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Abstract: Chronic pain is a prevalent and highly disabling condition, affecting approximately 31% of the global population. Among its
various forms, musculoskeletal disorders—particularly Myofascial Pain Syndrome (MPS)—account for a significant proportion. MPS is
characterized by muscle spasms, localized ischemia, and pain, making it more easily diagnosable due to its distinct physical signs. Ischemic
Preconditioning (IPC), a protective mechanism induced by brief cycles of ischemia followed by reperfusion, has demonstrated promising
effects in studies involving cardiac and skeletal muscle tissues. Based on this, we hypothesize that cyclic compressive loading, which
induces temporary local ischemia followed by reperfusion, may simulate the physiological effects of IPC. This approach could potentially
alleviate ischemia-related muscle spasms and reduce chronic pain. To test this hypothesis, this paper begins with a review of the basic
physiological mechanisms underlying ischemia and reperfusion injury, analyzing the relevant molecular pathways. It then systematically
examines the protective effects of IPC in skeletal muscle, including the reduction of oxidative stress, suppression of inflammatory responses,
and promotion of blood flow restoration. Furthermore, we compare the controllability and limitations of traditional massage, ischemic
compression, and mechanically simulated IPC devices within therapeutic designs. In summary, this study provides theoretical support and
a feasible framework for non-pharmacological interventions based on IPC mechanisms in the treatment of chronic muscular pain. It lays
a foundational hypothesis for the development of standardized and scalable therapeutic devices, offering a stronger scientific basis for
chronic pain management and presenting new strategies to address this growing public health challenge.
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Introduction

Chronic pain is a prevalent health issue. Unlike acute pain, which serves a survival function, chronic pain should be
considered an independent disease with significant consequences for both individuals and society. Chronic pain is
typically defined as pain lasting more than 12 weeks. This type of pain can originate from any part of the body and may
continue even in the absence of a clear underlying injury or cause. Chronic pain is not simply an extension of acute pain;
it encompasses a complex interplay of physiological, psychological, and social factors, significantly affecting patients’
quality of life. According to data from the World Health Organization and various international studies, the global
prevalence of chronic pain is approximately 31%.> As the population ages, the incidence of chronic pain is also
increasing. Population studies in the United States and worldwide indicate that the prevalence of chronic pain is notably
higher among individuals aged 65 and older compared to the general adult population.® Chronic pain not only severely
impacts an individual’s quality of life but also imposes a significant economic burden on families and society.* Patients
may lose their ability to work due to pain, resulting in a reduction in income. Simultaneously, the long-term costs of
treatment and care can further exacerbate economic pressure. Consequently, chronic pain is increasingly recognized as
a critical public health issue that necessitates attention and support from all sectors of society to promote the development

of early diagnosis, effective management, and preventive measures.
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The Complexity of Chronic Pain

The causes of chronic pain are intricate and complex, and the terminology patients use to describe their pain sensations
can vary significantly. For instance, terms such as “soreness”, “fullness”, and “sharp pain” may be interpreted differently
by different individuals and at various times. This variability complicates the ability of doctors to accurately assess the
nature of the pain in clinical practice, making it challenging to identify the underlying cause and effectively manage the
pain thereafter.” In clinical practice, we have consistently observed a specific group of chronic pain patients characterized
by palpable pain points on the surface of the body, often accompanied by increased muscle tone and localized muscle
spasms. This phenomenon is typically diagnosed as myofascial pain syndrome (MPS). MPS is a common musculoske-
letal pain condition that primarily affects the muscles and the surrounding fascial structures.®’ According to an
epidemiological study, MPS accounts for up to 85% of patients reporting chronic pain.® A primary characteristic of
MPS is the presence of one or more specific sensitive areas, tender spots, or taut bands in the affected muscles and fascia,
commonly referred to as trigger points.” In this context, we may not take fibromyalgia into consideration, as patients with
fibromyalgia experience more widespread pain, with symmetrically distributed tender areas in the soft tissues.® The local
tenderness generally shows no inflammatory changes, and its mechanism is often associated with central sensitization.

Hypotheses on the Pathomechanism of MPS

The currently accepted hypothesis regarding the pathological mechanism of MPS was proposed by Simons.'® This
hypothesis posits that repeated low-intensity muscle overload or intense muscle contractions can lead to muscle damage,
resulting in dysfunction at the neuromuscular junction. This dysfunction increases the release of acetylcholine (ACh) in
the synaptic cleft, triggering high-frequency miniature endplate potentials, which leads to sustained depolarization of the
muscle.!" This process causes an increase in calcium ion release, resulting in continuous muscle contraction and the
development of a spasm state, which compresses blood vessels and causes local ischemia and hypoxia. During ischemia,
released inflammatory mediators further activate pain receptors, leading to hyperalgesia. Additionally, ischemia may
exacerbate damage to the neuromuscular junction and activate acetylcholinesterase, promoting the release of ACh and
creating a vicious cycle. In this process, energy loss due to ischemia and the increased energy demand for calcium pump
activation also become critical factors.'' This energy crisis exacerbates the vicious cycle, further promoting the
persistence and intensification of pain.

Skeletal Muscle Spasm Ischemic State

Muscle spasm at the trigger point is described as a sustained, involuntary muscle contraction (distinct from central
nervous origin spasms, which are often confused).'? Studies have shown that pain from muscle spasm is primarily due to
muscle ischemia, which decreases pH and releases pain mediators like bradykinin, ATP, and H"."*"'> Based on this
analysis, it is posited that Roger H. Coletti’s proposed ischemic model of chronic muscle cramps and pain merits further
consideration. One significant, if not the predominant, etiology of chronic pain is chronic muscle cramps. Extended
episodes of muscle cramps, irrespective of their underlying cause, can restrict the muscle’s blood supply.'® Normal
functioning of both skeletal and cardiac muscles depends on adequate blood supply. However, compared to myocardial
ischemia, skeletal muscle ischemia has been less extensively studied and understood. Myocardial ischemia is primarily
caused by coronary artery stenosis,'” and even simple ischemia of the coronary arteries can lead to the phenomenon
known as “hibernating myocardium”. Chronic ischemia can lead to fibrosis and scarring in the affected areas, causing
pathological remodeling that stiffens the myocardium and impairs diastolic function,'® potentially resulting in heart
failure if left unchecked. Over time, the body adapts to chronic myocardial ischemia, with myocardial contractile
function decreasing in proportion to reduced local blood flow. This results in a “perfusion-contraction match” state.'”
Myocardial ischemia induces tachycardia less frequently, reducing energy loss by regulating contractile function and
metabolism. This allows the myocardium to adapt to a low perfusion environment while awaiting vascular regeneration.
By reducing energy demand, hibernating myocardium adapts to reduced blood flow, conserving oxygen and protecting
cardiomyocytes from necrosis. This process is potentially reversible.’ If blood flow is restored, the hibernating
myocardium can return to normal function.”! Therefore, in the treatment of myocardial ischemic diseases, restoring
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blood flow in the affected vessels is often the primary goal. This is particularly crucial in cases of extensive acute
myocardial ischemia that are life-threatening. Early reperfusion achieved through thrombolytic therapy and other
interventions has been proven to effectively reduce the incidence of acute myocardial infarction.!” However, subsequent
studies have revealed that although reperfusion can save patients’ lives in the short term, it may also induce damage even
more severe than ischemia itself, hindering long-term recovery. Consequently, reducing reperfusion injury has become
another major research focus.”” Studies by Ugo Carraro et al have demonstrated that skeletal muscle under chronic
spastic conditions exhibits adaptive changes similar to the “hibernation” phenomenon observed in the myocardium.?****
Persistent muscle spasm can lead to chronic local ischemia and may result in a reversible ischemic state. Although
skeletal muscle is generally more tolerant to ischemia than cardiac muscle, reperfusion following prolonged ischemia

may still exacerbate tissue injury.

Mechanisms of Spastic Ischemic Injury and Reperfusion Injury in Skeletal

Muscle

If the muscles persist in a state of continuous contraction, they may develop spasms that compress the blood vessels,
consequently resulting in ischemia and hypoxia within the affected tissues. In an ischemic environment, the continuous
accumulation of cellular metabolic byproducts occurs, leading to metabolic acidosis.”® Upon restoration of blood supply,
the local inflammatory response is likely to intensify, accompanied by a significant increase in the production of reactive
oxygen species (ROS), which may contribute to secondary tissue damage. During skeletal muscle ischemia, the
metabolic and ionic imbalances resulting from inadequate oxygen supply in the blood are significant contributors to
tissue damage. Increasing evidence indicates that ROS can rapidly accumulate during the early stages of striated muscle
ischemia, even in conditions of limited oxygen availability. In this context, xanthine oxidase (XO) serves as the primary
source of ROS production. Ischemic conditions can activate XO in the endothelial cells of skeletal muscle, thereby
facilitating the extensive generation of ROS. Excessive ROS can cause damage to cell membranes via lipid peroxidation.
Concurrently, ischemia and hypoxia can disturb the physiological equilibrium of cells, resulting in an inadequate energy
supply.?® Decreased levels of adenosine triphosphate (ATP) can diminish the activity of the energy-dependent Na*-K -
ATPase, consequently leading to an increase in intracellular sodium (Na") concentration. To preserve the stability of the
membrane potential, the Na*-Ca>" ion exchange mechanism is activated to decrease the intracellular Na* concentration.
However, this compensatory mechanism results in an elevation of intracellular Ca®>" concentration.”” The accumulation
of hydrogen, sodium, and calcium ions within the cell creates a hypertonic intracellular environment, prompting water to
influx into the cytoplasm and leading to cellular swelling.?” Intracellular calcium overload transpires during the ischemic
phase and is exacerbated during reperfusion.”® The elevation of intracellular Ca®" concentration activates the mitochon-
drial permeability transition pore (mPTP), resulting in the release of pro-apoptotic factors, including cytochrome C and
apoptosis-inducing factor (AIF), into the cytoplasm, which subsequently leads to cell death (Figure 1).2° Research has
found that during endothelial ischemia, the expression of certain pro-inflammatory gene products, such as leukocyte
adhesion molecules and cytokines, is promoted, inducing the body into a pro-inflammatory state.***' In the reperfusion
phase, the restored blood flow delivers oxygen to the ischemic tissue through red blood cells. However, due to the lower
concentration of antioxidants in ischemic cells, the production of ROS further increases. The massive generation of ROS
triggers a more severe inflammatory response, a process that involves the activation, chemotaxis, adhesion, and migration
of leukocytes with endothelial cells.’®*? These reactions work together to exacerbate muscle tissue damage. The
interaction between leukocytes and vascular endothelium includes a series of different steps, characterized by leukocyte
“rolling” on the endothelium, firm adhesion of leukocytes to the endothelium, and endothelial migration®® (Figure 2).

Ischemic Compression and Ischemic Preconditioning

Ischemic compression has been utilized for decades as a non-invasive manual therapy technique in the treatment of MPS.>**°
This technique involves applying sustained pressure to the trigger point or its vicinity, typically for 30 to 90 seconds.*
Although mechanical pressure on the trigger point or surrounding area may immediately trigger or exacerbate pain, it can also

worsen local ischemia, followed by blood reperfusion. This physiological process increases muscle metabolism, which may
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Figure | Ischemia induces the activation of xanthine oxidase (XO) in the endothelial cells of skeletal muscle. The enzyme XO facilitates the conversion of hypoxanthine to
xanthine in the presence of molecular oxygen (O2), which subsequently leads to the generation of reactive oxygen species (ROS). The excessive accumulation of ROS results
in lipid peroxidation, thereby compromising the integrity of the cell membrane. Simultaneously, diminished levels of adenosine triphosphate (ATP) reduce the functionality of
the energy-dependent Na+-K+-ATPase, resulting in an increase in intracellular sodium (Na+). In an effort to preserve the membrane potential, the Na+-Ca2+ ion exchange
mechanism is activated to decrease intracellular Na+ concentration; however, this compensatory response inadvertently elevates intracellular calcium (Ca2+) levels. The
increase in intracellular Ca2+ concentration activates the opening of the mitochondrial permeability transition pore (mPTP), which facilitates the release of apoptotic factors,
such as cytochrome ¢ and apoptosis-inducing factor (AlF), into the cytoplasm, ultimately triggering the process of cell death.
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Figure 2 The concentration of antioxidants is diminished in the context of ischemia, while the production of reactive oxygen species (ROS) is markedly elevated. The
increase in ROS instigates a substantial inflammatory response. Within the vascular system, this inflammatory response is predominantly facilitated by the adhesion of
neutrophils and their subsequent migration across the vascular endothelial cells. Simultaneously, macrophages are activated to secrete pro-inflammatory cytokines, such as
interleukin-6 and interleukin- I B, which further exacerbate this inflammatory process. The interaction of leukocytes with the vascular endothelium occurs through a series of
distinct stages, including: @ leukocyte rolling on the endothelium, @ firm adhesion of leukocytes to the endothelium, and ® endothelial migration. The process of leukocyte
rolling is primarily initiated by the interaction between L-selectin, which is expressed on leukocytes, and E-selectin, which is expressed on endothelial cells.

help alleviate pain symptoms.®” However, some studies have suggested that there is currently insufficient evidence to support
the significant benefits of ischemic compression in pain relief,*® and there remains no clear conclusion regarding whether

reperfusion may exacerbate local muscle damage. For patients experiencing this type of pain, we continue to seek effective
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treatment methods. In 1986, Reimer et al first identified and described the phenomenon of “ischemic preconditioning (IPC)”,
which has since been validated by numerous experimental studies.> IPC refers to the phenomenon where short periods of
cyclic tissue ischemia and reperfusion provide subsequent protection against greater ischemia-reperfusion-induced damage.
IPC activates the protective mechanisms of tissues against subsequent damage through multiple short ischemic periods.*® This
discovery offers a new strategy for cardioprotection in coronary artery disease and holds promise for protecting vital organs,
such as the brain, kidneys, and liver, from ischemic injury during surgery.*' ** Ischemic preconditioning is not limited to the
heart, brain, kidneys, and liver but is also applicable to skeletal muscle.** Some studies have also shown that IPC can enhance
athletic performance by increasing muscle blood flow and oxygen delivery, which is important for training and performance
optimization.*> Skeletal muscle is a vital component of the human body, consisting of muscle fibers. Skeletal muscle
contraction is essential for nearly all body activities, and muscle strength directly influences endurance and physical capacity.
Adequate blood supply is essential for the normal physiological metabolism of tissues. Tissue ischemia, caused by various
factors, can lead to metabolic abnormalities in cells and tissues, resulting in damage. Numerous studies have shown that

ischemic preconditioning can improve skeletal muscle ischemia and reperfusion injury through certain mechanisms. ¢

Ischemic Preconditioning Mechanisms

Current studies have demonstrated the protective effects of ischemic preconditioning (IPC) against ischemic injury and
reperfusion, and have preliminarily elucidated its potential underlying mechanisms. These mechanisms mainly include
the reduction of oxidative stress, inhibition of inflammatory responses, and promotion of increased blood flow.

Reducing Oxidative Stress

Studies have demonstrated that under ischemic conditions, XO is activated in the endothelial cells of skeletal
muscle, resulting in an increased production of ROS. This rise in ROS can lead to cell membrane damage through
lipid peroxidation. When blood flow is restored to ischemic tissues, XO interacts with oxygen to facilitate the
conversion of hypoxanthine into xanthine and uric acid, a process that releases superoxide (O,* ) and hydrogen
peroxide (H,0,), thereby exacerbating oxidative stress within the tissue.?® The role of ROS is multifaceted: while
elevated levels of ROS contribute to cellular oxidative damage, lower concentrations can function as signaling
molecules that activate protective preconditioning pathways.** In this context, the MitoK_ATP channels play
a critical role in skeletal muscle ischemic preconditioning.’® It has been suggested that the activation of this
channels induces the generation of ROS. In a hypoxic environment, the activation of the MitoK ATP channel
facilitates the synthesis of nitric oxide (NO) and ROS. This activation subsequently prolongs the duration of
channel activation via a feedback mechanism. This feedback loop further enhances the production of ROS and NO,
which serve as signaling mediators to initiate additional protective preconditioning mechanisms.’' The protective
effect of IPC is primarily mediated through several critical signaling pathways, including the mitogen-activated
protein kinase (MAPK) pathway,>® the phosphoinositide 3-kinase (PI3K)-Akt pathway,”® and the protein kinase
C-epsilon (PKCe) pathway.>* These pathways are essential for the protection of skeletal muscle, as they regulate
ion channel function, stabilize cell membrane structure, and inhibit the expression of pro-apoptotic factors.
Meanwhile, IPC can upregulate the expression of endogenous antioxidant enzymes, such as superoxide dismutase
2 (SOD2) and catalase, thereby enhancing the cellular capacity to eliminate reactive oxygen species (ROS).>
Notably, exosomes also play an important role in antioxidant responses. Exosomes released in response to IPC
stimulation carry various antioxidant-related microRNAs (such as miR-21 and miR-126), which can be taken up by
target cells to activate the PI3K—Akt signaling pathway, consequently strengthening the antioxidant defense
capacity of recipient cells.>®

Reducing the Inflammatory Response

Studies have shown that in peripheral tissues, the beneficial effects of IPC are associated with the inhibition of leukocyte
adhesion and migration. Particularly in the small intestine, IPC prevents post-ischemic leukocyte adhesion, thereby
reducing the inflammatory response by maintaining the bioavailability of nitric oxide and inhibiting the expression of
P-selectin.”’” The impact of IPC on the inflammatory system is multifaceted, encompassing the regulation of cytokine and
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chemokine expression. In rats, remote ischemic preconditioning (RIPC) performed prior to prolonged tourniquet
application on the hind limb resulted in reduced inflammatory cell responses, decreased rates of apoptotic cell death,
and improved microcirculation. At the molecular level, the expression of pro-inflammatory genes decreases, while the
expression of genes associated with alleviating oxidative stress increases, indicating that RIPC mitigates inflammation
and oxidative damage through the regulation of gene expression. The protective effects of ischemic preconditioning
include downregulation of inflammation and reduction of neutrophil activation, as well as leukocyte-endothelial cell
interactions. These effects may be mediated through the tumor necrosis factor-alpha (TNF-a) signaling pathway, with
TNF-a playing a crucial role in the development of ischemic tolerance and neurotoxicity. TNF-a can activate NF-kB,

which has both pro-inflammatory and cytotoxic effects, as well as anti-inflammatory and cytoprotective properties.’®

Promoting Increased Blood Flow

Vascular Endothelial Growth Factor (VEGF) is a critical cell growth factor that is expressed under ischemic conditions in
tissues. It plays a vital role in angiogenesis and enhancing blood flow by promoting the formation of new blood vessels
and the branching extension of existing ones, thereby mitigating ischemia-reperfusion injury.”® Yoo and other researchers
reported the expression pattern of VEGF in IPC. In addition, exosomes can directly deliver VEGF to recipient cells or
regulate its gene expression, thereby enhancing angiogenic capacity.’® When investigating the functions of endothelial
cells in skeletal muscle, Hotta et al found that extracellular mechanical stimuli, such as shear stress and tensile stress, can
trigger biochemical reactions within vascular endothelial cells, thereby initiating the process of angiogenesis.®® The
concept of IPC being consistent with massage (as a mechanical factor) in inducing cellular changes aligns with the notion
that these changes convert mechanical energy into molecular signals, leading to various cellular responses, including
increased expression of angiogenic factors, such as VEGF-A.®' Furthermore, the production of ROS results in a decrease
in the generation of nitric oxide (NO), which, as a vasodilator, can inhibit platelet aggregation and leukocyte adhesion.
The reduction in NO production diminishes tissue blood flow.’” Research on the effects of IPC on superficial blood flow
has revealed that vasodilation is one of the primary mechanisms by which IPC exerts its enhancing effects. In fact,
studies have demonstrated that repeated IPC within a month can elevate the levels of endothelium-dependent vasodila-
tors, such as NO.*

Formulation of the Hypothesis

Chronic pain is an increasingly prevalent and distressing condition that imposes substantial physiological, psychological,
and economic burdens on individuals and society. MPS is one of the common types of chronic pain, characterized by
localized muscle spasm, ischemia, and pain, forming a vicious cycle that is difficult to break. Persistent muscle
contraction leads to local ischemia and hypoxia, resulting in metabolic disturbances and oxidative stress, which further
aggravate pain and muscle spasm. IPC, as a non-invasive intervention, activates endogenous protective mechanisms
through repeated cycles of ischemia and reperfusion. It has been shown to alleviate ischemia—reperfusion injury in organs
such as the heart, liver, and skeletal muscle, and no significant safety concerns have been reported to date.>% Its
protective mechanisms include reducing oxidative stress, suppressing inflammatory responses, and promoting angiogen-
esis. Given that similar pathophysiological processes—ischemia, oxidative stress, and inflammation—are also present in
MPS, these protective effects of IPC may have potential value in alleviating muscle spasm and improving local blood
flow. Based on the above analysis, we propose the hypothesis that ischemic preconditioning may help improve local
muscle spasm and ischemic conditions in patients with myofascial pain syndrome, thereby relieving chronic pain.
However, most current studies on skeletal muscle IPC utilize a tourniquet occlusion method—temporarily restricting
blood flow and then releasing the tourniquet to allow reperfusion. While this approach is effective for limb muscles, it is
not easily applicable to the whole body and lacks the precision to target specific local muscles. Given that IPC operates
on a cyclical pattern of “ischemia—reperfusion—ischemia”, we drew a connection to a traditional therapeutic modality—
massage—which seems to follow a similar cycle. Through repetitive manual manipulation, massage exerts mechanical
pressure on localized areas, mimicking the IPC cycle to some extent. Compared to ischemic compression techniques,
massage emphasizes the repeatability of mechanical force, potentially reducing the risk of damage from excessive blood
reperfusion (Figure 3). However, it is clear that the pressure, frequency, and duration of massage are difficult to
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Figure 3 A graphical representation of the relationship between ischemic preconditioning and massage therapy in the context of chronic muscle pain.

standardize or control, making it challenging to replicate the optimal timing and cycle count required for IPC. To address
these limitations, some researchers have referred to a therapeutic device developed by Butterfield et al in 2008, which
simulates Swedish massage in humans.®® This device applies rhythmic compressive loads to muscles, allowing for
control over force magnitude and direction, with the pressure sustained over a defined duration.” A limitation of this
approach is that the device cannot fully replicate the nuanced curvature and adaptability of a therapist’s fingers. Still,
future developments in device design may overcome this shortcoming.

Conclusions

Accordingly, for patients with chronic pain—particularly those exhibiting localized muscle spasm and ischemia—new
technologies that simulate ischemic preconditioning may represent a promising therapeutic option. By externally
mimicking the physiological process to activate endogenous protective mechanisms, such approaches may offer novel
strategies for the management of chronic pain. Although ischemic compression can induce a localized muscle ischemic
state to some extent, it inevitably carries the potential risk of reperfusion injury. In contrast, mechanical devices have
higher controllability in parameter settings (such as pressure intensity, duration, frequency, etc)., which helps to more
accurately simulate the timing and cycles of IPC. However, existing devices are mostly focused on specific areas or
single muscle groups, and are still insufficient in terms of clinical application and whole-body adaptability. Future
treatment devices should fully consider these factors in their design and aim to improve the flexibility of the devices as
much as possible. In comparison, massage is more suitable for clinical practice, but traditional massage lacks
a standardized operational system. Different therapists may vary in the direction and intensity of the applied force,
leading to inconsistent and difficult-to-verify therapeutic effects. In addition, the therapeutic effect of massage may not
only come from mechanical manipulation itself, but may also involve psychological benefits brought by tactile
sensation.®® Studies have found that the effects of IPC may be closely related to blood flow perfusion volume, duration
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of a single ischemic episode, and the number of ischemia—reperfusion cycles.®”’® To further explore intervention
strategies for skeletal muscles under spasm and ischemia, the current treatment method can be simplified into a type
of mechanical therapy. This involves applying directional, intermittent pressure to localized muscles to induce temporary
ischemia, then releasing the pressure to restore blood perfusion, forming a repeated cycle of “ischemia—reperfusion”.
This not only helps to standardize mechanistic studies, but also facilitates future laboratory modeling and clinical
validation. At present, the specific settings of various parameters (blood perfusion volume, single ischemia duration,
number of cycles) in IPC remain a new challenge and have guiding significance for the formulation of clinical treatment
protocols. A systematic and in-depth study of these variables has important theoretical and practical value for the future
development of scientific, standardized treatment strategies and the construction of scalable mechanical devices or
massage technique standards.
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