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Abstract

Aseptic loosening (AL) represents the leading cause of long-term failure in total joint arthro-
plasty, often necessitating revision surgery. This review explores the complex mechanisms
underlying AL, which involve a multifaceted interaction between the implanted biomateri-
als and the host immune response. We outline the key inflammatory mechanisms triggered
by wear debris from polyethylene, polymethylmethacrylate, metal, and ceramic materials.
We also examine emerging biomarkers for early detection and differentiation between stable
and loosened implants, including proinflammatory cytokines, bone metabolism markers,
extracellular matrix degradation products, microRNAs, and genetic polymorphisms. Lastly,
we discuss current and future strategies for prevention and treatment, ranging from surgical
optimization and biomaterial selection to pharmacological interventions. A comprehensive
understanding of these mechanisms may help reduce the incidence of AL and improve
long-term outcomes in arthroplasty patients.

Keywords: aseptic loosening; biomarker; osteolysis; total hip arthroplasty

1. Introduction
Total hip arthroplasty (THA) is one of the most successful and frequently performed

surgical procedures worldwide, providing substantial pain relief and functional improve-
ment for millions of patients with degenerative or traumatic hip diseases [1]. Despite
continuous advances in surgical techniques and biomaterials, its long-term success is often
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compromised by aseptic loosening (AL), which remains the leading cause of non-infectious
implant failure [1]. AL refers to the detachment of an implant from the surrounding bone
without any evidence of infection or injury [2]. Clinically, it results in pain, functional
impairment, and the need for revision surgery, a procedure technically more demanding
than primary THA, associated with a higher risk of complications (e.g., infection, blood loss,
periprosthetic fractures) and longer, often less favorable, recovery [3]. From an economic
perspective, AL represents a substantial burden, as revision surgeries are considerably more
expensive than primary procedures due to higher hospital costs, prosthetic component
expenses, prolonged rehabilitation, and loss of productivity [4]. With the increasing life
expectancy of the population and the expanding indications for joint arthroplasty, the inci-
dence of AL and the demand for revision surgeries are expected to rise markedly, placing
growing pressure on healthcare systems worldwide [4,5]. Understanding the multifactorial
biological mechanisms underlying AL, identifying patients at risk through early biomark-
ers, and developing innovative preventive and therapeutic strategies are therefore essential
to improve long-term outcomes and reduce healthcare costs. This review will examine the
complex pathophysiology of AL, explore emerging biomarkers for early detection, and
discuss current and future strategies for prevention and management.

2. Methodology
This narrative review was conducted to synthesize the existing scientific literature on

pathophysiological mechanisms, biomarkers, and preventive and therapeutic strategies re-
lated to AL in THA. A comprehensive literature search was performed using the electronic
databases PubMed, Scopus, and Web of Science. Various combinations of keywords were
employed, including “aseptic loosening,” “total hip arthroplasty,” “periprosthetic osteoly-
sis,” “wear debris,” “biomarkers,” “inflammation,” “foreign body reaction,” “preventive
strategies,” “treatment,” “pharmacological intervention,” “biomaterials,” and “coatings.”
The search was limited to articles published in English.

Inclusion criteria encompassed original studies (in vitro, animal studies, clinical and
translational research) and review articles addressing the pathophysiology, biological mech-
anisms, biomarker identification, or prevention and treatment strategies of AL. Conference
abstracts, letters to the editor, and non-peer-reviewed articles were excluded. Two indepen-
dent reviewers (GR and LS) screened titles and abstracts for relevance. Potentially eligible
articles underwent full-text review. Discrepancies were resolved through discussion and
consensus or consultation with a third reviewer (EM). Relevant data were extracted and
narratively synthesized, organized around key themes such as inflammatory mechanisms,
biomarkers, and intervention strategies.

Due to the narrative nature of the review, a formal quality assessment of included
studies using specific tools was not performed. However, priority was given to high-quality
studies with robust designs and reproducible results. The potential for publication bias was
acknowledged, with efforts made to include a broad range of studies and to highlight areas
of controversy where present. The literature search covered the period from the earliest
identification of aseptic loosening mechanisms up to July 2025, ensuring inclusion of the
most recent discoveries and emerging trends.

3. Immune Response to Biomaterial
AL is a complex process driven by biological mechanisms that gradually destabilize

the implant. This multifactorial process involves intricate interactions between the implant,
immune system cells, and bone cells [6–8]. In fact, orthopedic implant placement triggers
an innate immune response, beginning with acute inflammation followed by chronic
inflammation driven by wear particle phagocytosis [9]. This process promotes granulation
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tissue formation, periprosthetic fibrosis, and increased osteoclast activity, disrupting bone
homeostasis and leading to osteolysis [9]. Concurrently, a distinct and persistent foreign
body reaction (FBR) occurs in response to non-degradable particulate debris. The FBR
is characterized by sustained macrophage activation, multinucleated foreign body giant
cells (FBGCs) formation, and fibrotic encapsulation of debris [7]. Importantly, the FBR
depends on and is influenced by the chronic inflammatory environment, demonstrating
that these pathways are interconnected and mutually reinforcing [7,9]. Together, they
amplify extracellular matrix remodeling and bone resorption, ultimately leading to AL.
Figure 1 illustrates the process flowchart.

 

Figure 1. Inflammatory and Foreign Body Reactions Leading to Aseptic Loosening.

3.1. Acute Inflammation

The surgical introduction of biomaterials leads to inevitable tissue damage, triggering
an acute inflammatory response, which occurs alongside the body’s specific reaction to the
biomaterial [6,10]. Upon implantation, biomaterials rapidly adsorb proteins from blood and
interstitial fluid proteins, forming a layer that influences immune cell recruitment, inflam-
mation, and matrix formation [10,11]. Among these adsorbed proteins, albumin, fibrinogen,
fibronectin, and complement factors regulate cell adhesion and immune activation, shaping
the host response [6]. Biomaterials can also trigger the coagulation pathway through Factor
XII (FXII) and tissue factor (TF). Surface contact activates FXII, leading to thrombin genera-
tion, while platelet adhesion amplifies coagulation and inflammation [12,13]. Fibrinogen
adsorption on biomaterials promotes phagocyte activation, contributing to clot formation
and immune responses [14]. Concurrently, complement system activation results in the
formation of C3 convertase. This, in turn, generates the anaphylatoxins C3a and C5a, which
trigger inflammation by activating immune cells, increasing vascular permeability, and
promoting mast cell degranulation [6]. The complement and coagulation cascades interact
and modulate each other’s activities [15]. Leukocytes exit blood vessels and migrate into
perivascular tissues in response to the implant [6,16–20]. Their interaction with biomaterial
surfaces is mediated by adsorbed proteins acting as ligands for integrins that are the key
adhesion receptors on leukocytes [6,14,21]. Among these ligands are fibrinogen, factor X,
iC3b, fibronectin, and vitronectin [19,20]. Initial phagocyte attachment and spreading are
facilitated by β2 integrins, which later promote the expression of additional integrins [6,19].
Mast cell degranulation, with histamine release, directs polymorphonuclear leukocytes
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(PMNs) and monocytes to implants and modulates the immune response through IL-4
and IL-13 secretion [6,22,23]. PMNs secrete IL-8, which recruits additional neutrophils
and enhances the immune response; with certain biomaterials like chitosan, this migration
may persist due to ongoing IL-8 signaling [6,24–27]. Activated PMNs release monocyte
chemotactic protein-1 (MCP-1/CCL2) and macrophage inflammatory protein-1 (MIP-1),
which serve as strong chemoattractants and activation signals for monocytes, macrophages,
immature dendritic cells, and lymphocytes [6,28,29]. This chemokine release shifts the im-
mune response by limiting further neutrophil infiltration while promoting the recruitment
of monocytes. Once at the implantation site, monocytes differentiate into macrophages,
initially adopting a proinflammatory M1 phenotype [7,30–33]. These macrophages amplify
inflammation by releasing cytokines and recruiting mesenchymal stem cells (MSCs) [7].
Additionally, these factors enhance the osteogenic differentiation of mesenchymal stem
cells (MSCs) into osteoblasts and stimulate angiogenesis, both essential processes for bone
repair [7,34–36]. Tissue injury causes damage to the bone microvasculature, resulting in
hematoma formation around the lesion [37,38]. The early inflammatory response promotes
new blood vessel development, while macrophages and osteoclasts remove damaged bone
tissue [38,39]. Newly formed blood vessels ensure oxygen and nutrient supply, essential
for MSC differentiation and bone regeneration [38]. The transition from M1 to the anti-
inflammatory M2 macrophage phenotype plays a crucial role in resolving the inflammation
and supporting tissue remodeling [7]. As the inflammation subsides, PMNs undergo
apoptosis due to the absence of further activation signals. Their clearance by macrophages
via phagocytosis facilitates the M1-to-M2 transition, stabilizing new vascular networks
and promoting long-term tissue healing [6]. Typically, PMNs are no longer present at the
surgical site within the first 48 h of biomaterial implantation [6,9].

3.2. Chronic Inflammation

Inflammation around the implant site represents the tissue’s defense against multiple
stressors, such as surgical intervention, trauma, infections, the implant, and its wear debris.
To prevent tissue damage and persistent immune reactions, anti-inflammatory mecha-
nisms are simultaneously activated to restore tissue homeostasis [40,41]. However, not all
patients with joint prostheses achieve a stable state, and some stressors persist [7,42,43].
Ongoing inflammation at the bone–implant interface, driven by wear particles, results
in periprosthetic osteolysis (PPOL) [44]. Excessive wear particle production can induce
chronic inflammation, driven by cytokine release from macrophages and foreign body
giant cells (FBGCs), resulting in a continuous cycle of inflammatory stress in the affected
tissues [6]. The immune response to wear particles is influenced by multiple factors [6].
Size plays a crucial role, as particles between 0.1 and 1 µm are the most biologically
active [45–49]. Smaller particles (<1 µm) are engulfed by macrophages through phagocy-
tosis, while larger particles (>10 µm) are typically encased by multiple macrophages and
FBGCs [50]. Material composition also plays a key role, as substances like polyethylene,
PMMA, and metals tend to provoke a stronger inflammatory reaction. Shape and surface
texture contribute as well, with irregular, rough particles triggering a more intense immune
reaction [47,50]. The quantity of particles is another key factor, as exceeding a certain
threshold can lead to periprosthetic osteolysis [46,47,51]. The inflammatory response is
further influenced by factors such as surface charge and the capacity of periprosthetic
tissues to clear debris [47]. The body’s ability to balance pro- and anti-inflammatory mech-
anisms further determines the severity of the response. Furthermore, surface charge and
the efficiency of periprosthetic tissue clearance also affect the inflammatory process. The
body’s capacity to modulate pro- and anti-inflammatory mechanisms is a pivotal factor
in determining the severity of the response [47]. Finally, genetic susceptibility, including



Appl. Sci. 2025, 15, 9156 5 of 23

particular single-nucleotide polymorphism (SNP) variations, may have the potential to
render certain individuals more prone to an aggressive inflammatory response [47]. Al-
though various cells respond to implant debris by initiating inflammation, the central
role belongs to resident macrophages, whose particle-clearing activity drives the inflam-
matory processes around the implant [52,53]. Macrophage activation by wear particles
is mediated through pattern recognition receptors (PRRs). PRRs differ by location, with
Toll-like receptors (TLRs)—particularly TLR2 and TLR4—playing a central role in how
macrophages detect implant particles [44,54]. Wear debris functions as alarmins, engaging
PRRs either at the cell surface or after phagocytosis. This interaction leads to the secretion
of proinflammatory cytokines such as tumor necrosis factor-α (TNF-α), IL-1β, IL-6, and
prostaglandin E-2 (PGE-2) [44,55]. Moreover, macrophages release growth factors like
macrophage colony-stimulating factor 1 (M-CSF), osteoclast-activating signals including
receptor activator of nuclear factor kappa B ligand (RANKL), and chemokines such as
IL-8, macrophage inflammatory protein-1α (MIP-1α), and MCP-1 [44,55]. This process
draws in more macrophages and osteoclast precursors, worsening inflammation and bone
loss [55]. Wear particles activate the NLRP3 inflammasome, which, through a two-step
process involving NF-κB and ASC, leads to the release of IL-1β and IL-18 [56]. Macrophage
phagocytosis of wear debris activates this inflammasome pathway, leading to the release of
IL-1β, which plays a key role in osteolysis [57]. Macrophage release of TNF-α and IL-1β in
response to wear particles induces osteoblasts and fibroblasts to increase RANKL expres-
sion and decrease osteoprotegerin (OPG) production [58,59] A decreased OPG/RANKL
ratio has been associated with enhanced osteolysis [60]. When RANKL binds to RANK on
osteoclast precursors, it activates signaling cascades including nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK),
leading to osteoclast formation and enhanced bone resorption that contributes to implant
loosening [61]. This process is summarized in Figure 2.

 

Figure 2. Macrophages react to implant wear particles by engaging Toll-like receptors (TLRs) or
internalizing debris via phagocytosis. This activates nuclear factor kappa B (NF-κB), triggering the
release of proinflammatory cytokines (TNF-α, IL-1, IL-6, PGE-2), growth factors (M-CSF), osteoclast-
promoting factors (RANKL), and chemokines (IL-8, MIP-1α, MCP-1). These signals recruit more
macrophages and osteoclast precursors, driving inflammation, bone resorption, osteolysis, and
implant failure. This figure was created with Servier Medical Art (https://smart.servier.com, accessed
on 25 March 2025) and NIH Bioart (https://bioart.niaid.nih.gov/, accessed on 25 March 2025).

https://smart.servier.com
https://bioart.niaid.nih.gov/
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3.3. Granulation Tissue and Fibrosis

It has been observed that, during the chronic inflammation phase, the release of
growth factors such as Platelet-Derived Growth Factor (PDGF), Fibroblast Growth Factor
(FGF), Transforming Growth Factor-β (TGF-β), and Epidermal Growth Factor (EGF) from
macrophages stimulates the formation of new blood vessels and connective tissue [62].
At the site of implantation, fibroblasts and vascular endothelial cells proliferate, forming
granulation tissue, a key feature of the healing inflammatory response. This tissue, dis-
tinguished by its pink, granular appearance in healing wounds, is characterized by the
growth of new blood vessels and fibroblast proliferation [9,62].

New blood vessels form by sprouting from existing ones, a process called neovascu-
larization or angiogenesis, involving endothelial cell growth, maturation, and assembly
into capillaries [62]. As granulation tissue develops, fibroblasts proliferate and synthesize
collagen and proteoglycans, leading to fibrotic encapsulation. The consequence of this
persistent immune response is the continuous production of an extracellular matrix around
the implant. This, in turn, results in implant loosening and potential failure. [62].

3.4. Foreign Body Reaction

Foreign body reaction (FBR) refers to the body’s response to small particles and debris
from implanted medical devices, such as prostheses [7]. This response involves various
immune cells, including monocytes, macrophages, fibroblasts, FBGCs, and osteoclasts [7].
However, FBR around implants differs from acute and chronic inflammation, progressing
through three phases: tolerant, irritable, and intolerant [7]. Importantly, FBR to prosthetic
implants is a dynamic and evolving process characterized by sequential phases, each
distinguished by specific clinical features, radiological findings, and underlying biological
mechanisms related to the host response to wear particle accumulation [63,64]. The duration
of each phase is highly variable and depends on patient factors, implant design, biomaterial
characteristics, and the extent of particulate generation [7,47].

3.4.1. Tolerant Phase

Biocompatibility is defined as the ability of these materials not to induce a signifi-
cant adverse reaction in the body but instead activate a protective response that helps
maintain the body’s homeostasis [7]. When introduced into the body, wear particles are
phagocytosed by macrophages and become embedded in the fibrous matrix of the forming
pseudo-capsule. During this phase, no obvious granulomas are formed [7,65–67]. This
phase typically lasts from months to several years post-implantation. Patients are usually
asymptomatic or report mild, occasional pain, with preserved joint function. Standard
radiographs often show no osteolysis, while advanced imaging (MRI or CT) may reveal
minimal capsular thickening or periprosthetic effusion without bone loss or implant loos-
ening. Here, the inflammatory response remains controlled and non-destructive [68].

As particles accumulate, macrophages become overwhelmed and undergo apoptosis,
resulting in the engulfment of debris by other macrophages or its embedding in the extra-
cellular matrix [67]. When this immune response is insufficient, granulomas form around
the pseudo-capsule, amplifying inflammation and triggering the shift from the tolerant to
the irritable phase [7].

3.4.2. Irritable Phase

As wear particle accumulation exceeds the body’s clearance capacity, chronic inflam-
mation intensifies, leading to granuloma formation within the regenerating capsule [7].
This phase is characterized by an imbalance between the host’s defense mechanisms (phago-
cytosis and fibrotic tissue formation) and the persistent influx of wear debris [7]. When
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macrophages cannot engulf large particles (>10 µm), they fuse to form multinucleated
FBGCs. These cells then attempt to degrade and isolate the debris but inadvertently
prolong inflammation, exacerbating tissue damage [7,9,69–71]. Granulomas recruit addi-
tional macrophages, monocytes, lymphocytes, and mast cells, amplifying the inflammatory
response. Excessive fibroblast activation results in the formation of a dense fibrous cap-
sule around the particles, encapsulating them within a collagen-rich matrix [7,69]. While
this process initially helps contain the debris, prolonged inflammation leads to tissue
remodeling and extracellular matrix degradation, ultimately compromising implant stabil-
ity [7,32,72]. The inflammatory microenvironment also promotes the release of cytokines
(TNF-α, IL-1, IFN-γ), ROS, and growth factors, which further stimulate the innate im-
mune response [7,32,47]. Radiologically, early periprosthetic osteolysis becomes evident
as radiolucent lines adjacent to the implant, reflecting the interface between the fibrous
pseudocapsule and bone undergoing resorption. CT and MRI provide detailed visual-
ization of granuloma formation and the extent of bone loss [73,74]. Clinically, symptoms
become more pronounced and persistent, with patients experiencing moderate, recurrent
pain. The duration of this critical transition phase ranges from months to several years and
represents a pivotal stage toward implant failure [7,75]. Furthermore, the dissemination
of wear particles throughout the body can trigger a systemic immune response, known as
particle disease [7,76,77].

3.4.3. Intolerant Phase

As the immune response escalates beyond the host’s ability to control it, the for-
eign body reaction becomes increasingly destructive. Granulomas, primarily composed
of activated macrophages, fibroblasts, endothelial cells, lymphocytes, and inflammatory
mediators, expand, triggering osteoclast activation and excessive bone resorption at the
bone–implant interface [7,76]. Mast cells have been shown to amplify the inflammatory
response by releasing histamine, IL-3, and IL-4, thereby exacerbating tissue degrada-
tion [7,66,70,71]. The infiltration of inflammatory joint fluid, rich in cytokines and wear
particles, has been demonstrated to accelerate extracellular matrix breakdown and disrupt
bone homeostasis [7]. The resulting imbalance is known to favor osteoclast-mediated
bone resorption, leading to progressive weakening of the peri-implant bone tissue [7,47].
Within an acidic microenvironment, the excessive release of proteolytic enzymes, partic-
ularly cathepsin K, drives aggressive extracellular matrix degradation [9]. As osteolysis
progresses, a synovial-like lining forms around the implant, further compromising struc-
tural integrity. The persistent immune activation and bone loss ultimately lead to implant
loosening and failure [7,9]. This phase represents the most advanced and destructive
stage, characterized by uncontrolled chronic inflammation and massive bone loss due to a
profound imbalance favoring osteoclast-mediated resorption [7]. The duration varies from
rapid progression over a few months to gradual evolution over one to two years, often
necessitating revision surgery [7]. Clinically, patients present with severe, persistent pain,
implant instability, marked limp, and significant functional impairment. Audible joint
noises, clicks, or sensations of giving way may also occur [1]. Radiographically, extensive
periprosthetic osteolysis appears as pronounced radiolucent lines along the entire implant
interface. CT and MRI confirm the extent of bone damage, widespread periprosthetic
membranes, and frequently detect implant migration or macroscopic instability [73,74].

3.4.4. Clinical Progression and Illustrative Scenarios

Although specific case studies illustrating the clinical progression through the tol-
erant, irritable, and intolerant phases of FBR are limited, typical patient presentations
can exemplify this evolution. During the tolerant phase, patients are often asymptomatic
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or report only mild discomfort, with imaging showing minimal capsular changes and
no bone loss [68]. As the response progresses to the irritable phase, patients experience
moderate, recurrent pain, and radiological evidence of early periprosthetic osteolysis be-
comes apparent [73,74]. Finally, in the intolerant phase, severe pain, implant instability,
and significant functional impairment dominate the clinical picture, frequently requiring
revision surgery [73,74]. This clinical progression reflects the escalating imbalance between
host defense mechanisms and wear particle burden, emphasizing the dynamic nature of
FBR [7].

3.5. Inflammatory Response to Different Implant Materials
3.5.1. Polyethylene Wear Particles

Polyethylene (PE) is a material frequently utilized in joint implants, wherein a PE
liner is affixed to a metallic acetabular shell and a metallic femoral head [60,78]. Wear
particles are continuously generated over time due to joint movement, with volumetric
wear being the primary factor influencing particle production. It has been demonstrated
that larger femoral heads (for example, with a diameter of 36 mm) produce a greater
number of particles than smaller ones (for example, with a diameter of 22 mm) [60,79].
Particles of PE, particularly those measuring between 0.1 and 1 µm, have been observed to
trigger inflammatory responses, with those between 0.3 and 1 µm being the most potent
in stimulating FBGCs. In contrast, particles smaller than 0.3 µm are generally eliminated
via pinocytosis [7,60,80]. They can trigger the release of proinflammatory cytokines and
promote bone resorption [7]. In vitro studies have investigated how cells respond to
particles of different sizes and compositions. Smaller PE particles (0.24 µm) have been
found to be highly effective in stimulating proinflammatory cytokine release and bone
resorbing activity in murine peritoneal macrophages [46]. Ultra-high molecular weight
polyethylene (UHMWPE) is the polymer most frequently used in joint implants, valued
for its excellent performance when paired with metal or ceramic bearing surfaces. It
exhibits exceptional biocompatibility and high resistance to corrosion. Because UHMWPE
produces many wear particles, it has been modified into cross-linked polyethylene (XLPE),
which releases significantly fewer particles [44,81]. This cross-linking involves irradiating
UHMWPE, creating free radicals [82]. If these radicals stay trapped, they may react with
oxygen over time, causing oxidative degradation, embrittlement, and eventual mechanical
failure [82–84].

In order to overcome this problem, new XLPE products have been produced with
the addition of Vitamin E, a powerful antioxidant, to neutralize these free radicals and
prevent oxidation without compromising the material’s mechanical properties [85,86]. Both
UHMWPE and XLPE particles have the potential to trigger an inflammatory response by
inducing the overexpression of TLR2 and TLR4, pathways previously described. In addi-
tion, there is a possibility that they may also activate the NLRP3 inflammasome [44,87,88].
These particles are recognized not only through TLRs but also via phagocytosis. Once
internalized, they accumulate in phagosomes, where they are resistant to enzymatic degra-
dation [60,89,90]. Both pathways ultimately activate NF-κB, triggering the release of
proinflammatory cytokines and mediators that drive bone resorption [44,60,91–93]. Tran-
scriptomic analyses of human macrophages reveal increased expression of inflammatory
and bone resorption markers such as CCL2, CCL3, CCL4, CCL20, IL-8, IL-1β, IL-6, TNF-α,
M-CSF, and MMPs [94].
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3.5.2. Polymethylmethacrylate Wear Particles

Polymethylmethacrylate (PMMA) particles, resulting from bone cement, promote
osteoclastogenesis and osteolysis, primarily through TLR activation, leading to IL-1β and
TNF-α secretion and monocyte recruitment via MCP-1 signaling [44,95–99].

The MyD88-dependent pathways are the main signaling mechanism for most TLRs
except TLR3. MyD88 activation leads to NF-κB and AP-1 signaling, which stimulates the
production of inflammatory cytokines like TNF-α, IL-1, and IL-12 [100]. Studies in patient
samples and animal models confirm that TLRs mediate the immune response to implant
debris. Experiments show that blocking MyD88 in macrophages lowers inflammation
caused by PMMA particles, while mice lacking MyD88 exhibit a reduced inflammatory
reaction [97]. PMMA also activates the NALP3 inflammasome, driving caspase-1-mediated
IL-1β release and exacerbating inflammation [44,101]. Additionally, PMMA particles
upregulate the vascular endothelial growth factor (VEGF), promoting angiogenesis, which
has been linked to osteolysis progression. Murine studies show that VEGF inhibition
reduces TNF-α production, inflammation, and osteoclast formation, highlighting its role in
PMMA-induced bone resorption [44,102].

3.5.3. Metallic Wear Debris

Metallic wear debris drives chronic periprosthetic inflammation. Mediated mainly
by macrophages and FBGCs, this process triggers proinflammatory cytokine and growth
factor release, stimulating osteoclasts and leading to osteolysis [44]. The exact molecular
mechanisms remain a subject of considerable debate, with both experimental and clinical
evidence showing substantial heterogeneity [44]. Metallic particles, especially cobalt (Co)
and titanium (Ti), have been shown to elicit strong immune responses [44,60]. Several
studies indicate that Co alloy debris can activate both TLR4 and the NLRP3 inflamma-
some, resulting in increased production of IL-1β and IL-18 [44,103,104]. Nevertheless,
other investigations suggest that Co primarily activates the inflammasome pathway, with
minimal TLR4 involvement [104]. This discrepancy likely reflects differences in particle
size, surface chemistry, ion release kinetics, and experimental models (human vs. murine
macrophages) [104]. While some studies using purified cobalt or nickel ions demonstrate
TLR4 activation [105], others using cobalt alloy particles in vitro have reported that block-
ing TLR4 does not reduce the inflammatory response, pointing instead to a predominant
role of NLRP3-dependent mechanisms [104]. In addition to these innate immune pathways,
Co ions can induce hypoxia-like responses by up-regulating HIF-1α, VEGF, TNF-α, and
ROS production, further exacerbating osteolysis [104]. Titanium (Ti) particles similarly
activate IL-1β, IL-6, and TNF-α via NLRP3 inflammasome, a process dependent on TNF-α
priming [44]. Furthermore, metal ions can act as haptens, triggering a Type IV hypersen-
sitivity reaction with recruitment of T-lymphocytes, contributing to adverse reactions to
metal debris (ARMD) and perivascular lymphocytic infiltrates [7,32,44]. Taken together,
these findings highlight that the immunological effects of metallic debris, particularly Co,
remain an area of controversy [44]. While TLR4 activation by Co may occur under specific
physicochemical and biological conditions, it is not universally required for Co-induced
inflammation [104]. Moreover, recent studies have identified heterogeneous infiltration
of adaptive immune cells, including T and B lymphocytes, within periprosthetic tissues,
suggesting a more complex interplay between innate and adaptive immunity in AL [106].
Clarifying these mechanisms through standardized experimental approaches and well-
designed clinical studies will be essential to fully understand the immunological impact of
metal wear debris and to develop targeted preventive or therapeutic strategies.
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3.5.4. Ceramic Wear Debris

Over the past decades, ceramic-on-ceramic (CoC) implants have become the most
commonly used bearing surfaces. CoC implants generate minimal wear particles, have a
reduced risk of osteolysis, and offer strong durability over time. These properties make it
a favorable option for young and active patients [107]. Compared to polymeric particles,
ceramic materials like alumina (Al2O3) and zirconia (ZrO2) produce very little wear debris,
show minimal immune system toxicity, and provoke only a mild release of TNF-α and IL-
1β [44,60,108]. Ceramic debris causes minimal macrophage death and has a limited effect
on RANKL, OPG, and TNF-α expression, which, of course, increases in a concentration-
dependent manner. [44,109]. However, zirconia has been found to activate TLR3, TLR7,
and TLR10, though its influence on cytokine release is minimal [44,110]. Overall, ceramic-
on-ceramic prostheses have been demonstrated to exhibit a reduced propensity for debris
formation, osteolysis, loosening, and prosthetic failure, provided that they are implanted
in a satisfactory manner. However, cases of squeaking and ceramic fracture have been
reported [111,112].

4. Biomarkers
Implant loosening is a multifactorial process influenced by biomechanical forces

and the balance between osteoblast and osteoclast activity [113]. This balance can be
assessed through objective biomarkers, including serum and urinary markers, which offer
a minimally invasive and easily accessible means of monitoring biological processes [114].
Several studies have explored the potential of these biomarkers in distinguishing between
aseptically loosened and stable implants.

Among the most studied biomarkers are those related to inflammation, as this process
plays a central role in AL. Elevated levels of TNF-α, IL-1β, IL-6, and IL-8 have been
found in patients with AL, indicating an active immune response contributing to bone
resorption [115–120]. A study by Wu et al. (2009) demonstrated that elevated TNF-α
expression was associated with higher levels of CD14+CD16+ monocytes in the blood,
suggesting that these monocytes could also serve as potential biomarkers for AL [117].
Several chemokines, such as MCP-1 and CCL18, are also increased, supporting their
role in recruiting immune cells to the loosening site [121,122]. Bone metabolism markers
play a crucial role in assessing AL, as the condition disrupts the balance between bone
formation and resorption. In particular, RANKL levels are elevated in patients with
AL, contributing to enhanced osteoclastogenesis and subsequent bone resorption. This
increase in RANKL promotes osteoclast activation, leading to excessive bone resorption and
ultimately, the loosening of the implant [118,121]. Specifically, markers of bone resorption,
such as CTX, NTX, TRAP5b, and ICTP (C-telopeptide of type I collagen), are elevated,
indicating heightened osteoclastic activity [118,123–127]. In contrast, markers of bone
formation, including osteocalcin and PiCP, show significant alterations, with PiCP levels
notably reduced, suggesting a disruption in the bone formation process [123,127]. These
changes reflect the abnormal bone remodeling characteristic of AL and underscore the
potential of these markers in assessing the condition.

In addition to these markers, extracellular matrix degradation also plays a key role in
AL. Hyaluronic acid, an important component of the joint matrix, was found to be upregu-
lated in AL patients, suggesting damage to the joint environment [119]. Similarly, CHIT1, a
marker involved in the degradation of bone and cartilage, is elevated both in blood and syn-
ovial fluid, further pointing to ongoing matrix breakdown [122]. Cell adhesion molecules,
such as CD18, CD11b, and CD11c, are also found at increased levels, which may reflect
enhanced cellular activation and migration to areas of bone resorption [128]. Emerging
research into microRNAs has revealed their potential as biomarkers for AL [129]. Several
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miRNAs, including miR-21, miR-92a, miR-106b, miR-130, miR-135, and miR-155, are up-
regulated in AL patients, while miR-29 appears reduced, suggesting their involvement in
regulating both inflammatory responses and bone remodeling [130]. Several studies have
explored genetic factors that may predispose individuals to AL, focusing on SNPs in key
inflammatory and bone remodeling genes. López-Anglada et al. (2021) demonstrated that
polymorphisms in exon 2 of NOS2 and the +3954C/T polymorphism (exon 5, rs11436434) of
IL-1β are associated with an increased frequency of AL [120]. Specifically, the AA genotype
of NOS2 and the TT genotype of IL-1β appear to be linked to a higher risk of developing
the condition [120]. Additionally, Malik et al. (2007) assessed SNPs in MMP1, revealing
an association between these genetic variations and an elevated risk of AL [131]. These
findings suggest that genetic predisposition plays a significant role in the development of
AL, highlighting the potential for using genetic markers to better identify individuals at
higher risk [131].

Monitoring systemic biomarkers can be further enhanced by assessing metal ion con-
centrations, particularly in patients with metal-on-metal implants. Whole-blood Co and
chromium (Cr) levels exceeding 5 µg/L are generally considered abnormal and may indi-
cate implant wear, ARMD, or imminent mechanical failure. Such elevations can precede
clinical or radiological signs and warrant further investigation [132]. In addition, simple
inflammatory markers like C-reactive protein (CRP) can assist in clinical evaluation. Al-
though CRP is non-specific and cannot differentiate AL from infection, persistently elevated
CRP levels in the absence of infection may indicate ongoing periprosthetic inflammation or
tissue damage [133,134]. Combining metal ion monitoring with inflammatory markers can
therefore improve early detection and management of prosthetic complications.

Table 1 summarizes key biomarkers and genetic factors involved in AL, indicating
their typical levels in patients, their biological roles, and the sample type for their detection.

Table 1. Biomarkers in Aseptic Loosening (AL).

Category Biomarkers Levels in AL
Patients Role Sample References

Inflammatory
Biomarkers

TNF-α, IL-1β,
IL-6, IL-8,
CD14+CD16+
monocytes,
MCP-1, CCL18

High

Indicative of an active inflammatory response
that promotes the recruitment and activation
of immune cells, contributing to bone
destruction. Blood,

synovial fluid
[115–122,133,134]

C-reactive protein
(CRP) High

Can assist in clinical evaluation. Persistently
elevated in the absence of infection may
indicate ongoing periprosthetic inflammation
or tissue damage.

Bone
Metabolism

RANKL, CTX,
NTX, TRAP5b,
ICTP

High Represent the altered balance between bone
formation and resorption; increased resorption
and reduced bone formation, typical of AL.

Blood, urine [118,121,123–127]
Osteocalcin, PiCP Low

Matrix
Degradation

Hyaluronic acid,
CHIT1, CD18,
CD11b, CD11c

High
Signals of extracellular matrix degradation
and cellular activation, indicative of tissue
damage and local immune response.

Blood,
synovial fluid [119,122,128]

MicroRNA

miR-21, miR-92a,
miR-106b,
miR-130, miR-135,
miR-155

High
Involved in the regulation of inflammatory
processes and bone remodeling, contributing
to the altered balance between osteoresorption
and formation.

Blood [129,130]

miR-29 Low

Genetic
Factors

SNPs in NOS2
(AA genotype),
IL-1β (TT
genotype), and
MMP1

Associated
with
increased risk

Genetically predisposed to the establishment
of an accentuated inflammatory response and
aberrant bone remodeling, favoring the
development of AL

Blood [120,131]

Systemic
Biomarkers

Whole-blood
Cobalt (Co) and
Chromium (Cr)
levels

>5 µg/L

May indicate implant wear, ARMD, or
imminent mechanical failure. Elevations can
precede clinical or radiological signs and
warrant further investigation.

Blood [132]
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Diagnostic Accuracy and Critical Evaluation of Biomarkers in Aseptic Loosening

Among the biomarkers previously discussed, some have been specifically investigated
for their diagnostic value in identifying AL or distinguishing it from periprosthetic joint
infection (PJI). For example, bone metabolism markers such as ICTP demonstrate a high
sensitivity of 91% but moderate specificity (69%), indicating that while ICTP is effective
at detecting AL, it may lead to false positives [127]. TRAP 5b stands out with perfect
sensitivity (100%), making it excellent for ruling out AL when negative; however, its low
specificity (31%) and likely low positive predictive value limit its use as a definitive diag-
nostic tool due to a high false-positive rate [127]. Osteocalcin shows moderate sensitivity
and specificity (69% and 65%, respectively), with no clear advantage in diagnostic reliabil-
ity [127]. NTX offers a better balance, with 82% sensitivity and 87% specificity, suggesting
stronger potential for detecting osteoclastic activity associated with AL and a more reliable
predictive performance [127]. Similarly, cobalt and chromium ions from metal implants
show moderate sensitivity (63%) but relatively high specificity (86%), making them use-
ful especially in metal-on-metal implant monitoring, though insufficient as standalone
diagnostic markers [135].

In the context of differentiating AL from PJI, inflammatory cytokines provide more
targeted diagnostic information. IL-6 demonstrates solid diagnostic performance with
80% sensitivity, 87.7% specificity, and a positive predictive value (PPV) of 69,6% and a
high negative predictive value (NPV) of 92.6%, making it particularly useful to rule out
infection when levels are low [136]. IL-1β shows even higher sensitivity (94.6%) and
specificity (86.2%), reinforcing its role in differentiating PJI from AL [137]. IL-8 stands
out with excellent specificity (100%) and good sensitivity (86.1%), indicating that elevated
IL-8 strongly supports PJI presence, with minimal risk of false positives [137]. Conversely,
TNF-α has low sensitivity (35%) despite moderate specificity (86%), with a modest NPV of
79% and PPV of 46.7%, which considerably limits its usefulness as a diagnostic marker [136].
CRP, widely used in clinical practice, has good sensitivity (80%) but limited specificity (64%),
a high NPV of 92.3% NPV but a low PPV of 37.2%, implying that while CRP effectively
signals inflammation, it cannot reliably differentiate between AL and PJI on its own [136].

These data highlight that no single biomarker achieves the combination of high sensi-
tivity, specificity, and predictive values necessary for a standalone diagnostic test. Many
markers excel in either sensitivity or specificity but fail to provide consistent reliability
across all parameters, leading to possible false positives or negatives. Therefore, integrating
multiple biomarkers alongside clinical assessment and imaging remains the most effective
strategy for accurate diagnosis. It is also important to note that for many other promising
biomarkers, comprehensive data on diagnostic performance, including sensitivity, speci-
ficity, PPV, and NPV, are still lacking. Most current research focuses primarily on whether
these markers are elevated in affected tissues or serum, without thorough validation of
their diagnostic utility.

In conclusion, biomarker analysis offers valuable insights into AL pathophysiology
and its differentiation from PJI. However, current evidence supports their use as part of a
multimodal diagnostic approach rather than standalone tests. Ongoing research is essential
to refine and validate effective biomarker panels that could improve early detection, guide
clinical decision-making, and ultimately enhance patient outcomes. Table 2 summarizes
the sensitivity, specificity, and predictive values of the key biomarkers discussed.
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Table 2. Sensitivity, specificity, and predictive values of key biomarkers for aseptic loosening (AL)
and differentiation from periprosthetic joint infection (PJI).

Biomarker Sensitivity (%) Specificity (%) PPV (%) NPV (%) Reference

ICTP 91 69 NA NA [127]

TRAP 5b 100 31 NA NA [127]

Osteocalcin 69 65 NA NA [127]

NTX 82 87 NA NA [127]

Cobalt (Co) and Chromium (Cr) ions 63 86 NA NA [135]

IL-6 80 87.7 69.6 92.6 [136]

IL-1β 94.6 86.2 NA NA [137]

IL-8 86.1 100 NA NA [137]

TNF-α 35 86 46.7 79 [136]

CRP 80 64 37.2 92.3 [136]

5. Prevention and Treatment of Aseptic Loosening
At present, the only effective treatment for AL is implant revision arthroplasty. AL

accounts for approximately 40% of all revision procedures, both for hip and knee arthro-
plasties [138]. Consequently, efforts must focus on prevention, which involves reducing
patient-related risk factors and selecting an appropriate prosthetic implant. Additionally,
ongoing research is being conducted to develop therapeutic protocols that prevent AL.
In the context of prevention, we can adopt preoperative, intraoperative, and postopera-
tive measures. About patient-related risk factors, a Body Mass Index (BMI) greater than
35 kg/m2 has been demonstrated to be associated with a twofold increase in the inci-
dence of aseptic loosening. Conversely, an excessively low BMI has been demonstrated to
heighten the risk of implant component migration and delays in osseointegration. Conse-
quently, preoperative planning should encompass the attainment of optimal body weight,
in conjunction with appropriate nutritional therapy and physical activity [139]. Osteo-
porosis has been shown to impair implant osseointegration. This phenomenon can be
attributed to the presence of estrogen deficiency, which has been shown to result in dimin-
ished osteoblast longevity, increased osteoclast activity, and impaired differentiation of
mesenchymal stromal cells into osteoblasts. Therefore, osteoporosis diagnosis and careful
management are advised to facilitate osseointegration [140]. Smoking raises the risk of AL
in both cemented and cementless joint replacements [141]. This is mainly due to nicotine’s
narrowing of blood vessels and the reduced oxygen supply caused by higher levels of
carboxyhemoglobin. These factors reduce blood flow to the local tissue, causing hypoxia
that likely hinders osseointegration [142]. Kapadia et al. found no significant difference
in AL rates between former smokers (those who quit at least 30 days before surgery) and
current smokers over an average follow-up of four years. Consequently, smoking cessation
30 days before surgery does not appear to be associated with reduced implant loosening
rates. Further studies are required to determine the optimal time for patients to cease
smoking before and after surgery to achieve the best possible results [143].

The role of cardiovascular disease, cancer, and psychotic disorders regarding the risk
of AL is still controversial. On the other hand, in the case of other comorbidities, including
neurodegenerative diseases, diabetes mellitus, and pulmonary diseases, the survival rate
of hip titanium implants seems to remain unaffected [144]. To summarize, preoperative
optimization should include BMI adjustment, osteoporosis treatment, smoking cessation,
and control of cardiovascular and psychiatric conditions [145].
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To determine the optimal course of action before hip replacement surgery, selecting
the implant is crucial to minimize the risk of AL. Material stiffness, measured by the
Young’s modulus, needs to be low enough (but not excessively) to avoid bone stress
shielding. This occurs when a stiffness mismatch between the implant and bone causes
improper load transfer, leading to increased bone resorption and impaired remodeling,
which can ultimately result in AL [146]. Stress shielding increases bone resorption and
inhibits remodeling, ultimately leading to AL. An ideal implant should have a Young’s
modulus similar to bone (10–30 GPa). For instance, Ti6Al4V titanium alloy has a modulus
of 110 GPa, compared to stainless steel’s 180 GPa. Additionally, the implant’s structure
and elasticity influence its long-term survival. Elasticity, given by a low Young’s modulus,
results in an increased micromotion, which can lead to fibrous tissue formation at the
bone–implant interface instead of bone ingrowth [145]. Extensive research has focused on
treating titanium surfaces using methods such as plasma spraying, hydroxyapatite coating,
acid etching, sandblasting, alkali heat treatment, ion implantation, and nanotechnology.
The most commonly used coatings are hydroxyapatite and porous coatings. Observations
have revealed better outcomes and reduced incidence of AL in hydroxyapatite-coated
implants [147,148]. Future developments may involve coatings with silicatitanate or growth
factors like bone morphogenetic protein (BMP). Porous surfaces on uncemented titanium
implants help stimulate and secure bone growth. Specific pore shapes and sizes promote
optimal osseointegration. It has been established that a porosity level exceeding 40% is
conducive to optimal bone growth [149]. In conclusion, regarding the choice of materials,
the goal is to use advanced alloys that prioritize resistance to corrosion and wear in order
to ensure the best longevity of the prosthetic construct in total hip replacement (THR).
In THR, the most commonly used metallic biomaterials are Co-Cr alloys and Titanium
Alloys (Ti), particularly Ti-6Al-4V. The main advantage of Co-Cr alloys is their superior
wear resistance compared to Titanium, making them particularly suited for withstanding
high stresses. On the other hand, the biocompatibility of this material appears to be lower
than that of Titanium [150]. The main advantage of using titanium-based alloys is their
light weight, increased mechanical strength, and high biocompatibility, such as promoting
osteoblast adhesion, thereby stimulating bone production around the implant. Regarding
osseointegration, Tantalium appears advantageous as it offers better corrosion resistance
compared to the other two metals. However, its use is limited due to its very high cost [151].
Advanced metallic materials are Ti-25Nb-2Mo-4Sn, Ti-15Zr-4Nb-4Ta, and Ti-35Nb-7Zr-5Ta
that improve longevity of the implant, preventing wear on the metal surfaces underneath,
and are very good at reducing stress on the surrounding bone [152].

A further pivotal element in selecting the implant to prevent AL is its size, which
is essential for ensuring a proper press fit and stability. Isaacson et al. observed that
micromovements of up to 30 µm are beneficial, but those exceeding 150 µm compromise
osseointegration. Furthermore, it is imperative to ensure that the acetabular cup is properly
oriented; it should not be excessively horizontal (45◦). It has been established that femoral
head sizes greater than 32 mm are associated with an elevated rate of revision surgery due
to AL, despite a concomitantly lower incidence of dislocation [153].

The selection of surgical approach may also impact the risk of AL, although this
remains uncertain. McCormick et al. found no statistically significant difference in revision
rate between patients treated with a posterolateral approach or an anterior approach (either
direct anterior or anterior-based muscle sparing approach) [154]. Conversely, data from the
Swedish Hip Arthroplasty Register show higher AL revision rates with the anterolateral
approach, likely due to component malpositioning. Surgeon experience may influence this
risk, making optimal joint exposure crucial when using the anterior approach. Moreover,
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it has been demonstrated that excessive drilling or rasping can lead to mechanical and
thermal bone damage, thereby impairing osseointegration [155].

One promising approach to reduce arthroplasty failures from AL is using anti-
inflammatory drug-releasing devices postoperatively, aiming to improve the 10-year re-
vision rate of 10%, as reported by the NICE guideline [138]. Anti-inflammatory agents
reduce periprosthetic inflammation that leads to bone loss and subsequent AL. Among the
most extensively studied is dexamethasone (DEX), a molecule rendered water-soluble via
phosphate group binding. DEX release has been shown not to affect osteoblast and fibrob-
last proliferation while retaining anti-inflammatory activity. These drug-eluting systems
appear promising in reducing prosthetic revision rates. In uncemented prostheses, DEX
coatings are applied to the porous surface of the implant to prevent exposure to friction
forces [138]. DEX has recently been used mostly for opioid-sparing analgesic protocols, in
combination with other drugs. The RECIPE trial compared different non-opioid analgesic
combinations after total hip arthroplasty in over 1000 patients. The three-drug regimen
(paracetamol, ibuprofen, and dexamethasone) led to the lowest morphine consumption and
the most favorable safety profile, especially in reducing nausea, vomiting, and dizziness.
Pain scores at rest were similar to those of other drug combinations, but during mobiliza-
tion, the three-drug group reported slightly less pain. Overall, adding dexamethasone to
paracetamol and ibuprofen appears beneficial in multimodal pain management for hip
replacement [156]. On the other hand, new studies are needed to research the relationship
between DEX and the possible risk of AL development. Studies on the effects of NSAIDs
on osteoblast activity and osseointegration show conflicting results, particularly when com-
paring selective COX-2 inhibitors with non-selective NSAIDs. In vitro, both non-selective
(e.g., indomethacin) and selective COX-2 inhibitors (e.g., celecoxib) reduce prostaglandin
E2 (PGE2) production in osteoblasts attached to rough titanium surfaces, potentially im-
pairing proliferation and differentiation processes associated with osseointegration [157].
Some findings, such as those from celecoxib-treated cultures, indicate a dose-dependent
inhibitory effect on osteoblast growth. Animal studies suggest COX-2 plays an important
physiological role in new bone formation and implant integration, as COX-2 knockout
mice show markedly reduced bone-to-implant contact. However, the functional impact
of COX-2 inhibition remains inconsistent across experimental models: certain studies re-
port that non-selective NSAIDs like diclofenac delay peri-implant healing, while COX-2
inhibitors such as meloxicam or parecoxib show no detrimental effects; long-term use of
either drug type has also been reported to cause no significant impairment in bone growth
or osseointegration [158]. Overall, current evidence suggests that COX-2 activity supports
osseointegration, non-selective NSAIDs are more frequently associated with negative ef-
fects, and the influence of selective COX-2 inhibitors may depend on dosage, treatment
duration, and experimental conditions [159].

Another promising pharmacological class includes bisphosphonates. Zoledronic acid
has been demonstrated to reduce cortical osteopenia in the calcar region of the proximal
femur, thus proving efficacious in the management of stress-shielding-induced osteopenia.
The administration of bisphosphonate treatment has been demonstrated to mitigate the
effects of stress shielding, thereby reducing the risk of wear-related AL by enhancing
periprosthetic bone retention. It is conceivable that these pharmaceuticals could also play a
role in the treatment of patients who are not candidates for revision surgery due to elevated
surgical and anesthesiologic risks [160].

Finally, evidence-based strategies for reducing AL can be categorized into preoperative,
intraoperative, and postoperative measures.
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Preoperative: act on modifiable factors such as BMI and osteoporotic bone; selec-
tion of porous coatings such as tantalum or hydroxyapatite, pore size around 600 µm,
porosity >70%, and the use of the right size of femoral stems.

Intraoperative: Minimize excessive drilling or rasping, ensure stable fixation, adequate
bone coverage, and proper containment for long-term success.

Postoperative: Pharmacological management with risedronate or zoledronic acid to
modulate bone metabolism; avoidance of NSAIDs.

6. Conclusions
In conclusion, biomarkers related to inflammation, bone metabolism, extracellular

matrix degradation, microRNAs, and genetic factors show promise in improving the
diagnosis and monitoring of AL. While these markers provide valuable insights into the
mechanisms underlying AL, there are still inconsistent results across studies regarding
the identification of the most reliable indicators for differentiating between stable and
loosened implants, despite the broad range of biomarkers analyzed in both total hip and
knee arthroplasties. In order to validate these biomarkers and to better understand their
role in the early detection of AL, further larger, well-designed studies are required. These
studies should also attempt to identify patterns that can be used to prevent and manage
patients affected by AL without the need for revision surgery.
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Abbreviations

AL aseptic loosening;
FXII factor XII
TF TF
IL interleukin
MCP-1/CCL2 monocyte chemotactic protein-1/chemokine CC motif ligand 2
MIP-1 macrophage inflammatory protein-1
PMN polymorphonuclear leukocyte
FBR foreign body reaction
MSC mesenchymal stem cell
PPOL periprosthetic osteolysis
FBGC foreign body giant cell
PRR pattern recognition receptor
TNF tumor necrosis factor
PGE prostaglandin E
RANKL receptor activator of nuclear factor kappa B ligand
MIP-1α macrophage inflammatory protein-1α
TLR Toll-like receptors
OPG osteoprotegerin
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NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
MAPK mitogen-activated protein kinase
PDGF platelet-derived growth factor
FGF fibroblast growth factor
TGF transforming growth factor
EGF epidermal growth factor
ROS reactive oxygen species
PE polyethylene
UHMWPE ultra-high molecular weight polyethylene
XLPE cross-linked polyethylene
PMMA polymethylmethacrylate
ARMD adverse reactions to metal debris
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