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Abstract
The success of implant performance and arthroplasty is based on several factors, including oxidative stress-induced osteolysis. 
Oxidative stress is a key factor of the inflammatory response. Implant biomaterials can release wear particles which may 
elicit adverse reactions in patients, such as local inflammatory response leading to tissue damage, which eventually results 
in loosening of the implant. Wear debris undergo phagocytosis by macrophages, inducing a low-grade chronic inflammation 
and reactive oxygen species (ROS) production. In addition, ROS can also be directly produced by prosthetic biomaterial 
oxidation. Overall, ROS amplify the inflammatory response and stimulate both RANKL-induced osteoclastogenesis and 
osteoblast apoptosis, resulting in bone resorption, leading to periprosthetic osteolysis. Therefore, a growing understanding 
of the mechanism of oxidative stress-induced periprosthetic osteolysis and anti-oxidant strategies of implant design as well 
as the addition of anti-oxidant agents will help to improve implants’ performances and therapeutic approaches.
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Introduction: Periprosthetic Osteolysis 
and Implant Failure

Total joint arthroplasty (TJA) is the only fully effective ther-
apeutic choice for patients suffering from end-stage degen-
erative arthritis. The most frequent types of surgery are total 
hip (THA) and knee arthroplasty (TKA). Survivorship of 
total hip arthroplasty (THA) has improved, such that 90% 
of current implants still function optimally at 15 years or 
more post-operatively [1]. Despite improvements in modern 
prosthetic design, 5 to 10% of THA prostheses undergo revi-
sion within 10 years [2, 3]. Although osteolysis after THA 
has been reduced by the use of highly cross-linked poly-
ethylene implant [4], osteolysis and its consequent aseptic 

loosening remain a major indication for revision surgery, 
accounting for 55% of THA revision procedures worldwide 
[5]. Revision surgery leads to an increase in-hospital mortal-
ity, higher morbidity, and poorer functional outcome versus 
primary THA [6–8]. Aseptic loosening is the clinical end-
point of periprosthetic osteolysis, which describes a pro-
gressive resorption of bone caused by a host inflammatory 
response to particulate wear debris [9–11]. Implant materi-
als can release wear particles which may induce adverse 
reactions in patients, such as local inflammatory response 
leading to tissue damage, eventually results in loosening of 
the implant. Implant in ultra-high molecular weight polyeth-
ylene (UHMWPE) can undergo oxidation process, further 
boosting the inflammation, which has been recognized as a 
potential limiting factor for the longevity of this implants in 
total joint replacements [12].

Oxidative Stress and Bone

Oxidative stress is defined as an imbalance between the pro-
duction of reactive oxygen species (ROS) and their elimina-
tion by protective mechanisms. Imbalance in this protective 
mechanism can lead to the damage of cellular component 
such as DNA, proteins, and lipids [13]. ROS are generated 
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by aerobic metabolism in mitochondria [14–16] and include 
superoxide anions (O2–) hydrogen peroxide e (H2O2) and 
free radicals such as hydroxyl radical (OH–). ROS can either 
have beneficial or detrimental effects according to their con-
centrations. At low concentration, ROS act as signaling mol-
ecules to activate physiologic pathways involved in maintain-
ing of cell homeostasis and the regulation functions such as 
signal transduction, gene expression, and activation of recep-
tors [17]. Oxidative stress is also a key factor of the inflam-
matory response [18]. During the inflammatory response, the 
recruitment of different leukocyte types to the site of inflam-
mation involves the production of reactive oxygen species 
(ROS). Moreover, inflammatory mediators such as cytokines 
and chemokines can enhance the production of ROS [13]. 
This detrimental effect of oxidative stress is therefore defined 
as oxidative damage of cells and tissue. In the latest years, 
a significant role of oxidative stress has been suggested for 
surgical trauma, post-surgical healing, and prosthetic implant 
outcome [19]. For this reason, a growing attention is directed 
to the role of oxidative stress in bone remodeling in physi-
ological a pathological conditions, in particular in osteoly-
sis due to bone turnover disorders, osteoporosis, arthritis, 
and implant loosening. Bone is a living tissue undergoing 
continuous remodeling, and oxidative stress can influence 
this process by affecting the differentiation and the prolifera-
tion of the different bone cell types [20–22]. The remodeling 
process is the result of the coordinated action of three types 
of bone cells: osteoclasts, responsible for bone resorption, 
osteoblasts, responsible of new bone matrix deposition, 
and osteocytes, which are major players of bone remodel-
ling and interact with osteoclasts and osteoblasts to maintain 
normal levels of mineralization in response to mechanical 
load and repair micro fractures and micro-damages [23–25]. 
Bone remodeling process can be influenced by several fac-
tors, including hormones, age, inflammation, and oxidative 
stress. In particular, oxidative stress exerts opposite effects 
on the different bone cell types involved in bone remodeling. 
Recent evidences have shown that oxidative stress can affect 
osteoclast differentiation and proliferation [26, 27], leading 
to an unbalance between osteoclast and osteoblast functions, 
thereby resulting in metabolic bone disease and skeletal 
disorders, such as osteoporosis and osteolysis [28, 29]. In 
addition, osteoclasts share common progenitors and features 
with immune cells [30]; therefore, they can directly produce 
ROS, which amplify oxidative stress leading to bone erosion. 
The redox balance is maintained by endogenous anti-oxidant 
pathways, including the ketch-like enol coenzyme A (CoA) 
hydratase (ECH)-associated protein (Keap1)/nuclear factor 
E2-related factor 2 (Nrf2). In response to oxidative stress, 
Nrf2 is activated and stimulates the anti-oxidant response 
in order to reduce intracellular ROS. In presence of altera-
tion or inhibition of Nrf2-mediated pathway, ROS levels 
increase, thereby stimulating osteoclast differentiation and 

proliferation [27, 31]. Conversely, increased levels of ROS 
and the consequent oxidative stress inhibit osteoblasts dif-
ferentiation and induce the apoptosis of osteocytes and osteo-
blasts [23, 32], thus reducing the bone matrix deposition and 
shifting the balance towards bone loss. The interplay among 
osteoclast and osteoblast activity in the bone remodeling pro-
cess is regulated by several factors, and the most important is 
the RANKL/RANK/OPG system [30]. The receptor activator 
of NF-kB ligand (RANKL) is expressed by osteoblasts and 
osteocytes. It binds to its receptor, RANK, on the surface of 
osteoclasts and their precursors, regulating the differentiation 
of precursors into multinucleated osteoclasts and osteoclast 
activation and survival. Osteoblasts and osteogenic stromal 
stem secrete osteoprotegerin (OPG), which protects the skel-
eton from excessive bone resorption by binding to RANKL 
and preventing it from interacting with the receptor RANK, 
expressed on osteoclasts precursors [33]. The expression of 
these regulatory molecules is deeply influenced by oxidative 
stress. In particular, oxidative stress induces RANKL upregu-
lation and OPG downregulation through the activation of pro-
tein kinases, such as ERK1/2 and JNK. OPG is produced by 
the activation of the osteogenic Want/β catenin pathway and 
acts as a soluble decoy receptor that is able to compete with 
RANKL for the binding to the receptor RANK, thereby pre-
venting RANKL-induced bone loss. Oxidative stress blocks 
the activation of OPG, shifting the balance towards the bone-
resorptive action of RANKL and resulting in an increase of 
RANKL/OPG Ratio, which is considered an important deter-
minant of bone mass in normal and disease states and an 
index of bone resorption [26]. In addition, oxidative stress 
has been shown to induce apoptosis of osteocytes [34]. Apop-
totic osteocytes induce lining cells to retract from the bone 
surface, thereby leaving a suitable environment for osteo-
clasts recruitment and activation, through the production of 
RANKL. Under oxidative stress, apoptotic osteocyte further 
stimulates bone resorption by producing sclerotic and DKK-
1, two inhibitors on the osteogenic Want/β-catenin path-
way [35]. A further confirmation of the impact of oxidative 
stress on the bone system came from recent studies on space 
special environment, characterized by microgravity, radia-
tion, vacuum, and extreme temperature[36]. These factors, 
in particular microgravity and radiation, generate oxidative 
stress which directly reduces bone formation, by reducing 
anti-oxidant defense mechanisms [36, 37] and suppressing 
osteoblastic function during mechanical unloading [38].

Oxidative Stress in Aseptic Periprosthetic Osteolysis

Inflammation is the typical response to implanted biomateri-
als, and it is an essential process to determine the success of 
wound healing and implant integration [39–44]. Indeed, after 
arthroplasty, a wound-healing reaction is activated around the 
prosthetic device in order to remodel the surrounding tissue 
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and promote osteointegration [43]. In vitro and in vivo evi-
dences showed that prosthetic bioproducts come in contact 
with innate immunity receptors on the surface of immune 
cells, triggering an acute inflammatory response, character-
ized by the release of inflammatory, cytokine, chemokine, 
and ROS, aimed to remodel the surrounding tissue in order 
to adapt to the prosthetic implant [45–49].

Nevertheless, an excess or a chronic evolution of the 
inflammatory response can lead to tissue damage, result-
ing in periprosthetic osteolysis, which is characterized by 
a low-grade chronic inflammation [26, 40]. The result of 
a long-term activation of the inflammatory response in the 
tissue surrounding the implant is the activation of osteo-
clast at the bone-implant interface and the consequent bone 
resorption, eventually resulting in periprosthetic osteolysis 
a prosthetic loosening. Aseptic loosening is one of the major 
complications of arthroplasty, in particular hip and knee 
arthroplasty, limiting the implant longevity, according to for 
at least 50% of the cases of prosthetic revision surgery [5, 
12, 50–52]. The chronic inflammation is triggered by wear 
debris originated from the prosthetic biomaterial [53]. In the 
prosthetic joint, the continuous adhesion and abrasion of the 
softer material on the bearing surface generate wear debris 
[54, 55]. These wear particles are known as the main agent 
causing periprosthetic osteolysis [56–61]. Wear particles 
can be generated from the surface of the implant, but also 
from the contact point of modular implants [62]. The range 
and size of particles wear debris are heterogeneous: smaller 
particles are generated during repeated rolling movements 
and by sliding and rotational motion on bearing surface by 
adhesion and abrasion, while larger particles originate from 
surface fatigue [63]. The size of wear particles isolated from 
periprosthetic tissue has a range of 0.1 to 1000 µm, but the 
majority belongs to the range of 0.1 to 10 µm. In particu-
lar, particles in the range 0.1–10 µm undergo phagocytosis 
by macrophages, which trigger the release of inflamma-
tory mediators, such as IL-1, IL-6, and TNF-a, as well as 
ROS, that induce the recruitment and the differentiation 
of bone-resorbing osteoclast at the bone-implant interface. 
Since the most used biomaterial for prosthetic devices is 
polyethylene (PE), PE wear debris is considered the major 
players in inflammatory-driven osteoclastogenesis. Several 
evidences in vivo and in vitro suggested that a crucial role of 
this inflammatory response is played by ROS and that oxida-
tive stress is significantly involved in wear debris-induced 
osteolysis. Recent evidences identified a high level of oxi-
dative stress biomarkers in periprosthetic tissue of patients 
undergoing aseptic loosening [19], where high levels of gene 
related to oxidative stress, as well as the activation of gene 
related to the loss of osteogenic activity, were associated 
with an increase of ROS and local inflammation [64]. A sim-
ilar result was described in vitro in bone cell lines exposed 
to wear particles [63, 65, 66]. Increased leveled ROS not 

only contribute to amplify the chronic inflammation, but 
promote RANKL-mediated osteoclast differentiation. The 
use of specific anti-oxidant or inhibitors of NADPH oxidase, 
responsible for ROS production, not only reduces ROS pro-
duction but also bone-resorption activity of osteoclasts, both 
in vitro and in vivo [67]. In addition, alteration in the syno-
vial levels of anti-oxidant enzymes was found in patients 
with aseptic loosening, suggesting a direct role of aberrant 
oxidative stress response in the development of aseptic loos-
ening [68]. A recent study suggests that two oxidative stress 
markers, namely, plasma malondialdehyde (MDA) and total 
anti-oxidant capacity (TAC), could be more informative to 
predict the onset and progression of wear debris-induced 
chronic inflammation [69]. Similarly, a study on total hip 
arthroplasty (THA) aseptic loosening induced by osteolysis 
found an increased expression of oxidative stress response 
enzyme, cyclooxygenase-2 (COX2), and intercellular nitric 
oxide synthase isoform (iNOS) and the increase on high 
mobility box group 1 (HMBG1), an oxidative stress response 
osteoclast differentiation factor, in patients with peripros-
thetic osteolysis[53]. This study also suggests that the moni-
toring of the serum levels of these molecules, in correlation 
with bone remodeling plasmatic markers, could be a sensi-
tive tool for the early detection of periprosthetic osteolysis 
[53]. Most of the studies about periprosthetic osteolysis are 
focused on the osteoclastic function, but a variety of cells are 
involved in this process. Indeed the bone-implant interface 
is composed of a series of bone multicellular units (BMU), 
composed of different cell types (osteoclasts, osteoblasts, 
and other cell of the mesenchymal stem cell lineage). Recent 
studies described the effect of prosthetic wear particles on 
these different cell types. Wear particles stimulate osteo-
blasts to promote osteoclastogenesis and osteolysis [70] and 
to involve macrophages in the production on inflammatory 
cytokine and in bone matrix degradation [71]. Osteolysis 
induced by wear particles is also promoted by osteocytes 
[72] by upregulating resorptive and inflammatory pathways. 
Besides macrophages and osteoclasts, osteoblasts can also 
phagocytosis wear debris and produce inflammatory media-
tors such as IL-6, TNFα, and IL-β in response to the debris 
and soluble factors that regulate osteoclastogenesis [73–76]. 
Human primary osteoblasts are reported to produce high lev-
els of IL-6 in response to wear particles [77] and are affected 
by oxidative stress produced by prosthetic wear debris [78]. 
In this context, a recent study investigates the production 
of different cytokines and osteoimmunological biomarkers 
that might be involved in the alteration of bone formation-
resorption homeostasis, promoting aseptic loosening of the 
implant [74]. In particular, the presence of an anti-oxidant 
agent in the prosthetic biomaterial induces a change in the 
osteoblast osteoimmunological response that has a positive 
effect on the osteolysis induced by wear debris, reducing 
aseptic loosening of the implants [74]. This study underlined 
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that oxidative stress affects not only osteoclast activity, but 
also osteoblast function in the process of periprosthetic 
osteolysis.

Different prosthetic biomaterials can induce oxidative 
stress on bone cells, leading to implant failure. ROS can 
be produced on a metal surface as intermediate product of 
the cathodic half-reaction of corrosion. Electrochemical 
polarization of Ti6Al4V to stimulate the cathodic half-reac-
tion induced oxidative stress in macrophages, osteoblasts, 
endothelial cells, and osteoclasts [65]. Tricalcium phosphate 
(TCP) wear particles have been described to induce oxida-
tive stress in mouse calvaria [79]: in presence of TCP wear 
particles [79], serum levels of tumor necrosis factor-alpha 

(TNF-α), interleukin-1beta (IL-1β), and interleukin-6 (IL-6) 
were increased, while total anti-oxidation capacity (T-AOC) 
and superoxide dismutase (SOD) activity were decreased. 
Metal-on-metal hip arthroplasty is associated with high lev-
els if cobalt and chromium ions, which can induce oxidative 
stress and affect, bone cells. In particular, cobalt and chro-
mium ions were reported to reduce OPG/RANKL ratio and 
osteoblast activity, and to alter glutathione, superoxide dis-
mutase, and catalase levels, leading to oxidative stress [80]. 
The mechanisms of oxidative stress-induced periprosthetic 
osteolysis are summarized in Fig. 1.

Recently, different in vivo studies evaluated different 
strategies to prevent periprosthetic osteolysis. Veronesi 

Fig. 1  Oxidative stress and 
aseptic periprosthetic osteolysis
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et al. evaluated the use of pulsed electromagnetic fields 
and platelet-rich plasma alone and combined for the treat-
ment of wear-mediated periprosthetic osteolysis, suggesting 
that this approach can be considered a safe, mini-invasive, 
and conservative therapy for counteracting osteolysis and 
prompting bone formation around implants [81]. Similarly, 
Bin Hu et al. showed that microbubble injection in bone 
canals enhances the inhibitory effect of low-intensity pulsed 
ultrasound (LIPUS) on debris-induced osteolysis and further 
strengthens the mechanical fixation of implants in an early-
stage osteolysis model in vivo [82]. Other studies evaluated 
potential drug therapies to prevent periprosthetic osteoly-
sis: metformin was shown to be able to attenuate osteolysis 
induced in mouse calvaria by the particles, inducing a reduc-
tion in osteoclast number and polarization of macrophages to 
an anti-inflammatory functional phenotype [83]. Melatonin 
can also be considered a promising therapeutic agent for 
the prevention and treatment of peri-prosthetic osteolysis. 
Indeed, melatonin was described as able to promote bone 
regeneration and reduce bone resorption at osteolytic sites 
caused by titanium-particle stimulation, by activating Wnt/β-
catenin signaling pathway and enhancing osteoprotegerin 
mediated osteogenic differentiation, thereby suppressing 
osteoclastogenesis [84].

Anti‑Oxidant Strategy to Prevent Implant Failure

Reactive oxygen species generated by local tissue cells and 
from implant surfaces have been suggested to determine 
implant failures [85]. Reactive oxygen intermediates produced 
at implant-bone interfaces act as strong chemoattractants for 
the recruitment of immune cells leading to surrounding tissue 
damage and fibrosis. In addition, ROS produced by immune 
cells can directly lead to the corrosion of the implants [40, 
86]. An imbalance between excessive ROS generation and 
an insufficient anti-oxidant defense mechanism reduces bone-
implant osseointegration, further inducing aseptic loosening. 
Thus, there is a need for biomaterials with bioactive surface 
coating with anti-oxidant properties to improve implant oste-
ointegration, stability, thus improving the effective lifespan 
[87]. Several anti-oxidant strategies have been explored to 
reduce ROS formation in different prosthetic biomaterials, 
ranging from surface functionalization to material doping 
with anti-oxidant agents, according to the different implant 
biomaterial, as well as nutritional supplementation. Tita-
nium and its alloys display a high biocompatibility, but they 
can also cause various side effects in the human body [88]. 
Indeed, titanium biomaterials may induce an innate/adaptive 
immune: in particular, this material induces the production 
of pro-inflammatory cytokines and enhance free radical gen-
eration in the periosteum covering titanium implant [89]. In 
titanium (Ti) substrates, in order to improve the anti-oxidant 
activity for enhanced bone formation, multilayered structure 

composing of chitosan-catechol (chi-C), gelatin (gel), and 
hydroxyapatite (HA) nanofibers was added, resulting in a 
significative increase of implant osteointegration, and pro-
motes osteogenesis under conditions of oxidative stress [87]. 
An emerging anti-oxidant agent against titanium particles 
induced aseptic loosening is resveratrol. It has been widely 
reported that resveratrol has anti-proliferative, anti-oxidative, 
anti-inflammatory, and analgesic effects in many experimen-
tal models [90–93] Preclinical studies provided accumulating 
evidence on its efficacy in ameliorating the degenerative artic-
ular damage that mostly attributed to its pleiotropic properties 
[94, 95]. Moreover, many pieces of evidence have displayed 
resveratrol as one of the nutraceutical candidates for OA ther-
apy in human [96, 97]. A recent study showed that the use of 
resveratrol as an “add-on” medication with meloxican (Mlx) 
was superior in terms of safety and efficacy to Mlx alone for 
the treatment of pain and improvement of physical function 
in patients with knee osteoarthritis (OA) [98]. As anti-oxidant 
agent in the context of implant biomaterials, resveratrol has 
been described by a recent study as having anti-oxidant effects 
of on titanium—particles exposed macrophages, in terms 
of downregulation of oxidative enzymes, such as NADPH, 
iNOS, catalase, SOD, and pro-inflammatory cytokines, such 
as TNFα and NfKB [67].

The flavonoid, naringenin, (4′,5,7-trihydroxy-flavanone), 
a polyphenol compound found in the human diet [99], miti-
gates titanium dioxide (TiO2)-induced chronic arthritis in 
mice: naringenin has been recently reported to ameliorate 
 TiO2 particles induced bone resorption by inducing anti-
oxidant and anti-inflammatory [99]. One of the main bio-
materials utilized in arthroplasty is the ultra-high molecule 
weight polyethylene (UHMWPE) for its survivorship prop-
erties compared to alternative prosthetic materials such as 
metal-on-metal and ceramic-on-ceramic [100–104], despite 
the propensity to generate wear debris [105], which rep-
resent the major limitation of long-term success for total 
joint arthroplasty [106, 107]. Therefore, the main focus of 
UHMWPE development is to minimize host response that 
leads to aseptic implant loosening. The first-generation 
UHMWPE devices were sterilized using high-dose gamma 
irradiation [108, 109] which has the adverse effect to pro-
duce free radicals trapped in the final product [110]. These 
ROS can lead to oxidative degradation of the UHMWPE 
device, as observed in components stored for a long time 
in air-permeable packing prior to implantation [56]. In 
addition, ROS can also trigger host response in terms of 
inflammation and osteoclast activation, ultimately resulting 
in periprosthetic osteolysis. In order to solve this problem, 
temperature-driven manufacturing operation was introduced 
to reduce ROS production in the UHMWPE manufacturing 
process [111]. These additional processes have anyway some 
drawbacks, such as the reduction of mechanical properties 
and only a partial protection against oxidation, because the  
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implants still need to be sterilized with gamma irradiation at 
the end of the process, exposing the device to some extent 
of oxidation. For this reason, a new approach was developed 
to stabilize UHMWPE in order to provide oxidation resist-
ance without reducing UHMWPE fatigue strength. This 
approach is based on the incorporation of anti-oxidant agents 
into the resin or diffusion it into the already consolidated 
and radiated UHMWPE [112, 113]. One of the main anti-
oxidant agents used to stabilize UHMWPE is α-tocopherol, 
also known as vitamin E [114], which is able to stabilize 
proxy radicals formed by oxidation and can also react with 
alkyl macroradicals [114, 115]. Vitamin E incorporation 
has been shown to have no detrimental effect on UHM-
WPE cross-link density, which is the major factor affecting 
UHMWPE wear resistance [114, 116]. Recent studies also 
showed that vitamin E stabilization of UHMWPE increased 
osteoblast response to oxidative stress, inducing cellular 
mechanism aimed to cell survival. Vitamin E anti-oxidant 
effect influences the secretion of osteoimmunological fac-
tors [74], shifting the bone turnover balance toward bone 
protection. This suggests that vitamin E stabilization of 
UHMWPE could contribute to reduce oxidation-induced 
osteolysis and the consequent loosening of the prosthetic 
devices, therefore improving the longevity of total joint 
replacements [73]. Anti-oxidant approach to prevent oxida-
tive stress-based arthroplasty complication can be also based 
on nutrition supplementation. Arthrofibrosis is a debilitat-
ing complication after total knee arthroplasty (TKA) [117, 
118] and the pathogenetic mechanism based on inflamma-
tory process induced by free radicals and oxidative stress, 
responsible for the aggressive proliferation of fibroblasts 
and accumulation of fibrotic tissue. Vitamin C is one of the 
most effective hydrophilic anti-oxidants in biological fluids 
[119–121] preventing free radical-mediated oxidative dam-
age to biological macromolecules including DNA, proteins, 
and lipids [122]. Patients undergoing TKA showed severe 
peri-operative vitamin C depletion. Vitamin C supplemen-
tation has been shown to prevent peri-operative vitamin C 
depletion and might have a protective value for the develop-
ment of post-operative arthrofibrosis. Similarly, supplemen-
tation with melatonin, which is known to have anti-aging 
anti-oxidant effects [123], increased bone mass around the 
prostheses in a mouse model of osteoporosis, ameliorat-
ing mitochondrial oxidative stress response and promoting 
osteogenesis [124, 125]. Oxidative stress-induced osteolysis 
characterizes also other bone disorders, such as osteoporosis 
or osteoarthritis, and several anti-oxidant approaches have 
been directed to prevent bone loss in these diseases. Dihy-
drometacin, a natural compound with anti-inflammatory and 
anti-oxidant effect [126, 127], or corosolic acid [66], a plant 
derived anti-oxidant agent, were shown to reduce lipopoly-
saccharide (LPS)-induced oxidative stress, inhibiting ROS 
production and increasing anti-oxidant pathways. Similarly, 

thymoquinone, the main bioactive component of the black 
seed oil, showed anti-osteoclastogenic properties by inhib-
iting both inflammation and ROS production in osteoclast 
progenitors [128]. The promising results of these studies 
may suggest extending their use also in the prevention of 
oxidative stress-induced periprosthetic osteolysis.

Conclusion

The success of implant performance and arthroplasty is based 
on several factors, including biomaterial characteristic, local 
microenvironment, tissue response, and host-implant interplay. 
In this context, oxidative stress plays a crucial role, because an 
excess of ROS affects both the host response and the implant 
component, leading to oxidative stress-induced osteolysis, 
ultimately resulting in aseptic loosening. Therefore, a grow-
ing understanding of oxidative stress-induced periprosthetic 
osteolysis and strategies to control oxidative stress by implant 
design and anti-oxidant agents will help to improve implant 
performances and evaluate therapeutically approaches.

Wear debris can originate from prosthetic biomaterial as 
a consequence of mechanical stress, biomaterial component, 
or corrosion. These particles undergo phagocytosis by mac-
rophages, inducing a low-grade chronic inflammation and ROS 
production. ROS can also be directly produced by prosthetic 
biomaterial oxidation. On the one hand, ROS amplify the 
inflammatory response; on the other hand, they stimulate both 
RANKL-induced osteoclastogenesis and osteoblast apoptosis, 
resulting in bone resorption, leading to periprosthetic osteolysis.

Funding Open access funding provided by Università degli Studi di 
Milano within the CRUI-CARE Agreement.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Sundfeldt M, Carlsson LV, Johansson CB, Thomsen P, Gretzer 
C. Aseptic loosening, not only a question of wear: a review of 
different theories. Acta Orthop. 2006;77(2):177–97.

 2. Labek G, Thaler M, Janda W, Agreiter M, Stockl B. Revision rates 
after total joint replacement: cumulative results from worldwide 
joint register datasets. J Bone Joint Surg Br. 2011;93(3):293–7.

http://creativecommons.org/licenses/by/4.0/


Clinical Reviews in Bone and Mineral Metabolism 

1 3

 3. Makela KT, Matilainen M, Pulkkinen P, Fenstad AM, Havelin 
L, Engesaeter L, et al. Failure rate of cemented and uncemented 
total hip replacements: register study of combined Nordic data-
base of four nations. BMJ. 2014;13:348:f7592. https:// doi. org/ 
10. 1136/ bmj. f7592.

 4. Hopper RH Jr, Ho H, Sritulanondha S, Williams AC, Engh CA Jr. Otto 
Aufranc Award: Crosslinking reduces THA wear, osteolysis, and 
revision rates at 15-year follow-up compared with noncrosslinked 
polyethylene. Clin Orthop Relat Res. 2018;476(2):279–90.

 5. Sadoghi P, Liebensteiner M, Agreiter M, Leithner A, Bohler N, 
Labek G. Revision surgery after total joint arthroplasty: a com-
plication-based analysis using worldwide arthroplasty registers. 
J Arthroplasty. 2013;28(8):1329–32.

 6. Doro C, Dimick J, Wainess R, Upchurch G, Urquhart A. Hospital 
volume and inpatient mortality outcomes of total hip arthroplasty 
in the United States. J Arthroplasty. 2006;21(6 Suppl 2):10–6.

 7. Mahomed NN, Barrett JA, Katz JN, Phillips CB, Losina E, Lew 
RA, et al. Rates and outcomes of primary and revision total hip 
replacement in the United States medicare population. J Bone 
Joint Surg Am. 2003;85(1):27–32.

 8. Zhan C, Kaczmarek R, Loyo-Berrios N, Sangl J, Bright RA. 
Incidence and short-term outcomes of primary and revision 
hip replacement in the United States. J Bone Joint Surg Am. 
2007;89(3):526–33.

 9. Harris WH. Wear and periprosthetic osteolysis: the problem. 
Clin Orthop Relat Res. 2001;393:66–70.

 10. Jasty M, Smith E. Wear particles of total joint replacements and 
their role in periprosthetic osteolysis. Curr Opin Rheumatol. 
1992;4(2):204–9.

 11. Kadoya Y, Kobayashi A, Ohashi H. Wear and osteolysis in total 
joint replacements. Acta Orthop Scand Suppl. 1998;278:1–16.

 12. Goodman SB, Gallo J. Periprosthetic osteolysis: mechanisms, 
prevention and treatment. J Clin Med. 2019;1:8(12). https:// 
doi. org/ 10. 3390/ jcm81 22091.

 13. Hameister R, Kaur C, Dheen ST, Lohmann CH, Singh G. Reac-
tive oxygen/nitrogen species (ROS/RNS) and oxidative stress 
in arthroplasty. J Biomed Mater Res B Appl Biomater. 2019;2.

 14. Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and 
aging. Cell. 2005;120(4):483–95.

 15. Giorgio M, Migliaccio E, Orsini F, Paolucci D, Moroni M, 
Contursi C, et al. Electron transfer between cytochrome c and 
p66Shc generates reactive oxygen species that trigger mito-
chondrial apoptosis. Cell. 2005;122(2):221–33.

 16. Tian Y, Ma X, Yang C, Su P, Yin C, Qian AR. The impact of 
oxidative stress on the bone system in response to the space 
special environment. Int J Mol Sci. 12;18(10).

 17. Hussain T, Tan B, Yin Y, Blachier F, Tossou MC, Rahu N. 
Oxidative stress and inflammation: what polyphenols can do 
for us? Oxid Med Cell Longev. 2016;2016:7432797.

 18. Bogdan C. Nitric oxide and the immune response. Nat Immu-
nol. 2001;2(10):907–16.

 19. Kinov P, Leithner A, Radl R, Bodo K, Khoschsorur GA, Schauenstein 
K, et al. Role of free radicals in aseptic loosening of hip arthroplasty. 
J Orthop Res. 2006;24(1):55–62.

 20. Katsimbri P. The biology of normal bone remodelling. Eur J 
Cancer Care (Engl). 2017;26(6).

 21. Boyce BF, Rosenberg E, de Papp AE, Duong LT. The osteo-
clast, bone remodelling and treatment of metabolic bone dis-
ease. Eur J Clin Invest. 2012;42(12):1332–41.

 22. Banfi G, Iorio EL, Corsi MM. Oxidative stress, free radicals and 
bone remodeling. Clin Chem Lab Med. 2008;46(11):1550–5.

 23. Henriksen K, Neutzsky-Wulff AV, Bonewald LF, Karsdal 
MA. Local communication on and within bone controls bone 
remodeling. Bone. 2009;44(6):1026–33.

 24. Bonewald LF. The amazing osteocyte. J Bone Miner Res. 
2011;26(2):229–38.

 25. Bellido T. Osteocyte-driven bone remodeling. Calcif Tissue 
Int. 2014;94(1):25–34.

 26. Domazetovic V, Marcucci G, Iantomasi T, Brandi ML, Vincenzini 
MT. Oxidative stress in bone remodeling: role of antioxidants. 
Clin Cases Miner Bone Metab. 2017;14(2):209–16.

 27. Menale C, Robinson LJ, Palagano E, Rigoni R, Erreni M, Almarza 
AJ, et al. Absence of dipeptidyl peptidase 3 increases oxidative 
stress and causes bone loss. J Bone Miner Res. 34(11):2133–48.

 28. Manolagas SC. From estrogen-centric to aging and oxidative 
stress: a revised perspective of the pathogenesis of osteoporo-
sis. Endocr Rev. 2010;31(3):266–300.

 29. Lean JM, Jagger CJ, Kirstein B, Fuller K, Chambers TJ. Hydro-
gen peroxide is essential for estrogen-deficiency bone loss and 
osteoclast formation. Endocrinology. 2005;146(2):728–35.

 30. Okamoto K, Nakashima T, Shinohara M, Negishi-Koga T, 
Komatsu N, Terashima A, et al. Osteoimmunology: the con-
ceptual framework unifying the immune and skeletal systems. 
Physiol Rev. 2017;97(4):1295–349.

 31. Lippross S, Beckmann R, Streubesand N, Ayub F, Tohidnezhad 
M, Campbell G, et al. Nrf2 deficiency impairs fracture healing 
in mice. Calcif Tissue Int. 2014;95(4):349–61.

 32. Almeida M, Han L, Martin-Millan M, Plotkin LI, Stewart SA, 
Roberson PK, et al. Skeletal involution by age-associated oxi-
dative stress and its acceleration by loss of sex steroids. J Biol 
Chem. 2007;282(37):27285–97.

 33. Boyce BF, Xing L. Biology of RANK, RANKL, and osteopro-
tegerin. Arthritis Res Ther. 2007;9(Suppl 1):S1.

 34. Jilka RL, Noble B, Weinstein RS. Osteocyte apoptosis. Bone. 
2013;54(2):264–71.

 35. Manolagas SC, Almeida M. Gone with the Wnts: beta-catenin, 
T-cell factor, forkhead box O, and oxidative stress in age-dependent 
diseases of bone, lipid, and glucose metabolism. Mol Endocrinol. 
2007;21(11):2605–14.

 36. Nojiri H, Saita Y, Morikawa D, Kobayashi K, Tsuda C, Miyazaki 
T, et al. Cytoplasmic superoxide causes bone fragility owing to 
low-turnover osteoporosis and impaired collagen cross-linking. 
J Bone Miner Res. 2011;26(11):2682–94.

 37. Morikawa D, Nojiri H, Saita Y, Kobayashi K, Watanabe K, 
Ozawa Y, et al. Cytoplasmic reactive oxygen species and SOD1 
regulate bone mass during mechanical unloading. J Bone Miner 
Res. 2013;28(11):2368–80.

 38. Klopfleisch R, Jung F. The pathology of the foreign body 
reaction against biomaterials. J Biomed Mater Res A. 
2019;105(3):927–40.

 39. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction 
to biomaterials. Semin Immunol. 2008;20(2):86–100.

 40. Jones JA, McNally AK, Chang DT, Qin LA, Meyerson H, Colton 
E, et al. Matrix metalloproteinases and their inhibitors in the 
foreign body reaction on biomaterials. J Biomed Mater Res A. 
2008;84(1):158–66.

 41. van Luyn MJ, Plantinga JA, Brouwer LA, Khouw IM, de Leij 
LF, van Wachem PB. Repetitive subcutaneous implantation of 
different types of (biodegradable) biomaterials alters the foreign 
body reaction. Biomaterials. 2001;22(11):1385–91.

 42. Mariani E, Lisignoli G, Borzi RM, Pulsatelli L. Biomaterials: 
foreign bodies or tuners for the immune response? Int J Mol Sci. 
2019;1:20(3).

 43. Vasconcelos DP, Aguas AP, Barbosa MA, Pelegrin P, Barbosa JN. The 
inflammasome in host response to biomaterials: bridging inflamma-
tion and tissue regeneration. Acta Biomater. 2019;1(83):1–12.

 44. Frazao LP, Vieira de Castro J, Neves NM. In Vivo Evaluation of 
the biocompatibility of biomaterial device. Adv Exp Med Biol. 
2020;1250:109–24.

 45. Sheikh Z, Brooks PJ, Barzilay O, Fine N, Glogauer M.  
Macrophages, foreign body giant cells and their response to 
implantable biomaterials. Materials (Basel). 2015;8(9):5671–701.

https://doi.org/10.1136/bmj.f7592
https://doi.org/10.1136/bmj.f7592
https://doi.org/10.3390/jcm8122091
https://doi.org/10.3390/jcm8122091


 Clinical Reviews in Bone and Mineral Metabolism

1 3

 46. Jones JA, Chang DT, Meyerson H, Colton E, Kwon IK, 
Matsuda T, et al. Proteomic analysis and quantification of 
cytokines and chemokines from biomaterial surface-adherent 
macrophages and foreign body giant cells. J Biomed Mater Res 
A. 2007;83(3):585–96.

 47. Collier TO, Anderson JM, Kikuchi A, Okano T. Adhesion behav-
ior of monocytes, macrophages, and foreign body giant cells on 
poly (N-isopropylacrylamide) temperature-responsive surfaces. 
J Biomed Mater Res. 2002;59(1):136–43.

 48. Neale SD, Athanasou NA. Cytokine receptor profile of arthro-
plasty macrophages, foreign body giant cells and mature osteo-
clasts. Acta Orthop Scand. 1999;70(5):452–8.

 49. Cherian JJ, Jauregui JJ, Banerjee S, Pierce T, Mont MA. What 
host factors affect aseptic loosening after THA and TKA? Clin 
Orthop Relat Res. 2015;473(8):2700–9.

 50. Boyer B, Bordini B, Caputo D, Neri T, Stea S, Toni A. What are 
the influencing factors on hip and knee arthroplasty survival? 
Prospective cohort study on 63619 arthroplasties. Orthop Trau-
matol Surg Res. 2019;105(7):1251–6.

 51. Khan M, Osman K, Green G, Haddad FS. The epidemiology of 
failure in total knee arthroplasty: avoiding your next revision. 
Bone Joint J. 2016;98-B(1 Suppl A):105–12.

 52. Steinbeck MJ, Jablonowski LJ, Parvizi J, Freeman TA. The role 
of oxidative stress in aseptic loosening of total hip arthroplasties. 
J Arthroplasty. 2014;29(4):843–9.

 53. Zhang D, Liu H, Wang J, Sheng C, Li Z. Wear mechanism of 
artificial joint failure using wear debris analysis. J Nanosci Nano-
technol. 2018;18(10):6805–14.

 54. Werner JH, Rosenberg JH, Keeley KL, Agrawal DK. Immuno-
biology of periprosthetic inflammation and pain following ultra-
high-molecular-weight-polyethylene wear debris in the lumbar 
spine. Expert Rev Clin Immunol. 2018;14(8):695–706.

 55. Amstutz HC, Campbell P, Kossovsky N, Clarke IC. Mechanism 
and clinical significance of wear debris-induced osteolysis. Clin 
Orthop Relat Res. 1992;276:7–18.

 56. Boeckstyns ME, Toxvaerd A, Bansal M, Vadstrup LS. Wear par-
ticles and osteolysis in patients with total wrist arthroplasty. J 
Hand Surg Am. 2014;39(12):2396–404.

 57. Guo X, Liu Y, Bai J, Yu B, Xu M, Sun H, et al. Efficient inhi-
bition of wear-debris-induced osteolysis by surface biomimetic 
engineering of titanium implant with a mussel-derived integrin-
targeting peptide. Adv Biosyst. 2019;3(2):e1800253.

 58. Oparaugo PC, Clarke IC, Malchau H, Herberts P. Correlation 
of wear debris-induced osteolysis and revision with volumetric 
wear-rates of polyethylene: a survey of 8 reports in the literature. 
Acta Orthop Scand. 2001;72(1):22–8.

 59. Hallab NJ, Cunningham BW, Jacobs JJ. Spinal implant debris-
induced osteolysis. Spine (Phila Pa 1976). 2003;15:28(20):S125–38.

 60. Purdue PE, Koulouvaris P, Nestor BJ, Sculco TP. The central role of 
wear debris in periprosthetic osteolysis. HSS J. 2006;2(2):102–13.

 61. Merola M, Affatato S. Materials for hip prostheses: a review of 
wear and loading considerations. Materials (Basel). 2019;5:12(3).

 62. Gallo J, Goodman SB, Konttinen YT, Wimmer MA, Holinka M. 
Osteolysis around total knee arthroplasty: a review of pathoge-
netic mechanisms. Acta Biomater. 2013;9(9):8046–58.

 63. Mijiritsky E, Ferroni L, Gardin C, Peleg O, Gultekin A, Saglanmak 
A, et al. Presence of ROS in inflammatory environment of peri-
implantitis tissue: in vitro and in vivo human evidence. J Clin Med. 
2019;23:9(1).

 64. Tsaryk R, Peters K, Barth S, Unger RE, Scharnweber D, Kirkpatrick  
CJ. The role of oxidative stress in pro-inflammatory activation 
of human endothelial cells on Ti6Al4V alloy. Biomaterials. 
2013;34(33):8075–85.

 65. Peng M, Qiang L, Xu Y, Li C, Li T, Wang J. Inhibition of JNK 
and activation of the AMPK-Nrf2 axis by corosolic acid suppress 
osteolysis and oxidative stress. Nitric Oxide. 2019;1(82):12–24.

 66. Luo G, Li Z, Wang Y, Wang H, Zhang Z, Chen W, et al. Resvera-
trol protects against titanium particle-induced aseptic loosening 
through reduction of oxidative stress and inactivation of NF-
kappaB. Inflammation. 2016;39(2):775–85.

 67. Peng KT, Hsu WH, Shih HN, Hsieh CW, Huang TW, Hsu RW, 
et al. The role of reactive oxygen species scavenging enzymes 
in the development of septic loosening after total hip replace-
ment. J Bone Joint Surg Br. 2011;93(9):1201–9.

 68. Peng KT, Tsai MH, Lee CW, Chiang YC, Chen PC, Chen 
CC, et al. Dysregulated expression of antioxidant enzymes in 
polyethylene particle-induced periprosthetic inflammation and 
osteolysis. PLoS One. 2018;13(8):e0202501.

 69. Jiang Y, Jia T, Gong W, Wooley PH, Yang SY. Titanium particle-
challenged osteoblasts promote osteoclastogenesis and osteolysis 
in a murine model of periprosthestic osteolysis. Acta Biomater. 
2013;9(7):7564–72.

 70. Jonitz-Heincke A, Lochner K, Schulze C, Pohle D, Pustlauk 
W, Hansmann D, et al. Contribution of human osteoblasts and 
macrophages to bone matrix degradation and proinflammatory 
cytokine release after exposure to abrasive endoprosthetic wear 
particles. Mol Med Rep. 2016;14(2):1491–500.

 71. Ormsby RT, Cantley M, Kogawa M, Solomon LB, Haynes 
DR, Findlay DM, et al. Evidence that osteocyte perilacunar 
remodelling contributes to polyethylene wear particle induced 
osteolysis. Acta Biomater. 2016;33:242–51.

 72. Massaccesi L, Ragone V, Papini N, Goi G, Corsi Romanelli 
MM, Galliera E. Effects of vitamin E-stabilized ultra high 
molecular weight polyethylene on oxidative stress response 
and osteoimmunological response in human osteoblast. Front 
Endocrinol (Lausanne). 2019;10:203.

 73. Galliera E, Ragone V, Marazzi MG, Selmin F, Banci L, Corsi Romanelli 
MM. Vitamin E-stabilized UHMWPE: biological response on 
human osteoblasts to wear debris. Clin Chim Acta. 2018;486:18–25.

 74. Dean DD, Lohmann CH, Sylvia VL, Koster G, Liu Y, Schwartz 
Z, et al. Effect of polymer molecular weight and addition of 
calcium stearate on response of MG63 osteoblast-like cells to 
UHMWPE particles. J Orthop Res. 2001;19(2):179–86.

 75. Granchi D, Amato I, Battistelli L, Ciapetti G, Pagani S, 
Avnet S, et al. Molecular basis of osteoclastogenesis induced 
by osteoblasts exposed to wear particles. Biomaterials. 
2005;26(15):2371–9.

 76. Bladen CL, Teramura S, Russell SL, Fujiwara K, Fisher J, 
Ingham E, et al. Analysis of wear, wear particles, and reduced 
inflammatory potential of vitamin E ultrahigh-molecular-
weight polyethylene for use in total joint replacement. J 
Biomed Mater Res B Appl Biomater. 2013;101(3):458–66.

 77. Schiavone ML, Millucci L, Bernardini G, Giustarini D, Rossi 
R, Marzocchi B, et al. Homogentisic acid affects human osteo-
blastic functionality by oxidative stress and alteration of the 
Wnt/beta-catenin signaling pathway. J Cell Physiol. 2020;28.

 78. Liu JR, Mao HJ, Guo GL, Fu JL, Tong X, Qian QQ, et al. 
Effect of oxidative stress on periprosthetic osteolysis induced 
by TCP wear particles in mouse calvaria and its mechanism. 
Zhongguo Ying Yong Sheng Li Xue Za Zhi. 2018;34(4):355–9.

 79. Jonitz-Heincke A, Sellin ML, Seyfarth A, Peters K, Mueller-Hilke 
B, Fiedler T, et al. Analysis of cellular activity short-term exposure 
to cobalt and chromium ions in mature human osteoblasts. Materi-
als (Basel). 2019;28:12(17).

 80. Veronesi F, Fini M, Sartori M, Parrilli A, Martini L, Tschon 
M. Pulsed electromagnetic fields and platelet rich plasma alone 
and combined for the treatment of wear-mediated periprosthetic 
osteolysis: An in vivo study. Acta Biomater. 2018;1(77):106–15.

 81. Hu B, Cai XZ, Shi ZL, Chen YL, Zhao X, Zhu HX, et al. Micro-
bubble injection enhances inhibition of low-intensity pulsed 
ultrasound on debris-induced periprosthetic osteolysis in rabbit 
model. Ultrasound Med Biol. 2015;41(1):177–86.



Clinical Reviews in Bone and Mineral Metabolism 

1 3

 82. Yan Z, Tian X, Zhu J, Lu Z, Yu L, Zhang D, et al. Metformin 
suppresses UHMWPE particle-induced osteolysis in the mouse 
calvaria by promoting polarization of macrophages to an anti-
inflammatory phenotype. Mol Med. 2018;24(1):20.

 83. Ping Z, Hu X, Wang L, Shi J, Tao Y, Wu X, et al. Melatonin 
attenuates titanium particle-induced osteolysis via activa-
tion of Wnt/beta-catenin signaling pathway. Acta Biomater. 
2017;15(51):513–25.

 84. Mouthuy PA, Snelling SJB, Dakin SG, Milkovic L, Gasparovic 
AC, Carr AJ, et al. Biocompatibility of implantable materials: 
an oxidative stress viewpoint. Biomaterials. 2016;109:55–68.

 85. Liu L, Chen G, Chao T, Ratner BD, Sage EH, Jiang S. Reduced 
foreign body reaction to implanted biomaterials by surface 
treatment with oriented osteopontin. J Biomater Sci Polym Ed. 
2008;19(6):821–35.

 86. Tang J, Chen L, Yan D, Shen Z, Wang B, Weng S, et al. Surface 
functionalization with proanthocyanidins provides an anti-oxidant 
defense mechanism that improves the long-term stability and osteo-
genesis of titanium implants. Int J Nanomedicine. 2020;15:1643–59.

 87. Costa BC, Alves AC, Toptan F, Pinto AM, Grenho L, Fernandes 
MH, et al. Exposure effects of endotoxin-free titanium-based 
wear particles to human osteoblasts. J Mech Behav Biomed 
Mater. 2019;95:143–52.

 88. Borys J, Maciejczyk M, Antonowicz B, Sidun J, Swiderska M, 
Zalewska A. Free radical production, inflammation and apoptosis 
in patients treated with titanium mandibular fixations-an obser-
vational study. Front Immunol. 2019;10:2662.

 89. Karimi Dermani F, Saidijam M, Amini R, Mahdavinezhad A, 
Heydari K, Najafi R. Resveratrol Inhibits proliferation, invasion, 
and epithelial-mesenchymal transition by increasing miR-200c 
expression in HCT-116 colorectal cancer cells. J Cell Biochem. 
2017;118(6):1547–55.

 90. Kim WS, Song HY, Mushtaq S, Kim JM, Byun EH, Yuk JM, 
et al. Therapeutic potential of gamma-irradiated resveratrol in 
ulcerative colitis via the anti-inflammatory activity and differ-
entiation of tolerogenic dendritic cells. Cell Physiol Biochem. 
2019;52(5):1117–38.

 91. Dobrzynska MM, Gajowik A, Radzikowska J. The effect of 
in vivo resveratrol supplementation in irradiated mice on the 
induction of micronuclei in peripheral blood and bone marrow 
reticulocytes. Mutagenesis. Jul;31(4):393–9.

 92. Rezaei Farimani A, Saidijam M, Goodarzi MT, Yadegar Azari R, 
Asadi S, Zarei S, et al. Effect of resveratrol supplementation on 
the SNARE proteins expression in adipose tissue of stroptozo-
tocin-nicotinamide induced type 2 diabetic rats. Iran J Med Sci. 
May;40(3):248–55.

 93. Jiang M, Li X, Yu X, Liu X, Xu X, He J, et al. Oral administration of res-
veratrol alleviates osteoarthritis pathology in C57BL/6J mice model 
induced by a high-fat diet. Mediators Inflamm. 2017;2017:7659023.

 94. Nguyen C, Savouret JF, Widerak M, Corvol MT, Rannou F. Res-
veratrol, potential therapeutic interest in joint disorders: a critical 
narrative review. Nutrients. 2017;6:9(1).

 95. Dave M, Attur M, Palmer G, Al-Mussawir HE, Kennish L, 
Patel J, et al. The antioxidant resveratrol protects against chon-
drocyte apoptosis via effects on mitochondrial polarization 
and ATP production. Arthritis Rheum. 2008;58(9):2786–97.

 96. Shakibaei M, Csaki C, Nebrich S, Mobasheri A. Resveratrol sup-
presses interleukin-1beta-induced inflammatory signaling and 
apoptosis in human articular chondrocytes: potential for use as a 
novel nutraceutical for the treatment of osteoarthritis. Biochem 
Pharmacol. 2008;76(11):1426–39.

 97. Hussain SA, Marouf BH, Ali ZS, Ahmmad RS. Efficacy and 
safety of co-administration of resveratrol with meloxicam in 
patients with knee osteoarthritis: a pilot interventional study. 
Clin Interv Aging. 2018;13:1621–30.

 98. Manchope MF, Artero NA, Fattori V, Mizokami SS, Pitol DL, Issa 
JPM, et al. Naringenin mitigates titanium dioxide (TiO2)-induced 
chronic arthritis in mice: role of oxidative stress, cytokines, and 
NFkappaB. Inflamm Res. 2018;67(11–12):997–1012.

 99. Hussain M, Naqvi RA, Abbas N, Khan SM, Nawaz S, Hussain 
A, et al. Ultra-high-molecular-weight-polyethylene (UHMWPE) 
as a promising polymer material for biomedical applications: a 
concise review. Polymers (Basel). 2020;4:12(2).

 100. Macuvele DLP, Nones J, Matsinhe JV, Lima MM, Soares C, Fiori 
MA, et al. Advances in ultra high molecular weight polyethylene/
hydroxyapatite composites for biomedical applications: a brief 
review. Mater Sci Eng C Mater Biol Appl. 2017;1(76):1248–62.

 101. Varnum C, Pedersen AB, Kjaersgaard-Andersen P, Overgaard 
S. Comparison of the risk of revision in cementless total hip 
arthroplasty with ceramic-on-ceramic and metal-on-polyethylene 
bearings. Acta Orthop. 2015;86(4):477–84.

 102. Lainiala O, Reito A, Elo P, Pajamaki J, Puolakka T, Eskelinen 
A. Revision of metal-on-metal hip prostheses results in marked 
reduction of blood cobalt and chromium ion concentrations. Clin 
Orthop Relat Res. 2015;473(7):2305–13.

 103. Al-Hajjar M, Jennings LM, Begand S, Oberbach T, Delfosse 
D, Fisher J. Wear of novel ceramic-on-ceramic bearings under 
adverse and clinically relevant hip simulator conditions. J 
Biomed Mater Res B Appl Biomater. 2013;101(8):1456–62.

 104. Endo MM, Barbour PS, Barton DC, Fisher J, Tipper JL, Ingham 
E, et al. Comparative wear and wear debris under three differ-
ent counterface conditions of crosslinked and non-crosslinked 
ultra high molecular weight polyethylene. Biomed Mater Eng. 
2001;11(1):23–35.

 105. Green JM, Hallab NJ, Liao YS, Narayan V, Schwarz EM, Xie 
C. Anti-oxidation treatment of ultra high molecular weight 
polyethylene components to decrease periprosthetic osteoly-
sis: evaluation of osteolytic and osteogenic properties of wear 
debris particles in a murine calvaria model. Curr Rheumatol Rep. 
2013;15(5):325.

 106. Sieving A, Wu B, Mayton L, Nasser S, Wooley PH. Morphologi-
cal characteristics of total joint arthroplasty-derived ultra-high 
molecular weight polyethylene (UHMWPE) wear debris that pro-
voke inflammation in a murine model of inflammation. J Biomed 
Mater Res A. 2003;64(3):457–64.

 107. Fung M, Bowsher JG, Van Citters DW. Variation of mechanical 
properties and oxidation with radiation dose and source in highly 
crosslinked remelted UHMWPE. J Mech Behav Biomed Mater. 
2018;82:112–9.

 108. Oral E, Neils AL, Doshi BN, Fu J, Muratoglu OK. Effects of 
simulated oxidation on the in vitro wear and mechanical proper-
ties of irradiated and melted highly crosslinked UHMWPE. J 
Biomed Mater Res B Appl Biomater. 2016;104(2):316–22.

 109. Ansari F, Ries MD, Pruitt L. Effect of processing, sterilization 
and crosslinking on UHMWPE fatigue fracture and fatigue wear 
mechanisms in joint arthroplasty. J Mech Behav Biomed Mater. 
2016;53:329–40.

 110. Oral E, O’Brien C, Doshi B, Muratoglu OK. High temperature 
homogenization improves impact toughness of vitamin E-diffused, 
irradiated UHMWPE. J Orthop Res. 2017;35(6):1343–7.

 111. Ingham E, Fisher J. Biological reactions to wear debris in total 
joint replacement. Proc Inst Mech Eng H. 2000;214(1):21–37.

 112. Ingham E, Fisher J. The role of macrophages in osteolysis of total 
joint replacement. Biomaterials. 2005;26(11):1271–86.

 113. Bracco P, Oral E. Vitamin E-stabilized UHMWPE for total joint 
implants: a review. Clin Orthop Relat Res. 2011;469(8):2286–93.

 114. Oral E, Rowell SL, Muratoglu OK. The effect of alpha-tocopherol 
on the oxidation and free radical decay in irradiated UHMWPE. 
Biomaterials. 2006;27(32):5580–7.



 Clinical Reviews in Bone and Mineral Metabolism

1 3

 115. Oral E, Wannomae KK, Rowell SL, Muratoglu OK. Migration 
stability of alpha-tocopherol in irradiated UHMWPE. Biomateri-
als. 2006;27(11):2434–9.

 116. Cheuy VA, Foran JRH, Paxton RJ, Bade MJ, Zeni JA, Stevens-
Lapsley JE. Arthrofibrosis associated with total knee arthroplasty. 
J Arthroplasty. 2017;32(8):2604–11.

 117. Behrend H, Lengnick H, Zdravkovic V, Ladurner A, Rudin D, 
Erschbamer M, et al. Vitamin C demand is increased after total 
knee arthroplasty: a double-blind placebo-controlled-randomized 
study. Knee Surg Sports Traumatol Arthrosc. 2019;27(4):1182–8.

 118. Padayatty SJ, Levine M. Vitamin C: the known and the unknown 
and Goldilocks. Oral Dis. 2016;22(6):463–93.

 119. Guo RF, Ward PA. Role of oxidants in lung injury during sepsis. 
Antioxid Redox Signal. 2007;9(11):1991–2002.

 120. Parihar A, Parihar MS, Milner S, Bhat S. Oxidative stress 
and anti-oxidative mobilization in burn injury. Burns. 
2008;34(1):6–17.

 121. Conway FJ, Talwar D, McMillan DC. The relationship between 
acute changes in the systemic inflammatory response and plasma 
ascorbic acid, alpha-tocopherol and lipid peroxidation after elec-
tive hip arthroplasty. Clin Nutr. 2015;34(4):642–6.

 122. Hardeland R. Aging, melatonin, and the pro- and anti-inflammatory 
networks. Int J Mol Sci. 2019;11:20(5).

 123. Zhou W, Liu Y, Shen J, Yu B, Bai J, Lin J, et al. Melatonin 
increases bone mass around the prostheses of OVX rats by ame-
liorating mitochondrial oxidative stress via the SIRT3/SOD2 
signaling pathway. Oxid Med Cell Longev. 2019;2019:4019619.

 124. Reiter RJ, Tan DX, Rosales-Corral S, Galano A, Zhou XJ, Xu B. 
Mitochondria: central organelles for melatonin’s antioxidant and 
anti-aging actions. Molecules. 2018;24:23(2).

 125. Zhang J, Chen Y, Luo H, Sun L, Xu M, Yu J, et al. Recent update 
on the pharmacological effects and mechanisms of dihydromyri-
cetin. Front Pharmacol. 2018;9:1204.

 126. Zhao L, Cai C, Wang J, Zhao L, Li W, Liu C, et al. Dihydro-
myricetin protects against bone loss in ovariectomized mice by 
suppressing osteoclast activity. Front Pharmacol. 2017;8:928.

 127. Thummuri D, Jeengar MK, Shrivastava S, Nemani H, Ramavat 
RN, Chaudhari P, et al. Thymoquinone prevents RANKL-induced 
osteoclastogenesis activation and osteolysis in an in vivo model 
of inflammation by suppressing NF-KB and MAPK Signalling. 
Pharmacol Res. 2015;99:63–73.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Effect of Oxidative Stress on Bone Remodeling in Periprosthetic Osteolysis
	Abstract
	Introduction: Periprosthetic Osteolysis and Implant Failure
	Oxidative Stress and Bone
	Oxidative Stress in Aseptic Periprosthetic Osteolysis
	Anti-Oxidant Strategy to Prevent Implant Failure

	Conclusion
	References


