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ABSTRACT

Musculoskeletal injuries, such as fractures and whiplash, affect around 9 million people annually and are a major cause of
disability. In many cases, pain persists despite tissue healing, which is not fully explained by traditional models. Increasing
evidence suggests that neuroinflammation - the activation of the innate immune system in the peripheral and central nervous
systems - may underlie chronic pain. It involves glial cell activation and the release of proinflammatory mediators, leading
to central sensitization and maladaptive synaptic plasticity. To evaluate neuroinflammation as a potential “missing link”
between orthopedic injury and chronic pain, and to identify therapeutic targets. A search of PubMed, Web of Science and
Google Scholar was conducted. Included were randomized controlled trials, systematic review and meta-analyses of ankle
sprain treatment and rehabilitation strategies.

Neuroinflammation contributes to the transition from acute to chronic pain beyond tissue healing. Glial activation and
mediators, such as TNF-a and IL-1p, drive central sensitization, while caspase cascades (caspase-1, -3, -6) regulate AMPA
and NMDA receptor trafficking in the spinal cord, maintaining hypersensitivity. Clinical findings, including MRI studies of
whiplash patients, demonstrate nerve root inflammation associated with hyperalgesia. Emerging therapies, such as
transcutaneous vagus nerve stimulation (tVNS) and exosome-based approaches, show promise in modulating these
processes.

Neuroinflammation links musculoskeletal injury to persistent pain by combining immune activation and neural changes that
sustain central sensitization. Understanding these mechanisms may help identify patients at risk and guide the development
of treatments targeting neuroinflammation to prevent chronic pain.
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1. Introduction

Musculoskeletal injuries, resulting from physical trauma or osteoporosis, are a leading cause of
morbidity, disability and mortality worldwide [1]. The estimated incidence of fractures in the population ranges
from 2 to 5 per 100 person-years. In Europe alone, their number is predicted to increase by 23% over the next
decade due to population aging [2, 3].

The scale of the problem is enormous - approximately 9 million osteoporotic fractures occur worldwide
annually, and in China alone, the number of traumatic fractures exceeds 4.4 million annually [1]. Other
conditions, such as osteoarthritis, affect over 240 million people globally, while cartilage abnormalities are
found in 61-63% of patients undergoing arthroscopy [4, 5].

The social and economic costs of these injuries are colossal and place a huge burden on healthcare
systems. In the UK, whiplash injuries alone cost around £3 billion annually, primarily due to medical expenses
[6, 7]. In the United States, the total economic cost of chronic pain reaches $635 billion annually, and
osteoarthritis-related costs in developed countries account for between 1% and 2.5% of GDP [8, 4]. Hip
fractures generate the highest individual costs (over $30,000) with devastating social consequences - nearly
one in three patients over the age of 50 dies within a year of a hip fracture [3].

Typical sequelae include both immediate tissue damage and long-term functional complications:
mechanical allodynia or nonunion after fractures [1, 2], nerve damage, joint cartilage damage leading to
swelling, pain and accelerated degenerative changes [5]. Many fractures require orthopedic surgery, which are
invasive procedures, although necessary for stabilization, can induce neuroinflammation, which is crucial for
the progression of acute pain to pathological chronic pain [1]. Postoperative complications also include
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infections (osteomyelitis), which occur in 1-2% of closed fractures and up to 30% of open fractures, and can
even lead to amputation [3]. These injuries and their sequelae not only impair physical function but are also
strongly correlated with poor mental health, causing depression, anxiety and post-traumatic stress disorder
(PTSD) [1, 4, 9].

Chronic pain is defined as pain that persists or recurs for more than 3 months, exceeding the typical time
required for tissue healing [1]. It is considered the “fifth vital sign” and its characteristics include spontaneous
pain, allodynia and hyperalgesia [10]. The rate of transition from acute to chronic pain after musculoskeletal
injuries is highly variable, ranging from 11% to 56% [11]. For specific injuries, these rates are particularly
high: chronic pain affects 61,7% of patients after ankle and knee fractures, and 55,1% after tibia fractures [1].
In patients with whiplash injuries (WADII), approximately 50% of individuals struggle with chronic symptoms
lasting more than 5 years [7]. The classic biomechanical model has significant shortcomings in explaining the
pathogenesis of pain, as studies indicate a poor correlation between radiographic damage and pain intensity
[4]. Traditional diagnostic criteria (e.g., for WADII) rely solely on routine clinical tests, which often fail to
detect subtle neural pathologies despite the presence of neuropathic symptoms in patients, such as a reduced
vibration threshold or somatosensory hyperalgesia [6, 7]. In nociplastic pain, symptoms occur even in the
absence of clear evidence of tissue or somatosensory damage [12]. The transition from acute to chronic pain
remains elusive. Currently, the molecular mechanisms responsible for the transformation of physiological post-
traumatic pain into pathological pain remain poorly understood, which constitutes a major obstacle to the
development of effective targeted drugs [1, 11]. This gap stems, among other things, from the difficulty of
conducting long-term, invasive studies in humans and the significant heterogeneity of immune and pain
responses across patients [11].

A growing body of evidence suggests that a key “missing link” in pain physiology is neuroinflammation,
or the activation of the innate immune system within the nervous system [13]. Neuron-glia interactions, in
which microglia and astrocytes release mediators (e.g., cytokines IL-1B, IL-6, TNF-a and caspases) are
attracting particular attention among researchers. This leads to pathological synaptic plasticity and central
sensitization [1, 13]. Understanding these mechanisms, including the role of caspase cascades (caspase-1, -3
and -6) in regulating AMPA and NMDA receptor trafficking, opens new avenues for therapies to prevent
chronic pain following orthopedic surgery and fractures [1, 10].

The main aim of this paper is to review current knowledge on the role of inflammatory processes within
the nervous system following musculoskeletal injuries. The paper focuses on assessing whether
neuroinflammation constitutes a “missing link” in the pathophysiological transition from acute post-traumatic
pain to persistent chronic pain, which often persists despite anatomical healing of peripheral tissues [7].

To achieve this aim, the paper aims to:

- analyze the molecular and cellular mechanisms of neuron-glia interactions, with particular emphasis
and the role of caspase cascades in the spinal cord,

- examine how inflammatory signals generated at the site of orthopedic injury (e.g., fracture or
whiplash) are transformed into maladaptive synaptic plasticity and central sensitization.

- assessing the usefulness of modern diagnostic methods, such as magnetic resonance imaging (MRI),
in identifying objective markers of neuroinflammation in patients

- identifying potential therapeutic targets that can prevent pain chronification by suppressing
inflammation in the nervous system.

Understanding neuroinflammation as a key element of pathogenesis will allow for the redefinition of
orthopedic pain from a symptom of tissue damage to a complex disease of the neuroimmune system.

2. Methodology

This narrative review synthesizes recent searches about neuroinflammatory after orthopedic injuries and
their impact on chronic pain. Searches for source articles were conducted through sites such as PubMed,
Google Scholar and Scopus, most of them date back up to 15 years, individual sources may be older. Key
terms search included: neuroinflammation, chronic pain, musculoskeletal trauma, soft tissue injury,
neuroinflammatory signaling, microglia, synaptic plasticity, central sensitization, pro-inflammatory cytokines,
chronic fracture pain, nociplastic pain, exosomes and neuromodulation. This article includes studies, originally
peer-reviewed and published in English, focused on the impact of orthopedic injuries and associated
neuroinflammation on people's quality of life and the occurrence of chronic pain syndrome. Incomplete text
publications and data from non-primary sources were not taken into account. A total of 80 relevant articles
were selected and studied. Articles were thematically categorized into seven domains: inflammatory response
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after musculoskeletal injury, definition and mechanisms of neuroinflammation, mechanisms of
neuroinflammation activation after peripheral injury, experimental evidences, clinical evidence in humans,
factors modulating the neuroinflammation development and potential therapeutic goals. This framework
guided both the selection and synthesis of results. As a narrative review, this study does not include a formal
quality assessment or meta-analysis. However, heterogeneity and methodological validity were considered
when interpreting the results.

3. Al

Al tools were employed exclusively for linguistic refinement and to improve processing efficiency,
under strict human supervision; all analytical decisions, interpretations, and conclusions were made by human
experts.

3.1 Inflammatory Response After Musculoskeletal Injury

3.1.1 Phases of Tissue Healing

Musculoskeletal tissue healing is a multiphase and dynamic process. In bone fractures, four main,
overlapping stages are distinguished: hematoma formation, cartilage (soft) callus development, bony (hard)
callus development and remodeling [14].

Inflammatory phase and hematoma formation begins immediately after injury due to disruption of blood
vessels and the bone matrix [2, 14]. A fracture hematoma forms and clots, forming a temporary scaffold made
of a fibrin network [2, 3]. This network serves as a matrix for the influx of inflammatory cells and progenitor
cells from the periosteum and bone marrow [2], which release key proinflammatory mediators that stimulate
angiogenesis and attract mesenchymal stem cells (MSCs) [2, 3]. Macrophages remove necrotic tissue and
fibrin debris through phagocytosis [2]. This phase typically lasts about 5 days [3].

The next phase is soft callus formation. The fibrin network is replaced by granulation tissue [2]. Under
hypoxic conditions within the fracture gap, recruited MSCs differentiate into chondrocytes, which produce
collagen-rich fibrocartilaginous tissue, forming what is known as soft callus [3, 14]. The soft callus wraps the
ends of the fractured bones, providing initial mechanical stabilization [2]. This stage begins approximately 5
days after the injury and lasts about a week [3].

The soft cartilage undergoes ossification through endochondral ossification [3, 14]. Chondrocytes
become hypertrophic and undergo apoptosis, and are replaced by osteoblasts, which deposit woven bone [14].
Invasion of blood vessels is essential here to supply oxygen and nutrients required for callus mineralization
[2]. This phase lasts up to 4 weeks after the injury [3].

The remodeling stage is the final and longest phase, which can last from several months to many years
[3]- The original coarse-fiber bone is gradually replaced by mature lamellar bone [2, 14]. This process is
controlled by the balance between osteoclast activity (bone resorption) and osteoblast activity (new matrix
formation), regulated by, among others, the RANKL/OPG pathway [2]. Remodeling restores bone to its
original shape and mechanical strength, and restores the Haversian canal system, allowing for full functional
recovery [2, 3].

In the case of peripheral nerve injury (e.g., the sciatic nerve), healing progresses through phases of early
immune activation, extracellular matrix remodeling, and Schwann cell-driven remyelination [15].

In the context of skeletal muscle injuries, this process is described as a sequence of five phases:
degeneration and necrosis, inflammation, regeneration, maturation/remodeling, and final functional recovery
[16]. Closer coordination of these processes is crucial for successful healing, as disruption can lead to delayed
union or the development of pseudoarthrosis [14, 17].

3.1.2 Local Inflammatory Response

The inflammatory response is initiated immediately after injury as a result of damage to the vessels and
extracellular matrix [14, 17]. The disruption of cellular barriers leads to the release of endogenous signaling
molecular patterns (DAMPs), such as HMGBI1, S100 proteins, and ATP. These are recognized by the innate
immune system (e.g., tissue macrophages and mast cells) via Toll-like receptors (TLRs) and receptors for
advanced glycation end products (RAGE) [16]. This process triggers complement activation, which recruits
neutrophils and monocytes from circulation to the site of injury, creating a fracture hematoma that serves as a
scaffold for further regeneration [14, 16].
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3.1.3 Proinflammatory Cytokines (IL-1p, IL-6, TNF-a)

Cytokines are a key regulatory element in the early phase of healing, and their expression typically peaks
within the first 24 hours after injury [2].

TNF-a (Tumor Necrosis Factor-a) is released primarily by M1 macrophages and neutrophils, it interacts
with TNFRI1 receptors on nociceptors, which increases the activity of TRPV1 and Nav1.8 channels, leading to
a lower pain threshold (peripheral sensitization) [14, 18].

IL-1B (Interleukin-1P) is produced by activated macrophages, after proteolytic cleavage by caspase-1,
it directly increases the excitability of sensory neurons by activating the p38 MAPK pathway [10, 18].

IL-6 participates in promoting nociceptor plasticity and supports central sensitization processes in the
spinal cord [1, 4]. Its serum levels strongly correlate with pain intensity in patients [1, 11].

3.1.4 Immune-Nervous System Communication

Neuroimmune crosstalk plays a fundamental role in the transformation of acute pain into chronic pain
[18, 19]. Activated nociceptors at the site of injury secrete neuropeptides such as substance P and CGRP, which
act as a chemoattractants for macrophages, increasing local inflammation [18]. Simultaneously, cytokines
released peripherally and mediators derived from glial cells (microglia and astrocytes) in the spinal cord
modify synaptic transmission, leading to central sensitization [18, 20]. If the inflammatory phase is not
resolved (failure to transition M1 to M2 macrophages), a self-perpetuating feedback loop develops, in which
chronic pain and ongoing immune dysfunction mutually reinforce each other [2, 21].

3.2 Neuroinflammation - Definition and Mechanisms

3.2.1 Definition of Neuroinflammation

Neuroinflammation is defined as the recruitment and activation of the innate immune system of the
nervous system (both peripheral and central) in response to tissue injury, disease processes, or medical
interventions [13, 22]. Unlike acute pain, which serves a protective function, persistent neuroinflammation is
a pathological and maladaptive process leading to changes in plasticity in pain circuits and the development
of chronic pain [10, 18]. It constitutes a crucial “missing link” connecting the initial orthopedic injury with
long-term central sensitization, which persists even after tissue healing [13].

3.2.2 The Role of Microglia, Astrocytes and Immune Cells

Microglia are the resident immune cells of the central nervous system (CNS), constituting 10-15% of
all glial cells. At rest, they monitor synapses and maintain homeostasis. However, following nerve or tissue
injury, they undergo rapid proliferation (microgliosis) and a change in morphology to an amoeboid form,
allowing them to release mediators that amplify pain signals [13, 23].

Astrocytes are usually activated after microglia (astrogliosis) and play a fundamental role in maintaining
chronic inflammation and the late phases of neuropathic pain [4, 13]. By expressing receptors for glutamate,
norepinephrine, and purines, astrocytes actively participate in modifying synaptic transmission and enhancing
the excitability of neurons in the dorsal horn of the spinal cord [13, 18].

Immune (Infiltrating) cells include, for example, neutrophils, macrophages or lymphocytes. Peripheral
macrophages are recruited to the site of injury by neuropeptides (e.g., substance P) and increase the sensitivity
of nociceptors [18]. Neutrophils arrive first (within hours), releasing proteases and reactive oxygen species
(ROS), which can secondarily damage healthy tissues, while T and B lymphocytes infiltrate the nervous system
in the chronic phase, modulating the immune response and enhancing sensitization [2, 16, 18].

3.2.3 Proinflammatory mediators - Cytokines, Chemokines and Prostaglandins

Proinflammatory key cytokine molecules, such as TNF-o, IL-1B and IL-6, directly interact with
nociceptor receptors, lowering their activation threshold and enhancing pain transmission [2, 18]. IL-1f plays
a particular role, its maturation being controlled by caspase-1 within the NLRP3 inflammasome [10].

Chemokines, such as CCL2 (MCP-1), CCL21 and CX3CL1 (fractalkine) act as potent attractants for
immune cells and regulate the critical dialogue between neurons and glia [1, 13, 24]. For example, CCL21
released from damaged neurons activates microglia via the CXCR3 receptor, driving an inflammatory cascade
in the spinal cord [1][10].

The main prostaglandin, PGE2, produced by the COX-2 enzyme, interact with receptors on nerve
endings, enhancing the generation of action potentials and directly contributing to thermal and mechanical
hyperalgesia [8, 25, 18].
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3.2.4 Caspases

Caspases (enzymes from the cysteine protease family) play a fundamental and - as recent research
indicates - unconventional role in the pathophysiology of chronic pain following injury [10]. Although
traditionally associated primarily with programmed cell death (apoptosis), in the nervous system they act as
key regulators of neuroinflammation and synaptic plasticity [1, 10].

Human caspases are divided into three main groups:

I. Inflammatory caspases (1, 4, 5, 11, 12) do not participate in apoptosis, but in inflammatory
processes and pyroptosis.

II.  Apoptosis effector caspases (3, 6, 7) perform massive proteolysis leading to cell death.

III. Apoptosis indicator caspases (2, 8, 9, 10) trigger a signal to initiate apoptosis.

Caspase-1 (inflammatory caspase) is a prototypical member of the inflammatory group and a key
component of the NLRP3 inflammasome. When activated by painful stimuli or injury (e.g., sciatic nerve
injury), caspase-1 converts inactive pro-cytokines into their mature forms: IL-1f and IL-18. Released
cytokines increase nociceptor excitability, facilitating the transmission of pain information to the brain.
Inhibition of caspase-1 alleviates mechanical allodynia and thermal hyperalgesia in models of neuropathy [10].

Caspase-3 (effector caspase), although known as an “executor of apoptosis”, in chronic pain plays a role
as a regulator of synaptic structures [1, 10]. Active caspase-3 is present in postsynaptic structures, where it
regulates the remodeling of dendritic spines [1]. Increased caspase-3 activity in the dorsal horn of the spinal
cord has been demonstrated in tibial fracture models. It interacts with the LRRTM1 protein to promote the
transport of AMPA receptors to synapses, leading to sustained central sensitization and chronic pain [10].

Caspase-6 (effector caspase) is considered a key link in the dialogue between neurons and microglia.
Specifically distributed in the axon terminals of C fibers in the spinal cord, where it co-exists with the
neuropeptide CGRP. After injury, caspase-6 is released from nerve endings into the extracellular space, where
it activates microglia, inducing the secretion of TNF-a [1, 10]. Inhibiting caspase-6 (e.g., with the inhibitor Z-
VEID-FMK) effectively reduces postoperative pain and fracture pain by blocking glutamatergic receptor
(AMPA) transport and altering dendritic spine density [10].

Highly selective inhibitors are being developed (e.g., Z-YVAD-FMK for caspase-1, Z-DEVD-FMK for
caspase-3), which effectively suppress pathological pain in animal models.

In summary, caspases 1, 3, and 6 are critical checkpoints that determine whether pain following
orthopedic injury resolves or develops into a chronic disease state through changes in neuroinflammation and
synaptic structure [1, 10].

3.3 Mechanisms of Neuroinflammation Activation After Peripheral Injury

3.3.1 Signals From Damaged Tissues

Signals emanating from damaged musculoskeletal tissues constitute a biochemical cascade that not only
initiates the healing process but can also lead to pathological sensitization of the nervous system [1, 16].

Immediately after mechanical injury, cellular barriers are disrupted, causing the leakage of signaling
molecules called DAMPs (Damage-Associated Molecular Patterns) or alarmins [16]. Under normal conditions,
they are hidden inside cells, but once released, they become potent inducers of sterile inflammation [10][16].
DAMPs include HMGBI1 (High-mobility group box 1), S100 proteins, ATP and mitochondrial DNA (mtDNA)
[16].

DAMPs are detected by pattern recognition receptors (PRRs) present on nociceptive and immune cells
(macrophages, mast cells), such as Toll-like receptors (TLR4, TLR2) and the RAGE receptor [4, 16].

At the site of injury, bidirectional communication occurs between nerve endings and immune cells [18].
Activated nociceptors themselves secrete substance P and CGRP, which act as chemoattractants, attracting
macrophages and mast cells to the site of injury, thereby intensifying neurogenic inflammation [16, 18]. M1
macrophages secrete these molecules, which directly affect nociceptors, lowering their activation threshold.
For example, TNF-a increases the activity of ion channels (e.g., TRPV1 and Navl.8), which drastically
increases the sensitivity of nociceptors [18].

Degradation of cartilage or bone tissue generates additional inflammatory signals. Proteoglycan
fragments act as secondary DAMPs, amplifying the local immune response and damaging remaining healthy
tissues [1]. Factors stored within the damaged bone matrix, such as TGF-f, FGF-2 or IGF-1, are released.
These factors modulate chondrocyte metabolism and may influence synaptic remodeling in the dorsal horn of
the spinal cord [3, 5].
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Contact of tissue fluids with intracellular components (e.g., cytoskeletal filaments) activats the
component system (C3a, C5a molecules). This causes neutrophil recruitment and can lead to the formation of
the membrane attack complex (MAC), which further disrupts cell integrity by releasing even more DAMP
signals [16].

3.3.2 Peripheral sensitization

Peripheral sensitization is a process of increased excitability and a lowered activation threshold of
peripheral nociceptors, which leads to an amplification of pain signals transmitted to the central nervous system
[18, 22]. It is a key mechanism responsible for the transformation of acute pain into persistent chronic pain
following orthopedic injuries and tissue damage [11, 22].

The main driver of peripheral sensitization is nerve growth factor (NGF), released at the site of injury
[11, 22]. NGF binds to TrkA receptors on nociceptor terminals, inducing their hypersensitivity [22]. This
process is supported by proinflammatory cytokines such as TNF-a, IL-1f and IL-6, released by macrophages
infiltrating the injury site [1, 18].

Inflammatory mediators lower nociceptor activation thresholds through posttranslational modifications
of ion channels such as TRPV1 (capsaicin receptor) and TRPA1 [22]. The cytokine TNF-o enhances the
activity of sodium channels, particularly Navl.8, which facilitates the generation of action potentials in
response to stimuli [18].

Long-term peripheral sensitization depends on changes in gene expression. NGF has been shown to
recruit the Sp4 transcription factor, which promotes the overproduction of TRPV1 and TRPA1 receptors in
dorsal root ganglia (DRG) neurons. This allows hypersensitivity to thermal and mechanical stimuli to persist
even after the initial injury has healed [22].

Stimulated nociceptors secrete neuropeptides such as substance P and CGRP, which attract macrophages
and mast cells, intensifying local inflammation (so-called neurogenic inflammation) [18, 26]. Macrophages in
the DRG further increase neuronal excitability by releasing prostaglandins (e.g., PGE2) and nitric oxide [18].

In chronic pain states, pathological nerve fiber ingrowth (sprouting) occurs into tissues that are normally
not innervated, as observed, for example, in damaged tendons or intervertebral discs [11, 26]. Peripheral
sensitization manifests primarily as allodynia (pain sensation to normally non-painful stimuli, e.g., light touch)
and hyperalgesia (excessive pain sensation to painful stimuli) [18, 27, 1].

Understanding these mechanisms allows the development of new targeted therapies, such as caspase
inhibitors or NGF-blocking antibodies, which aim to suppress peripheral neuroinflammation and prevent pain
chronification [1, 10, 22].

3.3.3 Central sensitization

Central sensitization is defined as the process of enhanced neuronal signaling within the central nervous
system (CNS), resulting in pathological pain hypersensitivity. It involves increased reactivity of nociceptive
neurons to impulses that are normally subthreshold or painless [12].

In the spinal cord, structural reorganization of synapses and enhancement of spinal reflexes occur,
leading to the expansion of pain areas beyond the site of the initial injury (secondary hyperalgesia) [12]. The
constant influx of C-fiber signals to the dorsal horn of the spinal cord after orthopedic injury dramatically
increases the excitability of second-order neurons, which underlies persistent pain [4].

A key mechanism driving these changes is the activation of microglia, specialized immune cells of the
CNS responsible for innate immunity [13]. In response to nerve or peripheral tissue injury, resting microglia
rapidly change morphology to an amoeboid form and undergo intense proliferation, a process known as
microgliosis. An important signal initiating this process is CSF-1, which is induced in the dorsal root ganglia
(DRGQG) after injury and transported to the spinal cord, where it activates CSFIR receptors on the glial surface
[13,18]. In addition, caspase-6 released from the axon terminals of nociceptive fibers in the spinal cord directly
stimulates microglia to produce proinflammatory cytokines such as TNF-a [1][10].

Activated microglia release a cascade of mediators, including BDNF, IL-1p, IL-6 and prostaglandins
(PGE2), which dramatically increase the intensity of pain signals [10, 13, 20]. These substances modify
synaptic transmission by enhancing the activity of glutamate receptors (NMDA and AMPA) and promoting
their transport to the postsynaptic membrane [1, 10].

At the same time, disinhibition occurs, i.e., a weakening of inhibitory signals mediated by GABA and
glycine, resulting in the uncontrolled flow of nociceptive impulses to the brain [18, 20, 28].

A psychophysical marker of this condition in humans is enhanced temporal summation of pain (TSP),
reflecting the wind-up phenomenon, which is particularly severe in patients with neuropathic pain following
spinal cord injury [29, 30].
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3.4 Experimental evidence

3.4.1 Animal models of orthopaedic injuries

Animal models of fractures, such as the rodent tibial fracture model (TFM), enable analysis of the
mechanisms underlying post-traumatic pain, encompassing both local inflammation and changes in the
nervous system. In particular, microglial activation and the release of pro-inflammatory cytokines are observed.
Although these models do not fully reflect chronic pain in humans, they constitute a valuable tool for studying
neuroinflammatory processes and evaluating potential therapies [31]. Studies indicate significant sex
differences in the mechanisms of nociceptive hypersensitivity in mice. In males, microglial inflammatory
pathways predominate, whereas in females, adaptive immune mechanisms initially prevail, resulting in
different responses to treatment [32]. In a rat model, Tian-Zhi Guo and colleagues demonstrated that four
weeks of hindlimb immobilisation leads to increased levels of substance P and CGRP, keratinocyte
proliferation, c-Fos activation in the spinal cord, and the expression of inflammatory mediators. These changes
result in allodynia, oedema, and increased local temperature, resembling the symptoms of CRPS (complex
regional pain syndrome). NK1 receptor blockade alleviates these symptoms, and early fracture stabilisation
limits the development of hypersensitivity [33]. Koji Wakatsuki and colleagues demonstrated that, in a
repeated cold stress (RCS) model in mice, chronic pain is associated with hyperactivation of proprioceptors in
the lumbar dorsal root ganglia (DRG) and local activation of microglia along the reflex arc. Microglial ablation
significantly reduced pain symptoms [34].

Models of muscle injury and chronic compressive neuropathies enable the study of changes in nerve
structure, Schwann cell activity, and inflammatory responses in damaged tissues. Mechanical compression
causes ischaemia, inflammation, and macrophage infiltration, leading to increased expression of pro-
inflammatory cytokines, including IL-1pB, and modulation of TRPA1/TRPV1 channels, thereby sensitising
nociceptors [35,36].

Studies of muscle fatigue have shown that even without direct tissue damage, sensitivity to mechanical
stimuli may increase, suggesting a role for central modulation of nociception [37].

Microglia activation plays a key role in the maintenance of chronic pain and inflammation. Activation
of the PPARy receptor inhibits the pro-inflammatory M1 phenotype, reduces cytokine expression and
alleviates neuropathic pain [39]. The HMGB1 (High Mobility Group Box 1) protein, released by neurons and
microglia, exacerbates inflammation by activating RAGE and TLR-4 receptors [40]. Furthermore, the IKKf3
enzyme in the NF-xB pathway regulates the inflammatory response in both the central and peripheral nervous
systems following spinal cord injury [41]. The P2X7 receptor on microglia mediates neuroinflammation via
the NLRP3 inflammasome [42], and blockade of the C/EBPB—Fcgrl axis reduces microglial pyroptosis and
promotes neurological regeneration [44]. Activation of microglia increases the excitability of dorsal horn
neurons and lowers nociceptive thresholds, and its modulation, e.g. with minocycline, may alleviate chronic
central pain [43].

Animal models clearly demonstrate that injury induces local and central inflammation, activates
microglia and leads to nociceptive hypersensitivity, thereby laying the groundwork for chronic pain.

3.4.2 Neurobiological studies

In patients with radicular pain, increased immune activity is observed in the spinal cord and
intervertebral foramina, as confirmed by elevated levels of TSPO — a marker of immune cell activation [45].
The FLRT3 protein (Fibronectin leucine-rich transmembrane protein 3), produced by damaged DRG (dorsal
root ganglion) neurons, increases the excitability of the dorsal horn of the spinal cord and induces mechanical
allodynia. Blockade of FLRT3 reduces hypersensitivity, highlighting its role in the pathophysiology of
neuropathic pain [46]. Peripheral inflammation modifies the transport of AMPAR subunits in the dorsal horn
of the spinal cord, contributing to central sensitisation and chronic hypersensitivity [47].

Chronic pain is associated with neuroplastic changes in the structure and function of the brain, including
the prefrontal cortex, anterior cingulate cortex, and dorsomedial thalamus, leading to disrupted connectivity
within cortical networks and alterations in cognitive and emotional processes [48,49]. Changes in the insular
cortex contribute to the maintenance of chronic pain and associated perceptual disturbances [50].
Neurochemical studies have shown elevated levels of GABA+ in the posterior cingulate cortex (PCC) in
individuals with migraine and chronic low back pain, suggesting a common neurochemical basis for chronic
pain regardless of aetiology [51]. Brain imaging reveals activation of the primary and secondary sensory cortex,
insular cortex, cingulate cortex, and prefrontal cortex during painful mechanical stimulation, with individual
differences in thalamic activation [52].
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Magnetic resonance spectroscopy (MRS) in chronic low back pain has revealed reduced concentrations
of N-acetylaspartate, glutamate, myo-inositol, choline, and glucose in key brain regions, indicating a role for
biochemical changes in the pathophysiology of CLBP and a potential therapeutic target [53]. Neurobiological
studies show that chronic post-traumatic pain is associated with changes in the spinal cord and brain, including
the activation of immune cells, neuroplastic modifications, and neurochemical changes that contribute to the
persistence of pain hypersensitivity.

3.5. Clinical evidence in humans

3.5.1. Inflammatory biomarkers

Clinical evidence suggests that chronic pain is associated with persistent inflammatory processes, which
can be objectively assessed by analyzing inflammatory biomarkers. Particular attention has been paid to pro-
inflammatory cytokines such as interleukin-1 (IL-1p), interleukin-6 (IL-6), and tumour necrosis factor alpha
(TNF-a), whose levels are elevated in both serum and cerebrospinal fluid in patients with chronic pain [54,55].

Clinical studies have shown that in patients with lumbar spinal stenosis, the concentration of IL-6 in
cerebrospinal fluid is significantly elevated and positively correlates with the degree of stenosis. However, it
shows no significant correlation with pain intensity or functional mobility, suggesting that IL-6 may reflect
the extent of nerve damage rather than the subjective perception of pain [56]. Even more direct evidence for
the involvement of neuroinflammatory processes comes from studies of cerebrospinal fluid (CSF), which
reflects the biochemical environment of the central nervous system. In the cerebrospinal fluid (CSF) of patients
with cervical myelopathy and lumbar radiculopathy, significantly elevated concentrations of IL-6 have been
observed, indicating the presence of inflammation and potential damage to the spinal cord or nerve roots. In
contrast, TNF-a remained below the detection limit, while IL-1p was detected only sporadically. Notably, IL-
6 levels did not correlate with the severity of clinical symptoms [57]. Furthermore, it has been demonstrated
that cerebrospinal fluid from patients with chronic pain can induce the production of pro-inflammatory
cytokines, including IL-6, in glial cells. This finding suggests the presence of active inflammatory mediators
capable of sustaining inflammation within the central nervous system [13]. These observations support the
hypothesis that neuroinflammation is not merely a secondary phenomenon but an active mechanism involved
in the maintenance of pain [58]. In summary, elevated concentrations of pro-inflammatory cytokines in both
blood serum and cerebrospinal fluid provide strong clinical evidence for the involvement of inflammatory
processes in the pathogenesis of chronic pain. These findings indicate that persistent activation of the immune
system within the central nervous system plays a key role in the transition from acute to chronic pain.

3.5.2. Neuroimaging

Neuroimaging can reveal persistent activation of the nervous system in patients with musculoskeletal
pain. Positron emission tomography (PET) studies using TSPO (18 kDa translocator protein) ligands have
demonstrated microglial activation in both the spinal cord and brain, correlating with pain intensity [59,60].
Functional magnetic resonance imaging (fMRI) studies have shown altered activity and connectivity in brain
regions involved in pain processing in individuals with chronic pain. These alterations are more pronounced
in patients with longer pain duration, suggesting that chronic pain may progressively remodel neural networks
[61,62].

3.5.3. Correlation with Chronic Pain

Clinical studies indicate that patients undergoing surgery often develop chronic postoperative pain
(CPP), which may persist for weeks or months. Despite standard analgesic treatment, many patients continue
to report moderate to severe pain [63,64]. Evidence suggests that central sensitization, arising from interactions
between the nervous and immune systems, is a key factor in the development and maintenance of CPP.
Activation of glial cells, including microglia and astrocytes, promotes the production of pro-inflammatory
cytokines, thereby contributing to pain hypersensitivity [65].
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3.6. Factors Modulating the Development of Neuroinflammation

The development of neuroinflammation is influenced by several factors that modulate the body’s
response to injury and pain. Age is a key determinant, with older patients often exhibiting a more pronounced
inflammatory response and a higher risk of developing chronic pain following injury [66]. Gender also plays
a role, as women may display stronger inflammatory responses and a greater susceptibility to chronic pain
after bone injuries [33]. Genetic factors, such as polymorphisms in genes regulating the immune system, can
affect individual susceptibility to neuroinflammation [39]. Psychological factors, including stress and pain
catastrophizing, may exacerbate inflammatory responses, thereby facilitating the transition from acute to
chronic pain [67,68]. Finally, the severity of the injury, including its location and the extent of tissue damage,
is critical for the initiation and persistence of neuroinflammation [69].

3.7. Potential therapeutic targets

The experimental and clinical evidence presented in the previous chapters indicates that orthopaedic
injuries lead to the activation of microglia, increased levels of pro-inflammatory cytokines, and changes in the
spinal cord and brain. These processes result in increased pain transmission and central sensitisation. This
knowledge allows for the identification of potential therapeutic strategies that may reduce the risk of acute
pain becoming chronic.

Microglial inhibitors, including minocycline, have been studied in patients with chronic pain. Preclinical
studies suggest that they may reduce microglial activation and alleviate pain; however, the results of clinical
trials remain inconclusive. One randomised trial in patients with chronic low back pain showed no significant
improvement, whereas literature reviews suggest potential benefits in selected forms of neuropathy [70]. PET
studies confirm that minocycline can modulate microglial activity in humans, providing evidence of the
biological activity of this therapy [71].

Elevated levels of pro-inflammatory cytokines (TNF-a, IL-1B, IL-6) observed in patients following
trauma and surgery correlate with the severity of chronic pain. Cytokine-modulating therapies may help reduce
excessive pain transmission. Neutralisation of TNF-a rapidly decreases pain-related activity in the brain before
anti-inflammatory effects appear in the joints, indicating a central mechanism [72]. IL-1 plays a key role in
initiating and maintaining pain hypersensitivity by modulating the activity of neurons and glial cells. Anti-
inflammatory cytokines, such as IL-10 and TGF-p, limit neuroinflammation, reduce the activation of microglia
and astrocytes, and alleviate central sensitisation and chronic pain responses [73,74,75].

Specific kinase inhibitors, such as p38 MAPK inhibitors, block the activation of microglia and neurons,
thereby reducing the release of pro-inflammatory cytokines and central pain sensitisation, making them a
promising therapeutic target for neuropathy and neuroinflammation [76]. Low-dose naltrexone (LDN)
modulates neuroinflammation in the central nervous system, likely by inhibiting microglial activation, thereby
reducing central sensitisation and chronic pain transmission [77,78].

Resolvins, derivatives of omega-3 fatty acids, effectively modulate neuroinflammation and pain
hypersensitivity in models of inflammatory and neuropathic pain, making them a promising therapeutic
approach for the treatment of chronic pain, with potentially fewer side effects than conventional drugs [79].

Neuromodulation is a therapeutic approach that modulates the activity of the nervous system to reduce
pain, encompassing both invasive techniques, such as spinal cord stimulation (SCS), and non-invasive
techniques, such as transcutaneous electrical nerve stimulation (TENS) or brain stimulation [transcranial direct
current stimulation (tDCS) and repetitive transcranial magnetic stimulation (rTMS)]. Its mechanism of action
involves the reduction of pain transmission, central sensitisation, and neuroinflammation, making it a
promising non-pharmacological strategy for the management of postoperative pain [80].
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4. Discussion

Current evidence suggests that musculoskeletal injury triggers not only tissue repair processes but also
complex neuroimmune interactions. Cell damage leads to the release of DAMPs, the activation of macrophages
and mast cells, and the stimulation of both the peripheral and central nervous systems. Experimental and
clinical data show that these processes lead to the activation of microglia and astrocytes, increased production
of pro-inflammatory cytokines, and changes in synaptic transmission in the spinal cord and brain.
Neuroinflammation thus constitutes the body’s dynamic response to injury, which may permanently alter the
processing of pain stimuli and lead to central sensitisation.

This process plays a key role in the transition from acute to chronic pain. Persistent activation of glial
cells and the release of pro-inflammatory mediators lead to excessive neuronal excitability and pathological
changes in synapses. A self-sustaining neuroimmune loop is formed, in which pain signals amplify the immune
response, whilst inflammatory mediators intensify pain transmission. The simultaneous increase in excitatory
signals and the weakening of inhibitory ones leads to established hypersensitisation. This mechanism explains
why pain can persist despite tissue healing.

Despite advances, knowledge of neuroinflammation in chronic pain remains limited. Most data come
from animal models, which do not fully reflect the complexity of human pain. Direct investigation of
neuroinflammatory processes in humans is difficult and relies on indirect markers, cerebrospinal fluid analysis
or neuroimaging, which provide only a partial picture. Furthermore, clinical studies are characterised by high
heterogeneity in both the study population and the injuries, making it difficult to establish clear-cut correlations.

Understanding the role of neuroinflammation has significant clinical implications. It enables the
identification of patients at high risk of chronic pain and the development of therapies targeting central
mechanisms. Modulating microglial activity, inhibiting pro-inflammatory cytokines or blocking key signalling
pathways, such as caspases or MAP kinases, may reduce central sensitisation. Certain non-pharmacological
approaches, including neuromodulation, also influence nervous system activity and may reduce chronic pain.

Future research should focus on developing biomarkers of neuroinflammation to enable early diagnosis,
treatment monitoring and personalised therapy. Translational studies combining experimental models with
neuroimaging and clinical analysis are also essential. Further clinical trials targeting the modulation of
neuroinflammatory processes may lead to the development of new, effective strategies for treating chronic
pain following orthopaedic injuries.

Neuroinflammation is a promising concept linking orthopaedic injury to chronic pain. It integrates
immune system activation and neuronal changes, explaining the persistence of pain after tissue healing.
Despite a growing body of experimental data, further clinical studies are needed to confirm these mechanisms
and develop new, targeted therapies for patients with chronic pain.

5. Conclusions

Neuroinflammation links musculoskeletal injury to chronic pain by integrating immune activation and
neuronal changes, leading to central sensitisation and persistent pain even after tissue healing. While
experimental data support this mechanism, clinical evidence remains limited. Further research is needed to
identify biomarkers, clarify human neuroinflammatory pathways, and develop targeted therapies to prevent or
treat chronic pain following orthopaedic injuries.
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