Danger signals and inflammaging in osteoarthritis
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ABSTRACT

Osteoarthritis (OA) is the most com-
mon age-related chronic and disabling
Jjoint disease. Long considered to be a
“wear and tear” disease, OA is now
seen as a low-grade inflammation dis-
ease that affects all tissues of the joint,
involving cartilage degradation, bone
remodelling, osteophytes, and synovi-
tis. The process, called inflammaging,
is characterised by the association
of low-grade inflammation, profound
changes in intra-cellular mechanisms,
and the decreased efficiency of the im-
mune system with ageing. The activation
of innate immunity plays a critical role
in the development and progression of
OA. Innate immunity, including inflam-
masome activation, is triggered by small
endogenous molecules called alarmins
or damage-associated molecular pat-
terns (DAMPs). These molecules are
released in the extracellular media after
cell stress or damage, bind to pathogen-
recognition receptors (PRRs), such as
Toll-like receptors (TLRs) and the re-
ceptor for advanced glycation end prod-
ucts (RAGE), and activate the secretion
of pro-inflammatory factors, leading
to joint inflammation. Moreover, such
sterile inflammation triggers cell senes-
cence, characterised by a senescence-
associated secretory phenotype (SASP).
Understanding the substantial age-re-
lated changes of joint tissues that influ-
ence the pathogenesis of OA is critical
to improving the quality of life of elderly
people in the context of increased life
expectancy. This review will focus on
age-related sterile inflammation in OA
and highlight the various innovative
and promising therapies targeting the
mechanisms of aging.

Inflammaging in osteoarthritis

Osteoarthritis (OA) is the most com-
mon and disabling joint disease world-
wide and aging is the most important
risk factor for its development (1).
Typically considered to be mechani-
cally induced, it has taken many years

to accept that low-grade inflammation
may also play a role in the OA pro-
cess. This discovery came from the
observation that an inflammatory state,
although lower than in rheumatoid ar-
thritis (RA), is present and is detectable
both locally and systemically (2). The
levels of several inflammatory media-
tors, such as IL6, IL-13, and MCP1, are
higher in OA than healthy sera (3, 4).In
addition, the aging process is also asso-
ciated with chronic, low-grade inflam-
mation, also known as inflammaging
(5). Aging is a multifactorial process,
during which many alterations and
damage appear at the molecular, cel-
lular, and tissue level (6). Aging cells
undergo alterations of their properties,
such as genomic instability, telomere
attrition, epigenetic alterations, and the
loss of proteostasis, resulting in a se-
nescent-cell phenotype. Consequently,
impaired regulation of oxidative stress
in some types of aging cells causes the
pro-inflammatory production of vari-
ous mediators, shifting their phenotype
to a so-called “senescence-associated
secretory phenotype” (SASP) (7-9). It
is noteworthy that aging shares similar
mechanisms with those found in OA,
including low-grade, chronic, sterile
inflammation (10, 11). In aging, inflam-
mation is partially due to the dysregula-
tion and reduced efficiency of the im-
mune system.

In both OA and inflammaging, inflam-
mation is mostly driven by damage-as-
sociated molecular patterns (DAMPs),
also called alarmins, a term proposed
by Oppenheim et al. (12). Throughout
aging, the body is challenged by a myri-
ad of antigens and stressors. The result-
ing oxidative stress causes, at least in
part, the release of DAMPs. In OA, the
main hypothesis is that cartilage matrix
fragments are released into the syno-
vial cavity and stimulate the synovium.
The synovial cells (macrophages and
fibroblasts) react by producing inflam-
matory mediators, such as cytokines,
chemokines, lipid mediators, and
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DAMPs, into the synovial fluid (SF).
These SF mediators then activate chon-
drocytes to produce metalloprotein-
ases, leading to a vicious circle (13).
As DAMPs trigger the immune system,
they likely contribute to the pathologi-
cal association of ageing and OA (6,
14). Indeed, the local and systemic
effects of DAMPs are numerous and
largely contribute to the aging process
and the progression of OA. They inter-
act with pathogen-recognition recep-
tors (PRRs), such as Toll-like receptors
(TLRs) and the receptor for advanced
glycation end products (RAGE). They
also trigger the intracellular NLRP3
inflammasome (15). Overall, DAMPs
exhibit pro-inflammatory effects that
increase during aging, as well as during
OA progression. As molecular targets,
they constitute interesting therapeu-
tic leads. Further research on alarmins
needs to be conducted to understand
their involvement in OA and inflam-
maging.

Age related-DAMPs involved

in osteoarthritis

Throughout aging, the body is chal-
lenged by a multitude of antigens and
stressors. The resulting oxidative stress
causes the release of DAMPs. Wheth-
er due to aging or OA, the release of
DAMPs increases and sustains inflam-
mation, creating a state of chronic low-
grade inflammation.

Physiologically, these molecules have
many intracellular roles but can also be
released into the extracellular media,
both passively by stressed, damaged,
or necrotic cells or actively through
exosomes by immune cells (13). They
trigger PRRs to alert the innate im-
mune system and increase local inflam-
mation and cartilage degradation (16).
Age-related accumulation of reactive
oxygen species from mitochondria has
been demonstrated to be a major source
of DAMP release (17). A large number
of intracellular molecules have been
shown to be alarmins, such as high mo-
bility box 1 (HMGBI1), uric acid (UA),
ATP, S100 proteins, and heat shock pro-
teins (HSPs). In addition, extracellular
matrix fragments (polysaccharides and
proteoglycans) cleaved during patho-
logical conditions, such as OA, are able
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to activate PRRs (14, 16). The list of
alarmins is still growing and their struc-
tural characteristics vary greatly. Sev-
eral alarmins are specifically involved
in aging and OA, such as HMGBI,
S100A8/A9, UA, and hyaluronan frag-
ments (15) (Fig. 1).

HMGBI1 is a member of a group of non-
histone nuclear proteins. This DAMP of
30 kDA is highly conserved throughout
evolution and exerts essential functions
inside and outside the cell (6). Oxidative
stress and injury are highly involved in
aging (17) and induce the active release
of HMGB1 by immune cells or passive
release by necrotic cells. Moreover,
HMGBI1 levels are elevated in aged
mouse kidney and liver and associ-
ated with macrophage infiltration (18).
HMGBI levels are higher in the SF of
OA patients than that of controls (19)
and have an extracellular pro-inflam-
matory role. This alarmin is able to bind
to various receptors, such as RAGE,
TLR2, and TLR4 (20). The interaction
between HMGB1 and RAGE induces
cytokine expression (IL-17) (15). Al-
though the release of HMGB1 increases
during aging, mainly due to its release
by immune cells and damaged cells,
its expression decreases in aged tissues
(21).

The S100 family is comprised of low
molecular weight proteins. They share
common features with calmodulin and
have two calcium-binding motifs. S100
proteins are involved in many intracel-
lular processes, such as calcium homeo-
stasis, cell growth, and proliferation.
Like all alarmins, S100 proteins have
pathophysiological roles when released
outside of cells. For example, SI00AS,
A9, A12, and S100B have extracellular
pro-inflammatory effects (15). Their ex-
pression varies throughout aging. They
bind both to TLR and RAGE (22) but
the main receptor of S100 is TLR4. The
binding of S100A9 to TLR4 induces
nuclear factor NF-«B activation. TLR4
appears to be crucial for the induction
of most cytokines, whereas RAGE is in-
volved mainly in IL-1[ secretion (23).
UA is an intracellular chemical product
that results from the degradation and
excretion of purines and is excreted
through urine in humans. UA is consti-
tutively produced in normal cells and

can be found both in the nucleus and
cytoplasm. When its concentration ex-
ceeds the limit of solubility (6.8 mg/
dL), UA forms crystals, which activate
the inflammasome (24). UA levels in-
crease in injured cells and it is released
by dying cells (25). UA is a danger
signal and a marker of OA severity.
A clinical study suggested a possible
role of elevated serum UA in the mul-
tifactorial aetiology of generalised OA
(26). Increasing evidence shows that
UA may be a factor that promotes the
pathological process of OA through ac-
tivation of the inflammasome (27). A
correlation has been found between the
levels of cytokines (IL-18 and IL-1f3)
produced by UA-activated inflammas-
omes and UA, showing the importance
of this DAMP in the activation of the
innate immune system in OA.

Overall, these observations show that
DAMPs are highly involved in the age-
related progression of OA.

DAMPs trigger innate immunity
through RAGE and TLRs

The immune system undergoes pro-
found changes during aging in a process
called immunosenescence. Immunose-
nescence is primarily caused by clonal
expansion among T and B cells and the
exhaustion of the pool of naive T cells.
This process thus decreases the body’s
ability to respond to new antigens (28).
PRRs are critical for the activation of
the immune system of the host due to
their ability to recognise both pathogen-
associated molecular patterns (PAMPs)
and DAMPs. TLRs and RAGE are the
most well know receptors involved
in the activation of immunity. They
share many ligands and can physically
interact (29).

TLRs are a family of PRRs crucial for
the activation of innate immunity in
response to the detection of pathogens
and cell/tissue damage (30). The 10 iso-
forms of TLRs expressed by mammals
participate in both PAMP and DAMP
recognition. Many cell types express
TLRs, but they are mostly expressed
by innate immune cells, including mac-
rophages. Elevated TLR4 expression
and pro-inflammatory signalling have
been observed in the muscles of older
individuals (31). Studies have shown
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Fig. 1. Sustaining of sterile inflammation process by the DAMPS and AGEs through the activation of the SASP by senescent cells and associated thera-

peutic targets in joint during OA.

Osteoarthritis (OA) and aging share a common characteristic: a chronic, sterile low grade inflammation. The resulting synovitis provokes the release of dam-
age signals by activated synovial cells, the DAMPS (HMGB1, S100, Uric acic). Moreover, the presence of AGEs on collagen fibrils increases through aging.
AGEs and DAMPS accumulation in the joint induce MAPK and NF-xB inflammatory pathways in senescent cells through the activation of 2 main types of
receptors, RAGE and the TLRs as well as the NLRP3 inflammasome. Then, senescent cells of the joint release pro-inflammatory and pro-catabolic factors
(cytokines, chemokines, Matrix Metalloproteinases), which is called “senescence-associated secretory phenotype” (SASP). These mediators released in the
synovial fluid worsen the inflammation of the synovium and the cartilage breakdown, leading to a positive-feedback loop. Taken together this phenomenon
enhances and sustains a vicious circle of inflammation in the joint. Few emerging therapeutic strategies are under investigations and focus on inhibiting
RAGE with soluble RAGE, TLR4 and NLRP3 with specific inhibitors and kill specifically the senescent cell called “senolyse”.

that human TLR function is impaired
during the aging process. TLR signal-
ling, and NF-xB signalling differ in
aged macrophages relative to young
macrophages (32) Moreover, there is
evidence of the inappropriate persis-
tence of TLR activation associated with
aging (33).

RAGE is a multi-ligand receptor of the
immunoglobulin superfamily of cell
surface molecules expressed in mam-
mals. This receptor is broadly expressed
in all organs (lung, liver, kidney, skel-
etal muscle, and heart (34)). Immune
cells of both the innate and adaptative
immune response express this receptor
(35-37). It is composed of two terminal
domains, a “V”-type domain, which
recognises extracellular ligands and a
“C”-type domain, which mediates sig-
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nalling through the MAPK and NF-kB
pathways (13). RAGE expression in-
creases with aging (38). The activation
of RAGE leads to increased stimula-
tion of chondrocytes and synoviocytes
in OA (39). RAGE was first studied as
the receptor of advanced glycation end
products (AGEs) which are elevated in
aging tissues, especially cartilage (40).
The accumulation of AGEs in collagen
during aging alters the mechanical fea-
tures of the cartilage extracellular ma-
trix (41). Aside from binding by AGEs,
RAGE interacts with multiple PAMPs
and DAMPs. RAGE deletion in mice
protects against age-related diseases,
showing its role in aging (42).

TLRs and RAGE trigger inflammatory
intra-cellular pathways using various
adaptor proteins or effectors, such as

TIRAP, MyD88, or mDial (43, 44).
These intermediates activate intracel-
lular pathways, including mainly the
NF-xB pathway and the MAPK path-
way via the ERK, JNK, and p38 kinase
signalling cascade. Activation of these
inflammatory pathways induces the ex-
pression of catabolic and inflammatory
genes that participate in the induction
of matrix metalloproteinase (MMP)-
13, a collagenase with high selectivity
towards collagen-II (14) (Fig. 1).

Contribution of the inflammasome

to inflammaging in osteoarthritis

The inflammasome, first described by
Martinon in 2002 (45), has been iden-
tified as an important driver of sterile
inflammation and is a key contributor
to the innate immune response seen in
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the aging population (46-48). There is
accumulating evidence that the inflam-
masome plays an important role during
inflammaging (10, 49).

The inflammasome functions as a molec-
ular platform for caspase-1-dependent
proteolytic maturation and the secretion
of IL-1p and IL-18 (50). It is composed
of a nucleotide-binding and oligomeri-
sation domain-like receptor-containing
protein (NLRP) as a sensor, an adapter
protein  called apoptosis-associated
speck-like protein (ASC), containing
an N-terminal caspase recruitment do-
main, and procaspase-1 (51). The best
characterised member is NLRP3, which
is highly expressed in macrophages,
chondrocytes, synoviocytes, and osteo-
blasts (52). The NLRP3 inflammasome
is activated by two steps; the priming
step (signal 1) is provided by inflam-
matory stimuli, such as TLR4 agonists,
and the activation step (signal 2) is trig-
gered by PAMPs and DAMPs (53, 54)
Interestingly, active caspase-1 has been
associated with the release of HMGBI1
(55). Regulation of the NLRP3 inflam-
masome, including by post-translational
modifications (56, 57), is essential for
maintaining adequate immune protec-
tion while preventing tissue damage
from the overproduction of cytokines,
which can cause chronic inflammation
and excessive cell death (11, 56, 58).

In OA, the principal DAMPs that acti-
vate NLRP3 are crystals, such as those
containing basic calcium phosphate
(BCP), calcium pyrophosphate dihy-
drate (CPPD), or UA (52). These micro-
crystals are interpreted as ‘danger sig-
nals’ by the innate immune system and
contribute to inflammation (59). Various
types of phosphate crystals are found in
the joints of OA patients in association
with radiographic lesions (60). Both in
vitro and in vivo data demonstrate that
NLRP3 is activated by hydroxyapatite
crystals, suggesting that NLRP3 is re-
sponsible for the pathogenic effects of
hydroxyapatite in OA, driving cartilage
degeneration and synovitis through the
production of IL-1f, IL-18, and matrix-
degrading enzymes (61).

UA is released from dying cells as a
danger signal. In knee OA, SF UA lev-
els correlate with disease severity and
SF IL-1p and IL-18 levels, suggest-
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ing that it is a driver of OA pathology
through the activation of NLRP3 (27)
(Fig. 1). Indeed, UA may be used as a
marker of disease severity.

Moreover, other studies have shown
that OA cartilage can be degraded in-
dependently of inflammasome activity
and that the IL-1p involved in OA car-
tilage degradation may not be produced
by the cartilage itself but rather by syn-
ovial tissue. Thus, synovial tissue may
have an important impact on cartilage
degradation via NLRP3 activation (62).

Cell senescence and the SASP

in osteoarthritis

One of the mechanisms by which ag-
ing promotes the chronic inflammation
that may be important in OA is cell se-
nescence, a concept first described by
Hayflick and Moorhead (63). Cellular
senescence is characterised by the ac-
cumulation of senescent cells (SnCs)
in degenerated tissues (64) and the
increase in the expression of certain
senescence markers. SnCs contribute
to aging and shorten health span (24).
They accumulate in OA joints near the
OA lesion and their quantity positively
correlates with OA severity (65). Such
an accumulation of SnCs may predis-
pose joints to OA development (66).
The accumulation of SnCs in degen-
erative OA cartilage was first described
by Price et al. in 2002 (67). The term
“chondrosenescence” refers to all age-
dependent deterioration of chondro-
cytes as a consequence of replicative
and stress-induced factors. There is a
strong correlation between inflammag-
ing, chondrosenescence, the presence
of the inflammasome, and autophagy.
Recent data demonstrate that SnCs also
accumulate in the synovium, as well as
at the cartilage surface, during experi-
mental OA (68).

SnCs are characterised by the asso-
ciation of multiple markers, including
SAPB-gal staining (senescent-associated-
[-galactosidase) (69) and the upregu-
lated expression of pl6INK4A (70).
Moreover, SnCs have an important role
in aging through the secretion of matrix-
degrading proteins and proinflammato-
ry cytokines, which is called a “senes-
cence-associated secretory phenotype”
or SASP (7,41,71,72) (Fig. 1).

Studies have highlighted SAf-gal stain-
ing in OA cartilage (73). Indeed, it is the
most commonly used senescence mark-
er, due to its easy detection (74).

The selective inhibitor of cyclin-de-
pendent kinases CDK4 and CDKG6,
pl6INK4A, is the second most widely
used senescence marker after SAB-gal.
The expression of pl6INK4A in SnCs
is elevated and participates in cell-
cycle arrest (75). Aging organisms ac-
cumulate SnCs expressing pl6INK4A
in various tissues (76). During the
processes of cartilage aging, it may be
partially responsible for the senescence
of chondrocytes, such as that seen in
OA (76). Indeed, significantly higher
pl6INK4a levels have been detected in
OA chondrocytes than in age-matched
healthy chondrocytes (77). Moreover,
P16INK4 silencing results in increased
proliferation and decreased SAp-gal
staining of OA chondrocytes (76). Fi-
nally, pl6INK4A has been detected in
multiple tissues in arthritic joints, in-
cluding cartilage, subchondral bone,
and synovium (67-68, 78-79).

SnCs promote low-level local chronic
inflammation through SASP factors,
such as inflammatory cytokines and
MMPs (80, 81). The SASP is a bio-
active secretome produced by SnCs,
which remain metabolically active, de-
spite their not being proliferative (7).
The SASP is associated with the pro-
duction of proinflammatory cytokines
(IL-6, IL-1a/p), chemokines (MCP-1,
IL-8, GROa), growth factors (TGF-f,
VEGF, IGFBP7), and proteases (MMP-
3) (82). The specific secretory profiles
of SnCs are highly cell- and context-
dependent. SnCs may have distinct ef-
fects, depending on the inducing stress
and/or the local tissue environment
(83-86). Indeed, the SASP propagates
senescence from cell to cell through
paracrine mediators, thus exacerbating
the pro-aging effects of SnCs. SASP
regulators converge on the NF-xB sig-
nalling pathway (87). NF-xB activation
and subsequent SASP production may
also be initiated by oxidative stress and
increased reactive oxygen species (88).
Moreover, AGEs, as well as HMGBI1,
also activate the NF-xB pathway
through their interaction with RAGE
(89, 90).
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Numerous SASP components described
in SnCs are also present in OA tissues
or SF (91). The proinflammatory cy-
tokines IL-1(3, TNF-a, IL-6, and IL-8
are particularly relevant to OA. These
cytokines have been shown to promote
OA progression, notably by inducing
synovitis and by altering chondrocyte
function and viability (91). IL-1f3 and
TNF-a drive chondrocytes toward a
senescent phenotype (78), inducing
the secretion of a SASP containing
IL-6, IL-8, MMP-13, MMP-1, MMP-
9, MMP-3, MMP-14, and ADAMTS
4,5, and 9, as well as PGE2 and NO,
which participate in the pathogenesis
of OA. IL-1p and TNF-a are the most
widely used cytokines to induce an OA-
like phenotype in chondrocytes in vitro
(92, 93) and are now recognised to be
inducers of senescence (94, 95). IL-6
and IL-8 levels are elevated in the SF of
OA patients (96-98). Moreover, MMP-
13 and MMP-1 are secreted by IL-1§3-
induced senescent chondrocytes and
degrade aggrecan and type II collagen
(78). Many chemokines are produced in
OA, but MCP-1 is considered to be a
major component of the SASP. The lev-
el of MCP-1 in SF positively correlates
with OA severity and pain (99, 100).
There are multiple possible connec-
tions between the synovium, SnCs, and
OA. Indeed, SnCs in other joint tissues
can affect the synovium through their
SASPs, which can attract and modulate
resident and migrating immune cells in
the synovium through the action of mul-
tiple chemokines and cytokines (101).
Cells in the synovium are activated and
proliferate (102) and may themselves
become more susceptible to undergoing
senescence. In the ACLT-induced OA
model, pl6INK4A-positive SnCs are
present in the synovium (68). Moreo-
ver, subchondral bone also appears to
be involved in senescence. VEGF is a
common component of the SASP and
can participate in the dysregulation of
bone remodelling through promoting
osteophyte formation. Osteocytes re-
trieved from bone tissue of old animals
have been found to be senescent. More-
over, these SnCs have been shown to be
involved in age-related bone loss (103).
Thus, SnCs in bone can have a signifi-
cant physiological impact and may pro-
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duce the subchondral bone changes and
bone remodelling that are relevant to
OA progression.

In addition to the increase of these
classical markers of senescence, the
decrease or loss of certain other mark-
ers may also be useful for the identifi-
cation of senescent cells. Among such
markers, HMGB1, which is localised
to the nucleus in non-senescent cells,
is secreted by SnCs, making the loss
of nuclear staining for HMGBI1 a sign
of senescence (86). Thus, alarmins
and DAMPs connect the presence of
SnCs with tissue damage and repair re-
sponses, such as those in joint trauma.
HMGB-1 is secreted by SnCs into the
extracellular space (86) and stimulates
the SASP through its binding to vari-
ous receptors, such as RAGE or TLR4.
A correlation between the total number
of HMGB-1-positive chondrocytes and
the OARSI score has been reported
(104). Immunohistochemistry analysis
of synovial membranes has shown that
HMGBI expression shifts from strictly
nuclear localisation in healthy individu-
als to nuclear and cytoplasmic localisa-
tion in OA patients (19). Moreover,
HMGB-1 levels in both the synovium
and SF of OA patients are significant-
ly higher than in that of healthy indi-
viduals (19). In addition the clearance
of SnCs was found to reestablish the
nuclear staining of HMGBI1 in post-
traumatic OA models (68). SIO0AS,
another alarmin involved in OA, which
increases with age, has recently been
shown to be capable of inducing cel-
lular senescence-like changes in bovine
oviduct epithelial cells. Thus, the role
of SI00AS in the inflammaging of OA
needs to be explored in joint tissues
(105).

Finally, recent findings suggest that
SnCs can transmit limited senescent
phenotypes to nearby cells, called sec-
ondary or paracrine senescence (106,
107). SnCs may exert central effector
functions in the local tissue environ-
ment through extracellular vesicles
(EVs), which are potential cellular
communication tools. Indeed, SnCs
secrete more EVs than their non-senes-
cent counterparts (108, 109). In a recent
study, senescent chondrocytes isolated
from OA patients were found to secrete

more EVs than non-senescent chondro-
cytes. These EVs are able to inhibit car-
tilage extra-cellular matrix deposition
by healthy chondrocytes and can induce
a senescent state in nearby cells (110).

The differences in SnC phenotypes and
local environmental cues may deter-
mine which drugs are required for SnC
clearance. Thus, tissue-specific SASP
profiles should be studied to elucidate
the detailed mechanistic roles of SnCs
in the various joint structures (Fig. 1).

Future therapeutic targets

in the inflammaging of OA

There are currently no effective treat-
ments to stop or prevent OA, although
many advances have been made in un-
derstanding the pathophysiological pro-
cesses of this disease. Our current un-
derstanding of inflammaging puts innate
immunity at the centre of this process.
PRRs, which recognise DAMPs and
induce inflammation, are key elements
of innate immunity. The accumulation
of DAMPs with age highlights the im-
portance of studying PRRs (in particular
TLRs and RAGE) as potential therapeu-
tic targets in OA.

Several important ligands of RAGE in-
crease or accumulate with age, such as
HMGBI, S100s, and AGEs (18, 111),
thus promoting increased low-grade,
sterile inflammation with age. Contrary
to full-length RAGE, sRAGE is thought
to be beneficial by acting as a decoy
for RAGE ligands and/or by interact-
ing with RAGE at the membrane, thus
preventing RAGE signalling. A newly
generated SRAGE murine model which
overexpresses circulating SRAGE able
to block RAGE signalling and/or serve
as a decoy for RAGE ligands could
help to untangle the relationship be-
tween RAGE, inflammaging, and age-
ing (112). Such sRAGE studies in mice
have the potential to help improve our
understanding of OA in humans and
open new therapeutic strategies (Fig. 1).
DAMPs are able to further perpetuate
TLR activation. A TLR4 monoclonal
antibody has recently demonstrated an
adequate safety profile, and a phase II
clinical trial in patients with rheumatoid
arthritis has been launched (113). How-
ever, no small molecules or other TLR
inhibitors have yet been tested in OA
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(114). Some of these drugs, targeting
MyD88-mediated inflammatory path-
ways, are now being tested in phase I
studies for several human diseases, but
none on OA (115, 116). Moreover, spe-
cific blockade of TLR4 by natural com-
pounds, such as ginsenosides or ginger-
derivatives, have been shown to exert
anti-inflammatory actions (117-119)
(Fig. 1).

The NLRP3 inflammasome is an at-
tractive therapeutic target due to its in-
volvement in the pathogenesis of OA.
The identification of inhibitory agents
that are specific for NLRP3 is expected
to provide the most potent therapeutic
strategies (120). Several approaches
are currently being investigated to tar-
get various components of the inflam-
masome directly or through involved
pathways (52, 121). MC(C950, a small-
molecule inhibitor, specifically inhibits
NLRP3 inflammasome activation and
IL-1f secretion by preventing NLRP3-
induced ASC oligomerisation. Addi-
tional research is needed to clarify the
use of NLRP3 as a biomarker to assist
clinical decisions and it could also be a
useful biomarker for the diagnosis and
monitoring of OA (52) (Fig. 1).
Another emerging therapeutic strategy
for age-related diseases is to specifical-
ly kill SnCs to prevent detrimental se-
cretion of SASP-related factors. Selec-
tive removal of senescent chondrocytes
from OA patients, which decreases the
expression of senescence and inflam-
matory biomarkers and increases the
expression of ECM proteins, shows
promise (68). Preclinical data support
the concept of selective targeting of se-
nescent chondrocytes as a novel thera-
peutic strategy for OA. Direct targeting
and killing of SnCs provides a potential
opportunity to eliminate the source of
OA disease. Several senolytics have
been identified and new and/or more
selective drugs are continuing to be
developed. Senolysis of SnCs has been
achieved by the inhibition of antia-
poptotic proteins, including the BCL-
2 family members BCL-2, BCL-XL,
and BCL-W (122, 123). For example,
the senolytic molecule ABT-263 coun-
teracts their antiapoptotic functions,
permitting SnCs to initiate apoptosis.
Small molecules that inhibit antiapop-
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totic pathways have been shown to
eliminate SnCs that develop after joint
trauma and those present in cultured
human OA chondrocytes (68) (Fig. 1).
Another example of a selective SnC
killing strategy is the inhibition of
HSP90, a ubiquitously expressed mo-
lecular chaperone (124). HSP90 inhibi-
tors, such as geldanamycin and tane-
spimycin, can induce apoptosis of SnCs
by multiple mechanisms (125). Directly
targeting mechanisms that induce SnCs
in OA, and cartilage in particular, may
also lead to new therapeutic targets,
although there is always the danger of
promoting cancer in such strategies.
SIRT6 depletion can induce senescence
in human chondrocytes, suggesting that
the upregulation of this protein deacety-
lase could suppress senescence and the
SASP (125). Finally, the interactions
between SnCs and stem cells have at-
tracted recent attention, given the
prominent role of regenerative medi-
cine in age-related diseases (126).

Conclusion

In conclusion, OA is a complex multi-
faceted disease associated with aging
and inflammation, making inflammag-
ing a pivotal process in its pathogen-
esis. As a result, research and develop-
ment focusing on multiple therapeutic
targets, as well as many diverse treat-
ment modalities based on senescence
processes, is now ongoing, with the
hope of curing OA.
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