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Abstract: Inflammation during the perioperative period of joint arthroplasty is a critical aspect of
patient outcomes, influencing both the pathophysiology of pain and the healing process. This narra-
tive review comprehensively evaluates the roles of specific cytokines and inflammatory biomarkers
in this context and their implications for pain management. Inflammatory responses are initiated
and propagated by cytokines, which are pivotal in the development of both acute and chronic post-
operative pain. Pro-inflammatory cytokines play essential roles in up-regulating the inflammatory
response, which, if not adequately controlled, leads to sustained pain and impaired tissue healing.
Anti-inflammatory cytokines work to dampen inflammatory responses and promote resolution. Our
discussion extends to the genetic and molecular influences on cytokine production, which influence
pain perception and recovery rates post-surgery. Furthermore, the role of PAI-1 in modulating
inflammation through its impact on the fibrinolytic system highlights its potential as a therapeutic
target. The perioperative modulation of these cytokines through various analgesic and anesthetic
techniques, including the fascia iliac compartment block, demonstrates a significant reduction in
pain and inflammatory markers, thus underscoring the importance of targeted therapeutic strategies.
Our analysis suggests that a nuanced understanding of the interplay between pro-inflammatory
and anti-inflammatory cytokines is required. Future research should focus on individualized pain

management strategies.

Keywords: interleukin (IL); PAI-1 (plasminogen activator inhibitor-1); TNF-« (tumor necrosis factor-
alpha); pain management; surgical outcomes; cytokine interactions; postoperative inflammation;
inflammation biomarkers; therapeutic targets

1. Introduction

Inflammation of the peripheral and central nervous systems is a significant factor in the
development and persistence of various pathological states of pain. Specific inflammatory
cytokines present in the spinal cord, dorsal root ganglion, injured nerve, and skin have
been associated with pain [1-11].

Cytokines are small proteins secreted by cells and have a unique effect on cell in-
teractions and communication. These signaling molecules are responsible for regulating
immune responses and inflammation as well as promoting cell growth and differentiation.
Inflammatory cytokines are released in response to tissue injury or infection and have the
potential to activate nerve fibers, contributing to the development of chronic pain [1].

Understanding the role of cytokines in pain signaling and inflammation is critical
for developing new treatments for pain management. By targeting specific cytokines,
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researchers can potentially develop more effective therapies to reduce pain and improve
the quality of life of patients [1].

Interleukins (ILs) play major roles in modulating immune responses in different
scenarios, from infectious diseases to pain and the postoperative period. ILs function as
both pro-inflammatory and anti-inflammatory ILs and play crucial roles in immune cell
activation, tissue repair, and overall balance of the immune system. Pro-inflammatory
ILs, such as IL-1$ and IL-6, initiate and enhance the immune system, but can lead to
tissue damage if overexpressed [12-15]. Conversely, anti-inflammatory ILs such as IL-10
and TGF-f help limit inflammation and prevent tissue damage, although their excessive
activity can cause immune suppression. Overall, the balance between pro-inflammatory
and anti-inflammatory ILs is vital for managing immune responses, and this study offers
valuable insights [16].

The production of proinflammatory cytokines is primarily attributed to activated
macrophages, which induce inflammatory responses. Compelling evidence suggests that
specific pro-inflammatory cytokines such as IL-1§3, IL-6, and TNF-« play a crucial role in
the development and progression of pathological pain [1,12-15].

This article delves into the crucial roles that interleukins, PAI-1, CRP, TNF-«, and
other inflammatory biomarkers play in different scenarios, mainly in the perioperative
period of total joint replacement, with a particular emphasis on their pro-inflammatory
and anti-inflammatory effects. We will examine different biomarkers that participate in the
immune response and their modes of operation. The discussion presented in this chapter
also describes several key pro-inflammatory and anti-inflammatory cytokines or other
biomarkers, their relationship with pathological pain in animals and human patients, and
in the context of total joint replacement. Our aim was to enhance the comprehension of
the intricate interplay between the immune system, inflammation, pain, and perioperative
period during total joint replacement.

2. Pro-Inflammatory Cytokines and Pain

Specific pro-inflammatory cytokines, such as interleukin-1 (IL-1), IL-6, and tumor
necrosis factor-oc (TNF-ot), which are produced mostly by activated macrophages and play
a major role in the up-regulation of the inflammatory response, are also involved in the
process of pathological pain [1].

2.1. Interleukin-6

The IL-6 protein is a multifunctional cytokine that affects a wide range of biological
processes. The -174G > C functional genetic polymorphism in IL6 can influence the
production and concentration of IL-6. In vitro studies have shown that the polymorphism
affects IL-6 mRNA levels, with —174C being associated with lower IL-6 levels and a reduced
response to lipopolysaccharide stimulation [17]. These in vitro findings were supported by
in vivo observations: healthy 174C allele carriers were found to have significantly lower
levels of plasma IL-6 [17].

2.2. Interleukin-18

IL-1 is released during infection, invasion, cell injury, and inflammation from mono-
cytes and macrophages, as well as from non-immune cells, such as endothelial cells and
fibroblasts [1,18]. It has also been reported that IL-1f3 is also expressed in the nociceptive
dorsal root ganglion neurons [18]. Following crush injury to the peripheral nerve and
trauma, IL-1(3 expression is upregulated in microglia and astrocytes in the central nervous
system (CNS) [19]. Administration of IL-1 through intraperitoneal, intracerebroventricu-
lar, or intraplantar routes has been shown to induce hyperalgesia [20,21]. Furthermore, it
has been observed that IL-1(3 enhances the synthesis of substance P and prostaglandin E2
across various neuronal and glial cells [22,23]. IL-1ra, an antagonist specific to the IL-13
receptor, competes with IL-1f3 for receptor binding, but does not initiate a cellular response,
effectively inhibiting IL-1(3-induced cellular alterations. Utilizing IL-1ra and additional
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anti-inflammatory cytokines may mitigate or alleviate inflammatory hyperalgesia [24] and
mechanical allodynia [1], resulting from cytokine-driven inflammation and nerve damage.

2.3. Tumor Necrosis Factor-a

TNF-«, also known as cachectin, is a key inflammatory cytokine that has been impli-
cated in various pain models. It influences numerous signaling pathways by interacting
with two cell surface receptors, TNFR1 and TNFR2. These interactions regulate apoptotic
pathways, activate NF-«B for inflammation, and trigger stress-activated protein kinases
(SAPKs) [25]. TNF-« receptors are found in both neurons and glial cells. This cytokine is
critically involved in both inflammatory and neuropathic hyperalgesia. In adult rat study
models, the intraplantar administration of complete Freund’s adjuvant (CFA) leads to a
marked increase in TNF-«, IL-1§3, and nerve growth factor (NGF) levels in the inflamed
paw [26]. Administering anti-TNF-« antiserum prior to CFA exposure significantly post-
pones the onset of inflammatory hyperalgesia and diminishes IL-1f levels but not NGF
levels [26]. Additionally, intraplantar injections of TNF-a result in both mechanical and
thermal hyperalgesia [21,27]. TNF-o injection into nerves has been shown to induce Walle-
rian degeneration and mimic transient behaviors and endoneurial pathologies associated
with experimentally induced painful nerve injuries [28]. TNF-binding protein (TNF-BP),
which serves as an inhibitor of TNE, is a soluble form of the transmembrane TNF receptor.
Systemic administration of TNF-BP effectively reduced hyperalgesia, which is typically ob-
served following lipopolysaccharide (LPS) administration. Moreover, intrathecal delivery
of a combination of TNF-BP and an IL-1 antagonist has been shown to alleviate mechanical
allodynia in animal models undergoing L5 spinal nerve transection [1].

3. Pathological Pain and Glial Activation

Lumbar astrocytes exhibit morphological changes and elevated GFAP expression,
which are indicative of an enhanced state of activation, after chronic constriction injury
(CCI) in the rat sciatic nerve. This foundational study provides anatomical insights that
underscore the involvement of spinal glia in pain modulation. Subsequent research has
shown that spinal glia are integrally associated with neural synapses, share neurotrans-
mitter receptors with neurons, and adopt “activated” phenotypes following abnormal
or intense neuronal signaling [29-35]. Astrocytes and microglia possess receptors rele-
vant to pain transmission, such as AMPA, metabotropic glutamate receptors (mGluR),
purinergic receptors (P2X4R or P2X7R), and neurokinin 1 receptor (NK1R). These receptors
are stimulated by neurotransmitters such as glutamate, ATP, and substance P, which are
released from presynaptic terminals [34]. After peripheral nerve damage, neurons secrete
chemokines, such as CCL2 [36] and CX3CL1 [36], and other immune factors, including
colony-stimulating factor 1 (CSF-1) and ATP [37,38], which robustly activate astrocytes and
microglia [39]. These activated glial cells subsequently release pro-inflammatory cytokines
(e.g., IL-1B, TNF-«, and IL-6) [40], chemokines (e.g., CCL2) [40-42], ATP, excitatory amino
acids (EAAs), and nitric oxide (NO) [41,43-46].

Similarly, dorsal horn neurons in the spinal cord express receptors for these immune
mediators, including pro-inflammatory cytokines such as IL-1f [47-51], TNF-« [52-58],
IL-6 [59,60], and IL-17. The activation of these cytokine receptors on neurons influences
neuronal function. For instance, pro-inflammatory cytokines such as TNF-« and IL-13
modify synaptic transmission by enhancing excitatory pathways and reducing inhibitory
pathways within the spinal cord lamina II [30,61]. Specifically, TNF-o increases the fre-
quency of spontaneous excitatory post-synaptic currents (sEPSC), while IL-6 decreases the
frequency of spontaneous inhibitory post-synaptic currents (sIPSC). IL-1p notably increases
both the frequency and amplitude of sEPSCs and decreases those of sIPSCs. Furthermore,
TNF-« and IL-1f3 intensify excitatory AMPA- and NMDA-induced currents, whereas IL-1/3
and IL-6 diminish inhibitory GABA- and glycine-induced currents [61]. Activation of these
cytokine receptors amplifies the sensitivity of local neurons and perpetuates a cycle of
nociceptive signaling.
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4. Anti-Inflammatory Cytokines

Anti-inflammatory cytokines are key immunoregulatory molecules that help control
the response of pro-inflammatory cytokines and play a crucial role in regulating pro-
cesses involved in the human immune response. They function together with specific
cytokine inhibitors and soluble cytokine receptors to modulate inflammation. Their roles
are pivotal both physiologically, in managing inflammation, and pathologically, in sys-
temic inflammatory states. The major anti-inflammatory cytokines include interleukin
(IL)-1 receptor antagonists, IL-4, IL-10, IL-11, and IL-13. Additionally, leukemia inhibitory
factor, interferon-«, IL-6, and transforming growth factor (TGF)-3 can act as either anti-
inflammatory or pro-inflammatory cytokines depending on the context. Specific cytokine
receptors for IL-1, TNF-«, and IL-18 also inhibit pro-inflammatory cytokines, highlighting
the complex interplay and balance within the immune system to maintain health and
respond to disease [1].

Interleukin-10 (IL-10)

IL-10 is a potent anti-inflammatory cytokine that is notable for its ability to suppress
the production of inflammatory cytokines, such as TNF-«, IL-6, and IL-1, by activated
macrophages. IL-10 can also increase the levels of endogenous anti-cytokines and decrease
receptors for pro-inflammatory cytokines, thereby effectively counteracting the production
and function of pro-inflammatory cytokines at multiple levels. IL-10 is secreted by T and B
cells, monocytes, macrophages, and epithelial cells [62]. Studies have demonstrated that
acute administration of IL-10 can inhibit the onset of spinally mediated pain enhancement
in various animal models, including peripheral neuritis, spinal cord excitotoxic injury,
and peripheral nerve injury [63—-65]. Conversely, blocking spinal IL-10 has been shown to
prevent and even reverse established neuropathic pain behaviors [63-65]. IL-10 has the
potential to interfere with neutrophil function, which plays an essential role in moderating
systemic inflammation [62]. Clinical investigations suggest that low levels of IL-10, in
addition to the anti-inflammatory cytokine IL-4, may play a crucial role in chronic pain [66].
These findings suggest that IL-10 has significant potential as a therapeutic agent for the
management of inflammatory and neuropathic pain [67-72].

It has been reported that after trauma and major surgery, the plasma levels of IL-10
increase. Studies have shown a relationship between IL-10 release and reduced HLA-DR
expression during surgery and in critical illness. There is also a positive correlation between
IL-10 levels and increased injury severity [73-76]. However, other researchers have found
that IL-10 secretion remains unchanged in patients undergoing major surgery [77,78], and
is even decreased in trauma patients [79]. In fracture soft tissue hematomas, IL-10 was
present in high concentrations during the first 24 h post-injury, while IL-10 was rarely
detectable in plasma from these patients [80]. Therefore, the use of IL-10 as a parameter for
monitoring trauma severity may be questionable.

IL-10 is a crucial anti-inflammatory cytokine that suppresses pro-inflammatory cy-
tokine synthesis both in vivo and in vitro [76,81]. Clementsen T. et al. [82] demonstrated
only modest changes in systemic and local values of IL-10. Both the pro-inflammatory
cytokine TNF-« and anti-inflammatory cytokine IL-10 do not seem to play any role in stable
surgical patients; they appear predominantly in unstable patients who develop symptoms
of circulation failure or sepsis. Their study indicated that total hip replacement surgery in
otherwise healthy patients is associated with reasonably modest reactions to inflammation,
both systematically and locally [82].

5. Pain Therapy Using IL-10 Gene Therapy

Research has suggested a strong correlation between IL-10 dysregulation and chronic
pathological pain. Studies have shown that IL-10 is upregulated following peripheral nerve
injury, potentially as a compensatory mechanism to restore homeostasis. However, as
pathological pain intensifies, IL-10 levels diminish below baseline in critical pain-related
anatomical areas [83-87]. Although direct application of IL-10 can provide immediate pain



J. Pers. Med. 2024, 14, 537

5o0f 32

relief, its effects are transient and may necessitate repeated injections [88]. Gene therapy has
emerged as a promising method to maintain stable IL-10 levels, particularly in conditions
requiring localized expression, such as low back radiculopathy. Initial attempts employed
viral vectors for lumbar spinal delivery but encountered limitations due to short-lived
effects and potential immune responses against viral components [66,88-93]. Subsequently,
non-viral approaches to IL-10 gene therapy have been shown to be remarkably effective
despite their general inefficiency in gene transfer. These methods have consistently pro-
vided profound and enduring pain relief in various animal models through increased
peri-spinal IL-10 production and decreased levels of pro-inflammatory mediators. In par-
ticular, non-viral IL-10 gene therapy in neuropathic animals alleviates pain and mediates
anti-inflammatory responses in the dorsal root ganglia (DRG) in the absence of endoge-
nous IL-10 [94-104]. This therapy leads to an increase in anti-inflammatory transforming
growth factor-beta 1 (TGF-$1) and a reduction in pro-inflammatory TNF-oc mRNA levels,
indicating that alterations in cytokine profiles within the DRG can effectively mitigate
spinal neuropathic pain mechanisms after peripheral nerve damage [104]. Furthermore,
this approach demonstrated that non-viral gene therapy may be a viable alternative to viral
methods, providing a sustained therapeutic effect without complications associated with
viral vectors. To date, there have been no reports of sex differences in the efficacy of IL-10
treatment for chronic pathological pain [104].

6. Osteoarthritis Biomarkers

Osteoarthritis (OA) is a complex, multifactorial process that leads to cartilage remodel-
ing and structural and functional changes [105]. Osteoarthritis is one of the most common
causes of disability among the elderly, and can affect every joint in the human body, being
most prevalent in the hip and knee. OA is a chronic condition that causes joint pain,
inflammation, and loss of the articular cartilage [106]. Risk factors for OA can be divided
into person-level factors (age, gender, obesity, genetics, and diet), joint-level factors (injury,
malalignment and abnormal loading of the joints) and occupational factors (knee bending,
heavy lifting, and squatting), that interact in a complex manner [107-110]. Other authors
present similar results based on data from systematic reviews and meta-analysis; their
results suggest that lifestyle-related risk factors in the form of BMI, serum calcium, and LDL
have true biological effects on the development of OA [111]. Early diagnosis of cartilage
lesions is essential for fast and accurate treatment. Available diagnostic methods include
conventional X-ray, ultrasound, and magnetic resonance imaging. Unfortunately, these
diagnostic modalities are not suitable for large screening purposes. Vibroarthrography has
been proposed in the literature by different authors as a screening method for cartilage
lesions [106,112]. Different treatment options for early knee arthritis have been proposed.
Arthroscopic microfracture might be an option in the early stages of osteoarthritis, and
improves function and also reduces pain in older groups of patients [113].

Total joint arthroplasty (TJA) is a common treatment for OA at the end stages, but
it can cause postoperative inflammation, which directly affects the levels of cartilage
degradation biomarkers, such as proteoglycan-4 (PRG4) and matrix metalloproteinase-
9 (MMP-9) [105,114,115]. PRGH4 is a glycoprotein that protects joints and is decreased
in individuals with OA, whereas MMP-9 contributes to articular cartilage loss and is
elevated in patients with OA [105,114,115]. Pro-inflammatory markers such as IL-1, IL-6,
and CRP upregulate MMP-9 and initiate the inflammation cascade, leading to cartilage
degradation [105,114,115].

Many pro-inflammatory biomarkers have been implicated in the pathophysiology of
OA or other inflammatory processes, such as IL-1, IL-2, IL-6, IL-15, IL-18, CRP, leptin, and
TNF-o [105,116-125]. IL-6 is known to acutely increase postoperatively after TJA and is
correlated with the severity of pain in patients with OA. CRP is an acute-phase reactant
that is positively correlated with OA joint pain and has been shown to predict operative
and postoperative outcomes [105,116,117,126-130].
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Studies have identified PRG4 as a proteoglycan that facilitates lubrication and mobility
in joints, and the inflammatory process and matrix-degrading enzymes result in a decrease
in its synthesis [105,115,131-138].

Mitochondrial dysfunction, along with an impaired ability to neutralize reactive
oxygen species (ROS), leads to sustained production of pro-inflammatory cytokines like
interleukin-1 beta (IL-1p3) and interleukin-6 (IL-6). This chronic inflammatory state hinders
the shift of macrophages from a proinflammatory to an anti-inflammatory phenotype, a
process that is crucial for the resolution of inflammation. Since repolarization is essential
for controlling inflammatory responses in various tissues, its impairment can significantly
impact the onset and progression of osteoarthritis, potentially exacerbating the pathology
of the disease [139-146].

Some studies have highlighted a connection between obesity, inflammatory processes,
and osteoarthritis, particularly focusing on the roles of macrophages and inflammatory
mediators [147]. In rat [147] and rabbit [148] models of diet-induced obesity and surgically
induced OA, an increase in pro-inflammatory macrophages and inflammatory mediators
such as interleukin-1 beta (IL-13), interleukin-6 (IL-6), and tumor necrosis factor (TNF)
has been observed within the synovium, contributing to the progression of OA [148].
Additionally, clinical observations suggest that obesity in patients with OA is correlated
with increased pain [149-158]. Fibroblast-like synoviocytes (FLS) extracted from obese
patients with hip OA were found to secrete higher levels of IL-6 compared to FLS from
lean patients, particularly when interacting with chondrocytes through the adipokine
leptin. This indicates that not only does obesity exacerbate inflammatory processes, but
also that the interaction between different cell types in the joint can further enhance
inflammation [121,159-161]. Despite the precise relationship between obesity and synovial
inflammation, as evidenced by conventional MRI findings, improvements in knee pain
following significant weight loss were not attributed to reductions in synovitis or bone
marrow lesions (BMLs), as assessed by MRI. Instead, pain relief was partially attributable
to increased pressure-pain thresholds and reduced depression scores. Moreover, weight
loss did not seem to lead to improvements in MRI-detected BMLs or synovitis scores,
corroborating the findings of earlier studies [162-164].

These findings suggest that while obesity is linked to increased inflammation and
pain in OA, weight loss may alleviate symptoms through mechanisms other than the
direct reduction of joint inflammation, as observed by MRI. The complexity of OA in
the context of obesity is underlined by the multifaceted nature of pain and inflammation
as well as the potential role of other factors such as mechanical stress, depression, and
systemic inflammation.

In summary, there was an increase in inflammation and matrix metalloproteinase-9
(MMP-9) activity coupled with a reduction in proteoglycan 4 (PRG4). Diminished levels of
PRG4, known for its protective role in joint lubrication, render the joint more susceptible to
damage. The increase in MMP-9 activity exacerbates the breakdown of the extracellular
matrix (ECM) of articular cartilage and further processes osteopontin (OPN), enhancing the
inflammatory feedback loop and perpetuating the degradation cycle. Additionally, elevated
thrombin levels in patients with OA further activate the inflammatory cascade, augment
MMP-9, and process OPN, intensifying joint deterioration [105,115-117,165,166]. PRG4
plays a pivotal role in mitigating inflammatory responses and modulating the activity
of matrix-degrading enzymes such as MMP-9, which are critical in the progression of
OA. Equilibrium among PRG4 levels, inflammatory mediators, and degrading enzymes
determines the pathogenesis of OA. Increased inflammatory activity may suppress PRG4
production in chondrocytes by activating inflammasomes and other regulatory mechanisms.
Conversely, increased PRG4 levels influence the production of inflammatory biomarkers in
OA. This delicate balance, influenced by various predisposing factors, varies significantly
among patients [105,114-117,165,166].
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7. Orthopedic Surgeries and Inflammatory Signatures

Orthopedic surgical procedures such as total hip and knee arthroplasties, surgeries
that alleviate pain, improve the quality of life of the patients, and restore joint functions
can lead to changes in a patient’s hemodynamic, metabolic, and immune responses during
the postoperative period [167,168]. Osteoarthritis (OA) is the primary cause of persistent
musculoskeletal pain and invalidity [169,170].

A local inflammatory response in the surgical wound helps limit tissue damage
and promote the healing process. This reaction is characterized by the production of
various pro-inflammatory mediators, including interleukin (IL)-1 and tumor necrosis
factor o« (TNF-«), which can induce the release of other cytokines such as IL-6 and lead
to postoperative complications after joint replacement [171]. Hip joint osteoarthritis is
known to be associated with chronic pain, including the synthesis of pro-inflammatory
cytokines such as IL-1, IL-6, and IL-8, and growth factors that play a definitive role in the
inflammatory response pathophysiology.

However, some studies have shown that surgery can also induce immunosuppression.
For example, phagocytic activity in specific cells (PMN, monocytes, and macrophages)
is reduced during the postoperative period, which makes patients more susceptible to
infection [172-184].

Immature monocytes and granulocytes, called myeloid-derived suppressor cells (MD-
SCs), are recruited to tissues during prosthetic joint infection (PJI) where they exert anti-
inflammatory effects [174,175,177,185-187].

An increased level of anti-inflammatory molecules, including IL-4, IL-10, soluble tumor
necrosis factor receptor 1 (STNFR1), IL-1 receptor antagonist (IL-1Ra), and transforming
growth factor 3 (TGF-f3) can also be produced during the postoperative period following
total joint arthroplasties [188].

When analyzing routine clinical markers to evaluate the magnitude of the systemic
inflammatory response after elective surgeries, IL-6 and C-reactive protein seem to be
among the most commonly used markers. It is known that levels of IL-6 are most elevated
approximately 18-24 h after surgery (but have been reported to increase from around 2 h
after surgery), and CRP levels peak at approximately 48 to 72 h (but the elevation of this
marker starts at 4-6 h after operation) [189].

The initial stage of pain treatment in osteoarthritis involves the use of non-steroidal
anti-inflammatory drugs (NSAIDs) and acetaminophen (paracetamol) [190]. In some cases,
opioid analgesics or intra-articular glucocorticoids can be prescribed. Patients with more
severe OA stages may require surgical treatment [190]. After total hip replacement surgery,
regular analgesic treatments include opioids, acetaminophen, metamizole, and NSAIDs.
When used in combination, these drugs produce better pain relief owing to their synergistic
effects [191]. Despite advancements in pain relief medication, many patients still do not
receive effective therapies. Genetic factors are key contributors to interpatient variability in
pain threshold and pain management [17].

It is also known that implant-derived wear particles are involved in activating pro-
inflammatory mediators and mononuclear precursor cells and are associated with the
macrophage response [192]. Kaufman A.M. et al. reported, based on the results of their
in vitro study, that Ti-6Al-4V particles are the most stimulatory for cytokine expression,
CoCr and alumina as being mildly stimulatory, and UHMWPE particles have the least
stimulatory effect [193]. In the late 1990s, a French study suggested that interleukin-6 (IL-6)
serum levels could be a significant biomarker for detecting osteolysis in patients who have
undergone total hip arthroplasty. The study categorized patients into groups based on
clinical and radiographic evidence, highlighting the potential of IL-6 as an indicator of both
active and preclinical osteolysis. These findings suggest a complex interplay between IL-6
levels, prosthetic wear, bone mineral density changes, and manifestation of osteolysis [194].
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8. Fascia Iliac Compartment Block (FICB)—Serum NLRP3 and the Role of Inflammatory
Biomarkers in the Field of Orthopedic Surgeries

In addition to the use of analgesics and nonsteroidal anti-inflammatory drugs in the
management of pain associated with surgeries, the application of fascia iliac compartment
block (FICB) has been reported in several surgeries to obtain good results, such as total hip
arthroplasty and fracture management [195-199]. The activation of inflammation-related
factors during pain is associated with the development of pain. Postoperative pain and
inflammatory biomarkers, as well as the nucleotide-binding domain and leucine-rich repeat
(NLR) family, particularly pyrin domain-containing 3 (NLRP3), play a significant role in the
inflammatory response and pain management after surgery for such fractures [50,200-203].
The NLRP3 inflammasome is a key component of the innate immune system that regu-
lates the production of pro-inflammatory cytokines, such as IL-1(3, which are vital in the
inflammatory process. Managing these inflammatory factors can be critical for controlling
postoperative pain and enhancing healing [50,199-203].

9. Plasminogen Activator Inhibitor-1 and Its Role

Plasminogen activator inhibitor-1 (PAI-1), a member of the serine protease inhibitor
(serpin) family, plays a crucial role in regulating the plasminogen/plasmin system. Since
its identification, the physiological and pathophysiological significance of PAI-1 has been
thoroughly investigated in human and animal disease models. Research has established
associations between PAI-1 and various conditions such as cardiovascular disease (CVD),
metabolic syndromes, aging, cancer, tissue fibrosis, inflammation, and neurodegenerative
disorders. Consequently, research on PAI-1 inhibitors has been pursued to delve deeper
into PAI-1’s role in these diseases and to assess their therapeutic potential [204,205].

PAI-1, a single-chain glycoprotein consisting of 379 or 381 amino acids, is the main in-
hibitor activator of plasminogen, tPA and uPA, which are key components of the fibrinolytic
system [206]. PAI-1 is synthesized and released by various cell types in different tissues,
and its expression and release are tightly regulated by several factors, including growth
factors, hormones, inflammatory cytokines, glucose, and endotoxins [204,207]. Although
plasma PAI-1 circulates at relatively low levels (5-50 ng/mL), it is predominantly in the ac-
tive conformation. In contrast, platelets retain the main pool of PAI-1 (up to approximately
300 ng/mL), with only 2-5% being functionally active upon platelet lysis [208,209]. How-
ever, recent studies have suggested that platelet activation can upregulate the synthesis of
PAI-1 through translationally active PAI-1 messenger RNA, resulting in the release of PAI-1
and partial retention of PAI-1 on platelets in its active conformation [210]. PAI-1 contains
three potential glycosylation sites, and its glycosylation pattern is tissue-type-specific, with
Asn209 and Asn265 being the glycosylation sites [210].

Acute phase proteins, such as PAI-1, are crucial in the body’s inflammatory and
immune responses to both infectious and non-infectious injuries [205]. Conditions such
as obesity, type 2 diabetes, and metabolic syndrome frequently coexist with a chronic
inflammatory state marked by elevated production of inflammatory adipokines, including
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-«x) [211]. These factors are known
to stimulate the expression of PAI-1 in adipose tissue [212]. The resultant heightened levels
of PAI-1 exacerbate inflammation in the adipose tissue by promoting the infiltration of
inflammatory macrophages. In addition to the established positive relationship between
inflammatory indicators and PAI-1 concentrations, a connection has also been identified
between PAI-1 and the regulation of lipid metabolism in the context of obesity [205,212].

In Table 1, a summary of the main cytokines is shown, their properties highlighted,
and properties that are dependent on the microenvironment are specified. Most of them
have dual effects according to their microenvironment [213].
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Table 1. Effects of cytokines on pain.

Cytokines Source Receptors Antinociceptive Properties Pronociceptive Properties
Interleukins
Increases neuronal
sensitization/mechanosensitivity of
Neuromodulator of LTP, . . .
Mast cells, Schwann cells, acts against infections and C fibers/transient receptor potential
IL-1p Macrophages, Microglia, =~ IL-1R1/R2/R2 & o cation channel subfamily V type 1
regulates inhibitory o
Astrocytes [213] o receptors expression in dorsal root
neurotransmission [214] . .
ganglia/release of proinflammatory
cytokines [213-215]
Recruitment of mononuclear cells, T
Macrophages and IL-6R, sIL-6R, Regenerative cells a.poptOSls inhibition, .mcree}sed
IL-6 Monocytes [213] 130 rocesses [213] transient receptor potential cation
y &P P - channel subfamily V type 1 in dorsal
root ganglia [213,216]
Immunosuppressive
. activity of . Increases activation and
proinflammatory cytokines . . .
. proliferation of immune cells,
Mast cells, T and B cells, release, increased release of . .
IL-10 IL-10R1/R2 .. increases INF-y production,
Macrophages [213] anti-inflammatory o .
. . . inhibition of the suppression of B
cytokines, increases spinal
. . . cells [213]
microglial expression of
B-endorphin [217,218]
Anti-inflammatory effect, Increases transcription of cytokines,
T cells, and protection against bacterial- activates nociceptors and induces
1-17 . IL17RA . . G .
Fibroblasts [213] inflammation-induced hyperalgesia via neutrophil
bone loss [219] infiltrations [213]
Increases hyperalgesia after
Macrophages, monocytes, intrathecal injection, induces
11-18 Microglial and IL-18R - astroglia activation and mediates
Astrocytes [213] microglia/astrocytes /neurons
interactions [213,220]
Tumor necrosis factor
. . N . Increases neuronal sensitization and
TNF-a Astrocytes, Microglia and TNFR1/R2 Nerve demy(.ehnatllon via CGRP release and stimulation of
Macrophages [213] TNFRI1 signaling . .
oligodendrocytes regeneration [213]
Interferon
CD4+ T cells, Astrocytes Neurop1j0tect1ye role e}nd ‘Recrl%ltment'and actlvatlo'n of
INF-y and Microglia [213] INF-yR regulation of immunity microglia, and increased excitatory
& [221,222] synaptic transmission [213]
Chemokines
Global suppressive effects Activation of microglia, increases
CCL2/MCP-1 Macrophages and CCR2 on T-cell trafficking and activity of NMDA receptors in
Monocytes [213] . .. dorsal horn neurons and of the
differentiation [218,222] .
recruitment of macrophages [223]
Involved in astroglia—neuronal
interaction, central sensitization via
CXCL1/GRO-« Macrophages and CXCR2 ) NMDA receptors activity and
Astrocytes [224] attracts
polymorphonuclear cells toward
inflammatory sites [223]
PAL1 Endothelium LRP1 activates macrophages and increased pro-inflammatory

cytokines [225]
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10. Results and Discussion

Pro- and anti-inflammatory cytokines help regulate the immune system. They main-
tain a balance between potential injury and excessive inflammation under normal con-
ditions. However, under pathological conditions, the balance between pro- and anti-
inflammatory cytokines can be disrupted, leading to either excessive immune response
or immune suppression. This imbalance can result in organ dysfunction, immunity, and
infection, as well as wound healing and pain after surgery. In musculoskeletal trauma, such
as during surgery, the body’s response is an initial elevation of pro-inflammatory cytokines
in the blood, followed by later activation of anti-inflammatory cytokines to restore balance.
Osteoarthritis of the hip joint is characterized by an increase in pro-inflammatory mediators,
particularly IL-6, IL-8, and TNF-«, in the synovial fluid. Non-steroidal anti-inflammatory
drugs (NSAIDs) are commonly used to treat osteoarthritis and have been shown to decrease
IL-6, TNF-c, and vascular endothelial growth factor (VEGF) levels in the synovial fluid,
improving joint pain and function [226,227].

Total hip and knee replacement surgery involves significant trauma to both the soft
and bony tissues, which can lead to intense pain. It is necessary to note that the amount
of tissue damage incurred during surgery can be directly responsible for the increase in
inflammation in the perisurgical region. After tissue injury, pro-inflammatory cytokines
such as IL-6 are overproduced. The increase in IL-6 concentrations triggers the synthesis
of acute-phase proteins, such as C-reactive protein (CRP), as well as activation of the
innate immune system [189,228]. Bialecka M. et al. report in their study of patients that
undergo total hip replacements that individuals carrying the IL-6 —174G allele, which is
associated with increased gene expression, are more likely to have higher levels of IL-6,
leading to increased inflammation and greater stimulation of nociceptors by inflammatory
mediators [229]. Their results support this hypothesis, as patients who carried the G
allele required higher doses of analgesics, specifically opioids, in the early postoperative
period than those who did not carry the G allele. Notably, these findings contradict the
results of Reyes’ study published in 2008 [230], which did not find a significant correlation
between the IL-6 174G allele and analgesic requirements after total knee replacement
surgery. Patients with the IL-6 —-174GG genotype have been found to have higher levels
of IL-6 than CC carriers. This results in an increased demand for opioids within 24 h of
surgery [229]. Although morphine doses and pain intensity gradually decreased during
the postoperative period, a subset of patients still experienced significant pain in the study
by Bialecka et al. [229]. Patients with at least one IL-6 —174G allele (GG homozygote and
GC heterozygote) required opioids significantly more often, even on days 3 and 4, than CC
homozygous subjects [229].

One of the earliest studies performed on patients who underwent total hip arthroplas-
ties in France that evaluated the blood concentrations of different cytokines was published
by Hernigou et al. [194]. The authors performed a screening for the presence of circulating
cytokines IL-13, IL-6, IL-8, and TNF-«. The study was performed on patients that had a
total hip arthroplasty and were free of inflammatory diseases and infections. The patients
were included in one of four groups: Group A—follow-up of more than 10 years who had
evident osteolysis; Group B, with a follow-up of >10 years and no osteolysis; Group C, pa-
tients with a shorter follow-up than Group A; and Group D, control patients. In the control
groups (C and D), the levels of cytokines, including IL-6, IL-13, TNF-«, and IL-8, were
undetectable and fell below the defined normal limits (IL-6 < 15 pg/mL, IL-13 < 50 pg/mL,
TNEF-oc < 20 pg/mL, and IL-8 < 8 pg/mL). Additionally, the CRP levels in these groups were
within the normal range (<5 mg/L). Group A patients were characterized by detectable ele-
vations in IL-6 and CRP across all patients (IL-6 ranged from 30 to 72 pg/mL; CRP ranged
from 6 to 12 mg/L), and exhibited significantly higher average levels of IL-6 (41 pg/mL,
standard deviation 17 pg/mL) and CRP (10 mg/L, standard deviation 2.4 mg/L) compared
to the controls; these differences were statistically significant (p = 0.002 for IL-6). In Group
B, elevated serum levels of IL-6 and CRP were noted in 60% of patients. The mean IL-6 level
in this group was 22 pg/mL (standard deviation 6.7 pg/mL), and the mean CRP level was
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7.7 mg/L (standard deviation 2.8 mg/L), with these increases being statistically significant
(p = 0.02) when compared with Group C. Furthermore, a comparison between Groups A
and B revealed a significantly higher increase in IL-6 levels in Group A (p = 0.002), indi-
cating a more pronounced inflammatory response in this group. This study underscores
the variability in inflammatory marker levels among patients with different conditions
and highlights the importance of these biomarkers for evaluating and understanding the
inflammatory process. The use of threshold values for undetectable levels in statistical
analysis provides methodological insight into handling such data, with the observed differ-
ences in cytokine and CRP levels offering a basis for further investigation into their clinical
significance [194].

Watt D. et al. report, based on their literature review, that the time of peak response
for IL-6 after elective surgeries is between 12 and 24 h, and that the magnitude of the
serum concentration is associated with the operative injury and the invasiveness of the
surgical procedure. In terms of elective surgeries in the field of orthopedics, primary total
knee arthroplasties show peaks between 6 and 24 h [189]. Similar results were reported in
other studies [231]. In terms of the CRP response, peak levels were observed 24-72 h after
surgery. Peak levels of CRP concentrations in the field of both primary and revision total
hip arthroplasties are encountered 24-72 h after surgery. The authors concluded that both
IL-6 and CRP seem to be valuable markers for the assessment of systemic inflammatory
response after elective surgeries, such as those in the orthopedic field [189].

Zhu K. et al. performed a randomized control study to investigate the role of FICB on
postoperative pain and inflammatory factors including NLRP3 in patients with femoral
intertrochanteric fractures [199]. The dynamic alterations and association between NLRP3
and inflammatory markers were analyzed in both cohorts of patients. The temporal
progression of serum NLRP3 levels and its association with inflammatory markers were
also evaluated in this study. From 1 h to 24 h postoperatively, there was a significant
elevation in the concentrations of NLRP3, CRP, IL-6, and TNF-« relative to baseline values,
followed by a subsequent decline. Notably, the levels of NLRP3 and IL-6 were markedly
reduced in patients receiving FICB at time points of 1, 6, 24, 48, and 72 h post-surgery in
comparison to the control cohort (p < 0.05). Furthermore, TNF-« levels were significantly
decreased in the FICB group of enrolled patients at 1 h and 6 h post-operation, while CRP
levels were significantly lower at 1 h and 24 h post-operation than in the control group
(p < 0.05). No notable differences were observed at one week post-surgery. Additionally,
a significant positive correlation was identified between NLRP3 and IL-6 levels 1 h post-
surgery (p < 0.05). A positive correlation was also observed between CRP levels and Visual
Analog Scale (VAS) scores 1 h post-surgery (p < 0.05). Conversely, no significant correlations
were detected between VAS scores and other inflammatory markers, including CRP, IL-6,
and TNF-« [199].

Similar results were also published by Chen et al., who enrolled in their study
34 patients who underwent total hip replacement [232]. Before surgery, IL-6 levels were
comparable across the study groups, with a peak observed 24 h postoperatively for each
group before a subsequent decline. Similarly, the preoperative CRP levels did not differ
significantly between the groups. Post-surgery, CRP levels surged and peaked on the
second day. Preoperative CK levels were similar across the groups, increased after surgery,
and peaked at 24 h, mirroring the IL-6 trend. Significant differences were noted in IL-6, CRP,
and CK levels at various time points (p < 0.001 for each). However, when comparing the
areas under the curve (AUCs) for IL-6, CRP, and CK across different groups, no significant
differences were found (p = 0.23 for IL-6, p = 0.637 for CRP, and p = 0.448 for CK) [232].

The fascia iliac compartment block (FICB) has been shown to reduce postoperative
pain, particularly in femoral neck fractures and total hip arthroplasty (THA) [233]. Some
studies have suggested that FICB may also have a positive effect on postoperative cognitive
status [234,235]. In a recent study, it was found that FICB can reduce postoperative pain
after femoral intertrochanteric fracture, but it did not seem to affect the recovery of hip
function [235]. Research shows that inflammation is closely related to pain. After THA,
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levels of pro-inflammatory factors such as CRP and IL-6 increase and begin to decrease
three days after surgery [236]. The release of these cytokines can be reduced using local in-
filtration analgesia. Studies have also found that synovial fluid PGE2, IL-6, IL-8, and TNF-o
levels increase after THA and are correlated with pain levels during walking. Postoperative
CRP and IL-6 levels have been found to be higher in patients with postoperative cognitive
dysfunction after THA. NLRP3 is a newly discovered factor associated with the progression
of many diseases and may be related to inflammation [236]. Feng T. et al. assessed the role
of FICB and postoperative cognitive dysfunction and serum inflammatory cytokines in
a recent published study on patients that underwent total hip replacement surgery [237].
All enrolled patients underwent general anesthesia with endotracheal intubation and an
FICB that was performed with an ultrasound-guided inside approach (Inside group) or
outside approach (Outside group). The authors found that the Outside group had a higher
ratio of re-fixing the catheter, longer intubation time, and greater use of ropivacaine dosage
at 48 h after surgery than the Inside group (p < 0.05). However, the depth of cannulation
in the Outside group was lower than that in the Inside group (p < 0.05). The VAS scores
were similar between the Inside and Outside groups, except at 24 h after surgery. The
use of patient-controlled analgesia from 24 to 48 h after surgery in the Outside group was
significantly higher than that in the Inside group (p < 0.05). The Outside group had higher
Mini-Mental State Examination scores and a higher incidence of postoperative cognitive
dysfunction than the Inside group did. Additionally, serum IL-1f levels that were deter-
mined at 1 and 6 h after surgery and serum IL-6 levels at 1, 6, 24, and 48 h after surgery
in the Outside group of patients were significantly higher than those in the Inside group
of enrolled patients (p < 0.05). Other studies have also demonstrated that elevated serum
inflammatory cytokines in patients who undergo total hip arthroplasties, mainly IL-1f3 and
IL-6, are associated with postoperative cognitive dysfunction [238,239].

Kuchalik J. et al. performed a sub-analysis of a larger double-blind study involving
56 patients who underwent total hip arthroplasty under spinal anesthesia. The femoral
nerve block (FNB) group received an ultrasound-guided femoral nerve block with 30 mL
of 7.5 mg/mL ropivacaine (225 mg) and saline (151.5 mL of saline peri-articular during
surgery). The local infiltration analgesia (LIA) group was administered 30 mL saline for
femoral nerve block and a peri-articular mixture of ropivacaine 2 mg/mL (300 mg, 150 mL),
ketorolac 30 mg (1 mL), and adrenaline 0.5 mg (0.5 mL). After 23 h, an additional 22 mL of
the LIA mixture was injected peri-articularly in the LIA group, and 22 mL of saline was
administered in the FNB group through a catheter. A comprehensive assessment of pro-
and anti-inflammatory cytokines was performed by the authors preoperatively and at 4 h
and 3 days postoperatively, using a commercial kit. CRP levels, platelet counts, and white
blood cell counts were measured before and after surgery. Postoperatively, the authors
reported an overall increase in pro-inflammatory cytokines, which normalized after three
days. IL-6 levels were notably lower in the LIA group than in the FNB group 4 h after
surgery (p = 0.015). No significant differences in the levels of other cytokines were observed
between the groups. CRP levels were significantly higher in the FNB group than in the LIA
group three days post-surgery (p < 0.001), with no other significant differences noted. The
authors also reported that patients receiving LIA had a significantly lower concentration
of plasma IL-6 4 h after surgery. The authors concluded that local infiltration analgesia
demonstrated a limited yet transient effect on reducing postoperative inflammation in
patients undergoing total hip arthroplasties, potentially attributed to the local application
of ketorolac and/or local anesthetics in the LIA mixture [227].

Liu X. et al. [240] performed a study that aimed to evaluate the effectiveness of combin-
ing fascia iliac compartment block (FICB) with dexmedetomidine (DEX) for postoperative
pain and inflammation management in elderly patients following total hip arthroplasty.
A total of 119 elderly patients were randomized into three groups from March 2016 to
December 2018: a control group receiving routine general anesthesia, an FICB group re-
ceiving FICB post-surgery, and a combined group receiving both DEX pre-treatment and
FICB post-treatment. The outcomes were assessed by the authors through measurements
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of serum interleukin-1f (IL-1p3), IL-6, and C-reactive protein (CRP) levels using ELISA,
pain intensity using the visual analog scale (VAS) at 12, 24, 48, and 72 h post-surgery, and
patient-controlled intravenous analgesia (PCIA) usage within 48 h post-surgery. Sleep
quality was evaluated using the Pittsburgh Sleep Quality Index (PSQI) before and one
month after surgery. The results indicated that VAS scores were significantly lower in the
combined group than in both the control and FICB groups at all time points measured.
The combined group demonstrated notably shorter PCIA pressing times. Serum levels of
IL-1p3, IL-6, and CRP were lowest in the combined group, suggesting reduced inflammation.
Additionally, the PSQI scores improved significantly in the combined group compared
to the other groups, indicating better postoperative sleep quality. No severe side effects
or significant differences in the side effects were observed across the groups. The study
concluded that the combination of FICB and DEX significantly reduced postoperative
pain, decreased inflammatory markers, and improved sleep quality in elderly patients
undergoing total hip arthroplasty [240].

A recently published study [237] aimed to compare the anesthetic effects of the inside
versus outside approaches of FICB in THA patients, particularly focusing on postopera-
tive cognitive dysfunction (POCD) and serum inflammatory cytokine levels. A total of
60 patients undergoing THA from January 2021 to December 2021 were divided into two
groups based on the FICB approach: the Inside group and the Outside group. The study
assessed several primary outcomes, including the use of ropivacaine, pain levels via the
visual analog scale (VAS), use of patient-controlled analgesia (PCA), mini-mental state
examination (MMSE) scores, incidence of POCD, and serum levels of IL-1 and IL-6. The
secondary outcomes evaluated were surgical indicators and quality of anesthesia cannula
placement. The results indicated that the Outside group had higher ropivacaine usage,
longer intubation times, and a higher incidence of re-fixing the catheter compared to the
Inside group, which also exhibited deeper cannulation (all p < 0.05). While VAS scores
were similar between the groups, PCA usage was significantly higher in the Outside group
between 24 and 48 h post-surgery. Furthermore, MMSE scores and incidence of POCD were
higher in the Outside group. Serum levels of IL-1§3 at 1 and 6 h post-surgery and IL-6 levels
at 1, 6,24, and 48 h were significantly higher in the Outside group than in the Inside group.
The study concluded that the inside approach of the FICB demonstrated better anesthetic
effectiveness, improved postoperative analgesia, reduced need for postoperative analgesics,
lower incidence of POCD, and decreased serum cytokine levels in patients undergoing
THA than the outside approach [237].

Therefore, the local infiltration of ketorolac and local anesthetics may reduce pain
intensity by exerting local anti-inflammatory effects. This partly explains the known
analgesic effect of local infiltration analgesia (LIA) [199,226,227,241-245].

Kwak S. et al. report the results of an observational study in which the authors enrolled
30 patients, 15 of whom underwent minimally invasive total hip arthroplasty [62]. A visual
analog pain scale was used to record pain levels. Blood tests were conducted to determine
the extent of muscle injury and systemic inflammatory response. These tests included
measuring creatinine kinase (CK) and aldolase enzymes, as well as the pro-inflammatory
cytokines interleukin (IL)-6 and IL-8, and the anti-inflammatory cytokines IL-10 and IL-1
receptor antagonists (ra). All evaluations were performed simultaneously at 7:00 AM, prior
to the intervention [62]. During the study, it was found that the group receiving minimally
invasive total hip arthroplasty showed significantly lower levels of serum creatinine kinase,
IL-6, IL-10, and IL-1ra on postoperative days 1 and 3, compared to the control group.
In addition, the levels of IL-8 were also found to be significantly lower on day 7 after
surgery. Before the surgery, the IL-6 level was measured to be 13.9 £ 0.3 pg/mL in the
study group and 14.2 &+ 0.7 pg/mL in the control group, with no significant difference
between them. However, on postoperative day 1, the serum IL-6 concentration increased to
66.8 £ 2.1 pg/mL in the study group and 176.3 &= 2.5 pg/mL in the control group. On post-
operative day 3, these values were 42.9 £ 1.1 pg/mL and 105.1 & 1.8 pg/mL, respectively,
with a significant difference (p = 0.0, p = 0.0). However, this significant difference disap-
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peared on postoperative day 7. On postoperative day 14, the levels of IL-6 were found to be
similar in both groups. Before surgery, the serum IL-10 level was not significantly different
between the two groups, with 3.2 £ 1.1 pg/mL in the study group and 3.3 + 0.9 pg/mL in
the control group. On postoperative day 1, the IL-10 level increased in both groups, but the
level in the study group (12.2 &= 1.9 pg/mL) was significantly lower than that in the control
group (21.7 + 2.8 pg/mL; p = 0.0). On postoperative day 3, it had decreased slightly in both
groups (10.6 = 1.8 pg/mL in the study group and 14.6 £ 2.0 pg/mL in the control group;
p = 0.0). However, this difference disappeared by postoperative day 7. The concentration
of serum IL-1ra was also not found to be significantly different between the groups before
surgery, with 235.4 & 8.9 pg/mL in the study group and 245.1 &+ 7.7 pg/mL in the control
group. On postoperative day 1, it increased to 695.0 £ 10.2 pg/mL in the study group
and 1370.8 £ 16.7 pg/mL in the control group (p = 0.0). On postoperative day 3, it had
decreased in both groups (543.6 & 10.1 pg/mL in the study group and 938.3 + 15.9 pg/mL
in the control group; p = 0.0). These results indicate that minimally invasive total hip
arthroplasty could produce a lesser inflammatory reaction than the classical approach in
the early recovery stage after surgery.

Bergin et al. [246] investigated the extent of muscle damage resulting from anterior and
posterior approaches during minimally invasive total hip arthroplasty. The study included
29 patients who underwent the procedure through a DDA (direct anterior approach) and
28 patients who underwent the same procedure through a posterior approach. The authors
measured serum creatine kinase (CK), CRP, IL-6, IL-13, and TNF-« levels preoperatively,
and on postoperative days 1 and 2. The results indicated that the levels of inflammatory
markers were slightly lower in the direct anterior approach group than in the posterior
approach group. The study found that the increase in CK levels in the posterior-approach
group was 5.5 times higher than that in the anterior-approach group in the post-anesthesia
care unit and nearly twice as high cumulatively. The authors concluded that the DDA total
hip arthroplasty approach used in this study caused significantly less muscle damage than
the posterior surgical approach, as indicated by serum CK levels. However, additional
clinical studies are needed to delineate the clinical importance of increased CK levels. The
results of the measurements of the inflammation biomarker levels suggest that the overall
physiological burden is comparable between the anterior and posterior approaches [246].

Montaghedi et al. [247] investigated in their study the effect of obesity on inflammation
and pain after total hip arthroplasty. Although obesity is known to cause chronic low-grade
inflammatory response, its effect on postoperative outcomes remains unclear. This study
aimed to determine the association between obesity and the severity of postoperative
inflammatory response, as measured by circulating cytokine levels, blood cell reactivity,
and postoperative pain, evaluated by verbal pain scores and analgesic consumption. In
their prospective cross-sectional study of 60 patients, the enrolled patients were divided
into normal-weight, overweight, and obese groups. Blood samples were collected before
and 24 h post-THA to assess C-reactive protein and cytokines such as IL-13, IL-2, IL-6,
IL-8, and TNF-«. Pain was measured using verbal scores and by monitoring analgesic use
during the first 24 h post-surgery. The results showed no correlation between the body mass
index (BMI) and spontaneous levels of circulating cytokines postoperatively. However,
upon ex vivo activation of blood leukocytes, a significant positive correlation was observed
between BMI and levels of IL-1f3, IL-6, and TNF-«, suggesting that obesity could prime the
immune system for an exaggerated postoperative inflammatory response. Interestingly,
obesity was not linked to increased postoperative pain or analgesic use [247]. In conclusion,
this study found that obesity is associated with an enhanced pro-inflammatory state post-
THA, as indicated by increased cytokine reactivity. This suggests that further large-scale
studies are needed to explore the specific effects of obesity on surgical outcomes including
pain. This could lead to better postoperative management strategies for obese patients
undergoing THA.

Proinflammatory cytokines can also be used to evaluate the relationship between
inflammatory responses and complication rates after total hip arthroplasties (THA). Few
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studies have explored the relationship between inflammatory response and postoperative
complication rates. One of these studies [239] aimed to investigate the early inflammatory
response during the first three days after THA and to identify the relationship between
the inflammatory response and the estimated complication rate following surgery. This
prospective, non-randomized cohort study enrolled 148 patients who underwent unilateral
THA. Blood samples were collected preoperatively on the morning of the surgery and at 24,
48, and 72 h after surgery, and C-reactive protein (CRP) and interleukin-6 (IL-6) levels in the
peripheral blood were measured. Pre- and intraoperatively, the modified physiological and
operative severity scores for the enumeration of morbidity (POSSUM) were recorded. The
estimated complication rate was calculated by using this score. The Harris score was used
to assess hip function before and after the surgery. IL-6 levels peaked 24 h after surgery,
while CRP levels peaked 48 h after surgery, after which both levels declined. The mean
Harris score showed a significant increase from 41.62 £ 23.47 before surgery to 72.75 4+ 9.13
at 3 days after surgery. However, the Harris score after surgery did not show a significant
relationship with either IL-6 or CRP peak levels (p = 0.165 and p = 0.341, respectively). Both
CRP and IL-6 peak levels were significantly and positively correlated with the estimated
complication rate following surgery. The estimated complication rate calculated using
the POSSUM system was 43 of 148 patients. However, only 28 patients were observed
to have postoperative complications during hospitalization, and there was no significant
difference between the estimated and observed complication rates (p = 0.078). In the group
with complications, both CRP and IL-6 peak levels were significantly higher than in the
group without complications (both p < 0.001). Therefore, the study concluded that there is
a significantly positive relationship between the peak levels of both CRP and IL-6 and the
estimated complication rate following THA. The inflammatory response can be used to
predict the incidence of complications after THA [239].

The influence of age on the regulation of inflammatory response to surgery has been
well established, with a positive correlation between aging and increased levels of circulat-
ing cytokines. Patient age was the most significant factor contributing to the modulation
of the inflammatory reaction in response to surgery. The underlying mechanism for this
phenomenon can be attributed to reduced adrenocortical responsiveness to surgical stress,
which is often observed in elderly individuals [248]. This response is characterized by
decreased production of glucocorticoids by the adrenal glands, which typically inhibit the
production of IL-6. Several studies have reported that IL-6 response to surgical trauma
can be attenuated by the administration of exogenous glucocorticoids [249]. As such, the
attenuated production of glucocorticoids in aged individuals may be responsible for the
heightened inflammatory response observed in this population [250].

Minetto M. et al. [251] also investigated the serum interleukin-6 (IL-6) response to total
hip replacement. Twenty-one patients received an uncemented total hip prosthesis and
venous samples were collected for IL-6 determination before and after surgery. The study
found that the IL-6 response was significant, and there was a peculiar heterogeneity of
response: the medians of peak levels (82.3 pg/mL) and the areas under the response curve
(51.8 pg/mL) distinguished between IL-6 high responders (HR) and IL-6 low responders
(LR; p < 0.0001). Gender composition was not a significant differentiating factor between the
two groups, but HR patients were older than LR patients (p < 0.05). The study also found
that the increase in IL-6 was correlated with patient age, while its slope was correlated with
the duration of the surgical procedure. Furthermore, the HR group had a higher degree of
hyperthermia in the days after surgery than the LR group, but there was no evidence of
differences in postoperative complications, time to mobilization, or length of hospital stay.
The main finding of this study was evidence of significant variability between individuals
in IL-6 response to surgery [251].

Reikeras O. et al. [252] also evaluated the changes in the serum pro-inflammatory
markers in response to the musculoskeletal surgical trauma. The results showed that the
surgical procedure caused a substantial increase in the levels of IL-2R in the serum 6 days
after surgery, an increase in levels of IL-6 6 h and 1 d after surgery, an increase in levels
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of IL-8 6 h after surgery, and an increase in levels of IL-16 after 6 h and 1 d after surgery.
In contrast, a significant decrease in serum levels of IL-1Rxx was observed at the end of
surgery, a decrease in levels of IL-12 at the end of surgery and 6 h after surgery, and a
decrease in levels of eotaxin during all phases of the postoperative course [252].

Plasminogen activator inhibitor 1 is a crucial regulator of the fibrinolytic system
and is produced by various tissues including the endothelium, liver, and adipose tissue.
Its primary role is to inhibit tissue plasminogen activator (tPA), which is responsible
for converting the inactive form of plasminogen into plasmin, the active enzyme that
breaks down fibrin. Fibrin is a protein that plays a key role in blood clot formation;
thus, PAI-1 effectively slows the clot breakdown process. The activity of plasmin is also
regulated by a2-antiplasmin, which inactivates plasmin. The balance between plasmin
and o2-antiplasmin is an indicator of fibrinolytic activity; a low level of «2-antiplasmin
or a high level of plasmin-a2-antiplasmin (PAP) complex signals recent fibrinolysis [253].
Research has demonstrated a correlation between elevated PAI-1 levels and increased body
mass index (BMI), suggesting that higher levels of adiposity may contribute to a more
inhibited fibrinolytic state. Additionally, high glucose levels have been associated with
increased PAI-1 levels, indicating a link between metabolic states and the regulation of
fibrinolysis [253]. Burleson A. et al. [253] performed a study to investigate the effect of
age, sex, BMI, type of surgery, and tranexamic acid (TXA) treatment on the fibrinolytic
system in patients undergoing total joint arthroplasty (TJA). Blood samples from 99 patients
with TJA were collected at preoperative clinic appointments and on postoperative day 1.
D-dimer, plasminogen activator inhibitor 1 (PAI-1), tissue plasminogen activator (tPA), and
antiplasmin activity levels were measured using a commercially available enzyme-linked
immunosorbent assay kit. The following data was collected from patient records: age, sex,
hemoglobin (Hb) levels, and BML The study’s findings indicated that preoperative D-dimer
and tPA levels were positively correlated with age, while preoperative antiplasmin was
negatively correlated with age. Additionally, body mass index was found to be associated
only with preoperative tPA levels. There were no significant differences in postoperative
levels of D-dimer, PAI-1, tPA, or antiplasmin between patients who received TXA and those
who did not. However, the percentage change in D-dimer and tPA levels was significantly
lower in the TXA-treated group compared to the non-treated group. The type of surgery
had no impact on the fibrinolytic markers. In summary, this study confirmed that advanced
age and elevated BMI play a role in fibrinolytic dysregulation in TJA patients, and TXA
appears to decrease fibrinolytic activity [253].

Wasko M. et al. [254] performed a study on 100 participants in which the authors
determined the C-reactive protein (CRP), IL-13, 6 and 8 and NT-proCNP peptide levels
before and during the first five postoperative days. C-reactive protein (CRP) levels increased
after surgery, peaking on the first day for total knee arthroplasty and on the second and
third days for total hip arthroplasty, with significant differences in peak values observed
between these groups. Despite a post-peak decrease, the CRP levels remained above the
normal range throughout the study period. The TKA group exhibited significantly higher
CRP levels on postoperative days 1, 2, 4, and 5, and the overall inflammatory response,
as indicated by the area under the curve (AUC), was significantly greater in the TKA
group than in the THA group. The dynamics of CRP levels also varied with body mass
index. After THA, patients with BMI > 24.9 kg/m? experienced higher CRP levels on
all postoperative days, notably from days 2 to 5. However, no significant differences
were found among TKA patients, possibly because of the small number of normal-weight
patients in this subgroup. IL-6 concentrations peaked on the first postoperative day after
TKA and on the second day after THA, with both groups showing a single-phase decline
thereafter. The peak IL-6 values differed significantly between the THA and TKA groups.
Body weight did not significantly influence the IL-6 levels in either group. For IL-1f3 and
IL-8, no major changes were observed during the first five postoperative days, displaying a
sinusoidal pattern starting the day before surgery. Similarly, NT-proCNP levels followed
a sinusoidal pattern with no significant difference between the THA and TKA groups.



J. Pers. Med. 2024, 14, 537

17 of 32

The study discontinued NT-proCNP measurements after the interim analysis of the first
24 patients. Additionally, no statistical differences were noted in CRP, IL-6, and NT-proCNP
levels between genders, nor were correlations found with other medical comorbidities or
surgical time.

Lubricin, known as proteoglycan 4, serves crucial functions as an anti-adhesive and
boundary lubricant in healthy joints, safeguarding against cartilage damage [255]. Its pro-
duction by synoviocytes and superficial zone chondrocytes ensures its presence in synovial
fluid (SF) and articular cartilage surfaces [255]. However, post-injury reductions in SF
lubricin levels can precipitate secondary osteoarthritis. Individuals with camptodactyly-
arthropathy-coxa vara-pericarditis (CACP) syndrome, characterized by loss-of-function mu-
tations in lubricin, exhibit early onset cartilage failure. This was similarly observed in PRG4
knockout mice, highlighting early cartilage deterioration and chondrocyte changes [255].
Galicia K. et al. [256] performed a study that also acknowledges the role of inflammatory
markers like IL-1p3 and TNF-« in OA pathophysiology, noting their capacity to inhibit
lubricin expression and secretion in SE. This study aimed to compare the levels of inflam-
matory biomarkers and lubricin in patients undergoing total joint arthroplasty and healthy
controls to elucidate their roles in OA and to understand the regulatory impact of inflam-
mation on lubricin. Using biochip array technology, various cytokines were profiled in
plasma samples collected pre- and post-TJA, and circulating lubricin levels were measured
via ELISA. The results of the study revealed that, compared to healthy individuals, TJA
patients exhibited significant increases in IL-6, IL-8, VEGE, IL-13, MCP-1, EGF, and TNF-«,
along with notable reductions in lubricin levels both before and after surgery [256]. These
observations suggest that inflammatory cytokine surges may trigger mechanisms leading
to reduced lubricin levels, thereby elevating OA risk [256].

The levels of pro-inflammatory mediators in unwashed salvaged blood after abdom-
inal aortic aneurysm (AAA) surgery are unknown. To investigate this, we conducted a
single-center observational study wherein we compared the levels of pro-inflammatory
mediators in the blood salvaged during AAA surgery and total hip replacement surgery.
Our study included ten patients scheduled for AAA surgery (Group A) and ten patients
for total hip replacement surgery (Group H). Blood samples from the autotransfusion set
were obtained during surgery, and arterial samples were obtained before, during, and 6 h
after surgery. We determined the interleukin (IL)-1f3, IL-6, IL-8, tumor necrosis factor-«,
activated complement 3 (C3a), and high-sensitivity C-reactive protein (CRP) levels in the
blood samples.

The unknown levels of pro-inflammatory mediators in unwashed salvaged blood
from abdominal aortic aneurysm (AAA) surgery were the focus of Lindholm E. et al.’s [257]
study. To investigate this, the authors conducted a single-center observational study
wherein they compared the levels of pro-inflammatory mediators in blood salvaged during
abdominal aortic aneurysm (AAA) surgery and total hip replacement surgery. Their study
included ten patients scheduled for AAA surgery (Group A) and ten patients for total
hip replacement surgery (Group H). Blood samples from the autotransfusion set were
obtained during surgery, and arterial samples were obtained before, during, and 6 h after
surgery. The authors determined levels of IL-1, IL-6, IL-8, TNF-«, activated complement
3 (C3a), and high-sensitivity CRP in the blood samples. The authors found substantially
higher levels of IL-1§3, IL-6, and IL-8 in salvaged blood in AAA surgery compared to
total hip replacement surgery. The levels of pro-inflammatory mediators in unwashed
blood from AAA surgery had never been reported before this study [257]. Compared to
preoperative values of IL-1f3, salvaged blood contained approximately 36-fold higher levels
in AAA surgery and approximately 20-fold higher levels in total hip replacement surgery.
In the case of IL-6, the authors found approximately 18-fold higher levels in AAA surgery
compared to preoperative levels, versus approximately 12-fold higher levels in total hip
replacement surgery. The increases in IL-8 in salvaged blood compared to preoperative
values were approximately 10-fold higher in AAA surgery versus approximately twofold
higher levels in total hip replacement surgery. Additionally, in perioperative arterial blood
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samples, higher levels of IL-6 were found in AAA surgery than in total hip replacement
surgery, and higher levels of IL-13, IL-6, and IL-8 were found in blood samples after surgery.
C3a levels were higher in the total hip replacement surgery group than in the AAA surgery
group. Therefore, this study [257] provides evidence that salvaged blood in AAA surgery
contains substantially higher levels of pro-inflammatory mediators than blood in total hip
replacement surgery. The use of tranexamic acid in the group of patients who underwent
total hip arthroplasty could have had a direct effect and attenuated inflammation due to its
immunomodulatory characteristics and its direct action on white blood cells by suppressing
their migration and recruitment [258,259].

The study by van der Heide H. et al. [260] investigated the pro-inflammatory dynamics
of cytokines in drainage fluid in patients that underwent total knee and hip replacement
surgeries. The authors detected measurable levels of all cytokines except IL-17 in the
drainage fluid. Cytokine concentrations in the drainage fluid were collected at two time
points: 1 h and 6 h post-procedure. IL-2, IL-4, IL-6, IL-8, IL-1p3, IL-5, IL-7, IL-12, IL-13,
GM-CSE, IFN-y, TNF-o, G-CSF, and MCP-1 showed a significant increase in concentration
over 6 h, with p-values indicating a statistically significant change (all p < 0.0001 except for
GM-CSF, where p = 0.001). The levels of IL-10 showed a slight increase, but this change was
not statistically significant (p = 0.215). Similarly, MIP-1b levels decreased slightly, but the
change was not statistically significant (p = 0.392). IL-6 showed the most dramatic increase,
increasing from 313.914 pg to 9916.640 pg. IL-4 and G-CSF levels also displayed substantial
elevation, indicating a robust immune response. Other cytokines, such as IL-8 and IFN-y,
also increased markedly, reflecting typical inflammatory and immune activation following
surgery [260].

In the inflammatory response observed at surgical sites, such as during total hip
arthroplasty, both pro-inflammatory and anti-inflammatory cytokines are typically induced.
A notable aspect of this response involves the induction of the anti-inflammatory cytokine
IL1RN in HD neutrophils, which plays a role in counteracting the effects of the pro-
inflammatory cytokine IL-1 by inhibiting its receptor binding [261,262]. IL-1§3, known for
its role in inflammation and its capacity to enhance pain sensitivity at nerve terminals,
has been reported to increase post-THA [263,264]. The subsequent increase in ILIRN
following THA is understood as a natural mechanism to mitigate the effects of IL-1f3,
potentially facilitating the involvement of neutrophils in postoperative recovery. This is
supported by studies where chronic ILIRN treatment, or its recombinant analog anakinra,
was shown to decrease basal nociceptive sensitivity in animal models and clinically reduce
joint inflammation in rheumatoid arthritis patients [265-272]. These findings suggest that
supplemental exogenous ILIRN post-THA might be beneficial in managing pain and
inflammation without negatively affecting wound healing, although further research is
needed to explore this possibility.

In a study [273] examining a microarray of hip-drain neutrophils, it was discov-
ered that several cytokine genes exhibited significant changes after surgery. Specifically,
interleukin-1 receptor antagonist (IL1RN), interleukin-18 receptor 1 (IL18R1), macrophage
migration inhibitory factor (MIF), and macrophage inflammatory protein 3 (CCL20) were
upregulated, whereas interleukin-8 receptor  (ILSRB/CXCR2) was consistently down-
regulated when compared to presurgery blood neutrophils. These findings were further
validated using reverse transcription-polymerase chain reaction. These results suggest that
there is a unique cytokine gene expression profile in neutrophils at the surgical wound
site 24 h after THA surgery when compared to presurgery circulating neutrophils. By
understanding these changes, we may be able to manipulate neutrophil activity to reduce
postoperative pain and inflammation without compromising wound healing [273].

11. Materials and Methods
11.1. Literature Search Strategy

To gather relevant literature for this narrative review, we conducted a comprehen-
sive search of electronic databases including PubMed, Web of Science, and Scopus. The
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search terms used included “IL”, “interleukin”, “Tumor Necrosis Factor-o”, “TNF-«”,
“FICB”, “Fascia iliac compartment block”, “pain”, “pain management”, “Plasminogen
Activator Inhibitor-1”, “inflammatory cytokines”, “postoperative inflammation”, “surgical
outcomes”, “total joint arthroplasty”, “TJA”, “THA”, “total hip arthroplasty”, “Total knee
arthroplasty”, and “TKA”. We also used Boolean operators (AND, OR) to combine these
terms in various ways to ensure broad and thorough retrieval of the literature. The flow
diagram for the selected articles to be included in the narrative reviews is highlighted in

Figure 1.
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Figure 1. Flow diagram of included studies in the article.

11.2. Inclusion and Exclusion Criteria

We included studies that specifically examined the roles and interactions of inflam-
matory markers in orthopedic surgical procedures and their influence on postoperative
recovery, including pain management and inflammation. The review focused on both
human and animal studies published in English to date (1 February 2024). Articles that did
not directly assess the cytokines of interest, editorials, opinion pieces, and studies were not
available in the full text were excluded.

11.3. Data Extraction

Both authors independently extracted the data from the selected studies. The extracted
information included authors, year of publication, study design, sample size, surgical
context, methods of cytokine assessment, main outcomes related to inflammation and pain,
and the roles of biomarkers, as reported in the studies. Discrepancies between authors
were resolved through discussion, and if necessary, an external reviewer was consulted.
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11.4. Data Synthesis

Given the narrative nature of this review, data were descriptively synthesized. We
categorized the information based on cytokine type, effects on pain and inflammation, and
differences observed between clinical and experimental settings. Trends, common findings,
and notable contradictions in the literature are highlighted to provide a comprehensive
overview of the current understanding of these cytokines in orthopedic surgical contexts.

11.5. Ethical Considerations

As a narrative review, this study did not involve direct interactions with human
participants or animals; thus, ethical approval and patient consent were not required.

12. Conclusions

Based on the extensive overview of interleukins, PAI-1, CRP, and TNF-« in inflam-
matory responses during the perioperative period of joint arthroplasty, several critical
conclusions emerge. Pro-inflammatory cytokines like IL-1f3, IL-6, and TNF-«, primarily
produced by activated macrophages, play crucial roles in initiating and perpetuating in-
flammatory responses that exacerbate postoperative pain, directly influencing nociceptors
and chronic pain development. Conversely, anti-inflammatory cytokines such as IL-10 miti-
gate these effects by suppressing inflammatory mediators, presenting therapeutic targets
for effectively controlling pain and inflammation. The balance between these cytokines
is pivotal for optimal immune response and tissue healing, impacting patient recovery
and quality of life. Elevated IL-6 levels correlate with increased pain, suggesting that
interventions modulating cytokine levels could enhance pain management and reduce
reliance on systemic analgesics.

Despite the known roles of these cytokines, the specific contributions of PAI-1 in this
context remain unclear, necessitating further research to understand its role in postoperative
inflammation and pain management. Additionally, while fascia iliac compartment block
(FICB) is a recognized method for managing postoperative pain, data on the concentrations
of anesthetics used and their effects on interleukin trends are limited, hindering the opti-
mization of FICB protocols. Understanding the precise impacts of anesthetic concentrations
in FICB on cytokine levels is essential for refining pain management strategies.

This comprehensive understanding underscores the complexity of inflammatory pro-
cesses in joint arthroplasty and highlights the potential for targeted therapeutic interven-
tions. By exploring these aspects, future studies can optimize perioperative care, enhance
surgical outcomes, and pave the way for more effective and personalized approaches to
managing inflammation and pain in surgical patients. Further research into the roles and in-
teractions of these cytokines and anesthetic techniques is crucial for advancing therapeutic
strategies and improving patient outcomes in joint arthroplasty.

Author Contributions: Conceptualization, A.-C.C. and C.LS.; methodology, A.-C.C.; investigation,
data curation, A.-C.C. and C.I.S.; writing—original draft preparation, A.-C.C.; writing—review and
editing, A.-C.C,; visualization, A.-C.C. and C.I.S,; supervision, C.I.S.; project administration, A.-C.C.
Critical review and final approval, A.-C.C. and C.I.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.



J. Pers. Med. 2024, 14, 537 21 of 32

References

1.  Zhang, ]J.-M.; An, J. Cytokines, Inflammation, and Pain. Int. Anesthesiol. Clin. 2007, 45, 27-37. [CrossRef] [PubMed]

2. Watkins, L.R.; Milligan, E.D.; Maier, S.F. Glial proinflammatory cytokines mediate exaggerated pain states: Implications for
clinical pain. Adv. Exp. Med. Biol. 2003, 521, 1-21. [PubMed]

3. Ahmadi, M.; Bekeschus, S.; Weltmann, K.-D.; von Woedtke, T.; Wende, K. Non-steroidal anti-inflammatory drugs: Recent
advances in the use of synthetic COX-2 inhibitors. RSC Med. Chem. 2022, 13, 471-496. [CrossRef] [PubMed]

4. Eller, O.C.; Willits, A.B.; Young, E.E.; Baumbauer, K.M. Pharmacological and non-pharmacological therapeutic interventions for
the treatment of spinal cord injury-induced pain. Front. Pain Res. 2022, 3, 991736. [CrossRef] [PubMed]

5. Di Maio, G.; Villano, I; Ilardi, C.R.; Messina, A.; Monda, V.; Iodice, A.C.; Porro, C.; Panaro, M. A.; Chieffi, S.; Messina, G.; et al.
Mechanisms of Transmission and Processing of Pain: A Narrative Review. Int. J. Environ. Res. Public Health 2023, 20, 3064.
[CrossRef]

6.  Lauritano, D.; Mastrangelo, F.; D’Ovidio, C.; Ronconi, G.; Caraffa, A.; Gallenga, C.E.; Frydas, I.; Kritas, S.K.; Trimarchi, M.; Carinci,
F; et al. Activation of Mast Cells by Neuropeptides: The Role of Pro-Inflammatory and Anti-Inflammatory Cytokines. Int. J. Mol.
Sci. 2023, 24, 4811. [CrossRef]

7. Lee, C.Y,; Chooi, W.H.; Ng, S.; Chew, S.Y. Modulating neuroinflammation through molecular, cellular and biomaterial-based
approaches to treat spinal cord injury. Bioeng. Transl. Med. 2023, 8, €10389. [CrossRef] [PubMed]

8.  Park,].;Roh,],; Pan, J.; Kim, Y.H.; Park, C.-K,; Jo, Y.Y. Role of Resolvins in Inflammatory and Neuropathic Pain. Pharmaceuticals
2023, 16, 1366. [CrossRef]

9.  Echeverria-Villalobos, M.; Tortorici, V.; Brito, B.E.; Ryskamp, D.; Uribe, A.; Weaver, T. The role of neuroinflammation in the
transition of acute to chronic pain and the opioid-induced hyperalgesia and tolerance. Front. Pharmacol. 2023, 14, 1297931.
[CrossRef]

10. Puerto Valencia, L.M.; He, Y.; Wippert, P.-M. The changes of blood-based inflammatory biomarkers after non-pharmacologic
interventions for chronic low back pain: A systematic review. BMC Musculoskelet. Disord. 2024, 25, 209. [CrossRef]

11. Deng, D.; Zhang, T.; Ma, L.; Zhao, W.; Huang, S.; Wang, K.; Shu, S.; Chen, X. PD-L1/PD-1 pathway: A potential neuroimmune
target for pain relief. Cell Biosci. 2024, 14, 51. [CrossRef] [PubMed]

12.  Millrine, D.; Jenkins, R.H.; Hughes, S.T.O.; Jones, S.A. Making sense of IL-6 signalling cues in pathophysiology. FEBS Lett. 2022,
596, 567-588. [CrossRef] [PubMed]

13.  Su, P-Y.P; Zhang, L.; He, L.; Zhao, N.; Guan, Z. The Role of Neuro-Immune Interactions in Chronic Pain: Implications for Clinical
Practice. J. Pain Res. 2022, 15, 2223-2248. [CrossRef] [PubMed]

14. Choy, E.; Bykerk, V.; Lee, Y.C.; van Hoogstraten, H.; Ford, K.; Praestgaard, A.; Perrot, S.; Pope, J.; Sebba, A. Disproportionate
articular pain is a frequent phenomenon in rheumatoid arthritis and responds to treatment with sarilumab. Rheumatology 2023,
62, 2386-2393. [CrossRef] [PubMed]

15. Sebba, A. Pain: A Review of Interleukin-6 and Its Roles in the Pain of Rheumatoid Arthritis. Open Access Rheumatol. 2021, 13,
31-43. [CrossRef]

16. Al-Qahtani, A.A.; Alhamlan, ES.; Al-Qahtani, A.A. Pro-Inflammatory and Anti-Inflammatory Interleukins in Infectious Diseases:
A Comprehensive Review. Trop. Med. Infect. Dis. 2024, 9, 13. [CrossRef] [PubMed]

17.  Fishman, D.; Faulds, G.; Jeffery, R.; Mohamed-Ali, V.; Yudkin, ].S.; Humphries, S.; Woo, P. The effect of novel polymorphisms in
the interleukin-6 (IL-6) gene on IL-6 transcription and plasma IL-6 levels, and an association with systemic-onset juvenile chronic
arthritis. J. Clin. Investig. 1998, 102, 1369-1376. [CrossRef]

18. Copray, ].C.; Mantingh, I.; Brouwer, N.; Biber, K.; Kiist, B.M.; Liem, R.S.; Huitinga, I; Tilders, FJ.H.; Van Dam, A.M.; Boddeke,
H.W.G.M. Expression of interleukin-1 beta in rat dorsal root ganglia. . Neuroimmunol. 2001, 118, 203-211. [CrossRef]

19. Yan, H.Q.; Banos, M.A.; Herregodsts, P.; Hooghe, R.; Hooghe-Peters, E.L. Expression of interleukin (IL)-1 beta, IL-6 and their
respective receptors in the normal rat brain and after injury. Eur. J. Immunol. 1992, 22, 2963-2971. [CrossRef]

20. Watkins, L.R.; Wiertelak, E.P.; Goehler, L.E.; Smith, K.P.; Martin, D.; Maier, S.F. Characterization of cytokine-induced hyperalgesia.
Brain Res. 1994, 654, 15-26. [CrossRef]

21.  Perkins, M.N.; Kelly, D. Interleukin-1 beta induced-desArg9bradykinin-mediated thermal hyperalgesia in the rat. Neuropharmacology
1994, 33, 657-660. [CrossRef] [PubMed]

22.  Schweizer, A.; Feige, U.; Fontana, A.; Miiller, K.; Dinarello, C.A. Interleukin-1 enhances pain reflexes. Mediation through
increased prostaglandin E2 levels. Agents Actions 1988, 25, 246-251. [CrossRef] [PubMed]

23. Jeanjean, A.P; Moussaoui, S.M.; Maloteaux, ].M.; Laduron, P.M. Interleukin-1 beta induces long-term increase of axonally
transported opiate receptors and substance P. Neuroscience 1995, 68, 151-157. [CrossRef] [PubMed]

24. Sweitzer, S.; Martin, D.; DeLeo, J.A. Intrathecal interleukin-1 receptor antagonist in combination with soluble tumor necrosis
factor receptor exhibits an anti-allodynic action in a rat model of neuropathic pain. Neuroscience 2001, 103, 529-539. [CrossRef]
[PubMed]

25. Boka, G.; Anglade, P.; Wallach, D.; Javoy-Agid, F.; Agid, Y.; Hirsch, E.C. Immunocytochemical analysis of tumor necrosis factor
and its receptors in Parkinson’s disease. Neurosci. Lett. 1994, 172, 151-154. [CrossRef] [PubMed]

26. Woolf, C.J.; Allchorne, A.; Safieh-Garabedian, B.; Poole, S. Cytokines, nerve growth factor and inflammatory hyperalgesia: The

contribution of tumour necrosis factor alpha. Br. . Pharmacol. 1997, 121, 417-424. [CrossRef] [PubMed]


https://doi.org/10.1097/AIA.0b013e318034194e
https://www.ncbi.nlm.nih.gov/pubmed/17426506
https://www.ncbi.nlm.nih.gov/pubmed/12617561
https://doi.org/10.1039/D1MD00280E
https://www.ncbi.nlm.nih.gov/pubmed/35685617
https://doi.org/10.3389/fpain.2022.991736
https://www.ncbi.nlm.nih.gov/pubmed/36093389
https://doi.org/10.3390/ijerph20043064
https://doi.org/10.3390/ijms24054811
https://doi.org/10.1002/btm2.10389
https://www.ncbi.nlm.nih.gov/pubmed/36925680
https://doi.org/10.3390/ph16101366
https://doi.org/10.3389/fphar.2023.1297931
https://doi.org/10.1186/s12891-024-07289-1
https://doi.org/10.1186/s13578-024-01227-3
https://www.ncbi.nlm.nih.gov/pubmed/38643205
https://doi.org/10.1002/1873-3468.14201
https://www.ncbi.nlm.nih.gov/pubmed/34618359
https://doi.org/10.2147/JPR.S246883
https://www.ncbi.nlm.nih.gov/pubmed/35957964
https://doi.org/10.1093/rheumatology/keac659
https://www.ncbi.nlm.nih.gov/pubmed/36413080
https://doi.org/10.2147/OARRR.S291388
https://doi.org/10.3390/tropicalmed9010013
https://www.ncbi.nlm.nih.gov/pubmed/38251210
https://doi.org/10.1172/JCI2629
https://doi.org/10.1016/s0165-5728(01)00324-1
https://doi.org/10.1002/eji.1830221131
https://doi.org/10.1016/0006-8993(94)91566-0
https://doi.org/10.1016/0028-3908(94)90171-6
https://www.ncbi.nlm.nih.gov/pubmed/7936101
https://doi.org/10.1007/BF01965025
https://www.ncbi.nlm.nih.gov/pubmed/3265268
https://doi.org/10.1016/0306-4522(95)00106-s
https://www.ncbi.nlm.nih.gov/pubmed/7477920
https://doi.org/10.1016/s0306-4522(00)00574-1
https://www.ncbi.nlm.nih.gov/pubmed/11246166
https://doi.org/10.1016/0304-3940(94)90684-x
https://www.ncbi.nlm.nih.gov/pubmed/8084523
https://doi.org/10.1038/sj.bjp.0701148
https://www.ncbi.nlm.nih.gov/pubmed/9179382

J. Pers. Med. 2024, 14, 537 22 of 32

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Cunha, F.Q.; Poole, S.; Lorenzetti, B.B.; Ferreira, S.H. The pivotal role of tumour necrosis factor alpha in the development of
inflammatory hyperalgesia. Br. |. Pharmacol. 1992, 107, 660—-664. [CrossRef]

Wagner, R.; Myers, R.R. Endoneurial injection of TNF-alpha produces neuropathic pain behaviors. Neuroreport 1996, 7, 2897-2901.
[CrossRef]

Li, T; Chen, X.; Zhang, C.; Zhang, Y.; Yao, W. An update on reactive astrocytes in chronic pain. J. Neuroinflam. 2019, 16, 140.
[CrossRef]

Ji, R-R.; Chamessian, A.; Zhang, Y.-Q. Pain regulation by non-neuronal cells and inflammation. Science 2016, 354, 572-577.
[CrossRef]

De Leo, J.A.; Tawfik, V.L.; LaCroix-Fralish, M.L. The tetrapartite synapse: Path to CNS sensitization and chronic pain. Pain 2006,
122,17-21. [CrossRef] [PubMed]

Watkins, L.R.; Milligan, E.D.; Maier, S.F. Spinal cord glia: New players in pain. Pain 2001, 93, 201-205. [CrossRef] [PubMed]
Scholz, J.; Woolf, C.J. The neuropathic pain triad: Neurons, immune cells and glia. Nat. Neurosci. 2007, 10, 1361-1368. [CrossRef]
[PubMed]

Milligan, E.D.; Watkins, L.R. Pathological and protective roles of glia in chronic pain. Nat. Rev. Neurosci. 2009, 10, 23-36.
[CrossRef] [PubMed]

Grace, PM.; Hutchinson, M.R.; Maier, S.E; Watkins, L.R. Pathological pain and the neuroimmune interface. Nat. Rev. Immunol.
2014, 14, 217-231. [CrossRef] [PubMed]

Zhuang, Z.-Y.; Kawasaki, Y.; Tan, P-H.; Wen, Y.-R.; Huang, J.; Ji, R--R. Role of the CX3CR1/p38 MAPK pathway in spinal microglia
for the development of neuropathic pain following nerve injury-induced cleavage of fractalkine. Brain Behav. Immun. 2007, 21,
642-651. [CrossRef] [PubMed]

Tsuda, M.; Shigemoto-Mogami, Y.; Koizumi, S.; Mizokoshi, A.; Kohsaka, S.; Salter, M.W.; Inoue, K. P2X4 receptors induced in
spinal microglia gate tactile allodynia after nerve injury. Nature 2003, 424, 778-783. [CrossRef] [PubMed]

Beggs, S.; Trang, T.; Salter, M.W. P2X4R+ microglia drive neuropathic pain. Nat. Neurosci. 2012, 15, 1068-1073. [CrossRef]
[PubMed]

Chavan, S.S.; Pavlov, V.A.; Tracey, K.J. Mechanisms and Therapeutic Relevance of Neuro-Immune Communication. Immunity
2017, 46, 927-942. [CrossRef]

Chen, G.; Zhang, Y.-Q.; Qadri, Y.J.; Serhan, C.N.; Ji, R--R. Microglia in Pain: Detrimental and Protective Roles in Pathogenesis and
Resolution of Pain. Neuron 2018, 100, 1292-1311. [CrossRef]

Watkins, L.R.; Hutchinson, M.R.; Ledeboer, A.; Wieseler-Frank, J.; Milligan, E.D.; Maier, S.F. Glia as the “bad guys”: Implications
for improving clinical pain control and the clinical utility of opioids. Brain Behav. Immun. 2007, 21, 131-146. [CrossRef] [PubMed]
Zhang, Z.-].; Jiang, B.-C.; Gao, Y.-J. Chemokines in neuron—glial cell interaction and pathogenesis of neuropathic pain. Cell. Mol.
Life Sci. 2017, 74, 3275-3291. [CrossRef] [PubMed]

Tong, L.; Yu, H.; Huang, X,; Shen, J.; Xiao, G.; Chen, L.; Wang, H.; Xing, L.; Chen, D. Current understanding of osteoarthritis
pathogenesis and relevant new approaches. Bone Res. 2022, 10, 60. [CrossRef] [PubMed]

Chang, T.-T.; Chang, Y.-H.; Du, S.-H.; Chen, P-J.; Wang, X.-Q. Non-invasive brain neuromodulation techniques for chronic low
back pain. Front. Mol. Neurosci. 2022, 15, 1032617. [CrossRef] [PubMed]

Mustafa, S.; Bajic, J.E.; Barry, B.; Evans, S.; Siemens, K.R.; Hutchinson, M.R.; Grace, PM. One immune system plays many
parts: The dynamic role of the immune system in chronic pain and opioid pharmacology. Neuropharmacology 2023, 228, 109459.
[CrossRef]

Wang, ].; Zheng, G.; Wang, L.; Meng, L.; Ren, J.; Shang, L.; Li, D.; Bao, Y. Dysregulation of sphingolipid metabolism in pain. Front.
Pharmacol. 2024, 15, 1337150. [CrossRef]

Luis, J.P,; Simées, C.]J.V.; Brito, R M.M. The Therapeutic Prospects of Targeting IL-1R1 for the Modulation of Neuroinflammation
in Central Nervous System Disorders. Int. . Mol. Sci. 2022, 23, 1731. [CrossRef]

Boakye, P.A.; Tang, S.-J.; Smith, P.A. Mediators of Neuropathic Pain; Focus on Spinal Microglia, CSE-1, BDNF, CCL21, TNF-«,
Wnt Ligands, and Interleukin 1p. Front. Pain Res. 2021, 2, 698157. [CrossRef]

Fulop, B.; Hunyady, A.; Bencze, N.; Kormos, V,; Szentes, N.; Dénes, A.; Lénért, N.; Borbély, E,; Helyes, Z. IL-1 Mediates Chronic
Stress-Induced Hyperalgesia Accompanied by Microglia and Astroglia Morphological Changes in Pain-Related Brain Regions in
Mice. Int. J. Mol. Sci. 2023, 24, 5479. [CrossRef]

Green-Fulgham, S.M.; Ball, ].B.; Kwilasz, A.J.; Harland, M.E.; Frank, M.G.; Dragavon, ].M.; Grace, PM.; Watkins, L.R. Interleukin-
1beta and inflammasome expression in spinal cord following chronic constriction injury in male and female rats. Brain Behav.
Immun. 2024, 115, 157-168. [CrossRef]

Gui, W.-S.; Wei, X.; Mai, C.-L.; Murugan, M.; Wu, L.-].; Xin, W.-].; Zhou, L.-J.; Liu, X.-G. Interleukin-1 overproduction is a
common cause for neuropathic pain, memory deficit, and depression following peripheral nerve injury in rodents. Mol. Pain
2016, 12, 174480691664678. [CrossRef] [PubMed]

Jin, M.Y,; Everett, E.S.; Abd-Elsayed, A. Microbiological and Physiological Effects of Pain. Curr. Pain Headache Rep. 2023, 27,
165-173. [CrossRef] [PubMed]

Garcia-Fernandez, P.; Reinhold, C.; Ugeyler, N.; Sommer, C. Local Inflammatory Mediators Involved in Neuropathic Pain. Int. J.
Mol. Sci. 2023, 24, 7814. [CrossRef] [PubMed]


https://doi.org/10.1111/j.1476-5381.1992.tb14503.x
https://doi.org/10.1097/00001756-199611250-00018
https://doi.org/10.1186/s12974-019-1524-2
https://doi.org/10.1126/science.aaf8924
https://doi.org/10.1016/j.pain.2006.02.034
https://www.ncbi.nlm.nih.gov/pubmed/16564626
https://doi.org/10.1016/S0304-3959(01)00359-1
https://www.ncbi.nlm.nih.gov/pubmed/11514078
https://doi.org/10.1038/nn1992
https://www.ncbi.nlm.nih.gov/pubmed/17965656
https://doi.org/10.1038/nrn2533
https://www.ncbi.nlm.nih.gov/pubmed/19096368
https://doi.org/10.1038/nri3621
https://www.ncbi.nlm.nih.gov/pubmed/24577438
https://doi.org/10.1016/j.bbi.2006.11.003
https://www.ncbi.nlm.nih.gov/pubmed/17174525
https://doi.org/10.1038/nature01786
https://www.ncbi.nlm.nih.gov/pubmed/12917686
https://doi.org/10.1038/nn.3155
https://www.ncbi.nlm.nih.gov/pubmed/22837036
https://doi.org/10.1016/j.immuni.2017.06.008
https://doi.org/10.1016/j.neuron.2018.11.009
https://doi.org/10.1016/j.bbi.2006.10.011
https://www.ncbi.nlm.nih.gov/pubmed/17175134
https://doi.org/10.1007/s00018-017-2513-1
https://www.ncbi.nlm.nih.gov/pubmed/28389721
https://doi.org/10.1038/s41413-022-00226-9
https://www.ncbi.nlm.nih.gov/pubmed/36127328
https://doi.org/10.3389/fnmol.2022.1032617
https://www.ncbi.nlm.nih.gov/pubmed/36340685
https://doi.org/10.1016/j.neuropharm.2023.109459
https://doi.org/10.3389/fphar.2024.1337150
https://doi.org/10.3390/ijms23031731
https://doi.org/10.3389/fpain.2021.698157
https://doi.org/10.3390/ijms24065479
https://doi.org/10.1016/j.bbi.2023.10.004
https://doi.org/10.1177/1744806916646784
https://www.ncbi.nlm.nih.gov/pubmed/27175012
https://doi.org/10.1007/s11916-023-01114-5
https://www.ncbi.nlm.nih.gov/pubmed/37086365
https://doi.org/10.3390/ijms24097814
https://www.ncbi.nlm.nih.gov/pubmed/37175520

J. Pers. Med. 2024, 14, 537 23 of 32

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Li, Y,; Shi, W.; Dai, J.; Jia, Q.; Guo, G.; Zhang, Y.; Zhang, W. Upregulated TNF-« and Lactate following ERK-SGK1 Activation in
the Spinal Dorsal Horn Underlies Chronic Postsurgical Pain. Chin. |. Physiol. 2023, 66, 144-152. [CrossRef]

Duan, Y.; Li, Q.; Zhou, Y,; Chen, S;; Li, Y,; Zang, Y. Activation of the TNF-x-Necroptosis Pathway in Parvalbumin-Expressing
Interneurons of the Anterior Cingulate Cortex Contributes to Neuropathic Pain. Int. J. Mol. Sci. 2023, 24, 15454. [CrossRef]
[PubMed]

Denaro, S.; Pasquinucci, L.; Turnaturi, R.; Alberghina, C.; Longhitano, L.; Giallongo, S.; Costanzo, G.; Spoto, S.; Grasso, M.;
Zappala, A.; et al. Sigma-1 Receptor Inhibition Reduces Mechanical Allodynia and Modulate Neuroinflammation in Chronic
Neuropathic Pain. Mol. Neurobiol. 2024, 61, 2672-2685. [CrossRef]

Gong, M,; Qi, S.;; Wu, Z,; Huang, Y.; Wu, L.; Wang, X.; He, L.; Lin, L.; Lin, D. A novel therapeutic approach to modulate the
inflammatory cascade: A timely exogenous local inflammatory response attenuates the sepsis-induced cytokine storm. Cytokine
2024, 176, 156533. [CrossRef] [PubMed]

Duan, Y.-W,; Chen, S.-X,; Li, Q.-Y.; Zang, Y. Neuroimmune Mechanisms Underlying Neuropathic Pain: The Potential Role of
TNF-a-Necroptosis Pathway. Int. J. Mol. Sci. 2022, 23, 7191. [CrossRef] [PubMed]

Serizawa, K.; Tomizawa-Shinohara, H.; Miyake, S.; Yogo, K.; Matsumoto, Y. Interleukin-6: Evolving role in the management of
neuropathic pain in neuroimmunological disorders. Inflamm. Regen. 2021, 41, 34. [CrossRef]

Wang, M.-].; Jing, X.-Y.; Wang, Y.-Z.; Yang, B.-R.; Lu, Q.; Hu, H.; Kang, L. Exercise, Spinal Microglia and Neuropathic Pain:
Potential Molecular Mechanisms. Neurochem. Res. 2024, 49, 29-37. [CrossRef]

Kawasaki, Y.; Zhang, L.; Cheng, J.-K,; Ji, R.-R. Cytokine Mechanisms of Central Sensitization: Distinct and Overlapping Role
of Interleukin-1p, Interleukin-6, and Tumor Necrosis Factor-o in Regulating Synaptic and Neuronal Activity in the Superficial
Spinal Cord. J. Neurosci. 2008, 28, 5189-5194. [CrossRef] [PubMed]

Kwak, S.; Chun, Y;; Rhyu, K.; Cha, J.; Cho, Y. Quantitative Analysis of Tissue Injury after Minimally Invasive Total Hip
Arthroplasty. Clin. Orthop. Surg. 2014, 6, 279. [CrossRef] [PubMed]

Tao, X.; Luo, X.; Zhang, T.; Hershey, B.; Esteller, R.; Ji, R.-R. Spinal Cord Stimulation Attenuates Mechanical Allodynia and
Increases Central Resolvin D1 Levels in Rats with Spared Nerve Injury. Front. Physiol. 2021, 12, 687046. [CrossRef] [PubMed]
Cui, X,; Liu, J.; Uniyal, A.; Xu, Q.; Zhang, C.; Zhu, G.; Yang, F,; Sivanesan, E.; Linderoth, B.; Raja, S.N.; et al. Enhancing spinal cord
stimulation-induced pain inhibition by augmenting endogenous adenosine signalling after nerve injury in rats. Br. ]. Anaesth.
2024, 132, 746-757. [CrossRef] [PubMed]

Shu, B.; He, S.-Q.; Guan, Y. Spinal Cord Stimulation Enhances Microglial Activation in the Spinal Cord of Nerve-Injured Rats.
Neurosci. Bull. 2020, 36, 1441-1453. [CrossRef] [PubMed]

Milligan, E.D.; Sloane, E.M.; Langer, S.J.; Cruz, PE.; Chacur, M.; Spataro, L.; Wieseler-Frank, J.; Hammack, S.E.; Maier, S.F,;
Flotte, T.R.; et al. Controlling neuropathic pain by adeno-associated virus driven production of the anti-inflammatory cytokine,
interleukin-10. Mol. Pain 2005, 1, 9. [CrossRef] [PubMed]

Ugeyler, N.; Valenza, R.; Stock, M.; Schedel, R.; Sprotte, G.; Sommer, C. Reduced levels of antiinflammatory cytokines in patients
with chronic widespread pain. Arthritis Rheum. 2006, 54, 2656-2664. [CrossRef] [PubMed]

Celik, M.O.; Labuz, D.; Keye, J.; Glauben, R.; Machelska, H. IL-4 induces M2 macrophages to produce sustained analgesia via
opioids. JCI Insight 2020, 5, €133093. [CrossRef] [PubMed]

Mizher, H.; Zin, C.S.; Helal Uddin, A.B.; Mohamed, A .H.; Ling, T.H.; Izzat, M. Plasma Concentrations of Pro-inflammatory
Cytokine IL-6 and Antiinflammatory Cytokine IL-10 in Short- and Long-term Opioid Users with Noncancer Pain. J. Pharm.
Bioallied Sci. 2020, 12, S663-S666. [CrossRef]

Prado, J.; Westerink, R.H.S.; Popov-Celeketic, J.; Steen-Louws, C.; Pandit, A.; Versteeg, S.; van de Worp, W.; Kanters, D.H.A ] ;
Reedquist, K.A.; Koenderman, L.; et al. Cytokine receptor clustering in sensory neurons with an engineered cytokine fusion
protein triggers unique pain resolution pathways. Proc. Natl. Acad. Sci. USA 2021, 118, €2009647118. [CrossRef]

Hainsworth, K.R.; Simpson, PM.; Raff, H.; Grayson, M.H.; Zhang, L.; Weisman, S.J. Circulating inflammatory biomarkers in
adolescents: Evidence of interactions between chronic pain and obesity. Pain Rep. 2021, 6, €916. [CrossRef]

Atta, A.A.; Ibrahim, WW.; Mohamed, A.F.; Abdelkader, N.F. Microglia polarization in nociplastic pain: Mechanisms and
perspectives. Inflammopharmacology 2023, 31, 1053-1067. [CrossRef]

Neidhardt, R.; Keel, M.; Steckholzer, U.; Safret, A.; Ungethuem, U.; Trentz, O.; Ertel, W. Relationship of interleukin-10 plasma
levels to severity of injury and clinical outcome in injured patients. J. Trauma. 1997, 42, 863-870; discussion 870-871. [CrossRef]
Smith, R.M.,; Giannoudis, P.V.; Bellamy, M.C.; Perry, S.L.; Dickson, R.A.; Guillou, PJ. Interleukin-10 release and monocyte human
leukocyte antigen-DR expression during femoral nailing. Clin. Orthop. Relat. Res. 2000, 373, 233-240. [CrossRef] [PubMed]
Klava, A.; Windsor, A.C.; Farmery, S.M.; Woodhouse, L.E,; Reynolds, J.V.; Ramsden, C.W.; Boylston, A.W.; Guillou, PJ. Interleukin-
10. A role in the development of postoperative immunosuppression. Arch. Surg. 1997, 132, 425-429. [CrossRef] [PubMed]
Lyons, A.; Kelly, J.L.; Rodrick, M.L.; Mannick, J.A.; Lederer, J.A. Major injury induces increased production of interleukin-10 by
cells of the immune system with a negative impact on resistance to infection. Ann. Surg. 1997, 226, discussion 458-460. [CrossRef]
Hensler, T.; Hecker, H.; Heeg, K.; Heidecke, C.D.; Bartels, H.; Barthlen, W.; Wagner, H.; Siewert, ].R.; Holzmann, B. Distinct
mechanisms of immunosuppression as a consequence of major surgery. Infect. Immun. 1997, 65, 2283-2291. [CrossRef] [PubMed]
Brune, I.B.; Wilke, W.; Hensler, T.; Holzmann, B.; Siewert, ].R. Downregulation of T helper type 1 immune response and altered
pro-inflammatory and anti-inflammatory T cell cytokine balance following conventional but not laparoscopic surgery. Am. ].
Surg. 1999, 177, 55-60. [CrossRef]


https://doi.org/10.4103/cjop.CJOP-D-22-00085
https://doi.org/10.3390/ijms242015454
https://www.ncbi.nlm.nih.gov/pubmed/37895135
https://doi.org/10.1007/s12035-023-03717-w
https://doi.org/10.1016/j.cyto.2024.156533
https://www.ncbi.nlm.nih.gov/pubmed/38340550
https://doi.org/10.3390/ijms23137191
https://www.ncbi.nlm.nih.gov/pubmed/35806192
https://doi.org/10.1186/s41232-021-00184-5
https://doi.org/10.1007/s11064-023-04025-4
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
https://www.ncbi.nlm.nih.gov/pubmed/18480275
https://doi.org/10.4055/cios.2014.6.3.279
https://www.ncbi.nlm.nih.gov/pubmed/25177452
https://doi.org/10.3389/fphys.2021.687046
https://www.ncbi.nlm.nih.gov/pubmed/34248674
https://doi.org/10.1016/j.bja.2024.01.005
https://www.ncbi.nlm.nih.gov/pubmed/38310069
https://doi.org/10.1007/s12264-020-00568-6
https://www.ncbi.nlm.nih.gov/pubmed/32889636
https://doi.org/10.1186/1744-8069-1-9
https://www.ncbi.nlm.nih.gov/pubmed/15813997
https://doi.org/10.1002/art.22026
https://www.ncbi.nlm.nih.gov/pubmed/16871547
https://doi.org/10.1172/jci.insight.133093
https://www.ncbi.nlm.nih.gov/pubmed/32102987
https://doi.org/10.4103/jpbs.JPBS_13_20
https://doi.org/10.1073/pnas.2009647118
https://doi.org/10.1097/PR9.0000000000000916
https://doi.org/10.1007/s10787-023-01216-x
https://doi.org/10.1097/00005373-199705000-00017
https://doi.org/10.1097/00003086-200004000-00028
https://www.ncbi.nlm.nih.gov/pubmed/10810482
https://doi.org/10.1001/archsurg.1997.01430280099016
https://www.ncbi.nlm.nih.gov/pubmed/9108765
https://doi.org/10.1097/00000658-199710000-00006
https://doi.org/10.1128/iai.65.6.2283-2291.1997
https://www.ncbi.nlm.nih.gov/pubmed/9169765
https://doi.org/10.1016/s0002-9610(98)00299-2

J. Pers. Med. 2024, 14, 537 24 of 32

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Miller-Graziano, C.L.; De, A K.; Kodys, K. Altered IL-10 levels in trauma patients’ M phi and T lymphocytes. J. Clin. Immunol.
1995, 15, 93-104. [CrossRef]

Hauser, C.J.; Joshi, P.; Zhou, X.; Kregor, P; Hardy, K.J.; Devidas, M.; Scott, P.; Hughes, J.L. Production of interleukin-10 in human
fracture soft-tissue hematomas. Shock 1996, 6, 3—6. [CrossRef]

Giannoudis, P.V.; Smith, R.M.; Perry, S.L.; Windsor, A.].; Dickson, R.A.; Bellamy, M.C. Immediate IL-10 expression following
major orthopaedic trauma: Relationship to anti-inflammatory response and subsequent development of sepsis. Intensive Care
Med. 2000, 26, 1076-1081. [CrossRef] [PubMed]

Clementsen, T.; Krohn, C.D.; Reikeras, O. Systemic and local cytokine patterns during total hip surgery. Scand. ]. Clin. Lab.
Investig. 2006, 66, 535-542. [CrossRef]

Wilkerson, J.L.; Gentry, KR.; Dengler, E.C.; Wallace, ].A.; Kerwin, A.A.; Kuhn, M.N.; Zvonok, A.M.; Thakur, G.A.; Makriyannis,
A.; Milligan, E.D. Immunofluorescent spectral analysis reveals the intrathecal cannabinoid agonist, AM1241, produces spinal
anti-inflammatory cytokine responses in neuropathic rats exhibiting relief from allodynia. Brain Behav. 2012, 2, 155-177. [CrossRef]
[PubMed]

Khan, ].; Ramadan, K.; Korczeniewska, O.; Anwer, M.M.; Benoliel, R.; Eliav, E. Interleukin-10 levels in rat models of nerve damage
and neuropathic pain. Neurosci. Lett. 2015, 592, 99-106. [CrossRef] [PubMed]

Wilkerson, J.L.; Gentry, K.R.; Dengler, E.C.; Wallace, J.A.; Kerwin, A.A.; Armijo, L.M.; Kuhn, M.N.; Thakur, G.A.; Makriyannis, A.;
Milligan, E.D. Intrathecal cannabilactone CB2R agonist, AM1710, controls pathological pain and restores basal cytokine levels.
Pain 2012, 153, 1091-1106. [CrossRef] [PubMed]

Jancalek, R.; Svizenska, I.; Klusakova, I.; Dubovy, P. Bilateral changes of IL-10 protein in lumbar and cervical dorsal root ganglia
following proximal and distal chronic constriction injury of peripheral nerve. Neurosci. Lett. 2011, 501, 86-91. [CrossRef]
Jancalek, R.; Dubovy, P; Svizenska, I.; Klusdkova, 1. Bilateral changes of TNF-o and IL-10 protein in the lumbar and cervical
dorsal root ganglia following a unilateral chronic constriction injury of the sciatic nerve. J. Neuroinflam. 2010, 7, 11. [CrossRef]
[PubMed]

Milligan, E.D.; Langer, S.J.; Sloane, E.M.; He, L.; Wieseler-Frank, J.; O’Connor, K.; Martin, D.; Forsayeth, ].R.; Maier, S.F.; Johnson,
K. et al. Controlling pathological pain by adenovirally driven spinal production of the anti-inflammatory cytokine, interleukin-10.
Eur. J. Neurosci. 2005, 21, 2136-2148. [CrossRef] [PubMed]

Beutler, A.S.; Reinhardt, M. AAV for pain: Steps towards clinical translation. Gene Ther. 2009, 16, 461—469. [CrossRef]

Wood, M.J.A.; Charlton, H.M.; Wood, K.J.; Kajiwara, K.; Byrnes, A.P. Inmune responses to adenovirus vectors in the nervous
system. Trends Neurosci. 1996, 19, 497-501. [CrossRef]

Zheng, W.; Huang, W.; Liu, S.; Levitt, R.C.; Candiotti, K.A.; Lubarsky, D.A.; Hao, S. Interleukin 10 Mediated by Herpes Simplex
Virus Vectors Suppresses Neuropathic Pain Induced by Human Immunodeficiency Virus gp120 in Rats. Anesth. Analg. 2014, 119,
693-701. [CrossRef] [PubMed]

Zheng, W.; Huang, W,; Liu, S.; Levitt, R.C.; Candiotti, K.A.; Lubarsky, D.A.; Hao, S. IL-10 Mediated by Herpes Simplex Virus
Vector Reduces Neuropathic Pain Induced by HIV gp120 Combined with ddC in Rats. Mol. Pain 2014, 10, 1744-8069. [CrossRef]
Lau, D.; Harte, S.E.; Morrow, T.J.; Wang, S.; Mata, M.; Fink, D.J. Herpes Simplex Virus Vector-Mediated Expression of Interleukin-
10 Reduces Below-Level Central Neuropathic Pain after Spinal Cord Injury. Neurorehabilit. Neural Repair 2012, 26, 889-897.
[CrossRef]

Soderquist, R.G.; Milligan, E.D.; Harrison, J.A.; Chavez, R.A.; Johnson, KW.; Watkins, L.R.; Mahoney, M.]. PEGylation of
interleukin-10 for the mitigation of enhanced pain states. J. Biomed. Mater. Res. Part A 2010, 93A, 1169-1179. [CrossRef] [PubMed]
Grace, PM.; Loram, L.C.; Christianson, J.P,; Strand, K.A.; Flyer-Adams, ].G.; Penzkover, K.R.; Forsayeth, ].R.; van Dam, A.-M,;
Mahoney, M.].; Maier, S.E,; et al. Behavioral assessment of neuropathic pain, fatigue, and anxiety in experimental autoimmune
encephalomyelitis (EAE) and attenuation by interleukin-10 gene therapy. Brain Behav. Immun. 2017, 59, 49-54. [CrossRef]
[PubMed]

Sloane, E.; Ledeboer, A.; Seibert, W.; Coats, B.; van Strien, M.; Maier, S.E.; Johnson, K.; Chavez, R.; Watkins, L.; Leinwand, L.;
et al. Anti-inflammatory cytokine gene therapy decreases sensory and motor dysfunction in experimental Multiple Sclerosis:
MOG-EAE behavioral and anatomical symptom treatment with cytokine gene therapy. Brain Behav. Immun. 2009, 23, 92-100.
[CrossRef] [PubMed]

Milligan, E.D.; Soderquist, R.G.; Malone, S.M.; Mahoney, ].H.; Hughes, T.S.; Langer, S.J.; Sloane, E.M.; Maier, S.F,; Leinwand,
L.A.; Watkins, L.R,; et al. Intrathecal polymer-based interleukin-10 gene delivery for neuropathic pain. Neuron Glia Biol. 2006, 2,
293-308. [CrossRef] [PubMed]

Milligan, E.D.; Penzkover, K.R.; Soderquist, R.G.; Mahoney, M.]. Spinal Interleukin-10 Therapy to Treat Peripheral Neuropathic
Pain. Neuromodul. Technol. Neural Interface 2012, 15, 520-526. [CrossRef] [PubMed]

Dengler, E.C.; Alberti, L.A.; Bowman, B.N.; Kerwin, A.A.; Wilkerson, J.L.; Moezzi, D.R.; Limanovich, E.; Wallace, J.A.; Milligan,
E.D. Improvement of spinal non-viral IL-10gene delivery by D-mannose as a transgene adjuvant to control chronic neuropathic
pain. J. Neuroinflam. 2014, 11, 92. [CrossRef]

Soderquist, R.G.; Sloane, E.M.; Loram, L.C.; Harrison, J.A.; Dengler, E.C.; Johnson, S.M.; Amer, L.D.; Young, C.S.; Lewis, M.T,;
Poole, S.; et al. Release of Plasmid DNA-Encoding IL-10 from PLGA Microparticles Facilitates Long-Term Reversal of Neuropathic
Pain Following a Single Intrathecal Administration. Pharm. Res. 2010, 27, 841-854. [CrossRef]


https://doi.org/10.1007/BF01541737
https://doi.org/10.1097/00024382-199607000-00002
https://doi.org/10.1007/s001340051320
https://www.ncbi.nlm.nih.gov/pubmed/11030163
https://doi.org/10.1080/00365510600889635
https://doi.org/10.1002/brb3.44
https://www.ncbi.nlm.nih.gov/pubmed/22574283
https://doi.org/10.1016/j.neulet.2015.03.001
https://www.ncbi.nlm.nih.gov/pubmed/25757362
https://doi.org/10.1016/j.pain.2012.02.015
https://www.ncbi.nlm.nih.gov/pubmed/22425445
https://doi.org/10.1016/j.neulet.2011.06.052
https://doi.org/10.1186/1742-2094-7-11
https://www.ncbi.nlm.nih.gov/pubmed/20146792
https://doi.org/10.1111/j.1460-9568.2005.04057.x
https://www.ncbi.nlm.nih.gov/pubmed/15869510
https://doi.org/10.1038/gt.2009.23
https://doi.org/10.1016/S0166-2236(96)10060-6
https://doi.org/10.1213/ANE.0000000000000311
https://www.ncbi.nlm.nih.gov/pubmed/25137003
https://doi.org/10.1186/1744-8069-10-49
https://doi.org/10.1177/1545968312445637
https://doi.org/10.1002/jbm.a.32611
https://www.ncbi.nlm.nih.gov/pubmed/19768789
https://doi.org/10.1016/j.bbi.2016.05.012
https://www.ncbi.nlm.nih.gov/pubmed/27189037
https://doi.org/10.1016/j.bbi.2008.09.004
https://www.ncbi.nlm.nih.gov/pubmed/18835435
https://doi.org/10.1017/S1740925X07000488
https://www.ncbi.nlm.nih.gov/pubmed/18079973
https://doi.org/10.1111/j.1525-1403.2012.00462.x
https://www.ncbi.nlm.nih.gov/pubmed/22672183
https://doi.org/10.1186/1742-2094-11-92
https://doi.org/10.1007/s11095-010-0077-y

J. Pers. Med. 2024, 14, 537 250f 32

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Sloane, E.; Langer, S.; Jekich, B.; Mahoney, J.; Hughes, T.; Frank, M.; Seibert, W.; Huberty, G.; Coats, B.; Harrison, J.; et al.
Immunological priming potentiates non-viral anti-inflammatory gene therapy treatment of neuropathic pain. Gene Ther. 2009, 16,
1210-1222. [CrossRef] [PubMed]

Ledeboer, A.; Jekich, B.M.; Sloane, E.M.; Mahoney, ].H.; Langer, S.J.; Milligan, E.D.; Martin, D.; Maier, S.E.; Johnson, K.W.; Lein-
wand, L.A ; et al. Intrathecal interleukin-10 gene therapy attenuates paclitaxel-induced mechanical allodynia and proinflammatory
cytokine expression in dorsal root ganglia in rats. Brain Behav. Immun. 2007, 21, 686—698. [CrossRef] [PubMed]

Milligan, E.D.; Sloane, E.M.; Langer, S.J.; Hughes, T.S.; Jekich, B.M.; Frank, M.G.; Mahoney, ].H.; Levkoff, L.H.; Maier, S.F,; Cruz,
PE.; et al. Repeated intrathecal injections of plasmid DNA encoding interleukin-10 produce prolonged reversal of neuropathic
pain. Pain 2006, 126, 294-308. [CrossRef] [PubMed]

Vanderwall, A.G.; Noor, S.; Sun, M.S.; Sanchez, ].E.; Yang, X.O.; Jantzie, L.L.; Mellios, N.; Milligan, E.D. Effects of spinal non-viral
interleukin-10 gene therapy formulated with d-mannose in neuropathic interleukin-10 deficient mice: Behavioral characterization,
mRNA and protein analysis in pain relevant tissues. Brain Behav. Immun. 2018, 69, 91-112. [CrossRef]

Slovacek, H.; Khanna, R.; Poredos, P.; Poredos, P.; Jezovnik, M.; Hoppensteadt, D.; Fareed, J.; Hopkinson, W. Interrelationship of
MMP-9, Proteoglycan-4, and Inflammation in Osteoarthritis Patients Undergoing Total Hip Arthroplasty. Clin. Appl. Thromb.
Hemost. 2021, 27, 107602962199556. [CrossRef] [PubMed]

Karpinski, R.; Krakowski, P; Jonak, J.; Machrowska, A.; Maciejewski, M. Comparison of Selected Classification Methods Based
on Machine Learning as a Diagnostic Tool for Knee Joint Cartilage Damage Based on Generated Vibroacoustic Processes. Appl.
Comput. Sci. 2023, 19, 136-150. [CrossRef]

Palazzo, C.; Nguyen, C.; Lefevre-Colau, M.-M.; Rannou, F; Poiraudeau, S. Risk factors and burden of osteoarthritis. Ann. Phys.
Rehabil. Med. 2016, 59, 134-138. [CrossRef] [PubMed]

Lee, R.; Kean, W.F. Obesity and knee osteoarthritis. Inflammopharmacology 2012, 20, 53-58. [CrossRef]

Felson, D.T. Osteoarthritis of the Knee. N. Engl. J. Med. 2006, 354, 841-848. [CrossRef]

Sharma, L. Osteoarthritis of the Knee. N. Engl. . Med. 2021, 384, 51-59. [CrossRef]

Ho, J.; Mak, C.; Sharma, V.; To, K.; Khan, W. Mendelian Randomization Studies of Lifestyle-Related Risk Factors for Osteoarthritis:
A PRISMA Review and Meta-Analysis. Int. ]. Mol. Sci. 2022, 23, 11906. [CrossRef] [PubMed]

Karpinski, R. Knee Joint Osteoarthritis Diagnosis Based on Selected Acoustic Signal Discriminants Using Machine Learning. Appl.
Comput. Sci. 2022, 18, 71-85. [CrossRef]

Krakowski, P; Karpinski, R.; Maciejewski, R.; Jonak, ].; Jurkiewicz, A. Short-Term Effects of Arthroscopic Microfracturation of
Knee Chondral Defects in Osteoarthritis. Appl. Sci. 2020, 10, 8312. [CrossRef]

Bao, J.; Chen, W.; Wu, L. Lubricin: A novel potential biotherapeutic approaches for the treatment of osteoarthritis. Mol. Biol. Rep.
2011, 38, 2879-2885. [CrossRef]

Thorson, C.; Galicia, K.; Burleson, A.; Bouchard, O.; Hoppensteadt, D.; Fareed, J.; Hopkinson, W. Matrix Metalloproteinases
and Their Inhibitors and Proteoglycan 4 in Patients Undergoing Total Joint Arthroplasty. Clin. Appl. Thromb. Hemost. 2019, 25,
107602961982811. [CrossRef] [PubMed]

Goldring, M.B. Osteoarthritis and cartilage: The role of cytokines. Curr. Rheumatol. Rep. 2000, 2, 459-465. [CrossRef]

Nguyen, L.; Sharma, A.; Chakraborty, C.; Saibaba, B.; Ahn, M.-E.; Lee, S.-S. Review of Prospects of Biological Fluid Biomarkers in
Osteoarthritis. Int. J. Mol. Sci. 2017, 18, 601. [CrossRef]

Birlutiu, V.; Neamtu, B.; Birlutiu, R.-M.; Ghibu, A.M.; Dobritoiu, E.S. Our Experience with SARS-CoV-2 Infection and Acute
Kidney Injury: Results from a Single-Center Retrospective Observational Study. Healthcare 2023, 11, 2402. [CrossRef] [PubMed]
Birlutiu, V.; Birlutiu, R.M.; Chicea, L. Off-label tocilizumab and adjuvant iron chelator effectiveness in a group of severe COVID-19
pneumonia patients. Medicine 2021, 100, €25832. [CrossRef]

Birlutiu, V.; Dobritoiu, E.S.; Lupu, C.D.; Herteliu, C.; Birlutiu, R.M.; Dragomirescu, D.; Vorovenci, A.M. Our experience with
80 cases of SARS-CoV-2-Clostridioides difficile co-infection: An observational study. Medicine 2022, 101, €29823. [CrossRef]
Birlutiu, V.; Birlutiu, R.M.; Feiereisz, A.I. SARS-CoV-2 infection associated with micturition syncope. Medicine 2020, 99, e21512.
[CrossRef]

Oprinca, G.-C.; Oprinca-Muja, L.-A.; Mihalache, M.; Birlutiu, R.-M.; Birlutiu, V. Is SARS-CoV-2 Directly Responsible for Cardiac
Injury? Clinical Aspects and Postmortem Histopathologic and Immunohistochemical Analysis. Microorganisms 2022, 10, 1258.
[CrossRef] [PubMed]

Birlutiu, V.; Birlutiu, R.M.; Feiereisz, A.L; Dobritoiu, E.S. Facial palsy at the onset of SARS-CoV-2 infection. A case report. Germs
2023, 13, 65-71. [CrossRef] [PubMed]

Kim, J.Y.; Sandulescu, O.; Preotescu, L.-L.; Rivera-Martinez, N.E.; Dobryanska, M.; Birlutiu, V.; Miftode, E.G.; Gaibu, N.; Caliman-
Sturdza, O.; Florescu, S.-A.; et al. A Randomized Clinical Trial of Regdanvimab in High-Risk Patients with Mild-to-Moderate
Coronavirus Disease 2019. Open Forum Infect Dis. 2022, 9, ofac406. [CrossRef] [PubMed]

Birlutiu, V.; Sofariu, C.R. Association of hiccup and SARS-CoV-2 infection with the administration of dexamethasone: A case
report. Germs 2022, 12, 107-111. [CrossRef] [PubMed]

Kondo, F; Takegami, Y.; Ishizuka, S.; Hasegawa, Y.; Imagama, S. The association of the progression of knee osteoarthritis with
high-sensitivity CRP in community-dwelling people—The Yakumo study. Clin. Rheumatol. 2021, 40, 2643-2649. [CrossRef]


https://doi.org/10.1038/gt.2009.79
https://www.ncbi.nlm.nih.gov/pubmed/19571887
https://doi.org/10.1016/j.bbi.2006.10.012
https://www.ncbi.nlm.nih.gov/pubmed/17174526
https://doi.org/10.1016/j.pain.2006.07.009
https://www.ncbi.nlm.nih.gov/pubmed/16949747
https://doi.org/10.1016/j.bbi.2017.11.004
https://doi.org/10.1177/1076029621995569
https://www.ncbi.nlm.nih.gov/pubmed/33754883
https://doi.org/10.35784/acs-2023-40
https://doi.org/10.1016/j.rehab.2016.01.006
https://www.ncbi.nlm.nih.gov/pubmed/26904959
https://doi.org/10.1007/s10787-011-0118-0
https://doi.org/10.1056/NEJMcp051726
https://doi.org/10.1056/NEJMcp1903768
https://doi.org/10.3390/ijms231911906
https://www.ncbi.nlm.nih.gov/pubmed/36233208
https://doi.org/10.35784/acs-2022-14
https://doi.org/10.3390/app10238312
https://doi.org/10.1007/s11033-010-9949-9
https://doi.org/10.1177/1076029619828113
https://www.ncbi.nlm.nih.gov/pubmed/30754994
https://doi.org/10.1007/s11926-000-0021-y
https://doi.org/10.3390/ijms18030601
https://doi.org/10.3390/healthcare11172402
https://www.ncbi.nlm.nih.gov/pubmed/37685436
https://doi.org/10.1097/MD.0000000000025832
https://doi.org/10.1097/MD.0000000000029823
https://doi.org/10.1097/MD.0000000000021512
https://doi.org/10.3390/microorganisms10071258
https://www.ncbi.nlm.nih.gov/pubmed/35888977
https://doi.org/10.18683/germs.2023.1368
https://www.ncbi.nlm.nih.gov/pubmed/38023955
https://doi.org/10.1093/ofid/ofac406
https://www.ncbi.nlm.nih.gov/pubmed/36043180
https://doi.org/10.18683/germs.2022.1312
https://www.ncbi.nlm.nih.gov/pubmed/35601950
https://doi.org/10.1007/s10067-020-05541-2

J. Pers. Med. 2024, 14, 537 26 of 32

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Ganguly, A. Levels of C-reactive protein, creatine kinase-muscle and aldolase A are suitable biomarkers to detect the risk factors
for osteoarthritic disorders: A novel diagnostic protocol. Casp. |. Intern. Med. 2019, 10, 25-35. [CrossRef] [PubMed]

Yang, X.; Ruan, G.; Xu, J.; Zheng, S.; Wang, K.; Ding, C. Associations between suprapatellar pouch effusion-synovitis, serum
cartilage oligomeric matrix protein, high sensitivity C-reaction protein, knee symptom, and joint structural changes in patients
with knee osteoarthritis. Clin. Rheumatol. 2020, 39, 1663-1670. [CrossRef]

Wang, S.-L.; Zhang, R.; Hu, K.-Z; Li, M.-Q.; Li, Z.-C. Interleukin-34 Synovial Fluid Was Associated with Knee Osteoarthritis Sever-
ity: A Cross-Sectional Study in Knee Osteoarthritis Patients in Different Radiographic Stages. Dis. Markers 2018, 2018, 2095480.
[CrossRef]

Kraus, V.B.; Reed, A.; Soderblom, E.J.; Golightly, Y.M.; Nelson, A.E.; Li, Y.-]. Serum proteomic biomarkers diagnostic of knee
osteoarthritis. Osteoarthr. Cartil. 2024, 32, 329-337. [CrossRef]

Waller, K.A.; Chin, K.E; Jay, G.D.; Zhang, L.X; Teeple, E.; McAllister, S.; Badger, G.J.; Schmidt, T.A.; Fleming, B.C. Intra-articular
Recombinant Human Proteoglycan 4 Mitigates Cartilage Damage After Destabilization of the Medial Meniscus in the Yucatan
Minipig. Am. J. Sports Med. 2017, 45, 1512-1521. [CrossRef] [PubMed]

Larson, K.M.; Zhang, L.; Elsaid, K.A.; Schmidt, T.A.; Fleming, B.C.; Badger, G.J.; Jay, G.D. Reduction of friction by recombinant
human proteoglycan 4 in IL-1« stimulated bovine cartilage explants. J. Orthop. Res. 2017, 35, 580-589. [CrossRef] [PubMed]
Scotece, M.; Koskinen-Kolasa, A.; Pemmari, A.; Leppanen, T.; Himéldinen, M.; Moilanen, T.; Moilanen, E.; Vuolteenaho, K.
Novel adipokine associated with OA: Retinol binding protein 4 (RBP4) is produced by cartilage and is correlated with MMPs in
osteoarthritis patients. Inflamm. Res. 2020, 69, 415-421. [CrossRef] [PubMed]

Chavez, R.D.; Sohn, P; Serra, R. Prg4 prevents osteoarthritis induced by dominant-negative interference of TGF-8 signaling in
mice. PLoS ONE 2019, 14, €0210601. [CrossRef] [PubMed]

Stone, A.; Grol, M.W.; Ruan, M.Z.C.; Dawson, B.; Chen, Y.; Jiang, M.-M.; Song, L.-W.; Jayaram, P,; Cela, R.; Gannon, F; et al.
Combinatorial Prg4 and II-1ra Gene Therapy Protects Against Hyperalgesia and Cartilage Degeneration in Post-Traumatic
Osteoarthritis. Hum. Gene Ther. 2019, 30, 225-235. [CrossRef] [PubMed]

Reesink, H.L.; Watts, A.E.; Mohammed, H.O.; Jay, G.D.; Nixon, A.]. Lubricin/proteoglycan 4 increases in both experimental and
naturally occurring equine osteoarthritis. Osteoarthr. Cartil. 2017, 25, 128-137. [CrossRef] [PubMed]

Alquraini, A.; Jamal, M.; Zhang, L.; Schmidt, T.; Jay, G.D.; Elsaid, K.A. The autocrine role of proteoglycan-4 (PRG4) in modulating
osteoarthritic synoviocyte proliferation and expression of matrix degrading enzymes. Arthritis Res. Ther. 2017, 19, 89. [CrossRef]
[PubMed]

Slovacek, H.; Khanna, R.; Poredos, P.; Jezovnik, M.; Hoppensteadt, D.; Fareed, J.; Hopkinson, W. Interrelationship of Osteopontin,
MMP-9 and ADAMTS4 in Patients with Osteoarthritis Undergoing Total Joint Arthroplasty. Clin. Appl. Thromb. Hemost. 2020, 26,
107602962096486. [CrossRef] [PubMed]

Van den Bossche, J.; Baardman, J.; Otto, N.A.; van der Velden, S.; Neele, A.E.; van den Berg, S.M.; Luque-Martin, R.; Chen, H.-J.;
Boshuizen, M.C.; Ahmed, M.; et al. Mitochondrial Dysfunction Prevents Repolarization of Inflammatory Macrophages. Cell Rep.
2016, 17, 684—-696. [CrossRef]

Zhang, Q.; Sun, W.; Li, T; Liu, F Polarization Behavior of Bone Macrophage as Well as Associated Osteoimmunity in
Glucocorticoid-Induced Osteonecrosis of the Femoral Head. J. Inflamm. Res. 2023, 16, 879-894. [CrossRef]

Zhao, W.; Ma, L.; Deng, D.; Zhang, T.; Han, L.; Xu, F; Huang, S.; Ding, Y.; Chen, X. M2 macrophage polarization: A potential
target in pain relief. Front. Immunol. 2023, 14, 1243149. [CrossRef] [PubMed]

Zeng, W,; Li, F; Jin, S.; Ho, P.-C.; Liu, P-S,; Xie, X. Functional polarization of tumor-associated macrophages dictated by metabolic
reprogramming. J. Exp. Clin. Cancer Res. 2023, 42, 245. [CrossRef] [PubMed]

Xiao, P; Han, X.; Huang, Y.; Yang, J.; Chen, L.; Cai, Z.; Hu, N.; Cui, W.; Huang, W. Reprogramming macrophages via immune cell
mobilized hydrogel microspheres for osteoarthritis treatments. Bioact. Mater. 2024, 32, 242-259. [CrossRef] [PubMed]

Yuan, Z; Jiang, D.; Yang, M.; Tao, J.; Hu, X; Yang, X.; Zeng, Y. Emerging Roles of Macrophage Polarization in Osteoarthritis:
Mechanisms and Therapeutic Strategies. Orthop. Surg. 2024, 16, 532-550. [CrossRef] [PubMed]

Liu, Q.; Yan, X;; Yuan, Y.; Li, R;; Zhao, Y.; Fu, J.; Wang, J.; Su, ]. HTRA2/OMI-Mediated Mitochondrial Quality Control Alters
Macrophage Polarization Affecting Systemic Chronic Inflammation. Int. . Mol. Sci. 2024, 25, 1577. [CrossRef] [PubMed]

Wei, H.; Huang, H.; He, H.; Xiao, Y.; Chun, L,; Jin, Z; Li, H.; Zheng, L.; Zhao, ].; Qin, Z. Pt-Se Hybrid Nanozymes with Potent
Catalytic Activities to Scavenge ROS/RONS and Regulate Macrophage Polarization for Osteoarthritis Therapy. Research 2024,
7,0310. [CrossRef] [PubMed]

Sun, A.R; Panchal, S.K.; Friis, T,; Sekar, S.; Crawford, R.; Brown, L.; Xiao, Y.; Prasadam, I. Obesity-associated metabolic syndrome
spontaneously induces infiltration of pro-inflammatory macrophage in synovium and promotes osteoarthritis. PLoS ONE 2017,
12, e0183693. [CrossRef] [PubMed]

Larrafiaga-Vera, A.; Lamuedra, A.; Pérez-Baos, S.; Prieto-Potin, L ; Pefia, L.; Herrero-Beaumont, G.; Largo, R. Increased synovial
lipodystrophy induced by high fat diet aggravates synovitis in experimental osteoarthritis. Arthritis Res. Ther. 2017, 19, 264.
[CrossRef] [PubMed]

Yusuf, E.; Nelissen, R.G.; Ioan-Facsinay, A.; Stojanovic-Susulic, V.; DeGroot, J.; van Osch, G.; Middeldorp, S.; Huizinga, TW.J.;
Kloppenburg, M. Association between weight or body mass index and hand osteoarthritis: A systematic review. Ann. Rheum.
Dis. 2010, 69, 761-765. [CrossRef]


https://doi.org/10.22088/cjim.10.1.25
https://www.ncbi.nlm.nih.gov/pubmed/30858938
https://doi.org/10.1007/s10067-019-04905-7
https://doi.org/10.1155/2018/2095480
https://doi.org/10.1016/j.joca.2023.09.007
https://doi.org/10.1177/0363546516686965
https://www.ncbi.nlm.nih.gov/pubmed/28129516
https://doi.org/10.1002/jor.23367
https://www.ncbi.nlm.nih.gov/pubmed/27411036
https://doi.org/10.1007/s00011-020-01326-0
https://www.ncbi.nlm.nih.gov/pubmed/32095874
https://doi.org/10.1371/journal.pone.0210601
https://www.ncbi.nlm.nih.gov/pubmed/30629676
https://doi.org/10.1089/hum.2018.106
https://www.ncbi.nlm.nih.gov/pubmed/30070147
https://doi.org/10.1016/j.joca.2016.07.021
https://www.ncbi.nlm.nih.gov/pubmed/27498214
https://doi.org/10.1186/s13075-017-1301-5
https://www.ncbi.nlm.nih.gov/pubmed/28482921
https://doi.org/10.1177/1076029620964864
https://www.ncbi.nlm.nih.gov/pubmed/33350314
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.2147/JIR.S401968
https://doi.org/10.3389/fimmu.2023.1243149
https://www.ncbi.nlm.nih.gov/pubmed/37705982
https://doi.org/10.1186/s13046-023-02832-9
https://www.ncbi.nlm.nih.gov/pubmed/37740232
https://doi.org/10.1016/j.bioactmat.2023.09.010
https://www.ncbi.nlm.nih.gov/pubmed/37869722
https://doi.org/10.1111/os.13993
https://www.ncbi.nlm.nih.gov/pubmed/38296798
https://doi.org/10.3390/ijms25031577
https://www.ncbi.nlm.nih.gov/pubmed/38338855
https://doi.org/10.34133/research.0310
https://www.ncbi.nlm.nih.gov/pubmed/38410279
https://doi.org/10.1371/journal.pone.0183693
https://www.ncbi.nlm.nih.gov/pubmed/28859108
https://doi.org/10.1186/s13075-017-1473-z
https://www.ncbi.nlm.nih.gov/pubmed/29191221
https://doi.org/10.1136/ard.2008.106930

J. Pers. Med. 2024, 14, 537 27 of 32

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Guss, ].D.; Ziemian, S.N.; Luna, M.; Sandoval, T.N.; Holyoak, D.T.; Guisado, G.G.; Roubert, S.; Callahan, R.L.; Brito, L.L.; van
der Meulen, M.C,; et al. The effects of metabolic syndrome, obesity, and the gut microbiome on load-induced osteoarthritis.
Osteoarthr. Cartil. 2019, 27, 129-139. [CrossRef]

Badley, E.M.; Wilfong, ] M.; Yip, C.; Millstone, D.B.; Perruccio, A.V. The contribution of age and obesity to the number of painful
joint sites in individuals reporting osteoarthritis: A population-based study. Rheumatology 2020, 59, 3350-3357. [CrossRef]
[PubMed]

Plotz, B.; Bomfim, F.; Sohail, M.A.; Samuels, ]. Current Epidemiology and Risk Factors for the Development of Hand Osteoarthritis.
Curr. Rheumatol. Rep. 2021, 23, 61. [CrossRef]

Batushansky, A.; Zhu, S.; Komaravolu, R.K.; South, S.; Mehta-D’souza, P.; Griffin, T.M. Fundamentals of OA. An initiative of
Osteoarthritis and Cartilage. Obesity and metabolic factors in OA. Osteoarthr. Cartil. 2022, 30, 501-515. [CrossRef] [PubMed]
Sanchez-Lopez, E.; Coras, R.; Torres, A.; Lane, N.E.; Guma, M. Synovial inflammation in osteoarthritis progression. Nat. Rev.
Rheumatol. 2022, 18, 258-275. [CrossRef] [PubMed]

Park, D.; Park, Y.-M.; Ko, S.-H.; Hyun, K.-S.; Choi, Y.-H.; Min, D.-U.; Han, K.; Koh, H.-S. Association of general and central
obesity, and their changes with risk of knee osteoarthritis: A nationwide population-based cohort study. Sci. Rep. 2023, 13, 3796.
[CrossRef] [PubMed]

Li, Q.; Tang, X; Li, W. Potential diagnostic markers and biological mechanism for osteoarthritis with obesity based on bioinfor-
matics analysis. PLoS ONE 2023, 18, e0296033. [CrossRef] [PubMed]

Salis, Z.; Driban, J.B.; McAlindon, T.E.; Eaton, C.B.; Sainsbury, A. Association of Weight Loss and Weight Gain with Structural
Defects and Pain in Hand Osteoarthritis: Data from the Osteoarthritis Initiative. Arthritis Care Res. 2024, 76, 652—-663. [CrossRef]
[PubMed]

McAlindon, T.E.; Hunnicutt, ].L.; Roberts, M.B.; Haugen, 1.K.; Schaefer, L.E; Driban, J.B.; Lu, B.; Duryea, J.; Smith, S.E.; Booth,
S.L.; et al. Associations of inflammatory and metabolic biomarkers with incident erosive hand osteoarthritis in the osteoarthritis
initiative cohort. Osteoarthr. Cartil. 2024, 32, 592-600. [CrossRef] [PubMed]

Yang, W.-H.; Liu, S.-C.; Tsai, C.-H.; Fong, Y.-C.; Wang, S.-].; Chang, Y.-S.; Tang, C.-H. Leptin induces IL-6 expression through OBRI
receptor signaling pathway in human synovial fibroblasts. PLoS ONE 2013, 8, e75551. [CrossRef]

Birlutiu, V.; Boicean, L.C. Serum leptin level as a diagnostic and prognostic marker in infectious diseases and sepsis. Medicine
2021, 100, €25720. [CrossRef]

Boicean, L.C.; Birlutiu, R-M.; Birlutiu, V. Correlations between serum leptin levels and classical biomarkers in SARS-CoV-2
infection, in critically ill patients. Microb. Pathog. 2023, 182, 106238. [CrossRef]

Henriksen, M.; Christensen, R.; Hunter, D.]J.; Gudbergsen, H.; Boesen, M.; Lohmander, L.S.; Bliddal, H. Structural changes in the
knee during weight loss maintenance after a significant weight loss in obese patients with osteoarthritis: A report of secondary
outcome analyses from a randomized controlled trial. Osteoarthr. Cartil. 2014, 22, 639-646. [CrossRef]

Gudbergsen, H.; Boesen, M.; Christensen, R.; Bartels, E.M.; Henriksen, M.; Danneskiold-Samsee, B.; Bliddal, H. Changes in bone
marrow lesions in response to weight-loss in obese knee osteoarthritis patients: A prospective cohort study. BMC Musculoskelet.
Disord. 2013, 14, 106. [CrossRef] [PubMed]

Jafarzadeh, S.R.; Neogi, T.; Stefanik, J.J.; Li, J.-S.; Guermazi, A.; Apovian, C.M.; Felson, D.T. Mediating Role of Bone Marrow
Lesions, Synovitis, Pain Sensitization, and Depressive Symptoms on Knee Pain Improvement Following Substantial Weight Loss.
Arthritis Rheumatol. 2020, 72, 420-427. [CrossRef]

Lindsey, M.L.; Zouein, F.A.; Tian, Y.; Padmanabhan Iyer, R.; de Castro Bras, L.E. Osteopontin is proteolytically processed by
matrix metalloproteinase 9. Can. J. Physiol. Pharmacol. 2015, 93, 879-886. [CrossRef]

Smith, G.N. The role of collagenolytic matrix metalloproteinases in the loss of articular cartilage in osteoarthritis. Front. Biosci.
2006, 11, 3081. [CrossRef]

Lin, E.; Calvano, S.E.; Lowry, S.F. Inflammatory cytokines and cell response in surgery. Surgery 2000, 127, 117-126. [CrossRef]
[PubMed]

Roman, M.D; Fleaca, R.S.; Boicean, A.; Bratu, D.; Birlutiu, V.; Rus, L.L.; Tantar, C.; Mitariu, S.I.C. Assesment of Synovial Fluid pH
in Osteoarthritis of the HIP and Knee. Rev. Chim. 2017, 68, 1242-1244. [CrossRef]

Garner, M.; Alshameeri, Z.; Khanduja, V. Osteoarthritis: Genes, nature-nurture interaction and the role of leptin. Int. Orthop.
2013, 37, 2499-2505. [CrossRef]

Rosenthal, R.A.; Kavic, S.M. Assessment and management of the geriatric patient. Crit. Care Med. 2004, 32, 592-5105. [CrossRef]
Randau, T.M.; Friedrich, M.J.; Wimmer, M.D.; Reichert, B.; Kuberra, D.; Stoffel-Wagner, B.; Limmer, A.; Wirtz, D.C.; Gravius, S.
Interleukin-6 in Serum and in Synovial Fluid Enhances the Differentiation between Periprosthetic Joint Infection and Aseptic
Loosening. PLoS ONE 2014, 9, €89045. [CrossRef]

Hogan, B.V.; Peter, M.B.; Shenoy, H.G.; Horgan, K.; Hughes, T.A. Surgery induced immunosuppression. Surgeon 2011, 9, 38—43.
[CrossRef]

Chen, R.-M.; Wu, C.-H,; Chang, H.-C.; Wu, G.-J; Lin, Y.-L,; Sheu, J.-R.; Chen, T.-L. Propofol Suppresses Macrophage Functions
and Modulates Mitochondrial Membrane Potential and Cellular Adenosine Triphosphate Synthesis. Anesthesiology 2003, 98,
1178-1185. [CrossRef]


https://doi.org/10.1016/j.joca.2018.07.020
https://doi.org/10.1093/rheumatology/keaa138
https://www.ncbi.nlm.nih.gov/pubmed/32306046
https://doi.org/10.1007/s11926-021-01025-7
https://doi.org/10.1016/j.joca.2021.06.013
https://www.ncbi.nlm.nih.gov/pubmed/34537381
https://doi.org/10.1038/s41584-022-00749-9
https://www.ncbi.nlm.nih.gov/pubmed/35165404
https://doi.org/10.1038/s41598-023-30727-4
https://www.ncbi.nlm.nih.gov/pubmed/36882508
https://doi.org/10.1371/journal.pone.0296033
https://www.ncbi.nlm.nih.gov/pubmed/38127891
https://doi.org/10.1002/acr.25284
https://www.ncbi.nlm.nih.gov/pubmed/38130021
https://doi.org/10.1016/j.joca.2023.10.011
https://www.ncbi.nlm.nih.gov/pubmed/38311107
https://doi.org/10.1371/journal.pone.0075551
https://doi.org/10.1097/MD.0000000000025720
https://doi.org/10.1016/j.micpath.2023.106238
https://doi.org/10.1016/j.joca.2014.03.003
https://doi.org/10.1186/1471-2474-14-106
https://www.ncbi.nlm.nih.gov/pubmed/23522337
https://doi.org/10.1002/art.41125
https://doi.org/10.1139/cjpp-2015-0019
https://doi.org/10.2741/2034
https://doi.org/10.1067/msy.2000.101584
https://www.ncbi.nlm.nih.gov/pubmed/10686974
https://doi.org/10.37358/RC.17.6.5649
https://doi.org/10.1007/s00264-013-2088-x
https://doi.org/10.1097/01.CCM.0000122069.56161.97
https://doi.org/10.1371/journal.pone.0089045
https://doi.org/10.1016/j.surge.2010.07.011
https://doi.org/10.1097/00000542-200305000-00021

J. Pers. Med. 2024, 14, 537 28 of 32

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.
191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Roman, M.D.; Bocea, B.-A.; Ion, N.-1.-C.; Vorovenci, A.E.; Dragomirescu, D.; Birlutiu, R.-M.; Birlutiu, V.; Fleaca, S.R. Are There
Any Changes in the Causative Microorganisms Isolated in the Last Years from Hip and Knee Periprosthetic Joint Infections?
Antimicrobial Susceptibility Test Results Analysis. Microorganisms 2023, 11, 116. [CrossRef]

Birlutiu, R.M.; Birlutiu, V.; Cismasiu, R.S.; Mihalache, M. bbFISH-ing in the sonication fluid. Medicine 2019, 98, e16501. [CrossRef]
Birlutiu, R.M.; Birlutiu, V.; Mihalache, M.; Mihalache, C.; Cismasiu, R.S. Diagnosis and management of orthopedic implant-
associated infection: A comprehensive review of the literature. Biomed. Res. 2017, 28, 5063-5073.

Rondaan, C.; Maso, A.; Birlutiu, R.-M.; Fernandez Sampedro, M.; Soriano, A.; Diaz de Brito, V.; Junyent, ].G.; Del Toro, M.D.;
Hofstaetter, ].G.; Salles, M.].; et al. Is an isolated positive sonication fluid culture in revision arthroplasties clinically relevant?
Clin. Microbiol. Infect. 2023, 29, 1431-1436. [CrossRef] [PubMed]

Birlutiu, R.M.; Mihalache, M.; Mihalache, P.; Cismasiu, R.S.; Birlutiu, V. Mid-term follow-up results after implementing a new
strategy for the diagnosis and management of periprosthetic joint infections. BMC Infect. Dis. 2021, 21, 807. [CrossRef] [PubMed]
Birlutiu, RM.; Roman, M.D.; Cismasiu, R.S.; Fleaca, S.R.; Popa, C.M.; Mihalache, M.; Birlutiu, V. Sonication contribution to
identifying prosthetic joint infection with Ralstonia pickettii: A case report and review of the literature. BMC Musculoskelet.
Disord. 2017, 18, 311. [CrossRef]

Birlutiu, V.; Birlutiu, R-M. Endocarditis due to Abiotrophia defectiva, a biofilm-related infection associated with the presence of
fixed braces: A case report. Medicine 2017, 96, e8756. [CrossRef]

Birlutiu, V.; Birlutiu, R M. Is procalcitonin correctly used in medical and surgical departments only in cases with severe bacterial
infections? Correlations with the severity scores used in the ICU. Biomed. Res. 2016, 27, 145-151.

Birlutiu, V.; Birlutiu, R.M.; Costache, V.S. Viridans streptococcal infective endocarditis associated with fixed orthodontic appliance
managed surgically by mitral valve plasty. Medicine 2018, 97, €11260. [CrossRef] [PubMed]

Kramer, T.S.; Soriano, A.; Tedeschi, S.; Chen, A.F; Tattevin, P.; Senneville, E.; Gomez-Junyent, J.; Birlutiu, V.; Petersdorf, S.; de
Brito, V.D; et al. Should We Use Rifampicin in Periprosthetic Joint Infections Caused by Staphylococci When the Implant Has
Been Exchanged? A Multicenter Observational Cohort Study. Open Forum Infect. Dis. 2023, 10, ofad491. [CrossRef] [PubMed]
Birlutiu, R.M.; Stoica, C.I; Russu, O.; Cismasiu, R.S.; Birlutiu, V. Positivity Trends of Bacterial Cultures from Cases of Acute and
Chronic Periprosthetic Joint Infections. J. Clin. Med. 2022, 11, 2238. [CrossRef] [PubMed]

Heim, C.E; Vidlak, D.; Scherr, T.D.; Kozel, ].A.; Holzapfel, M.; Muirhead, D.E.; Kielian, T. Myeloid-Derived Suppressor Cells
Contribute to Staphylococcus aureus Orthopedic Biofilm Infection. J. Immunol. 2014, 192, 3778-3792. [CrossRef] [PubMed]

Heim, C.E,; Vidlak, D.; Scherr, T.D.; Hartman, C.W.; Garvin, K.L.; Kielian, T. IL-12 Promotes Myeloid-Derived Suppressor Cell
Recruitment and Bacterial Persistence during Staphylococcus aureus Orthopedic Implant Infection. J. Immunol. 2015, 194, 3861-3872.
[CrossRef] [PubMed]

Heim, C.E.; Vidlak, D.; Kielian, T. Interleukin-10 production by myeloid-derived suppressor cells contributes to bacterial
persistence during Staphylococcus aureus orthopedic biofilm infection. J. Leukoc. Biol. 2015, 98, 1003-1013. [CrossRef]

Stoecklein, V.M.; Osuka, A.; Lederer, J.A. Trauma equals danger—Damage control by the immune system. . Leukoc. Biol. 2012, 92,
539-551. [CrossRef] [PubMed]

Watt, D.G.; Horgan, P.G.; McMillan, D.C. Routine clinical markers of the magnitude of the systemic inflammatory response after
elective operation: A systematic review. Surgery 2015, 157, 362-380. [CrossRef]

Lane, N.E. Osteoarthritis of the Hip. N. Engl. J. Med. 2007, 357, 1413-1421. [CrossRef]

Pivec, R.; Issa, K.; Naziri, Q.; Kapadia, B.H.; Bonutti, PM.; Mont, M.A. Opioid use prior to total hip arthroplasty leads to worse
clinical outcomes. Int. Orthop. 2014, 38, 1159-1165. [CrossRef] [PubMed]

Horowitz, S.M.; Purdon, M.A. Mediator interactions in macrophage/particulate bone resorption. J. Biomed. Mater. Res. 1995, 29,
477-484. [CrossRef] [PubMed]

Kaufman, A.M.; Alabre, C.I; Rubash, H.E.; Shanbhag, A.S. Human macrophage response to UHMWPE, TiAlV, CoCr, and alumina
particles: Analysis of multiple cytokines using protein arrays. J. Biomed. Mater. Res. Part A 2008, 84A, 464—474. [CrossRef]
[PubMed]

Hernigou, P; Intrator, L.; Bahrami, T.; Bensussan, A.; Farcet, J.P. Interleukin-6 in the Blood of Patients with Total Hip Arthroplasty
Without Loosening. Clin. Orthop. Relat. Res. 1999, 366, 147-154. [CrossRef] [PubMed]

Gao, Y.; Tan, H.; Sun, R.; Zhu, ]. Fascia iliaca compartment block reduces pain and opioid consumption after total hip arthroplasty:
A systematic review and meta-analysis. Int. |. Surg. 2019, 65, 70-79. [CrossRef] [PubMed]

Desmet, M.; Balocco, A.L.; Van Belleghem, V. Fascia iliaca compartment blocks: Different techniques and review of the literature.
Best Prac. Res. Clin. Anaesthesiol. 2019, 33, 57-66. [CrossRef] [PubMed]

Small, C.; Laycock, H. Acute postoperative pain management. Br. J. Surg. 2020, 107, e70—-e80. [CrossRef] [PubMed]

Petersen, K.K.; Vaegter, H.B.; Stubhaug, A.; Wolff, A.; Scammell, B.E.; Arendt-Nielsen, L.; Larsen, D.B. The predictive value of
quantitative sensory testing: A systematic review on chronic postoperative pain and the analgesic effect of pharmacological
therapies in patients with chronic pain. Pain 2021, 162, 31-44. [CrossRef] [PubMed]

Zhu, K.; Zheng, F.; Wang, C.; Ding, L. Effect of Ultrasound-Guided Fascia Iliac Compartment Block on Serum NLRP3 and
Inflammatory Factors in Patients with Femoral Intertrochanteric Fracture. Comput. Math. Methods Med. 2022, 2022, 1944659.
[CrossRef]

Peng, H.; Tang, G.; Zhuang, X.; Lu, S.; Bai, Y.; Xu, L. Minimally invasive spine surgery decreases postoperative pain and
inflammation for patients with lumbar spinal stenosis. Exp. Ther. Med. 2019, 18, 3032-3036. [CrossRef]


https://doi.org/10.3390/microorganisms11010116
https://doi.org/10.1097/MD.0000000000016501
https://doi.org/10.1016/j.cmi.2023.07.018
https://www.ncbi.nlm.nih.gov/pubmed/37516385
https://doi.org/10.1186/s12879-021-06407-x
https://www.ncbi.nlm.nih.gov/pubmed/34384360
https://doi.org/10.1186/s12891-017-1678-y
https://doi.org/10.1097/MD.0000000000008756
https://doi.org/10.1097/MD.0000000000011260
https://www.ncbi.nlm.nih.gov/pubmed/29979391
https://doi.org/10.1093/ofid/ofad491
https://www.ncbi.nlm.nih.gov/pubmed/37901121
https://doi.org/10.3390/jcm11082238
https://www.ncbi.nlm.nih.gov/pubmed/35456331
https://doi.org/10.4049/jimmunol.1303408
https://www.ncbi.nlm.nih.gov/pubmed/24646737
https://doi.org/10.4049/jimmunol.1402689
https://www.ncbi.nlm.nih.gov/pubmed/25762781
https://doi.org/10.1189/jlb.4VMA0315-125RR
https://doi.org/10.1189/jlb.0212072
https://www.ncbi.nlm.nih.gov/pubmed/22654121
https://doi.org/10.1016/j.surg.2014.09.009
https://doi.org/10.1056/NEJMcp071112
https://doi.org/10.1007/s00264-014-2298-x
https://www.ncbi.nlm.nih.gov/pubmed/24573819
https://doi.org/10.1002/jbm.820290407
https://www.ncbi.nlm.nih.gov/pubmed/7622532
https://doi.org/10.1002/jbm.a.31467
https://www.ncbi.nlm.nih.gov/pubmed/17618502
https://doi.org/10.1097/00003086-199909000-00018
https://www.ncbi.nlm.nih.gov/pubmed/10627728
https://doi.org/10.1016/j.ijsu.2019.03.014
https://www.ncbi.nlm.nih.gov/pubmed/30922995
https://doi.org/10.1016/j.bpa.2019.03.004
https://www.ncbi.nlm.nih.gov/pubmed/31272654
https://doi.org/10.1002/bjs.11477
https://www.ncbi.nlm.nih.gov/pubmed/31903595
https://doi.org/10.1097/j.pain.0000000000002019
https://www.ncbi.nlm.nih.gov/pubmed/32701654
https://doi.org/10.1155/2022/1944659
https://doi.org/10.3892/etm.2019.7917

J. Pers. Med. 2024, 14, 537 29 of 32

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Kodi, T.; Sankhe, R.; Gopinathan, A.; Nandakumar, K.; Kishore, A. New Insights on NLRP3 Inflammasome: Mechanisms of
Activation, Inhibition, and Epigenetic Regulation. ]. Neuroimmune Pharmacol. 2024, 19, 7. [CrossRef] [PubMed]

Chen, K.-T.; Yeh, C.-T; Yadav, V.K,; Pikatan, N.W.; Fong, I.-H.; Lee, W.-H.; Chiu, Y.-S. Notopterol mitigates IL-13-triggered
pyroptosis by blocking NLRP3 inflammasome via the JAK2/NF-kB/hsa-miR-4282 route in osteoarthritis. Heliyon 2024, 10, e28094.
[CrossRef] [PubMed]

Starobova, H.; Nadar, E.L; Vetter, I. The NLRP3 Inflammasome: Role and Therapeutic Potential in Pain Treatment. Front. Physiol.
2020, 11, 543422. [CrossRef] [PubMed]

Declerck, P; Gils, A. Three Decades of Research on Plasminogen Activator Inhibitor-1: A Multifaceted Serpin. Semin. Thromb.
Hemost. 2013, 39, 356-364. [CrossRef]

Sillen, M.; Declerck, PJ. A Narrative Review on Plasminogen Activator Inhibitor-1 and Its (Patho)Physiological Role: To Target or
Not to Target? Int. . Mol. Sci. 2021, 22, 2721. [CrossRef]

Andreasen, P.A.; Riccio, A.; Welinder, K.G.; Douglas, R.; Sartorio, R.; Nielsen, L.S.; Oppenheimer, C.; Blasi, F; Dang, K.
Plasminogen activator inhibitor type-1: Reactive center and amino-terminal heterogeneity determined by protein and cDNA
sequencing. FEBS Lett. 1986, 209, 213-218. [CrossRef] [PubMed]

Rabieian, R.; Boshtam, M.; Zareei, M.; Kouhpayeh, S.; Masoudifar, A.; Mirzaei, H. Plasminogen Activator Inhibitor Type-1 as a
Regulator of Fibrosis. J. Cell Biochem. 2018, 119, 17-27. [CrossRef] [PubMed]

Declerck, P.; Alessi, M.; Verstreken, M.; Kruithof, E.; Juhan-Vague, L; Collen, D. Measurement of plasminogen activator inhibitor
1 in biologic fluids with a murine monoclonal antibody-based enzyme-linked immunosorbent assay. Blood 1988, 71, 220-225.
[CrossRef]

Booth, N.A,; Croll, A.; Bennett, B. The activity of plasminogen activator inhibitor-1 (PAI-1) of human platelet. Fibrinolysis 1990, 4,
138-140. [CrossRef]

Gils, A.; Pedersen, K.E.; Skottrup, P.; Christensen, A.; Naessens, D.; Deinum, J.; Enghild, J.J.; Declerck, PJ.; Andreasen, P.A.
Biochemical importance of glycosylation of plasminogen activator inhibitor-1. Thromb. Haemost. 2003, 90, 206-217. [CrossRef]
Ellulu, M.S.; Patimah, I.; Khaza’ai, H.; Rahmat, A.; Abed, Y. Obesity and inflammation: The linking mechanism and the
complications. Arch. Med. Sci. 2017, 4, 851-863. [CrossRef] [PubMed]

Rega, G.; Kaun, C.; Weiss, TW.; Demyanets, S.; Zorn, G.; Kastl, S.P.; Steiner, S.; Seidinger, D.; Kopp, C.; Frey, M,; et al. Inflammatory
Cytokines Interleukin-6 and Oncostatin M Induce Plasminogen Activator Inhibitor-1 in Human Adipose Tissue. Circulation 2005,
111, 1938-1945. [CrossRef]

Gongalves dos Santos, G.; Delay, L.; Yaksh, T.L.; Corr, M. Neuraxial Cytokines in Pain States. Front. Immunol. 2020, 10, 3061.
[CrossRef] [PubMed]

Dinarello, C.A. Overview of the IL-1 family in innate inflammation and acquired immunity. Immunol. Rev. 2018, 281, 8-27.
[CrossRef] [PubMed]

Cook, A.D,; Christensen, A.D.; Tewari, D.; McMahon, S.B.; Hamilton, J.A. Inmune Cytokines and Their Receptors in Inflammatory
Pain. Trends Immunol. 2018, 39, 240-255. [CrossRef] [PubMed]

Schett, G. Physiological effects of modulating the interleukin-6 axis. Rheumatology 2018, 57, ii43-1i50. [CrossRef]

Wu, H.-Y;; Mao, X.-E,; Tang, X.-Q.; Ali, U.; Apryani, E.; Liu, H.; Li, X.-Y.; Wang, Y.-X. Spinal interleukin-10 produces antinociception
in neuropathy through microglial 3-endorphin expression, separated from antineuroinflammation. Brain Behav. Immun. 2018, 73,
504-519. [CrossRef] [PubMed]

Woller, S.A.; Ocheltree, C.; Wong, S.Y.; Bui, A ; Fujita, Y.; Gongalves dos Santos, G.; Yaksh, T.L.; Corr, M. Neuraxial TNF and
IFN-beta co-modulate persistent allodynia in arthritic mice. Brain Behav. Immun. 2019, 76, 151-158. [CrossRef] [PubMed]
McGeachy, M.J.; Cua, D.J.; Gaffen, S.L. The IL-17 Family of Cytokines in Health and Disease. Immunity 2019, 50, 892-906.
[CrossRef]

Liu, S,; Liu, Y,; Lv, Y; Yao, J.-L.; Yue, D.; Zhang, M.; Qi, D.-Y,; Liu, G.-J. IL-18 Contributes to Bone Cancer Pain by Regulating Glia
Cells and Neuron Interaction. J. Pain 2018, 19, 186-195. [CrossRef]

Savarin, C.; Hinton, D.R.; Valentin-Torres, A.; Chen, Z.; Trapp, B.D.; Bergmann, C.C.; Stohlman, S.A. Astrocyte response to IFN-y
limits IL-6-mediated microglia activation and progressive autoimmune encephalomyelitis. J. Neuroinflam. 2015, 12, 79. [CrossRef]
[PubMed]

Sun, L.; Li, Y;; Jia, X.; Wang, Q.; Li, Y.; Hu, M,; Tian, L.; Yang, J.; Xing, W.; Zhang, W.; et al. Neuroprotection by IFN-y via
astrocyte-secreted IL-6 in acute neuroinflammation. Oncotarget 2017, 8, 40065—40078. [CrossRef] [PubMed]

Backryd, E.; Lind, A.-L.; Thulin, M.; Larsson, A.; Gerdle, B.; Gordh, T. High levels of cerebrospinal fluid chemokines point to the
presence of neuroinflammation in peripheral neuropathic pain: A cross-sectional study of 2 cohorts of patients compared with
healthy controls. Pain 2017, 158, 2487-2495. [CrossRef] [PubMed]

Silva, R.L.; Lopes, A.H.; Guimaraes, R.M.; Cunha, T.M. CXCL1/CXCR2 signaling in pathological pain: Role in peripheral and
central sensitization. Neurobiol. Dis. 2017, 105, 109-116. [CrossRef] [PubMed]

Gupta, K.K,; Xu, Z.; Castellino, EJ.; Ploplis, V.A. Plasminogen activator inhibitor-1 stimulates macrophage activation through
Toll-like Receptor-4. Biochem. Biophys. Res. Commun. 2016, 477, 503-508. [CrossRef] [PubMed]


https://doi.org/10.1007/s11481-024-10101-5
https://www.ncbi.nlm.nih.gov/pubmed/38421496
https://doi.org/10.1016/j.heliyon.2024.e28094
https://www.ncbi.nlm.nih.gov/pubmed/38532994
https://doi.org/10.3389/fphys.2020.01016
https://www.ncbi.nlm.nih.gov/pubmed/32973552
https://doi.org/10.1055/s-0033-1334487
https://doi.org/10.3390/ijms22052721
https://doi.org/10.1016/0014-5793(86)81113-9
https://www.ncbi.nlm.nih.gov/pubmed/3025016
https://doi.org/10.1002/jcb.26146
https://www.ncbi.nlm.nih.gov/pubmed/28520219
https://doi.org/10.1182/blood.V71.1.220.220
https://doi.org/10.1016/0268-9499(90)90391-V
https://doi.org/10.1160/TH03-01-0034
https://doi.org/10.5114/aoms.2016.58928
https://www.ncbi.nlm.nih.gov/pubmed/28721154
https://doi.org/10.1161/01.CIR.0000161823.55935.BE
https://doi.org/10.3389/fimmu.2019.03061
https://www.ncbi.nlm.nih.gov/pubmed/32047493
https://doi.org/10.1111/imr.12621
https://www.ncbi.nlm.nih.gov/pubmed/29247995
https://doi.org/10.1016/j.it.2017.12.003
https://www.ncbi.nlm.nih.gov/pubmed/29338939
https://doi.org/10.1093/rheumatology/kex513
https://doi.org/10.1016/j.bbi.2018.06.015
https://www.ncbi.nlm.nih.gov/pubmed/29928964
https://doi.org/10.1016/j.bbi.2018.11.014
https://www.ncbi.nlm.nih.gov/pubmed/30465880
https://doi.org/10.1016/j.immuni.2019.03.021
https://doi.org/10.1016/j.jpain.2017.10.003
https://doi.org/10.1186/s12974-015-0293-9
https://www.ncbi.nlm.nih.gov/pubmed/25896970
https://doi.org/10.18632/oncotarget.16990
https://www.ncbi.nlm.nih.gov/pubmed/28454116
https://doi.org/10.1097/j.pain.0000000000001061
https://www.ncbi.nlm.nih.gov/pubmed/28930774
https://doi.org/10.1016/j.nbd.2017.06.001
https://www.ncbi.nlm.nih.gov/pubmed/28587921
https://doi.org/10.1016/j.bbrc.2016.06.065
https://www.ncbi.nlm.nih.gov/pubmed/27317488

J. Pers. Med. 2024, 14, 537 30 of 32

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

Gallelli, L.; Galasso, O.; Falcone, D.; Southworth, S.; Greco, M.; Ventura, V.; Romualdi, P.; Corigliano, A.; Terracciano, R.; Savino,
R.; et al. The effects of nonsteroidal anti-inflammatory drugs on clinical outcomes, synovial fluid cytokine concentration and
signal transduction pathways in knee osteoarthritis. A randomized open label trial. Osteoarthr. Cartil. 2013, 21, 1400-1408.
[CrossRef]

Kuchalik, J.; Magnuson, A.; Tina, E.; Gupta, A. Does local infiltration analgesia reduce peri-operative inflammation following
total hip arthroplasty? A randomized, double-blind study. BMC Anesthesiol. 2017, 17, 63. [CrossRef] [PubMed]

Goc, S.; Sienkiewicz, M.; Kowalczyk, E. Analysis of the Selected Biochemical Blood Parameters in Patients after Total Hip
Replacement. Curr. Rheumatol. Rev. 2013, 9, 131-137. [CrossRef]

Biatecka, M.; Jurewicz, A.; Machoy-Mokrzynska, A.; Kurzawski, M.; Leznicka, K.; Dziedziejko, V.; Safranow, K.; Drozdzik,
M.; Bohatyrewicz, A. Effect of interleukin 6 —~174G>C gene polymorphism on opioid requirements after total hip replacement.
J. Anesth. 2016, 30, 562-567. [CrossRef]

Reyes-Gibby, C.C.; El Osta, B.; Spitz, M.R,; Parsons, H.; Kurzrock, R.; Wu, X.; Shete, S.; Bruera, E. The Influence of Tumor Necrosis
Factor-a —308 G/A and IL-6 —174 G/C on Pain and Analgesia Response in Lung Cancer Patients Receiving Supportive Care.
Cancer Epidemiol. Biomark. Prev. 2008, 17, 3262-3267. [CrossRef]

Jakobisiak, M. (Ed.) Innate immunity. In Immunology; PWN: Warsaw, Poland, 2000; pp. 169-223.

Chen, X.; Bai, C.; Xie, L.; Zhang, Y.; Wang, K. Inflammatory response to orthopedic biomaterials after total hip replacement.
J. Orthop. Sci. 2012, 17, 407-412. [CrossRef] [PubMed]

Williams, H.; Paringe, V.; Shenoy, S.; Michaels, P.; Ramesh, B. Standard Preoperative Analgesia with or without Fascia Iliaca
Compartment Block for Femoral Neck Fractures. J. Orthop. Surg. 2016, 24, 31-35. [CrossRef] [PubMed]

Desmet, M.; Vermeylen, K.; Van Herreweghe, I.; Carlier, L.; Soetens, F.; Lambrecht, S.; Croes, K.; Pottel, H.; Van de Velde, M. A
Longitudinal Supra-Inguinal Fascia Iliaca Compartment Block Reduces Morphine Consumption after Total Hip Arthroplasty.
Reg. Anesth. Pain Med. 2017, 42, 327-333. [CrossRef] [PubMed]

Wennberg, P.; Méller, M.; Herlitz, J.; Kenne Sarenmalm, E. Fascia iliaca compartment block as a preoperative analgesic in elderly
patients with hip fractures—Effects on cognition. BMC Geriatr. 2019, 19, 252. [CrossRef] [PubMed]

Si, H.; Yang, T.; Zeng, Y.; Zhou, Z.; Pei, E; Lu, Y.; Cheng, ].-Q.; Shen, B. Correlations between inflammatory cytokines, muscle
damage markers and acute postoperative pain following primary total knee arthroplasty. BMIC Musculoskelet. Disord. 2017, 18, 265.
[CrossRef] [PubMed]

Feng, T.; Zhao, J.; Wang, J.; Sun, X; Jia, T.; Li, F. Anesthetic Effect of the Fascia Iliaca Compartment Block with Different
Approaches on Total Hip Arthroplasty and Its Effect on Postoperative Cognitive Dysfunction and Inflammation. Front. Surg.
2022, 9, 898243. [CrossRef] [PubMed]

Fu, C; Lin, J.; Gong, G.; Zhong, W.; Chen, H.; Luo, X. Inflammatory markers in postoperative cognitive dysfunction for patients
undergoing total hip arthroplasty: A meta-analysis. Aging Clin. Exp. Res. 2022, 34, 277-288. [CrossRef]

Chen, X.-X.; Wang, T.; Li, J.; Kang, H. Relationship between Inflammatory Response and Estimated Complication Rate after Total
Hip Arthroplasty. Chin. Med. J. 2016, 129, 2546-2551. [CrossRef] [PubMed]

Liu, X;; Hu, X;; Li, R.; Zhang, Y. Combination of post-fascia iliaca compartment block and dexmedetomidine in pain and
inflammation control after total hip arthroplasty for elder patients: A randomized control study. J. Orthop. Surg. Res. 2020, 15, 42.
[CrossRef]

Zheng, Y.; Hou, X.; Yang, S. Lidocaine Potentiates SOCS3 to Attenuate Inflammation in Microglia and Suppress Neuropathic Pain.
Cell. Mol. Neurobiol. 2019, 39, 1081-1092. [CrossRef]

Matas, M.; Sotosek, V.; Kozmar, A.; Liki¢, R.; Sekuli¢, A. Effect of local anesthesia with lidocaine on perioperative proinflammatory
cytokine levels in plasma and cerebrospinal fluid in cerebral aneurysm patients. Medicine 2019, 98, e17450. [CrossRef] [PubMed]
Hashimoto, A.; Sonohata, M.; Hirata, H.; Kawano, S.; Eto, S.; Ueno, M.; Mawatari, M. Periarticular analgesic injection containing
a corticosteroid after total hip arthroplasty may prevent deep venous thrombosis: A retrospective comparative cohort study. BMC
Musculoskelet. Disord. 2021, 22, 19. [CrossRef] [PubMed]

Matas, M.; Sotosek, V.; Kozmar, A.; Liki¢, R.; Mrak, G.; Nagy, B.; Sekuli¢, A. Effect of adjunctive lidocaine-based scalp block
and laryngotracheal local anesthesia vs general anesthesia only on plasma and cerebrospinal fluid pro-inflammatory cytokine
concentrations in patients with cerebral aneurysm: A randomized controlled trial. Croat. Med. ]. 2021, 62, 338-346. [CrossRef]
[PubMed]

Wang, H.; Xiao, Q.; Luo, Z.; Pei, F.; Wang, D.; Zhou, Z. A new cocktail formula with diprospan of local infiltration analgesia in
primary total hip arthroplasty: A prospective, randomized, controlled, observer-blinded study. Orthop. Surg. 2022, 14, 1799-1807.
[CrossRef]

Bergin, PF; Doppelt, ].D.; Kephart, C.J.; Benke, M.T.; Graeter, ].H.; Holmes, A.S.; Haleem-Smith, H.; Tuan, R.S.; Unger, A.S.
Comparison of Minimally Invasive Direct Anterior Versus Posterior Total Hip Arthroplasty Based on Inflammation and Muscle
Damage Markers. J. Bone Jt. Surg. 2011, 93, 1392-1398. [CrossRef]

Motaghedi, R.; Bae, J.J.; Memtsoudis, S.G.; Kim, D.H.; Beathe, J.C.; Paroli, L.; YaDeau, J.T.; Gordon, M.A.; Maalouf, D.B,; Lin,
Y.; et al. Association of Obesity with Inflammation and Pain after Total Hip Arthroplasty. Clin. Orthop. Relat. Res. 2014, 472,
1442-1448. [CrossRef]


https://doi.org/10.1016/j.joca.2013.06.026
https://doi.org/10.1186/s12871-017-0354-y
https://www.ncbi.nlm.nih.gov/pubmed/28468607
https://doi.org/10.2174/1573397111309020008
https://doi.org/10.1007/s00540-016-2167-4
https://doi.org/10.1158/1055-9965.EPI-08-0125
https://doi.org/10.1007/s00776-012-0234-8
https://www.ncbi.nlm.nih.gov/pubmed/22573214
https://doi.org/10.1177/230949901602400109
https://www.ncbi.nlm.nih.gov/pubmed/27122509
https://doi.org/10.1097/AAP.0000000000000543
https://www.ncbi.nlm.nih.gov/pubmed/28059869
https://doi.org/10.1186/s12877-019-1266-0
https://www.ncbi.nlm.nih.gov/pubmed/31510918
https://doi.org/10.1186/s12891-017-1597-y
https://www.ncbi.nlm.nih.gov/pubmed/28623906
https://doi.org/10.3389/fsurg.2022.898243
https://www.ncbi.nlm.nih.gov/pubmed/35599808
https://doi.org/10.1007/s40520-021-01919-7
https://doi.org/10.4103/0366-6999.192772
https://www.ncbi.nlm.nih.gov/pubmed/27779160
https://doi.org/10.1186/s13018-020-1562-6
https://doi.org/10.1007/s10571-019-00703-6
https://doi.org/10.1097/MD.0000000000017450
https://www.ncbi.nlm.nih.gov/pubmed/31626100
https://doi.org/10.1186/s12891-020-03879-x
https://www.ncbi.nlm.nih.gov/pubmed/33407331
https://doi.org/10.3325/cmj.2021.62.338
https://www.ncbi.nlm.nih.gov/pubmed/34472736
https://doi.org/10.1111/os.13288
https://doi.org/10.2106/JBJS.J.00557
https://doi.org/10.1007/s11999-013-3282-2

J. Pers. Med. 2024, 14, 537 310f32

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

Arnetz, B.B. Endocrine Reactions During Standardized Surgical Stress: The Effects of Age and Methods of Anaesthesia. Age
Ageing 1985, 14, 96-101. [CrossRef]

Vgontzas, A.N.; Papanicolaou, D.A.; Bixler, E.O.; Lotsikas, A.; Zachman, K.; Kales, A.; Prolo, P.; Wong, M.-L.; Licinio, J.; Gold,
PW.,; et al. Circadian interleukin-6 secretion and quantity and depth of sleep. J. Clin. Endocrinol. Metab. 1999, 84, 2603-2607.
[CrossRef] [PubMed]

Hegevold, H.E,; Kierulf, P.; Ovstebg, R.; Reikeras, O. Acute phase reactants and interleukin 6 after total hip replacement. Effects
of high dose corticosteroids. Eur. |. Surg. 1992, 158, 339-345.

Minetto, M.A.; Oprandi, G.; Saba, L.; Mussino, S.; Aprato, A.; Masse, A.; Angeli, A.; Gallinaro, P. Serum interleukin-6 response to
elective total hip replacement surgery. Int. Orthop. 2006, 30, 172-176. [CrossRef]

Reikeras, O.; Borgen, P,; Reseland, J.E.; Lyngstadaas, S.P. Changes in serum cytokines in response to musculoskeletal surgical
trauma. BMC Res. Notes 2014, 7, 128. [CrossRef] [PubMed]

Burleson, A.; Guler, N.; Banos, A.; Syed, D.; Wanderling, C.; Hoppensteadt, D.; Rees, H.; Fareed, J.; Hopkinson, W. Perioperative
Factors and Their Effect on the Fibrinolytic System in Arthroplasty Patients. Clin. Appl. Thromb. Hemost. 2016, 22, 274-279.
[CrossRef] [PubMed]

Wasko, M.K.; Bobecka-Wesolowska, K.; Tomasiuk, R.; Kowalczewski, ]. Measurement of the inflammatory response in the early
postoperative period after hip and knee arthroplasty. Clin. Chem. Lab. Med. 2015, 53, 1785-1792. [CrossRef]

Elsaid, K.A.; Fleming, B.C.; Oksendahl, H.L.; Machan, J.T.; Fadale, P.D.; Hulstyn, M.].; Shalvoy, R.; Jay, G.D. Decreased lubricin
concentrations and markers of joint inflammation in the synovial fluid of patients with anterior cruciate ligament injury. Arthritis
Rheum. 2008, 58, 1707-1715. [CrossRef] [PubMed]

Galicia, K.; Thorson, C.; Banos, A.; Rondina, M.; Hopkinson, W.; Hoppensteadt, D.; Fareed, ]J. Inflammatory Biomarker Profiling
in Total Joint Arthroplasty and Its Relevance to Circulating Levels of Lubricin, a Novel Proteoglycan. Clin. Appl. Thromb. Hemost.
2018, 24, 950-959. [CrossRef] [PubMed]

Lindholm, E.; Seljeflot, I.; Aune, E.; Kirkebgen, K.A. Proinflammatory cytokines and complement activation in salvaged blood
from abdominal aortic aneurism surgery and total hip replacement surgery. Transfusion 2012, 52, 1761-1769. [CrossRef] [PubMed]
Busuttil, S.J.; Ploplis, V.A.; Castellino, E]J.; Tang, L.; Eaton, ].W.; Plow, E.F. A central role for plasminogen in the inflammatory
response to biomaterials. J. Thromb. Haemost. 2004, 2, 1798-1805. [CrossRef] [PubMed]

Jimenez, ].].; Iribarren, J.L.; Lorente, L.; Rodriguez, ] M.; Hernandez, D.; Nassar, M.I; Perez, R.; Brouard, M.; Milena, A.; Martinez,
R.; et al. Tranexamic acid attenuates inflammatory response in cardiopulmonary bypass surgery through blockade of fibrinolysis:
A case control study followed by a randomized double-blind controlled trial. Crit. Care 2007, 11, R117. [CrossRef] [PubMed]
van der Heide, H.J.L.; van der Kraan, PM.; Rijnberg, W.J.; Buma, P.; Schreurs, B.W. Elevated levels of numerous cytokines in
drainage fluid after primary total hip arthroplasty. Int. Orthop. 2010, 34, 1099-1102. [CrossRef]

Arend, W.P.;; Guthridge, C.J. Biological role of interleukin 1 receptor antagonist isoforms. Ann. Rheum. Dis. 2000, 59 (Suppl. S1),
160-i64. [CrossRef]

Yang, H.-Y.T.; Mitchell, K.; Keller, ] M.; Iadarola, M.J. Peripheral inflammation increases Scya2 expression in sensory ganglia and
cytokine and endothelial related gene expression in inflamed tissue. J. Neurochem. 2007, 103, 1628-1643. [CrossRef] [PubMed]
Ferreira, S.H.; Lorenzetti, B.B.; Bristow, A.F.; Poole, S. Interleukin-1 beta as a potent hyperalgesic agent antagonized by a tripeptide
analogue. Nature 1988, 334, 698-700. [CrossRef] [PubMed]

Buvanendran, A.; Kroin, J.S.; Berger, R.A.; Hallab, N.J.; Saha, C.; Negrescu, C.; Moric, M.; Caicedo, M.S.; Tuman, K.J. Upregulation
of prostaglandin E2 and interleukins in the central nervous system and peripheral tissue during and after surgery in humans.
Anesthesiology 2006, 104, 403—410. [CrossRef] [PubMed]

Furst, D.E. Anakinra: Review of recombinant human interleukin-I receptor antagonist in the treatment of rheumatoid arthritis.
Clin. Ther. 2004, 26, 1960-1975. [CrossRef] [PubMed]

Baamonde, A.; Curto-Reyes, V.; Juarez, L.; Meana, A.; Hidalgo, A.; Menéndez, L. Antihyperalgesic effects induced by the IL-1
receptor antagonist anakinra and increased IL-1beta levels in inflamed and osteosarcoma-bearing mice. Life Sci. 2007, 81, 673-682.
[CrossRef] [PubMed]

Wolf, G.; Yirmiya, R.; Goshen, I; Iverfeldt, K.; Holmlund, L.; Takeda, K.; Shavit, Y. Impairment of interleukin-1 (IL-1) signaling
reduces basal pain sensitivity in mice: Genetic, pharmacological and developmental aspects. Pain 2003, 104, 471-480. [CrossRef]
Starobova, H.; Monteleone, M.; Adolphe, C.; Batoon, L.; Sandrock, C.J.; Tay, B.; Deuis, ].R.; Smith, A.V.; Mueller, A.; Nadar, E.L;
et al. Vincristine-induced peripheral neuropathy is driven by canonical NLRP3 activation and IL-1§ release. |. Exp. Med. 2021,
218, €20201452. [CrossRef] [PubMed]

Dyomina, A.V.; Zubareva, O.E.; Smolensky, I.V.; Vasilev, D.S.; Zakharova, M.V,; Kovalenko, A.A.; Schwarz, A.P,; Ischenko, A.M,;
Zaitsev, A.V. Anakinra Reduces Epileptogenesis, Provides Neuroprotection, and Attenuates Behavioral Impairments in Rats in
the Lithium—Pilocarpine Model of Epilepsy. Pharmaceuticals 2020, 13, 340. [CrossRef] [PubMed]

Ayoub, S.; Berbéri, A.; Fayyad-Kazan, M. Cytokines, Masticatory Muscle Inflammation, and Pain: An Update. J. Mol. Neurosci.
2020, 70, 790-795. [CrossRef]

Mardelle, U.; Bretaud, N.; Daher, C.; Feuillet, V. From pain to tumor immunity: Influence of peripheral sensory neurons in cancer.
Front. Immunol. 2024, 15, 1335387. [CrossRef]


https://doi.org/10.1093/ageing/14.2.96
https://doi.org/10.1210/jcem.84.8.5894
https://www.ncbi.nlm.nih.gov/pubmed/10443646
https://doi.org/10.1007/s00264-006-0073-3
https://doi.org/10.1186/1756-0500-7-128
https://www.ncbi.nlm.nih.gov/pubmed/24602333
https://doi.org/10.1177/1076029615611251
https://www.ncbi.nlm.nih.gov/pubmed/26460335
https://doi.org/10.1515/cclm-2014-1055
https://doi.org/10.1002/art.23495
https://www.ncbi.nlm.nih.gov/pubmed/18512776
https://doi.org/10.1177/1076029618765090
https://www.ncbi.nlm.nih.gov/pubmed/29683034
https://doi.org/10.1111/j.1537-2995.2011.03528.x
https://www.ncbi.nlm.nih.gov/pubmed/22304534
https://doi.org/10.1111/j.1538-7836.2004.00916.x
https://www.ncbi.nlm.nih.gov/pubmed/15456492
https://doi.org/10.1186/cc6173
https://www.ncbi.nlm.nih.gov/pubmed/17988379
https://doi.org/10.1007/s00264-009-0852-8
https://doi.org/10.1136/ard.59.suppl_1.i60
https://doi.org/10.1111/j.1471-4159.2007.04874.x
https://www.ncbi.nlm.nih.gov/pubmed/17883394
https://doi.org/10.1038/334698a0
https://www.ncbi.nlm.nih.gov/pubmed/3137474
https://doi.org/10.1097/00000542-200603000-00005
https://www.ncbi.nlm.nih.gov/pubmed/16508385
https://doi.org/10.1016/j.clinthera.2004.12.019
https://www.ncbi.nlm.nih.gov/pubmed/15823761
https://doi.org/10.1016/j.lfs.2007.07.003
https://www.ncbi.nlm.nih.gov/pubmed/17692876
https://doi.org/10.1016/S0304-3959(03)00067-8
https://doi.org/10.1084/jem.20201452
https://www.ncbi.nlm.nih.gov/pubmed/33656514
https://doi.org/10.3390/ph13110340
https://www.ncbi.nlm.nih.gov/pubmed/33113868
https://doi.org/10.1007/s12031-020-01491-1
https://doi.org/10.3389/fimmu.2024.1335387

J. Pers. Med. 2024, 14, 537 32 0f 32

272. Ross, J.L.; Queme, L.E; Lamb, J.E.; Green, K.J.; Ford, Z.K.; Jankowski, M.P. Interleukin 1§ inhibition contributes to the antinoci-
ceptive effects of voluntary exercise on ischemia/reperfusion-induced hypersensitivity. Pain 2018, 159, 380-392. [CrossRef]
[PubMed]

273. Buvanendran, A.; Mitchell, K.; Kroin, ].S.; Iadarola, M.J. Cytokine Gene Expression after Total Hip Arthroplasty: Surgical Site
versus Circulating Neutrophil Response. Anesth. Analg. 2009, 109, 959-964. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/j.pain.0000000000001094
https://www.ncbi.nlm.nih.gov/pubmed/29112534
https://doi.org/10.1213/ane.0b013e3181ac1746
https://www.ncbi.nlm.nih.gov/pubmed/19690273

	Introduction 
	Pro-Inflammatory Cytokines and Pain 
	Interleukin-6 
	Interleukin-1 
	Tumor Necrosis Factor- 

	Pathological Pain and Glial Activation 
	Anti-Inflammatory Cytokines 
	Pain Therapy Using IL-10 Gene Therapy 
	Osteoarthritis Biomarkers 
	Orthopedic Surgeries and Inflammatory Signatures 
	Fascia Iliac Compartment Block (FICB)—Serum NLRP3 and the Role of Inflammatory Biomarkers in the Field of Orthopedic Surgeries 
	Plasminogen Activator Inhibitor-1 and Its Role 
	Results and Discussion 
	Materials and Methods 
	Literature Search Strategy 
	Inclusion and Exclusion Criteria 
	Data Extraction 
	Data Synthesis 
	Ethical Considerations 

	Conclusions 
	References

