions after traumatic joint injury uncouple the nervous system from muscle tissue, contributing to a more complex
manifestation of muscle loss as well as degraded tissue quality.

Conclusion: Atrophy occurring after traumatic joint injury is distinctly different from the muscle atrophy that develops from
disuse and is likely due to the broad range of atrophy-inducing factors that are present after injury. Clinicians must challenge
the standard prescriptive approach to combating muscle atrophy from simply prescribing physical activity to targeting the
neurophysiological origins of muscle atrophy after traumatic joint injury.
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hysical inactivity poses a significant threat to the
maintenance of skeletal muscle mass, strength, and
power.” In the absence of countermeasures such as

this way, physical activity is an excellent prescriptive solution to
maintaining skeletal muscle in healthy young patients.
Distinct from the skeletal muscle atrophy that develops from

exercise, nutritional, or pharmacological interventions, atrophy
is inevitable. At the cellular level, disuse atrophy appears to be
primarily driven by the deregulation of muscle protein synthesis
rates to protein breakdown rates.**” Fortunately, this negative
sequela can easily be rectified in healthy young patients. By
mechanically engaging the muscle through exercise, individuals
can positively influence pathways that regulate protein turnover,
thereby increasing muscle strength and functional capacity.”* In

inactivity or disuse, atrophy that occurs after traumatic joint
injury continues in spite of these patients being actively
engaged in muscle-strengthening exercises (Figure 1)."*” This
presents clinicians with a major rehabilitation test, as traumatic
joint injuries, such as anterior cruciate ligament (ACL) rupture,
challenge the standard prescriptive approach to combating
muscle atrophy. In a population that is already vulnerable to
degenerative joint diseases,”" this unique atrophy profile can
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Figure 1. Simplified schematic demonstrating 2 routes of muscle atrophy: disuse or anterior cruciate ligament (ACL) injury.
Inactivity or disuse can lead to muscle atrophy; however, mechanically engaging the muscle through exercise can lead to the
reestablishment of healthy muscle tissue (left cycle of image). Conversely, muscle atrophy that occurs after ACL injury persists
despite extensive strengthening exercises (right cycle of image). Resistance to traditional strengthening mechanisms is likely due,
in part, to the various alterations in the morphological, phenotypic, and signaling pathways that are present after ACL injury and
foster an environment where atrophy is more difficult to overcome. Unique to ACL injury, neurological disruptions uncouple the
nervous system with muscle tissue, contributing to more complex manifestation of muscle loss, including fiber type transition,
reduced satellite cells, and fatty tissue deposition, none of which are restored through traditional exercise.

have devastating lifelong consequences. The inability of classic
muscle-strengthening approaches to restore muscle mass after
traumatic joint injury ™% is likely due, in part, to the broad
range of atrophy-inducing factors that are present and need to
be effectively targeted with treatments (Figure 2).% A rapidly
growing body of evidence has begun to identify unique
morphological, phenotypic, and signaling pathways that are
altered after traumatic joint injury and the net results of these
factors on muscle health.

To more effectively treat muscle atrophy after traumatic joint
injury, an understanding of the unique factors that underpin this
condition are needed. Hence, the purpose of this clinical
commentary was to describe the traditional model of disuse
muscle atrophy, translate these mechanisms into clinical bottom
lines, and then to contrast this to that of muscle atrophy after
traumatic joint injury using ACL injury as a model.

DECODING THE MECHANISMS OF
DISUSE MUSCLE ATROPHY

Imbalance of Muscle Protein Synthesis
to Breakdown Rates

Muscle mass is maintained via the regulated balance of muscle
protein synthesis to muscle protein breakdown rates.**!! Either
side of the balance can be disturbed; as such, most atrophic
conditions are thought to be a combination of decreased muscle
protein synthesis and increased protein breakdown. In disuse
conditions, blunted muscle protein synthesis seems to be the
primary cause for the decline in muscle mass.*'” Specifically,
disuse leads to anabolic resistance, which reduces the ability of
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Figure 2. Muscle atrophy after anterior cruciate ligament
injury clinically presents as reduced muscle mass; however,
there are numerous underlying consequences that drive
persistent muscle atrophy despite extensive strengthening
exercises. Recognizing how these factors influence muscle
atrophy can help clinicians develop targeted interventions
aimed at mitigating muscle atrophy after traumatic joint
injury. ACLR, anterior cruciate ligament reconstruction.

skeletal muscle to effectively increase protein synthesis in
response to food intake.” In scenarios where individuals
become physically inactive but dietary intake is maintained,
anabolic resistance is still present, such that skeletal muscle
becomes less sensitive to the available protein and amino acids,
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and consequently muscle atrophy is observed.”! The
mammalian target of rapamycin (mTOR) pathway is the major
network involved in protein synthesis. In benchtop experiments,
data suggest that this system senses important stimuli
responsible for the regulation of muscle protein synthesis
(though this pathway is not solely responsible for the
maintenance of muscle mass™). In disuse conditions in humans,
however, the role of mTOR in maintaining muscle mass is not
as clear.'*' Key markers of protein breakdown that have
traditionally been explored in the literature as markers of mTOR
deactivation are F-Box/atrogin-1 (MAFbx) and muscle-specific
RING finger protein 1 (MuRF1). MAFbx and MuRF1 are two E3
ligases regulated by the Forkhead box O (FOXO) transcription
factors that generally work to target proteins for turnover via the
ubiquitin proteasome system. During periods of normal activity,
FOXO transcription factors are inhibited, which allows for
normal muscle growth through the activation of the mTOR
pathway."" In contrast, during periods of disuse, FOXO and
MAFbx and MuRF1 are generally thought to be elevated, leading
to muscle atrophy.76 The clinical bottom line—the net loss of
skeletal muscle protein synthesis to muscle protein breakdown
rates ultimately underpins muscle atrophy. In conditions of
disuse, reduction in muscle protein synthesis rates is the main
contributing factor to muscle atrophy.

Satellite Cells

Satellite cells are myogenic stem cells that lie along the
sarcolemma of muscle fibers that can proliferate and
differentiate into myoblasts. In adults, activated satellite cells
(through damage or exercise) can proliferate and assist in the
repair of damaged tissue or the formation of new muscle tissue
by forming new myofibrils.”” Hence, augmentations in satellite
cell function'® or the general abundance®” has been reported
to accompany short-term disuse atrophy. Because of their
location along the muscle fiber, satellite cells appear to be
particularly sensitive to mechanical loading. During periods of
unloading, preclinical models have shown a significant decline
in the number of satellite cells.”” Similarly, in humans, after
periods of disuse, significant declines in satellite cell count have
been observed,” in addition to moderate statistical relationships
between augmentations in myofiber cross-sectional area and
satellite cell content.”* However, it should be noted that not all
studies reach the same conclusion. To this point, a 14-day
unilateral leg immobilization protocol in young men yielded no
change in satellite cell count,” suggesting that relative level of
disuse contributes to satellite cell maladaptation. The clinical
bottom line—satellite cells help regulate skeletal muscle growth.
If satellite cell function or number declines, the regenerative
capacity of muscle can be impeded, contributing to muscle loss.

Myostatin

Myostatin is a well-established negative regulator of skeletal
muscle growth."” When myostatin is naturally mutated,
reduced expression results in potent muscle growth, whereby
significant muscle hypertrophy is observed in humans, sheep,

dogs, and cattle.”* Experimentally, myostatin-deficient animals
also exhibit marked muscle hypertrophy, a loss of fat mass, and
greater contractile properties of muscle.” Mechanistically,
during disuse, overexpression of myostatin is thought to inhibit
myoblast production via the mTOR pathway by upregulating the
ubiquitin proteasome system through the E3 ligase, MuRF1.
Myostatin has also been shown to negatively affect muscle
tissue formation by inhibiting differentiation.“**> Notably, others
have also found that myostatin is highly colocalized with
satellite cells” and functionally plays a key role in regulating
satellite cell function and promoting the overexpression of
factors that regulate muscle growth." The clinical bottom line—
myostatin is a protein that regulates muscle growth by limiting
muscle mass. The absence of myostatin leads to dramatic
increases in skeletal muscle, and conversely, overexpression of
myostatin contributes to muscle atrophy.

Muscle Fiber Type Transitions

Human muscle contains 3 fiber types (type I, type Ila, and type
IIx) that differ in size and function. Mechanistically, during
periods of disuse, the lack of neurological influence or muscle
loading is thought to suppress the activation of key factors that
promote growth, such as insulin-like growth factor-1, or that
help to maintain fiber-type composition, such as nuclear factor
of activated T-cells (NFAT).* Specific to the knee, the average
percentage of muscle fiber types in the human vastus lateralis
muscles are 40% to 70% slow-twitch oxidative (type D, 20% to
30% fast-twitch oxidative (type IIa), and 7% to 30% fast-twitch
glycolytic (type ITa/ITx).”**"* In periods of disuse, the
quadriceps appears to be particularly vulnerable to fiber-type
transitions (more so than muscles dominated by fast-twitch
fibers). Inactivity leads to a decrease in type I fibers relative to
an increase in type Ila and ITa/IIx fibers, causing the quadriceps
muscle to experience a slow-to-fast fiber transition.'"”*®
Preclinical models reinforce these observations, where scientists
have observed that type I fibers show more sensitivity to
disuse. "5 Though the balance of data suggests a slow-to-fast
type fiber transition,'*”"™® readers should be cautioned that
others have also observed that atrophy of all fiber types occurs
during periods of disuse.” The clinical bottom line—muscle
disuse can promote a slow-to-fast fiber-type transition.

Other Considerations for Traditional Mechanisms

of Disuse Muscle Atrophy
Additional constructs involved in disuse muscle atrophy include
reactive oxygen species, reduced insulin sensitivity, and
alterations in transcription factors that regulate RNA and DNA
production.®” These processes are not mutually exclusive and
through an interplay of factors trigger a common program that
stimulates the breakdown of proteins, ultimately leading to disuse
muscle atrophy. To this point, nuclear factor-kappa B is a
common factor that can link many of the aforementioned
atrophying processes, as it can influence the ubiquitin
proteasome system, interfere with myogenesis, and increase the
expression of pro-inflammatory cytokines (eg, tumor necrosis
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factor-alpha, interleukin 1-beta, interleukin-6) that lead to muscle
atrophy.” Nutritional status may also play an important role in
attenuating disuse muscle loss. Supplementing the diet with
protein or amino acids has been found to help preserve muscle,”
although supplements do not always improve the protein
synthesis response.(’l Ultimately, disuse atrophy results in many
undesirable complications. However, this negative sequela can
easily be rectified in healthy young individuals by mechanically
engaging the muscle through exercise (Figure 1),

MUSCLE ATROPHY AFTER TRAUMATIC
JOINT INJURY: DIFFERENT IN ORIGIN

In contrast to the obvious prescriptive solution commonly used to
combat disuse muscle atrophy, the atrophy seen after traumatic
joint injury continues despite these patients being actively
engaged in exercise. " Hence, simply exercising a muscle after
traumatic joint injury is not enough to overcome the multitude of
factors and cascade of events that are intensified and that
negatively influence the regulation of muscle mass (Figure 2).
Evidence in support of this comes from multiple systematic
reviews reporting the general ineffectiveness of current
rehabilitation programs to restore muscle after procedures such as
ACL reconstruction (ACLR). ®4**678284 1 response, scientists have
begun to utilize techniques that have improved sensitivity to
uncover the intricacies of muscle atrophy factors that inhibit
muscle growth after traumatic joint injuries. At the cellular level, it
is becoming evident that the underlying mechanisms of atrophy
after traumatic joint injury make for a more challenging
environment to regrow/maintain muscle.” % Principally,
deficiencies in the nervous systeng‘(’S appear to be a major acute
driver of reduced mass after traumatic joint injury (Figure 1).
Recognition of the distinct difference between disuse atrophy and
traumatic joint injury atrophy would enable clinicians to design
more effective treatment strategies.

The following sections highlight the leading mechanisms of
muscle atrophy after traumatic joint injury compared with those
influencing disuse muscle atrophy. When available, emerging
therapeutic countermeasures that can be used to combat the
loss of muscle tissue, such as nontraditional exercises,
nutritional supplements, and anti-inflammatory compounds, are
referenced alongside the clinical bottom lines to help guide
readers toward evidence-based solutions.

Neurophysiological Alterations

The underlying mechanisms that initiate and perpetuate disuse
muscle atrophy appear to be triggered specifically by physical
inactivity and the resultant failure to adequately stress muscle
tissue. Although physical inactivity is also present after joint
injury, and likely contributes to the overall atrophy observed,
mounting evidence in the ACL literature points to the strong role
that the wide neurological alterations after ACL injury have on the
ability to grow and maintain muscle tissue, AT 1y particular,
more so than any other muscle, the quadriceps experiences
significant declines in muscle volume and muscle quality after

ACL injury.z‘65 Theoretically, this may be due to a protective
inhibition role of the body in an attempt to dynamically stabilize
the ACL-deficient knee against anterior tibial translation.” Though
the exact neural mechanism guiding this response is unknown,
altered neural activity after ACL injury has been well documented
at the spinal”™" and cortical level,>**” and it negatively
influences the ability to generate a muscle contraction.
Furthermore, even after the resumption of physical activity,
neuroplasticity in cortical areas responsible for motor contro
are present. These central nervous system changes likely drive
persistent alterations in the ability of the nervous system to
generate muscle contractions, further hindering the reinstitution
of healthy muscle.”® Together, these well-documented peripheral
and central mechanisms limit the effectiveness of exercises
targeting the involved muscle, directly affecting both muscle
atrophy and the clinical weakness that is commonly observed.
Neural alterations have long been implicated as a resilient
mechanism of atrophy in aging muscle and benchtop models of
denervation.” Animal studies have shown that by sectioning the
dorsal root afferent neurons arising from arthritic joints, one can
actually prevent muscle atrophy in the surrounding musculature,
demonstrating the direct influence that afferent activity from the
injured joint has on muscle atrophy56 Altered neural activity also
leads to progressive reductions in neuromuscular junctions and
motoneurons in the periphery.”* In aged muscle, the lack of neural
signaling is a primary event that can accelerate phases of muscle
atrophy. Similar to individuals with aged muscle, those with a history
of ACL injury also exhibit primary changes in neural health that
influence muscle morphology.** This direct neural-morphological
interaction has recently been observed, where increased level of
neural cell adhesion molecule (NCAM) in the quadriceps muscle of
patients with ACLR has been found. NCAM is a glycoprotein
molecule that uncouples nervous tissue with muscle tissue."*
Reductions in muscle fiber conduction velocity and
spontaneous fiber discharge are other key indirect markers of
denervation that have been observed after ACL injury*** and
that are closely correlated with muscle atrophy.” Notably, a key
feature of quadriceps muscle atrophy after ACL injury is the
accumulation of denervated fibers within the involved
muscle(s). This directly distinguishes this type of muscle atrophy
from disuse muscle atrophy and has a significant impact on
prescriptive solutions. The change in afferent signaling, inability
to excite motoneurons, and loss of neuromuscular connections
can severely limit the ability to engage the muscle during
exercise. Muscle denervation has also been linked to increased
intermuscular fat deposits,” " which limits its functional
capacity.”" Interventions that only incorporate exercise, without
considering the underlying neural constructs of muscle atrophy,
place a large burden on the remaining innervated fibers—
rendering this approach ineffective. The clinical bottom
line—neurological alterations after ACL injury have a direct
impact on the morphological environment, as it uncouples the
nervous system with muscle tissue. Countermeasures to combat
neurophysiological alterations include electromagnetic
modalities (transcutaneous electrical nerve stimulation,
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neuromuscular electrical stimulation, electromyographic
. 13,35 . . 50 . {t
biofeedback), % eccentric exercise, and motor learning.”

Fiber-type Transitions

A reduction in neural activity reduces the muscle’s specificity for
the maintenance of certain phenotypic profiles. Denervation
experiments have routinely demonstrated that the absence of
neural signaling causes a co-expression of fiber types, in which
slow-twitch fibers begin to exhibit properties of fast-twitch
fibers.” In part, this is due to muscle phenotypes of one speed
being re-innervated by a nerve from another phenotype.” This
phenomenon has been demonstrated in preclinical models,
where denervation can lead to more hybrid fibers.” To this
point, similarly, after ACL injury the number of type Ila fibers
has been found to be decreased, while the abundance of
co-expressed type Ila/x fibers is increased (eg, change in
composition of the muscle to faster fiber types).zw This form of
change in fiber-type expression is similar to what occurs during
periods of disuse atrophy; however, it should be considered that
these changes appear after ACLR despite extensive
strengthening.* This supports the notion that posttraumatic
fiber-type transitions are unlike disuse models of muscle
atrophy that are responsive to unloading. In posttraumatic
scenarios, it appears that the change in phenotypic expression
is different in origin and that simply reloading the muscle with
exercise is not enough to resist the change in fiber-type
transition.”*** The clinical bottom line—fiber type expression
after traumatic joint injury is likely due to neurologic alterations.
Countermeasures to combat fiber-type transitions include
endurance-type stimuli,” eccentric exercise,” and the
incorporation of interventions to blunt the common
neurophysiological alterations that are observed in acute
posttraumatic recovery.

Intrinsic Changes Within Muscle Fibers

Impairments in neural input have been cited as the primary
cause of quadriceps muscle dysfunction after ACL injury;
however, it is important to acknowledge that intrinsic changes
in muscle architecture can also independently account for the
loss of muscle functionality after injury. Evidence in support of
this negative adaptation is beginning to emerge in the ACL
literature, where the loss of myofibril density (the force
generating organelles of muscle) appears to be a complication
of the injury and surgical reconstruction.” The acute activation
of proteolytic processes within quadriceps muscle fibers may
lead to the loss of myofibrils, which requires further
investigation. The clinical bottom line—impairments in muscle
functionality after injury may also be due to intrinsic changes in
muscle fiber architecture. Exercises that mechanically tension
the muscle for hypertrophy, such as eccentrics,”’ are warranted.

Increased Circulating Factors of Atrophy

Molecular programing involved in the control of muscle mass is
also dysregulated after ACLR. Specifically, MAFbx and MuRF1 (E3
ligases that signal to the ubiquitin proteasome system that protein

is ready for degradation) are 2 molecular markers that are elevated
after ACLR."*” Myostatin has also been shown to be upregulated
after ACL injury™ and during acute key recovery points.” This
potent antigrowth factor can lead to profound levels of muscle
atrophy. Myostatin also impairs satellite cells and is associated with
chronically elevated levels of inflammatory cytokine systems that
further underpin the net loss of muscle protein breakdown to
muscle protein synthesis rates.” Preliminary evidence also points
to myostatin’s integral role in fibrotic pathways after ACL injury68
that degrade the quality of muscle tissue owing to the excessive
accumulation of extracellular matrix components. The clinical
bottom line—increased circulating factors of atrophy are
upregulated after ACLR. Upregulation of these factors leads to a
powerful reduction in muscle mass. Preclinical animal models”
and research in elderly pzltients6 suggests that postinjury
myostatin-neutralizing antibodies may have a protective effect on
maintaining muscle mass.

Cytokines

Several systemic inflammatory cytokines associated with tissue
breakdown have been identified after traumatic joint injury.
Although these cytokines have traditionally been investigated to
examine the effects of cartilage and bone breakdown,* they
also represent key triggers that initiate muscle atrophy.” Specific
chemical factors that are present after traumatic injury, such as
tumor necrosis factor-alpha, interleukin-1, and interleukin-0,
can lead to increased protein breakdown. To this point,
benchtop studies have shown that the local infusion of
interleukin-6 in rodent muscle results in a loss of myofibrillar
protein and decrease in growth factors that are critical for
muscle growth, resulting in an overall catabolic profile causing
muscle breakdown.** A recent longitudinal study in ACLR
patients has also found an increase in circulating cytokines that
are influential in stimulating muscle atrophy.” Importantly, these
changes in cytokine levels were observed concurrently with
changes in quadriceps muscle strength after ACLR, highlighting
the importance of systemic cytokine factors in muscle atrophy
after traumatic joint injury.” The clinical bottom line—
inflammatory cytokines that are present in posttraumatic
scenarios have deleterious consequences on muscle breakdown
and growth. Countermeasures to combat cytokines may include
early joint aspiration and corticosteroid injection.”

Reduced Satellite Cells Abundance

Satellite cells play a critical role in coordinating muscle
adaptation after injury, as the remodeling capacity of muscle is
thought to be closely associated with satellite cell number
(although the direct contribution of satellite cells to muscle
remains controversial). Hence, it is concerning that early data
indicate that satellite cell numbers are reduced prior to ACIR.
This reduction in satellite cell content may impair muscle’s
ability to adequately respond to rehabilitation.
Fibro-adipogenic progenitors (FAPs) are progenitor cells that
support satellite cells and are employed to assist in repair by
removing distressed tissue.” Importantly, benchtop studies point
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to the central role that FAPs play in switching the regeneration

. . 25 .
environment from compensatory to pathologic.” Conversion to

a pathological environment promotes fibrotic tissue formation
and fatty deposition, negatively influencing muscle quality.”

Direct data to support this mechanism are also available in ACL

populations, where FAP content is known to be higher in the
quadriceps after injuryzg’68 This leads to an extracellular matrix
content that is higher in collagen content™®

less area of the quadriceps muscle is occupied by contractile

components of muscle. The clinical bottom line—ACL injury is a

condition that can lead to reduction in satellite cells and

increased FAP content, promoting an environment that is geared

toward muscle atrophy, fibrotic tissue formation, and fat
infiltration, reducing muscle quality. Countermeasures to
improve satellite cell abundance include eccentric exercise.

CONCLUSION

58,09

Atrophy that occurs after traumatic joint injury continues in spite

of being actively engaged in exercise (see Figure 1). This is
distinctly different from the muscle atrophy that develops from

disuse. The inability of classic muscle-strengthening approaches

to restore muscle mass after traumatic joint injury, is likely due,
in part, to the origin and the broad range of atrophy-inducing
factors that are present as a result of the injury (see Figure 2).

and can potentially
be a mechanism by which fat deposition occurs.” Functionally,
this fibrotic and fatty tissue deposition limits force generation, as
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