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Introduction

one is a highly dynamic tissue that continu-

ously remodels itself to preserve homeo-

stasis. This process is regulated by two

distinct types of cells: Osteoblasts, which

arise from mesenchymal stem cells and are
responsible for forming new bone, and osteoclasts, which
originate from hematopoietic precursors and mediate
bone resorption. The differentiation of osteoclasts from
monocytes is regulated by two cytokines: M-CSF and re-
ceptor activator of NF-«xB ligand (RANKL). When these
cytokines bind to their respective receptors on monocytes,
they initiate the differentiation process into osteoclasts
[1-3]. In the body, ongoing bone remodeling helps repair
microfractures and compensates for wear caused by bio-
mechanical stress, typically resulting in complete renewal
within 7 to 10 months [4-6]. The skeletal system is highly
sensitive to both local and systemic signals. Several dis-
eases are characterized by heightened bone resorption,
which may be associated with hormonal imbalances and
aging in certain cases [7, 8].

S. aureus is the leading pathogen responsible for osteo-
myelitis (OM) and is one of the most common microor-
ganisms implicated in persistent infections [9, 10]. S. au-
reus interferes with immune cell functions and disrupts
the equilibrium between osteoclasts and osteoblasts,
leading to sustained infection and continuous bone deg-
radation, which are critical factors in the progression of
chronic OM [9]. S. aureus promotes chronic infection
and bone destruction through several key mechanisms.
It secretes virulence factors that enhance bacterial colo-
nization, induce the death of immune cells, and alter the
immune environment, allowing the bacteria to evade the
immune system. These virulence factors are also associ-
ated with the formation of abscesses in OM. Addition-
ally, S. aureus forms biofilms in response to vascular
damage and reduced oxygen levels, creating a protective
barrier that prevents immune cells from contacting the
pathogen, impairs neutrophil activation, and encourages
macrophage differentiation. The pathogen also adjusts
its metabolism during infection, enabling it to compete
with immune cells for energy and survive. Finally, S. au-
reus can survive within immune cells by escaping the
phagosome and continuing to replicate within the cell
[10-16].
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S. aureus infiltrates the cortical bone, infecting osteo-
cytes. In response, these infected osteocytes release el-
evated levels of chemokines, including CCL5, CXCLI,
CXCL8, CXCL9, and CXCLI11. Neutrophils and T
lymphocytes are activated by these chemokines, which
in turn drive inflammation and contribute to the destruc-
tion of bone tissue. This immune response, while aimed
at controlling the infection, also exacerbates bone dam-
age, leading to the progression of OM [17]. S. aureus can
also survive within osteoblasts and cause morphological
changes or even cell death. Infected osteoblasts release
higher levels of inflammatory factors, which promote
the migration of immune cells and stimulate osteoclas-
togenesis [9, 10, 18].

At the early stage of infection, neutrophils are the first
immune cells to become activated and carry out their
defensive functions at the site of infection [19]. How-
ever, during S. aureus-induced OM, key neutrophil
functions—including chemotactic migration, activation,
and phagocytic killing—are disrupted. This condition
hinders the formation of neutrophil extracellular traps
(NETs) and diminishes their ability to eliminate bacte-
ria. Moreover, neutrophils undergo modifications dur-
ing the infection that contribute to tissue damage and
facilitate bacterial survival and spread at the infection
site. Initially, host cells release higher levels of chemo-
kines to attract neutrophils to the infection site, where
they perform bactericidal functions. However, S. aureus
secretes virulence factors such as chronic inflammato-
ry proteins (CHIPs) and the FPRLI1 inhibitory protein
(FLIPr), which interfere with neutrophil chemotaxis in
OM. CHIPs reduce the production of chemokines and
impair neutrophil migration toward the site of infection,
thereby hindering the host’s ability to combat bacterial
invasion effectively [20, 21].

Neutrophil activation normally depends on the recog-
nition of pathogen-specific receptors. However, SsI3—
a virulence factor secreted by S. aureus and part of the
Ssl protein family—interferes with this process by in-
hibiting pathogen recognition. SSL3 inhibits neutrophil
activation by competitively binding to TLR2, thus im-
pairing an effective immune response. Additionally, the
virulence factor CHIPs competes with complement C5a
for binding, preventing C5a from activating neutrophils
via its receptor [11, 22, 23]. In response to immune chal-
lenges, neutrophils release inhibitory proteins, such as
neutrophil elastase, proteinase-3, and cathepsin G, to
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degrade CHIPs. However, S. aureus counteracts this
defense mechanism by producing extracellular adher-
ence protein (Eap) and its homologs, EapH1 and EapH2.
These proteins inhibit the activity of neutrophil elastases,
effectively protecting the bacteria from immune clear-
ance and allowing them to persist in the infection site
[24]. Moreover, in chronic infections, some neutrophils
express MHC class II molecules, allowing them to pres-
ent antigens to T cells. Research has shown that under
conditions of persistent infection, these neutrophils can
participate in antigen presentation and activate T cells,
thus playing a role in the adaptive immune response [25].

A hallmark characteristic of S. aureus in OM is its abil-
ity to form biofilms on implant surfaces. When biofilms
are present, the bacteria are protected from immune sur-
veillance, unlike planktonic bacteria, which are rapidly
detected and cleared by immune cells in the absence of
biofilm formation. Biofilm formation enables bacteria
to evade immune responses and persist at the site of in-
fection. However, when planktonic bacteria adhere to
implant surfaces, such as internal fixation devices (e.g.
plates, screws), biofilms are formed, creating a protec-
tive niche that shields the bacteria from immune de-
tection and promotes their persistence [13]. Immature
biofilms do not provide a strong barrier and can still be
penetrated by fully activated neutrophils, enabling them
to perform their immune functions. However, as the
biofilm matures, its ability to act as a physical shield
against immune cells increases significantly. Extracel-
lular polymeric substances (EPS), a vital component
of biofilms, play a pivotal role in immunosuppression.
EPS hinders neutrophil recognition of bacteria by redi-
recting their attention from the pathogen to the biofilm
itself, thereby aiding the pathogen in evading the host’s
immune system and promoting its persistence at the in-
fection site [26, 27].

The ability of S. aureus to persistently survive within
immune cells is a critical factor that impedes neutrophils
from effectively performing phagocytosis and eliminat-
ing pathogens. S. aureus disrupts the function of neutro-
phil phagosomes, facilitating its survival within these
immune cells [28-30]. In OM, S. aureus likely survives
within the phagosome by disrupting the expression of
LC3-modified proteins. Understanding the mechanisms
by which S. aureus regulates LC3 expression in this con-
text is essential. Targeting and inhibiting these pathways
could offer a novel approach to restore phagosome func-
tion and enhance the ability of immune cells to eliminate
pathogens efficiently [31].
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The primary function of NETs is to capture and elimi-
nate S. aureus at the site of infection. However, this pro-
cess may result in damage to endothelial cells and other
adjacent tissues, potentially contributing to additional
tissue injury and complications [32]. Research has dem-
onstrated that histone proteins mediate platelet activation
through TLR4 and TLR2, thereby promoting blood co-
agulation and thrombin formation, a process linked to
platelet-rich microthrombosis in sepsis models. Thus,
histones found in NETs may play a pivotal role in the
development of microthrombosis in chronic OM. This
microthrombosis could impede tissue repair and create
an environment conducive to the growth of S. aureus.
Consequently, NETs not only serve to capture patho-
gens but also substantially contribute to tissue damage
in chronic OM [33].

During the initial phase of infection, circulating mono-
cytes differentiate into macrophages in response to the
influence of inflammatory cytokines. M1 macrophages
play a key role in pathogen elimination by releasing ly-
sosomal enzymes and enhancing inflammation through
the secretion of pro-inflammatory cytokines. In contrast,
M2 macrophages secrete anti-inflammatory cytokines to
modulate the inflammatory response and produce growth
factors, such as platelet-derived growth factor and fibro-
blast growth factor, which contribute to tissue repair and
healing [34]. In chronic OM, there is an imbalance and
dysregulation in the interconversion and proportion of
M1 and M2 macrophages. The prolonged presence of
M1 macrophages contributes to an exaggerated inflam-
matory response, which can potentially cause significant
tissue damage. On the other hand, an overproduction of
M2 macrophages can impair effective phagocytosis and
cytotoxic activity, thereby favoring biofilm formation
and enhancing bacterial resistance, which hinders the
resolution of infection [35].

These findings suggest that the STAT3/STAT6 path-
way may impede the pathogen-clearing function of mac-
rophages, thereby facilitating the persistence of OM. Ad-
ditionally, IL-10 has been shown to activate the STAT3
pathway, which further suppresses the macrophage im-
mune response. As a result, targeting this signaling path-
way could offer a potential immunoregulatory strategy
for treating chronic OM [36-38]. The biofilm formed by
S. aureus also plays a crucial role in modulating macro-
phage polarization [39, 40].
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In chronic OM, the migration of macrophages is
regulated by the NF-xB/TWIST1 signaling pathway.
This pathway plays a crucial role in modulating the
movement and activation of macrophages, which are
essential for the inflammatory response and tissue re-
modeling during the progression of the infection [35].
Additionally, TWIST1 enhances the expression of ma-
trix metalloproteinases (MMP9 and MMP3), which
facilitate macrophage migration by breaking down ex-
tracellular matrix components at the infection site. This
degradation allows macrophages to move more effec-
tively towards areas of infection, thereby contributing to
the inflammatory response and tissue remodeling seen
in chronic OM [41].

The PI3K/Akt-Beclin signaling pathway plays a cru-
cial role in regulating macrophage autophagy, pathogen
phagocytosis, and the NF-kB-mediated inflammatory
response in S. aureus-induced OM. Recent studies have
shown that inhibiting PI3K impairs macrophage au-
tophagy, thereby reducing their ability to phagocytose S.
aureus [42] effectively.

Upon encountering an antigen, T lymphocytes differen-
tiate into two main subsets: Helper T cells (CD4+ T cells)
and cytotoxic T cells (CD8+ T cells). CD4+ T cells bolster
immune responses by releasing a variety of inflammatory
mediators that activate other immune cells and regulate
inflammation by controlling the proliferation of certain
immune cell types. In contrast, CD8+ T cells target and
eliminate pathogens directly by secreting cytotoxic pro-
teins and cytokines, such as perforin and granzyme [26].
Dendritic cells play a crucial role in activating T cells
through the presentation of antigens. However, leukocidin
AB (LukAB), a virulence factor secreted by S. aureus, dis-
rupts this process by inducing the death of dendritic cells,
which are crucial for effective antigen presentation and
the subsequent initiation of immune responses. This inter-
ference by LukAB undermines the immune system’s abil-
ity to recognize and respond to the pathogen [43] properly.
CTLA-4, an inhibitory molecule predominantly expressed
on T cells, functions by binding to CD80/CD86 molecules
present on antigen-presenting cells (APCs). This binding
prevents the interaction between CD28 on T cells and
these costimulatory molecules, thereby inhibiting the
activation of T cells. As a result, the immune response is
compromised, impeding the clearance of pathogens and
allowing the infection to persist [26, 44]. As OM transi-
tions from the acute to the chronic phase, the functionality
of CD8+ T cells is significantly impaired, causing them to
contribute more to the pathogenesis of chronic OM rather
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than assisting in the elimination of pathogens. This dys-
function in CD8+ T cell activity enables the infection to
persist and worsen over time [10].

Studies have demonstrated that in chronic OM, the
cytotoxic function of CD8+ T cells is notably compro-
mised due to prolonged exposure to elevated antigen
levels and inflammatory mediators. These T cells, which
exhibit immunosuppressive characteristics, are classi-
fied as exhausted CD8+ T cells [44]. Exhausted CD8+
T cells show a significant decline in the production of
crucial cytokines, such as interferon (IFN)-y, tumor ne-
crosis factor (TNF)-a, interleukin (IL)-12, IL-18, and
IL-10. Additionally, the synthesis of cytotoxic proteins,
including granzyme and perforin, is impaired, thereby
compromising their ability to target and eliminate patho-
gens efficiently [45]. Importantly, exhausted CD8+ T
cells express various inhibitory receptors, including
PD-1, LAG-3, 2B4, CD160, TIM-3, and TIGHT, which
contribute to their functional impairment and inability to
combat pathogens [45-47] effectively. During chronic
infections, inhibitory receptors continue to exert im-
munosuppressive effects. Although the impact of each
receptor individually may be modest, exhausted T cells
typically co-express several receptors, such as PD-1 and
LAG-3. This co-expression leads to a synergistic effect,
resulting in a more substantial immunosuppressive re-
sponse than any single receptor could induce on its own
[48]. Moreover, the metabolic profile of exhausted CD8+
T cells changes to adapt to the environment of persistent
infection. These alterations enable the cells to survive
and function under chronic stress conditions, though
they may impair their full effector functions and con-
tribute to immune dysfunction [49-53]. Recent studies
have highlighted a notable distinction in the expression
of transcription factors between normal effector CD8+
T cells and their exhausted counterparts. Transcription
factors such as T-bet, EOMES, and TCF1 have gained
recognition for their pivotal role in driving the functional
shift of CD8+ T cells toward exhaustion. These factors
are integral to regulating CD8+T cell functionality and
facilitate their transition into an exhausted state, particu-
larly in the context of chronic infections [10].

T-bet and EOMES are essential transcription factors
that regulate the differentiation of naive CD8+ T cells.
When T-bet expression surpasses that of EOMES, CD8+
T cells are directed towards differentiating into termi-
nal effector cells, which are critical for executing im-
mune responses. In contrast, when EOMES expression
surpasses that of T-bet, naive CD8+ T cells are more
likely to differentiate into memory T cells. However,
sustained high expression of EOMES is associated with
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the progressive exhaustion of CD8+ T cells, leading to
diminished immune function in chronic infections [54].
Some researchers propose that the sustained high ex-
pression of EOMES may be linked to elevated levels of
PD-1, a marker known to be upregulated during chronic
OM. This outcome suggests that the overexpression of
EOMES may contribute to the exhaustion of CD8+ T
cells by promoting PD-1 expression, which in turn im-
pairs T cell function and supports the persistence of the
infection [48, 55].

TCF1, a transcription factor exclusive to T cells, plays
a pivotal role in the differentiation and sustained func-
tion of exhausted CD8&+ T cells. During the initial stages
of chronic infection, TCF1 is co-expressed with CXCL5
in CD8+ T cells. However, as the infection progresses,
these cells progressively adopt exhausted characteristics,
leading to a decline in their effector functions and con-
tributing to the persistence of the infection. When TCF1
is knocked down in CD8+ T cells, there is a tendency for
these cells to differentiate more towards effector CD8+
T cells, suggesting that TCF1 plays a pivotal role in the
establishment of T cell exhaustion during chronic infec-
tion [56, 57]. PD-1 expression positively regulates TCF1
expression, indicating that PD-1 plays a crucial role in
the functional regulation of exhausted CD8+T cells.
Consequently, the expression levels of key transcription
factors, such as T-bet, EOMES, and TCF1, in exhausted
CD8+ T cells are closely linked to the expression of
PD-1. This outcome suggests that PD-1 contributes to
the molecular framework that governs the exhaustion
process and the functional properties of CD8+ T cells
during chronic infection [58]. The exact mechanisms by
which these transcription factors influence CD8+ T cell
function, as well as the interactions between PD-1 and
transcription factors like T-bet, EOMES, and TCF1, re-
main unclear. Studies suggest that CTLA-4, secreted by
T regulatory cells (Tregs), can disrupt the CD80/PD-L1
heterodimer on APCs, thereby increasing the availabil-
ity of free PD-L1. This interaction may play a critical
role in modulating immune responses and promoting
immune dysfunction, particularly in chronic infections
[44]. Therefore, elevated PD-L1 levels in OM may en-
hance PD-L1/PD-1 signaling, potentially regulating the
expression of EOMES and contributing to the genera-
tion of exhausted CD8+ T cells. This signaling pathway
may play a significant role in the immune dysfunction
observed in chronic infections, such as OM [10].

Th17 and Treg cells, along with the Th17/Treg bal-
ance, are closely linked to the persistence of OM and
bone destruction. Th17 cells, characterized by the sur-
face marker RORyt, drive inflammation and suppress
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osteoclastogenesis. In contrast, Treg cells, marked by
the transcription factor Foxp3, play a regulatory role by
dampening inflammation—the deletion of Foxp3 results
in a decrease in Treg cells. While Tregs primarily regu-
late the inflammatory response, they also promote osteo-
clastogenesis, contributing to the complex dynamics of
bone remodeling in OM [59-61].

S. aureus can activate Treg cells, thereby suppressing
the host immune response. Bjorkander et al. demon-
strated that S. aureus stimulates T cells through supe-
rantigens, leading to a substantial secretion of cytokines.
These cytokines, in turn, activate Treg cells, which con-
tribute to the suppression of the immune response, facili-
tating the persistence of the infection [62].

In conclusion, various T cell subtypes have distinct roles
in the progression of OM. CD4+ T cells, through the ex-
pression of CTLA-4, disrupt normal immune responses,
highlighting the importance of investigating how S. au-
reus influences CTLA-4 expression and whether its viru-
lence factors contribute to this modulation, which could
reveal potential therapeutic targets. In OM, CD8+ T cells
become exhausted, with key transcription factors such as
T-bet, EOMES, and TCF1 playing crucial roles in this im-
mune attenuation. Additionally, the opposing functions of
Treg and Th17 cells warrant further exploration to under-
stand better how to modulate their activity for therapeutic
benefit in OM [10].

B lymphocytes are responsible for producing two dis-
tinct types of antibodies, ASN-1 and ASN-2, that play a
critical role in neutralizing the virulence factors secreted
by S. aureus. ASN-1 targets and neutralizes several key
toxins, including alpha-hemolysin (Hla), Panton-Val-
entine leukocidin (PVL), leukocidin ED (LukED), and
gamma-hemolysin. On the other hand, ASN-2 specifi-
cally neutralizes LukAB and LukGH, further protecting
the host from the harmful effects of these toxins. These
antibodies help reduce the damage caused by S. aureus,
contributing to the body’s defense against the infection
[63]. This expanded explanation clarifies the mecha-
nism by which osteoclasts contribute to bone defects and
highlights the role of macrophages in regulating osteo-
clast activity in inflammatory conditions, such as OM.
It also highlights the significance of the RANKL/RANK
pathway in maintaining bone homeostasis, particularly
in disease states [64]. However, S. aureus employs im-
mune evasion strategies to counteract humoral immu-
nity. One such mechanism involves the virulence factor
SpA, which disrupts antibody-mediated phagocytosis by
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binding to antibodies and simultaneously induces B cell
apoptosis, thereby impairing the host’s immune defense
[65-67]. The enzyme staphylokinase (Sak), produced
by S. aureus, facilitates the cleavage and degradation of
IgG antibodies, significantly impairing IgG-mediated
phagocytosis by neutrophils and thereby enhancing the
pathogen’s ability to evade the immune response [68].
Additionally, Pelzek et al. observed that while patients
exhibited high levels of antibodies during the acute phase
of S. aureus infection, this antibody response diminished
by the 6-week follow-up visit. These findings suggest
that S. aureus infections are insufficient to trigger robust
secondary recall responses, failing to maintain elevated
antibody levels over time. Based on this, although B
cells can produce substantial antibodies against S. aureus
virulence factors, the progression to chronic OM may be
attributed to the inability of B cells to sustain antibody
production at effective levels [69].

B cells are typically activated by lipopolysaccharides
(LPS). However, lipoteichoic acid (LTA), a component of
the cell membrane in gram-positive bacteria and structur-
ally analogous to LPS, has been shown to inhibit B cell
proliferation and interfere with LPS-induced B cell im-
mune responses. While it remains challenging to establish
whether LTA contributes directly to the immunosuppres-
sive effects of S. aureus on B cells, its role offers a novel
perspective for investigating the negative immunomodu-
latory influence of S. aureus in OM [70].

It has been demonstrated that in periodontitis, B cells
contribute to inflammation and bone destruction by se-
creting pro-inflammatory cytokines, RANKL, MMPs,
and autoantibodies (Abs). These mediators play a key
role in intensifying the inflammatory response and facili-
tating tissue degradation [10, 71-73].

In conclusion, B cells, similar to other immune cells,
are likely to play a significant role in the chronicity of
OM and the associated bone destruction in S. aureus in-
fections [10].

OM, a severe bone infection, presents significant clin-
ical challenges despite advances in therapeutic strate-
gies. Traditional approaches, such as antibiotic therapy
combined with surgical debridement, often fall short
due to high recurrence rates, postoperative complica-
tions, and reinfection. Emerging evidence highlights the
potential of immunotherapy and alternative treatments,
such as traditional Chinese medicine (TCM), to address
these limitations. The following table summarizes key
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findings, clinical outcomes, and innovative therapeu-
tic approaches for OM, drawing on recent studies and
experimental data. Detailed information is presented in
Table 1.

Osteoclasts, originating from the monocyte/macro-
phage lineage, closely resemble macrophages within
bone tissue [83]. Osteoclast precursor cells differentiate
into mature osteoclasts, which serve as the primary me-
diators of bone resorption. This differentiation is largely
regulated by the RANKL/RANK signaling pathway,
particularly during infection. In post-traumatic OM, os-
teoclasts play a direct role in the development of bone
defects. Additionally, macrophages contribute to osteo-
clast differentiation; notably, M1 macrophages secrete
elevated levels of pro-inflammatory cytokines, such as
TNF-a, IL-6, and IFN-y, which promote osteoclastogen-
esis. This process stimulates the activation and function
of osteoclasts, leading to increased bone resorption and
the associated bone damage characteristic of OM [84,
85].

TNF-a is recognized as a key cytokine that regulates
the RANKL/RANK signaling pathway. It not only mod-
ulates osteoblast function, thereby indirectly hindering
bone formation, but also directly promotes osteoclast
differentiation, thereby driving bone resorption [84, 86].
TRAFG6 serves as a critical switch in the RANKL/RANK
signaling pathway. TNF-o enhances the RANKL-
TRAF6 signaling cascade by upregulating TRAF2,
which in turn amplifies the activation of downstream
signaling events. This interaction ultimately promotes
osteoclastogenesis and bone resorption, contributing to
bone degradation in inflammatory conditions such as
OM [87]. The role of TNF-a in enhancing the RANKL/
RANK signaling pathway remains a topic of debate. The
majority of researchers argue that TNF-a acts synergisti-
cally with RANKL to enhance osteoclastogenesis, rely-
ing on RANKL to exert its effects. However, an opposing
view suggests that TNF-o may independently influence
this signaling pathway, potentially modulating osteoclast
differentiation and function without the direct involve-
ment of RANKL. Further studies are needed to clarify
the precise interaction between TNF-o and RANKL in
regulating osteoclastogenesis [88, 89].

Additionally, some studies have shown that TNF-a can
regulate osteoclast growth independently of RANKL.
This finding suggests that TNF-a may exert a direct ef-
fect on osteoclastogenesis through alternative signaling
pathways or mechanisms that do not require the presence
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Table 1. Key findings and advances in chronic OM treatment

Aspect Detail Ref.
Common treatment Antibiotic therapy combined with surgical debridement is widely used in clinics to treat OM.
- In 13.7% of the 482 patients, the infection persisted following initial debridement and six weeks of (74]
antibiotic treatment, necessitating additional debridement procedures.
Clinical outcomes (2013-2020) - 8.5% experienced recurrence after treatment and infection cure.
- 3.5% developed complications. [74]
. . . L . . 159 o
Pes e dilms Patients face high postoperative compllcat}ons, reln'fect.|on rates (15%—40%), and the need to replace (75]
internal fixation.
Need for new therapies Urgency exists to develop therapies supplementing traditional antibiotic treatment. [10, 76]
Immunotherapy, which has been successful in treating tumors and autoimmune diseases, is being
Immunotherapy potential explored for infectious diseases due to the shared immune suppression mechanisms present in [10, 76]
tumors and infectious microenvironments.
. Mechanisms to be studied include virulence factor redundancy, differential expression across growth
Complex mechanisms L . .
stages, and heterogeneity in biofilm protein expression. (771
- Pentavalent vaccine showed reduced mortality (16.7%) and higher infection clearance (66.7%) in
L . . mice injected with S. aureus.
Biofilm-specific vaccine
- Suggests potential preventive and immune effects for chronic OM. [78]
S —— Rabbit polyclonal antibodies effectively neutralize toxins (LukAB, a-toxin, PVL) against immune cells;
Anti-toxin monoclonal antibodies . . L : . N
their potential applicability in OM requires further investigation.
. . The focus has shifted to restoring immune cell function through the modulation of immune
Immune restoration strategies . L [10]
checkpoints and transcription factors.
- PD-1 overexpression causes CD8+ T cell exhaustion.
PD-1 and CD8+ T cells
- IL-2 combined with checkpoint inhibitors prevents exhaustion, enhancing immune responses. [79]
Treg cells and IL-2/STATS pathway IL-2 activates STAT5, triggering the expre.ssion of Foxp3 and CTLA-4, which mediate the
immunosuppressive effects of Treg cells. (0]
" X . - Downregulates Treg cells via IL-2/STATS and suppresses Foxp3/CTLA-4 levels in OM.
Traditional Chinese medicine
(WWXDD) ) ) i ) )
- Active compounds include luteolin, chryseriol, kaempferol, and quercetin. [81, 82]

of RANKL. These findings highlight the complex and
multifaceted role of TNF-a in bone metabolism, indicat-
ing that it may influence osteoclast differentiation and
activity through both RANKL-dependent and RANKL-
independent pathways. Further research is needed to un-
derstand better these interactions and their implications
for bone diseases, such as OM [90]. Recent studies have
revealed that TNF-a promotes the differentiation of os-
teoclast precursor cells through a mechanism involving
sialylation. Sialic acid, a derivative of neuraminic acid,
plays a critical role in osteoclastogenesis. TNF-a stimu-
lates the differentiation of osteoclast precursors that are
highly sialylated. However, this effect is significantly
reduced when the sialylation process of precursor osteo-
clasts is disrupted. This result suggests that sialylation
may be a key modulator in TNF-a-induced osteoclast
differentiation, highlighting a potential therapeutic target
for regulating osteoclastogenesis in conditions such as
OM and other bone diseases [91].
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Th17 and Treg cells have opposing roles not only in
regulating immune responses during inflammation but
also in bone remodeling. Th17 cells primarily contrib-
ute to inflammation and bone degradation by producing
pro-inflammatory cytokines, including IL-17, TNF-a,
and IL-6, which promote osteoclastogenesis and en-
hance bone resorption. Conversely, Treg cells help
control inflammation and protect against bone loss by
releasing anti-inflammatory cytokines, including IL-10
and TGF-f. However, the balance between these two T
cell subsets is crucial, as an imbalance can contribute to
either excessive bone destruction or inadequate bone re-
generation [10].

Treg cells inhibit osteoclast production and reduce
bone destruction in OM, although the exact mechanisms
behind this effect have remained controversial. Some
studies suggest that Treg cells primarily exert their in-
hibitory effects on osteoclastogenesis by decreasing the
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secretion of pro-inflammatory cytokines, such as TGF-p,
IL-4, and IL-10. These cytokines can modulate the ac-
tivity of osteoclast precursor cells and disrupt the pro-
osteoclastogenic signals, thereby limiting the differentia-
tion and activity of osteoclasts. However, other research
indicates that Treg cells may regulate osteoclastogenesis
through different pathways, possibly involving direct
cell-cell interactions or the modulation of other im-
mune mediators [60]. The CTLA-4-mediated regulatory
mechanism underscores the crucial role of Treg cells in
maintaining immune homeostasis and controlling exces-
sive bone destruction during chronic inflammation, such
as OM [92]. However, some studies have demonstrated
that Treg cells also promote osteoblastogenesis, thereby
accelerating bone remodeling. Treg cells contribute to
the regulation of osteoblast differentiation by secreting
cytokines such as TGF-f and IL-10, which can stimulate
the activity of osteoblasts.

Additionally, Treg cells may promote bone formation
by enhancing the function of osteoblasts and support-
ing the deposition of new bone matrix. This dual role
of Treg cells in both inhibiting osteoclastogenesis and
promoting osteoblastogenesis underscores their complex
involvement in bone remodeling, particularly in the con-
text of OM, where the balance between bone resorption
and formation needs to be tightly maintained [61]. The
Whnt signaling pathway plays a critical role in regulating
osteoblastogenesis by promoting the differentiation and
proliferation of osteoblasts. Wnt10b, a ligand within this
pathway, is a potent enhancer of osteoblast proliferation
and bone formation. Under certain conditions, such as
the presence of butyrate produced by Lactobacillus bac-
teria, Treg cells have been shown to regulate the activa-
tion of the Wnt10b promoter. This regulation ultimately
leads to the increased expression of Wnt10b, which fur-
ther enhances osteoblastogenesis. This finding suggests
that Treg cells, through their ability to influence Wnt10b
expression, contribute to bone remodeling by promot-
ing osteoblast activity, which is essential for maintain-
ing bone homeostasis in the context of inflammation and
infection, such as OM [61].

IL-17 induces the secretion of pro-inflammatory cy-
tokines, including IL-6, TNF-0, and IL-1, which fur-
ther promote RANKL expression and activation in
osteoblasts, thereby enhancing osteoclastogenesis. Ad-
ditionally, Th17 cells themselves can secrete RANKL,
contributing directly to osteoclast differentiation. This
multifaceted role of Thl7 cells in osteoclastogenesis
links them to bone destruction, particularly in inflamma-
tory conditions such as OM, where the balance between
osteoblasts and osteoclasts is disrupted, leading to bone

Orthopedic Science

loss [93]. In conclusion, osteoblastogenesis is influenced
by Th17 cells, which play a critical role in promoting
bone destruction during inflammation. Through the se-
cretion of IL-17 and other pro-inflammatory cytokines
such as IL-6, TNF-a, and IL-1, Th17 cells enhance
RANKL expression in osteoblasts, which in turn stimu-
lates osteoclastogenesis. Additionally, Th17 cells them-
selves can directly secrete RANKL, further contributing
to bone resorption. The regulatory effect of Th17 cells
on osteoblastogenesis highlights their role in bone de-
struction, particularly in inflammatory diseases such as
OM, where the immune response leads to an imbalance
between bone formation and resorption [10].

Th17 cells play a crucial role in promoting inflamma-
tion and bone destruction, while Treg cells have an op-
posing effect, suppressing inflammation and promoting
bone formation. The balance between these two types
of cells is tightly controlled under various physiological
conditions. In states of intense inflammation, immune
cells release elevated levels of cytokines such as IL-6,
which drives the differentiation of Th17 cells through
the activation of the STAT3 pathway. On the other hand,
when IL-6 is absent, Th17 cell differentiation is inhib-
ited. This shift in the balance between Th17 and Treg
cells has a significant impact on both the inflammatory
response and bone remodeling processes. Understanding
this balance is essential for conditions like OM, where
the inflammatory response not only affects immune ac-
tivity but also disrupts bone homeostasis, leading to bone
degradation [94-96].

Hypoxia-inducible factor o (HIF-1a) plays a crucial
role in regulating the Th17/Treg ratio, particularly in
hypoxic environments. Under low oxygen conditions,
HIF1a is stabilized and activated, influencing the differ-
entiation and function of various immune cells, includ-
ing T cells. In hypoxia, HIF1a has been shown to pro-
mote the differentiation of Th17 cells while inhibiting
the generation of Treg cells. This shift in the Th17/Treg
balance can exacerbate inflammation and bone destruc-
tion, particularly in conditions like OM, where tissue
hypoxia is often present. The modulation of HIFla in
these environments suggests its potential as a therapeutic
target to manage inflammatory and immune responses
in chronic infections [97]. HIF1a plays a critical role in
regulating the Th17/Treg balance under hypoxic condi-
tions. It enhances Th17 cell differentiation by upregulat-
ing the expression of RORyt, a key transcription factor
driving Th17 differentiation. Simultaneously, HIFla in-
hibits the expression of Foxp3, the master regulator of
Treg cells, by promoting its degradation through the pro-
teasomal pathway. This dual effect results in a relative
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increase in RORyt expression and a shift towards Th17
dominance. Such a shift in the Th17/Treg ratio under
hypoxia contributes to increased inflammation and may
exacerbate tissue damage in conditions like OM. Under-
standing this mechanism provides insight into potential
therapeutic strategies for modulating immune responses
in hypoxic environments [98].

OM is an invasive infectious condition that affects
bone or bone marrow, leading to significant disruption of
bone homeostasis and resulting in osteolysis. The clas-
sification of OM depends on the etiological agent (e.g.
pyogenic, mycobacterial, or fungal infections) and the
route of infection, which can be either hematogenous
(via the bloodstream) or through direct extension from
contiguous tissues. Additionally, OM can arise from
infections in surrounding soft tissues that spread to the
bone, direct inoculation during trauma or medical proce-
dures, or specific anatomical regions such as the tibia or
femur. The condition may also be categorized based on
its duration, with acute and chronic forms of OM having
distinct clinical features and treatment approaches [99].

Hematogenous OM is the most common form in
children, accounting for a significant portion of cases.
Approximately 60% of hematogenous OM cases are
caused by S. aureus, a pathogen known for its viru-
lence and ability to invade bone tissue. This form of
OM typically results from the spread of bacteria through
the bloodstream, which can reach bones, especially in
growing children with highly vascularized bones. Early
diagnosis and treatment are crucial for preventing com-
plications such as bone deformities, chronic infections,
and systemic spread [100]. OM has a higher incidence
in males than females, particularly in children. This
higher incidence in males may be attributed to factors
such as hormonal differences, activity levels, and greater
susceptibility to trauma. Despite advancements in treat-
ment, approximately 30% of bone infections progress
to chronic OM. Chronic OM can be challenging to treat
and is associated with ongoing inflammation, bone de-
struction, and the potential for recurrent infections. Ef-
fective management requires timely intervention, appro-
priate antimicrobial therapy, and, in some cases, surgical
debridement or stabilization to prevent further complica-
tions [101]. In adults, OM commonly affects individuals
with underlying conditions such as diabetes, those who
have experienced trauma, or those who have undergone
orthopedic surgery. Diabetes increases the risk of OM
due to impaired immune response, poor circulation, and
the presence of neuropathy, which can lead to unnoticed
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injuries and infections. Trauma, such as fractures or open
wounds, can directly introduce pathogens into the bone.
At the same time, orthopedic surgeries, particularly joint
replacements or internal fixation procedures, may pro-
vide a portal for bacteria to enter the bone, leading to in-
fection. In these cases, timely diagnosis and targeted an-
timicrobial therapy are critical to prevent the progression
to chronic OM, which can lead to significant morbidity
[102]. Hip and knee replacement surgeries are among the
most common causes of OM in adults. One of the major
challenges in treating OM following these procedures
is the formation of bacterial biofilms on the implanted
foreign materials, such as prosthetic joints. Bacterial
biofilms are clusters of bacteria encased in a protective
matrix that adhere to surfaces, making them much more
resistant to both the immune system and antibiotic treat-
ments. This biofilm formation significantly complicates
the treatment of infections, as the bacteria within the bio-
film are less susceptible to standard antimicrobial thera-
pies. As a result, surgical intervention, often including
the removal of the infected implant, may be necessary in
cases of chronic infection. Therefore, preventing biofilm
formation and developing strategies to disrupt existing
biofilms are key areas of focus in improving outcomes
for patients with prosthetic-related OM [103].

Once the bone is infected, polymorphonuclear leuko-
cytes (PMNs), also known as neutrophils, are recruited
to the site of infection as part of the body’s innate im-
mune response. These cells attempt to eliminate the in-
fectious organisms by phagocytosing them. However,
to effectively destroy the pathogens, activated PMNs
release several highly reactive oxidants, including reac-
tive oxygen species (ROS) and reactive nitrogen species
(RNS), through processes such as the respiratory burst.
While these oxidants play a critical role in pathogen de-
struction, they can also inadvertently cause damage to
surrounding tissue. In the context of OM, the release of
these reactive molecules can lead to the destruction of
bone tissue, contributing to bone lysis and further ex-
acerbating the infection. This immune-mediated dam-
age to bone is a key factor in the progression of OM,
as the bone’s integrity is compromised, and the healing
process is impaired. Therefore, understanding and con-
trolling the inflammatory response, including the activ-
ity of PMNs and the regulation of oxidative stress (OS),
is essential in managing OM and preventing further tis-
sue damage [104]. As the infection progresses, the pus
produced by the pathogenic organisms spreads into the
blood vessels within the bone, leading to significant al-
terations in blood flow. This disruption causes localized
ischemia and the formation of devitalized, or necrotic,
areas of bone. The lack of adequate blood supply to the

Bagherifard A, et al. Molecular Insights into Osteomyelitis and Bone Turnover. J. Res Orthop Sci. 2024; 11(2):55-76.

63




May 2024. Volume 11. Number 2

affected bone tissue results in avascular necrosis, which
is a hallmark of OM. In response to the infection and
bone death, the body attempts to repair the damage by
creating new bone around the necrotic area, a process
known as involucrum formation. The involucrum is a
layer of new bone that surrounds the dead bone, effec-
tively encapsulating the sequestrum, or the dead bone,
which becomes a reservoir for persistent infection. The
presence of sequestrum contributes to the chronic nature
of the infection, as it can serve as a nidus for ongoing
bacterial activity, making it difficult for antibiotics and
the immune system to eradicate the infection. This cycle
of bone destruction, necrosis, and the body’s attempt at
repair often leads to chronic OM, where infection and
bone damage persist over time. Surgical removal of the
sequestrum and proper antibiotic treatment are crucial
for treating chronic OM and preventing further compli-
cations [104].

Chronic OM is often caused by persistent bacterial in-
fection, with S. aureus being the most common pathogen
responsible. This bacterium is particularly adept at evad-
ing the immune system and resisting treatment, which
contributes to the persistence of the infection. The ability
of S. aureus to form biofilms on bone and foreign materi-
als (such as orthopedic implants) complicates treatment,
as biofilms protect the bacteria from both the immune
response and antibiotics. In chronic OM, S. aureus can
establish a long-lasting infection by forming biofilms
around areas of necrotic bone (sequestrum), making it
difficult for antibiotics to penetrate and effectively elimi-
nate the bacteria. The biofilm also creates a chronic in-
flammatory environment, where immune cells such as
PMNs are activated but often unable to fully clear the
infection. As a result, the infection persists, leading to
ongoing bone destruction and the formation of new bone
around the infected area (involucrum), which further
complicates treatment and the healing process. Effective
management of chronic OM requires a combination of
surgical intervention to remove necrotic bone and in-
fected tissue, along with prolonged antibiotic therapy
that can penetrate biofilms and target the bacteria more
effectively [100]. Although S. aureus has remained the
most common cause of OM, other pathogens can also
be involved, and the specific pathogens often vary with
age, underlying conditions, and the route of infection. In
children, Escherichia coli is a common causative organ-
ism of hematogenous OM, especially in cases associated
with urinary tract infections or other systemic condi-
tions. Other gram-negative bacteria, such as Klebsiella
spp., Enterobacter spp., and Pseudomonas spp., are
more frequently implicated in adults, particularly those
with chronic medical conditions, such as diabetes, im-
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munocompromised states, or post-surgical infections.
Fungal, viral, and parasitic infections are far less com-
mon causes of OM. Fungal infections are typically seen
in immunocompromised patients, while viral and para-
sitic infections causing OM are rare and generally sec-
ondary to other systemic infections. Anatomically, he-
matogenous OM tends to affect bones with ample blood
supply, which can lead to more pronounced and rapid
dissemination of pathogens. Commonly affected bones
include the tibia, femur, humerus, vertebrae, and jaw.
These bones are highly vascularized, making them more
susceptible to bacterial seeding through the bloodstream
during the acute phase of infection [3, 105].

S. aureus can interact with osteoblasts not only on the
cell surface but also intracellularly, due to its capability
for internalization. This capability allows the bacteria to
evade immune responses and persist within osteoblasts,
potentially contributing to chronic infection and bone
damage [106]. S. aureus contains various surface com-
ponents, including cell wall peptidoglycans, lipoteichoic
acid, and lipoproteins, which are collectively referred
to as pathogen-associated molecular patterns (PAMPs).
These PAMPs interact with osteoblasts, triggering
the release of chemokines (such as CXCL2, CXCLS,
CXCL10, CCL2, CCL3, and CCL5) and cytokines (in-
cluding IL-1p, IL-18, and TNF-a). These molecules play
a crucial role in recruiting and activating both innate im-
mune cells (such as neutrophils and monocytes/macro-
phages) and adaptive immune cells (like lymphocytes),
thereby enhancing the inflammatory response and pro-
moting immune defense against the infection [107, 108].
S. aureus can interfere with bone formation by decreas-
ing the expression of vital osteoblast markers necessary
for their growth and proliferation. These markers include
alkaline phosphatase, collagen type I, osteopontin, and
osteocalcin, which are crucial for osteoblast function and
bone matrix production. In addition, S. aureus stimulates
osteoblasts to secrete soluble RANKL. This molecule
plays a pivotal role in recruiting and activating osteo-
clasts, the cells responsible for bone resorption. As a
result, the balance between bone formation and resorp-
tion is disrupted, leading to excessive bone loss and the
promotion of inflammation-driven resorption, which
contributes to skeletal damage. This mechanism high-
lights how S. aureus can not only impair osteoblast func-
tion but also drive osteoclast-mediated bone destruction,
further complicating the inflammatory response in bone
infections, such as OM [109, 110].
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Ogawa was the first to present evidence showing that
osteoblasts can internalize S. aureus [111]. The primary
mechanism involves the interaction between fibronec-
tin-binding proteins A and B (Fnbp A/B) on S. aureus
and fibronectin, which acts as a mediator by connect-
ing S. aureus to osteoblasts through the o581 integrin.
This interaction facilitates the adhesion of the bacteria
to osteoblasts, promoting infection and potentially in-
fluencing the immune response and bone remodeling
processes [112].

By entering osteoblasts, S. aureus avoids detection
by the immune system, promoting the persistence and
spread of the infection. Inside the osteoblast, S. aureus
resides within endolysosomal vesicles, where it can sur-
vive for prolonged periods [113-115].

S. aureus can persist for extended periods within os-
teoblasts, as evidenced by the presence of small colony
variants. These variants exhibit an atypical, characteris-
tic morphology that reduces their aggressiveness toward
the host cell, thereby enhancing their long-term survival.
However, despite these prolonged survival rates, the os-
teoblast’s safety is not guaranteed. Over time, the highly
detrimental effects of PSMs on the cell membrane prove
lethal, ultimately leading to the osteoblast’s death [115].

In response to S. aureus infection, osteoblasts do not
remain inactive; rather, they actively release a variety of
inflammatory mediators. These factors are part of the in-
nate immune response and are crucial in initiating the
body’s defense against the bacterial pathogen. Simulta-
neously, this response works in tandem with the adap-
tive immune system, particularly through the activation
of Th1 lymphocytes, which further enhance the immune
response and help coordinate the body’s efforts to com-
bat the infection [116].

As previously mentioned, the conflict between S. au-
reus and osteoblasts is typically prolonged, with S. au-
reus emerging victorious, leading to subsequent bone
loss. S. aureus is capable of inhibiting osteoblast activity
and differentiation, while also preventing mineralization
[117-120].

S. aureus can also induce osteoblast apoptosis through
the activation of multiple pathways, all of which ulti-
mately lead to the same outcome [121-123]. Undoubt-
edly, the death of osteoblasts is a hallmark event in OM
caused by S. aureus, with dual consequences [124].
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Bone loss in OM occurs due to various factors and
is not solely caused by the reduced function or death
of osteoblasts. A key contributor to this process is the
substantial increase in osteoclast differentiation and ac-
tivity. Osteoblasts regulate osteoclastogenesis through
the production of two important proteins: RANKL and
OPG. RANKL, when bound to the RANK receptor on
osteoclast precursors, triggers their differentiation into
mature osteoclasts, which are responsible for bone re-
sorption. On the other hand, OPG, which is produced by
osteoblasts in a soluble form, acts as a decoy receptor. It
binds to RANKL, preventing its interaction with RANK,
and thus controls the differentiation and activation of
osteoclasts. This balance between RANKL and OPG is
crucial for bone homeostasis, and its disruption during
OM leads to excessive osteoclast activity, contributing
to bone destruction [125].

During S. aureus infection, osteoblasts elevate the pro-
duction of RANKL while reducing the production of
OPG, thereby enhancing osteoclastogenesis and accel-
erating bone resorption [110]. Research has also shown
that osteoclasts infected with S. aureus produce substan-
tial quantities of prostaglandin E2 (PGE2). This mole-
cule binds to the EP4 receptor on osteoclasts, increasing
RANKL production. The interaction between PGE2 and
EP4 triggers a marked increase in RANKL levels, which
in turn accelerates osteoclastogenesis, enhancing the dif-
ferentiation and activation of osteoclasts. This mecha-
nism highlights the role of PGE2 as a key mediator in
the inflammatory process and bone resorption during S.
aureus infection, further contributing to the pathological
changes observed in OM [126, 127].

S. aureus (and or its components) can stimulate the
release of proinflammatory cytokines such as TNF-a,
IL-6, and IL-1P. These cytokines play a key role in os-
teoclastogenesis by facilitating the differentiation and
activation of osteoclasts from preosteoclasts [128, 129].

In animal models of induced OM, as well as in human
bone samples and plasma from patients, these cytokines
are found to be significantly elevated both in tissue and
the circulatory system [130-132]. Osteoblasts secrete
IL-6, as well as other mediators like CCL2 (monocyte
chemotactic protein-1, MCP-1), CCL3 (macrophage
inflammatory protein-1 alpha, MIP-1a), and CXCL-2
(MIP-2), in response to stimulation by S. aureus [133].
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It is hypothesized that osteomacs, the macrophages
present in bone, may act as additional contributors to the
inflammation observed in OM [133].

A significant study demonstrated that the impact of S.
aureus infection on osteoclast precursor cells derived
from bone marrow is influenced by the stage of differ-
entiation of these cells. When these precursor cells have
already committed to the osteoclast lineage, the presence
of RANKL promotes their differentiation into active os-
teoclasts, which are responsible for bone resorption. On
the other hand, when the cells are still undifferentiated,
RANKL cannot effectively trigger osteoclast differentia-
tion. Instead, this scenario leads to the activation of M1
macrophages, which are known to contribute to the in-
flammatory process. This distinction highlights the com-
plex relationship between infection, cell differentiation,
and bone remodeling, suggesting that the stage of dif-
ferentiation of osteoclast precursors plays a critical role
in the inflammatory and bone-resorptive processes seen
during S. aureus infection [9, 134].

Osteoblasts that lose their functional role become en-
trapped within the bone matrix they create and subse-
quently differentiate into osteocytes. These osteocytes,
which have an irregular shape, extend their cytoplasmic
processes into narrow channels known as canaliculi,
forming a network that connects them with other osteo-
cytes. This network facilitates the exchange of nutrients
and waste products, which is crucial for maintaining the
function and survival of osteocytes. Osteocytes play a
crucial role in maintaining the integrity of the bone ma-
trix, as they produce enzymes that help preserve the
mineralized structure of the bone. Furthermore, osteo-
cytes are capable of selectively removing minerals and
restructuring the organic components of the bone, a
process known as osteolysis, which plays a role in bone
remodeling and maintaining bone health. This explana-
tion highlights the dynamic roles of osteocytes in main-
taining bone homeostasis and their active involvement
in both bone maintenance and remodeling processes [3].

The involvement of bone remodeling in OM is still
being studied. However, research has demonstrated an
increase in metalloproteinase expression in osteocytes
infected with S. aureus. This finding suggests that S. au-
reus infection may influence the process of osteolysis,
potentially interfering with the overall process of bone
remodeling. Osteolysis is crucial for maintaining the
balance between bone formation and resorption, and its
disruption in the context of OM may contribute to the
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structural and functional impairments observed in the
bone tissue during infection [17].

Research has shown that human osteocyte-like cultures
exposed to S. aureus exhibit a significant upregulation
in the expression of several chemokines and cytokines,
including CXCL9, CXCL10, and CXCL11. This ob-
servation suggests that osteocytes play an active role
in attracting cytotoxic and or regulatory T-lymphocyte
subsets to the sites of infection. By releasing these sig-
naling molecules, osteocytes may contribute to the im-
mune response and further influence the progression of
the infection [17, 135].

ROS are molecules and free radicals produced as by-
products of cellular processes, particularly oxidative
phosphorylation in mitochondria. These species play
crucial roles in regulating various physiological func-
tions, including cell proliferation, metabolism, differ-
entiation, and apoptosis. However, when their levels
become dysregulated, often due to aging, inflammation,
or age-related diseases like osteoarthritis, they contribute
to OS and cellular damage. ROS also influences bone
homeostasis, including the differentiation and activity
of osteoclasts. The enzymes responsible for generating
ROS, such as nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases, are pivotal in the regulation
of bone resorption. Understanding the balance of ROS
production and its impact on bone cells is crucial for
developing therapeutic approaches to bone-related dis-
eases. For a more detailed overview of ROS types and
their roles in bone dynamics, refer to Table 2.

Bone homeostasis relies on a delicate balance between
bone formation and resorption. With aging, this balance
is often one of the first to be disrupted, as bone resorp-
tion tends to outpace bone formation [154]. ROS are key
regulators of bone turnover, and extensive research has
explored their role in influencing both bone formation
and resorption [155]. Osteosclerosis can interfere with
bone remodeling by creating an imbalance that promotes
osteoclast activity, leading to the enhanced differentia-
tion of pre-osteoclasts into mature osteoclasts. This dis-
ruption in the bone remodeling process may contribute
to the development of metabolic bone diseases and skel-
etal disorders, including osteoporosis [156].
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Table 2. Roles of ROS and associated mechanisms in bone dynamics

Type Source and Mechanism Biological Role Ref.
Produced primarily by mitochondria RQS play.a crucigl rolg in regulating various Fellular prt?cesses,
. i including proliferation, metabolism, repair mechanisms,
due to electron escape during oxidative S . CT
ROS . apoptosis, differentiation, and migration. However, when [136-139]
phosphorylation and by other sources such . . .
- unregulated, they contribute to oxidative stress associated
as NADPH oxidases. R P . . . L
with aging, inflammation, and diseases like osteoarthritis.
Involved in osteoclastic resorption following osteoclast
Superoxide anion Produced by NOX during oxygen-dependent activation by cytokines. Its accumulation indicates osteoclast 140, 141]
radical (0%) elimination of pathogens and inflammation. activity and is associated with diseases such as osteoporosis !
and osteoarthritis.
A multimeri lex th
eng::tS?ReOnSC mx:lﬁz;ﬁx&g)tl Key player in osteoclast differentiation and bone turnover
NADPH oxidase g 4 o regulation. Various isoforms of NOX (NOX1, NOX2, NOX4)
NOX2, NOX3, NOX4, NOXS5, Dual oxidases . Lo [142-144]
(NOX) o X contribute to ROS production in osteoclasts and osteoblasts,
[DUQ]X1, DUOX2). Expression in various cell influencing bone dvnamics
types, including osteoclasts and osteoblasts. J Y ’
Silencing NOX1 results in a decrease in ROS production and
Primarily expressed in colonic epithelium, inhibits osteoclast differentiation. While the precise role of
NOX1 but also found in osteoclasts and bone NOX1 in bone turnover remains unclear, studies indicate [143, 145]
marrow macrophages (BMMs). that it may function in tandem with NOX2 to support
osteoclastogenesis.
Generates 0>, which is essential for pathogen elimination and
Predominantly expressed in macrophages osteoclast differentiation. It amplifies RANKL-induced NFATc1
NOX2 and neutrophils. Also present in osteoblasts expression in osteoclast signaling. NOX2 activity is regulated [136, 144, 146]
and BMM:s. by NRROS, which suppresses osteoclastogenesis during the
differentiation process.
NOX4 plays a crucial role in osteoclastogenesis and the
maintenance of bone homeostasis. Studies using NOX4
Expressed in osteoclasts. more than in knockout mice have shown higher bone density and a
NOX4 P recursors, reduction in osteoclast numbers. The upregulation of [147-149]
P : NOX4 expression is associated with increased osteoclastic
activity, indicating that targeting NOX4 may offer a potential
therapeutic approach for osteoporosis.
Involved in physiological processes such as cell differentiation,
Hydrogen peroxide Produced by superoxide dismutases (SOD1 apoptosis, and osteoclast differentiation. It also has negative (149-153]

(H,0,)

and SOD2) or spontaneously

effects on osteoblasts, promoting apoptosis and inhibiting
proliferation.

ROS can suppress or even completely halt the activity
and differentiation of osteoblasts destined for apoptosis,
while also affecting osteocytes. This disruption in osteo-
blast and osteocyte function further promotes osteoclas-
togenesis, leading to an imbalance in bone remodeling.
ROS-induced alterations in osteoblast and osteocyte be-
havior can exacerbate the processes of bone resorption,
contributing to conditions such as osteoporosis and other
metabolic bone diseases [157-159].

Various factors, primarily secreted by osteoblasts and
osteocytes, regulate the activity of osteoclasts and os-
teoblasts, thus influencing bone remodeling. Key factors
are RANKL and OPG, as previously discussed. Their
expression is closely influenced by an elevated oxida-
tive state, resulting in the upregulation of RANKL and
the downregulation of OPG. This process is mediated by
the activation of protein kinases (such as ERK1/2, INK)
and/or other factors that modulate specific transcription
factors [160-162].
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OS inhibits osteoblast activation and reduces the produc-
tion of OPG, thereby amplifying the effects of RANKL and
stimulating osteoclast differentiation and activity. This dis-
ruption increases the RANKL/OPG ratio, a critical marker
reflecting the degree of bone resorption [163]. An increase
in the RANKL/OPG ratio indicates an imbalance that fa-
vors bone resorption over bone formation. This disruption
is closely associated with the onset of various skeletal dis-
eases, including different forms of osteoporosis and bone
disorders secondary to inflammation, such as OM. Under
normal conditions, the equilibrium between RANKL and
OPG is tightly regulated to ensure a balanced process of
bone formation and resorption. However, when this balance
is disturbed and the RANKL/OPG ratio increases, bone re-
sorption becomes dominant. This imbalance contributes to
the degradation and thinning of bone tissue, which plays a
central role in the development of diseases such as osteo-
porosis and OM. These conditions, often accompanied by
inflammation, disrupt the physiological processes of bone
remodeling, leading to weakened bones and an increased
risk of fractures [3, 162, 164].
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Table 3. OS biomarkers in OM
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Biomarker Description Findings in OM Reference
C-reactive protein (CRP) Inflammatory markers are often Declines significantly during treatment [169]
P elevated in cases of infection. g Y g
Procalcitonin (PCT) Sensitive inflammatory marker Legiliy detectlng'OM A o [169]
progression of therapy
Interleukin (IL)-6, IL-8, TNF-a Pro-inflammatory cytokines. Elevated levels observed; role in differentiating [169, 170]

Monocyte chemotactic protein-1
(McP-1)
C-terminal cross-linked telopeptide of

Chemokines are associated with
inflammation.

OM from other infections

High levels correlate with OM severity and have
been identified as a diagnostic marker for OM.

Elevated in OM; associated with bone

[169, 171, 172]

type Il collagen (CTX-Il) Marker of cartilage breakdown metabolism alterations. (170-173]
Antioxidant enzymes protect Decreased activity correlates with increased
PriEmeliEss (RO against bacterial endotoxins. severity and oxidative stress in OM. (7=Et)
Lipid hydroperoxides (LOOH) Byprf)du.ct of Ilplfj pe.ro><|dat|on, Elevated levels were observed in OM patients. [174]
indicative of oxidative stress.
Malondialdehyde (MDA) Marker of |Ipl'd peroxidation and High levels correlate Wlth severe oxidative stress (177-179]
oxidative damage. in OM.
Total antioxidant activity (AOA) Measure of syster‘fuc antioxidant Decrease in OM; improves during clinical (177, 178]
capacity treatment.
Vitamin C (ascorbic acid) Antioxidant nutrient Reduced Ie.zvels., anngIW|t.h a.n |ncrez?sed. ezl [177, 178]
reduced vitamin C ratio, indicate oxidative stress.
Reduced glutathione (GSH) Key intracellular antioxidant Decreased levels were observed in OM patients. [179, 180]
Sl (T Serum protgln Fhat acts as an Elevated levels obser.ved'; compensatory [180-183]
antioxidant. response to oxidative stress.
The enzyme neutralizes superoxide Decreased activity in OM; negatively correlated
Sob radicals. with MDA and 8-OHdG. [179, 180]
Catalase (CAT) U2 ETAIS breaks. LT Decreased activity was observed in OM patients. [179]
hydrogen peroxide.
8-Hydroxy-2-deoxyguanosine (8-OHdG) Marker of oxidative DNA damage Elevated levels correlate with severe OS and risk [179,184, 185]

of complications in OM patients.

Orthopedic Science

A self-perpetuating loop is created between OS and
RANKL, where the excessive production of ROS in-
hibits osteoblast activation and OPG production. This
condition increases RANKL, leading to enhanced osteo-
clastogenesis and subsequent bone resorption. RANKL,
in turn, further promotes ROS production through the
involvement of various intracellular signaling molecules
such as TRAF6, Racl, and NOX, amplifying the cycle
and exacerbating bone degradation [165-167]. Further-
more, given the critical role of NOX in ROS production
during osteoclast differentiation, the signaling cascade
leading from RANK to ROS production can be outlined
as follows: RANK activates TRAF6, which in turn ac-
tivates Racl. Racl then stimulates the NOX complex,
resulting in the production of ROS. This pathway high-
lights the essential molecular interactions that contribute
to ROS generation during osteoclastogenesis [168].

the potential of OS biomarkers in diagnosing and moni-
toring OM. For example, paraoxonase-1 activity, serum
lipid hydroperoxides, and 8-hydroxy-2-deoxyguanosine
(8-OHdG) levels have been shown to correlate with
the severity of oxidative damage in OM patients. These
markers offer insight into disease status and may inform
therapeutic strategies aimed at mitigating oxidative dam-
age and enhancing patient outcomes. For detailed findings
on oxidative stress biomarkers in OM, refer to Table 3.

Conclusion

OM represents a significant challenge in both clini-
cal and molecular research due to its complex patho-
physiology and impact on bone health. The molecular
mechanisms underlying the infection involve a coordi-
nated response between the immune system and bone
cells, resulting in inflammation, bone resorption, and
impaired bone healing. Understanding these molecular
pathways is essential for identifying novel therapeutic
targets that could enhance the treatment of OM. Further
research is needed to explore the cellular interactions
involved and to develop more effective strategies for
preventing bone destruction and promoting bone regen-
eration in affected individuals.

Oxidative stress plays a crucial role in the pathophysiol-
ogy of OM, a severe musculoskeletal infection. OS arises
from an imbalance between ROS and the body’s anti-
oxidant defenses, contributing to tissue damage and the
progression of disease. Multiple studies have highlighted
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