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Practical implication s

• Findings: Quadriceps atrophy persists after ACL injury despite adher-
ence to current rehabilitation protocols. Emerging evidence points to 
mitochondrial dysfunction and oxidative distress within the muscle 
a s key contributors to impaired recovery.

• Implications: Persistent atrophy may reflect a muscle environment 
that is biologically unresponsive to strength training alone. Rehabilita-
tion strategies aimed at restoring mitochondrial health and promoting 
oxidative eustress, such as endurance-based exercise or mitochondrial-
targeted antioxidan ts, may enhance the muscle's ability to adapt and
recover.

• Caution: The proposed adjunctive therapies are biologically plausible but 
remain untested in ACL-injured populations. Additional studies are 
needed to evaluate their safety, feasibility, and efficacybefore integration 
in to clinical care.

1. Introducti on

Muscle atrophy following anterior cruciate ligament (ACL) injury is 
often attributed to disuse, neural inhibition (commonly termed 
arthrogenic muscle inhibition, AMI), or poor adherence to rehabilita-
tion. Yet emerging evidence challenges this narrative. Persistent atro-
phy has been documented even among elite athletes who resume 
hi gh-level sport participation, suggesting that traditional explanations
may be incomplete.1 Recent work instead points to a deeper barrier to 
recovery: a problematic metabolic environment in the quadriceps mus-
cle, characterized by mitoch ondrial dysfunction and oxidative
distress.2–4 These disturbances may suppress the muscle's response to 
strength training, even when exercises designed to promote growth 
are implemented. This viewpoint highlights evidence that persistent 
quadriceps atrophy after ACL injury stems not only from disuse or 
inhibition but also impaired mitochondrial function that may diminish 
hypertrophic responsiveness, underscoring the need for early inter-
ventions that restore metabolic health and prime the muscle for later
rehabilitation.
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2. Progressive strength training is the primary feature of clinical 
practice guidelin es — but is it enough?

The core treatment for addressing impairments in quadriceps recov-
ery after ACL injury is progressive strength training. Common elements 
of the leading clinical practice guidelines, including those from the 
American Physical Therapy Association (APTA) and the NIH-funded 
Multicenter Orthopaedic Outcomes Network (MOON), include isomet-
ric knee extension exercises in the early stages, gradually advancing to 
isotonic activities as healing progresses. As patients transitio n to more
advanced stages of recovery, rehabilitation protocols incorporate dy-
namic and functional strength training, aimed at restoring strength
and muscle size.

Importantly, despite completion of these recommended guidelines 
with good compliance, inadequate quadriceps recovery remains a 
persistent issue. These deficits in muscle size are not trivial; residual 
atrophy is associated with impaired knee function and has long 
bee n implicated in the mechanisms contributing to post-traumatic
osteoarthritis.5,6 Yet the underlying causes remain poorly understood. 
Traditionally, clinicians and researchers have attributed this phenome-
non to inadequate loading, AMI, or poor patient adherence. While 
these explanations hold true in some cases, they are increasingly inade-
quate when applied broadly, especially in highly motivated athletic 
populations. To this point, a 2024 magnetic resonance imaging study 
of National Collegiate Athletic Association Division I football players 
cleared to return to sport following ACL reconstruction revealed that 
70% of lower extremity mu scles showed reduced volume compared to
the uninvolved limbwith the vastus lateralis and medialis being partic-
ularly affected.1 The fact that atrophy persists even in this ideal scenario 
raises a critical question: What else is g oing on inside the muscle?

3. Dysfunctional metabolic environment: barrier to a daptation

Although the mechanisms behind persistent atrophy are undoubt-
edly multifactorial, mitochondrial dysfunction and oxidative distress 
have emerged as features associated with poor muscle recovery 
after ACL injury. Preclinical animalmodels provide an essential platform 
to interrogate these mechanisms. Indeed, in our rat model of non-
invasive ACL injury, which closely replicates the clinical condition,
we have shown significant dysregulation in quadriceps mitophagy and
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Fig. 1. Mitochondrial dysfunction: An emerging barrier to muscle recovery. Conceptual 
model illustrating a proposed paradigm shift regarding quadriceps atrophy after anterior 
cruciate ligament (ACL) injury. While current clinical frameworks attribute atrophy to 
disuse, neural inhibition, and inadequate loading, emerging evidence suggests that im-
paired muscle regrowth may stem from mitochondrial dysfunction and oxidative distress. 
This dysfunctional state may create a catabolic environment that limits hypertrophic 
responsiveness. Interventions targeting mitochondrial health , including endurance
exercise and redox-modulating strategies,mayoffernewtherapeutic avenues for exploration.
Image created in BioRender.
autophagy (i.e., mitochondrial and cellular quality control), with a 30– 
100% increase in the production of reactive oxygen species (ROS) that 
is long-lasting and occurs with a 2-fol d reduction in mitochondrial re-
spiratory function.2,4 At the pre-clinical level, others have also demon-
strated that ROS-related damage is a causative mechanism of muscle
atrophy after ACL injury.3 Although rodent models of ACL injury differ 
from humans in recovery timelines, skeletal muscle structure, mito-
chondrial function, and the cellular pathways governing atrophy are 
well conserved across species, supporting the translational relevance 
of these findings. Consistent with this, reduced mi tochondrial function
and excessive ROS have also been found in the vastus lateralis of ACL
reconstructed patients.3 Although the upstream trigger for these mito-
chondrial decrements remains unknown, it is plausible that mitochon-
drial dysfunction and oxidative distress arises from a combination of 
altered neural input (i.e., AMI), reduced contractile activity/disuse, and 
atrophic processes present after ACL injury. Once initiated, these factors 
may enter a feedforward cycle in which impaired mitochondrial func-
tion promote s chronic oxidative distress, which in turn further perpetu-
ates muscle dysfunction.

Why does this matter? When ROS are elevated, reflecting an imbal-
ance in oxidant production and antioxidant defenses, oxidative damage 
can persist unchecked. Unlike transient elevations in ROS that have 
been shown to have a positive effect on muscle health,7 chronically 
elevated ROS can create an environment that suppresses protein 
synthesis and induces protein degradation.8 Together, these potential 
changes in protein turnover create conditions that would blunt 
the muscle's responsiveness to strength training stimuli, even whe n
rehabilitation is well-executed.

4. Shift in clinical a pproach

The evolving perspective that mitochondrial dysfunction is playing 
a limiting role in achieving 100% recovery invites a shift in how we 
approach quadriceps rehabilitation after ACL injury. Rather than attrib-
uting atrophy solely to insufficient strength training, we may need to 
consider whether the muscle is capable of responding. Exercise pre-
scription often assumes the muscle is operating under normal condi-
tions, but what if it's not? When key signaling pathways, particularly 
those involve d in redox regulation become dysregulated, the muscle's
ability to adapt is fundamentally compromised. This has downstream
consequences that may disrupt the hypertrophic response of muscle
in multiple ways (Fig. 1). When rehabilitation progress stalls, we 
assume the solution is to increase load, but maybe the muscle is not 
simply weak; rather, underlyin g factors may be limiting its capacity to
adapt.

If impaired responsiveness is a barrier to full recovery of quadriceps 
size, then addressing that barrier directly may be key to improving 
outcomes. Current clinical practice guidelines rely on progressive resis-
tance training to restore muscle mass and strength. While this remains 
essential, it may be insufficient when mitochondrial respiration is de-
pressed and oxidative distress persists in the quadriceps. Early-stage 
therapies grounded in restoring cellular metabolic health may prove 
to be beneficial in attaining complete muscle recovery. Because quadri-
ceps mitochondrial function is depressed after ACL injury and muscle 
mitochondria play a central role in ROS production and redox homeo-
stasis, targeting mitochondrial health represents a natural therapeutic 
strategy. In the text that follows, we point to two promising avenues 
to improve mitoch ondrial function. Although not yet tested in the
context of ACL injury, these approaches have shown potential in other
clinical populations and could represent the next line of rehabilitation
strategies for muscle recovery after ACL injury.

Endurance-based exercise training, in particular, holds promise due 
to its well-established effects on mitochondrial health. Muscle mito-
chondria are highly responsive to changes in energy demand, with en-
durance training capable of stimulating mi tochondrial biogenesis,
enhancing respiratory function, and promoting redox homeostasis. In
1010
both healthy and clinical populations, endurance exercise improves 
mitochondrial function and supports muscle hypertrophy, making it a 
uniquely positioned intervention that can both maintain muscle 
homeostasis and prime tissue for later rehabilitation.9 In parallel, 
pharmacological use of mitochondrial-targeted antioxidants may offer 
complementary benefits. Preclinical studies have shown that these 
compounds can neutralize excess ROS, restoring redox b alance and
attenuating atrophy and weakness.3,10 Importantly, the therapeutic 
aim is not to eliminate ROS entirely, but to normalize redox signaling 
to levels that facilitate adaptation. When applied early after injury, 
these strategies may offer an adjunct to standard of care rehabilitation 
to preserve mitochondrial homeostasis, attenuate quadriceps atro phy,
and prepare the muscle to better respond to subsequent loading.
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