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Osteoarthritis (OA) is one of the common degenerative joint diseases in clinic. It
mainly damages articular cartilage, causing pain, swelling and stiffness around
joints, and is the main cause of disability of the elderly. Due to the unclear
pathogenesis of osteoarthritis and the poor self-healing ability of articular
cartilage, the treatment options for this disease are limited. At present, NSAIDs,
Glucocorticoid and Duloxetine are the most commonly used treatment choice for
osteoarthritis. Although it is somewhat effective, the adverse reactions are
frequent and serious. The development of safer and more effective anti-
osteoarthritis drugs is essential and urgent. This review summarizes recent
advances in the pharmacological treatment of OA, focusing on small molecule
inhibitors targeting cartilage remodeling in osteoarthritis as well as the research
idea of reducing adverse effects by optimizing the dosage form of traditional drugs
for the treatment of osteoarthritis. It should provide a reference for exploration of
new potential treatment options.
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1 Introduction

Osteoarthritis (OA), also known as degenerative osteoarthritis, is the most common
form of arthritis, affecting millions of people worldwide. The primary features of OA are
degenerative damage to the articular cartilage, responsive hyperplasia of the articular rim
and subchondral bone (Ruiz-Romero and Blanco, 2009) (Figure 1). It occurs when the
protective cartilage that cushions the ends of the bones wears down over time while
increasing age is a dependent risk factor for the development of osteoarthritis (Sun
et al,, 2019). It is reported that there is a prevalence of 28.7% of OA all over the world
(Kumar et al., 2020). OA is prone to weight-bearing joints (such as cervical spine, lumbar
spine, knee joint, hip joint, etc.), and especially, the knee joint is one of the most common
sites that occurs osteoarthritis. Knee Osteoarthritis is frequent in the middle-aged and elderly
population, which is a leading reason that causing disability in geriatric population of society,
bringing great pain to patients.

The previous studies have shown that the pathogenesis of osteoarthritis is mainly related
to three key aspects: articular cartilage degeneration, synovial immune pathogenesis and
subchondral bone changes (Wei and Bai, 2016). The change of subchondral bone plays an
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The development of osteoarthritis includes clinical symptoms, radiation clinical progress and molecular mechanism changes.

important role in the progress of OA. In the progressive stage, the
subchondral bone underwent a series of changes, such as extensive
remodeling of the trabecular bone, the formation of new bone
below the cartilage, the development of subchondral bone cysts
(SBC) and the thickening of the growth plate (Milgram, 1983;
Felson, 2004; Anderson-Mackenzie et al., 2005; Thambyah and
Broom, 2009) (Figure 2). In addition, animal experiments
showed that subchondral bone thinning occurred before
cartilage damage, indicating that there may be increased bone
turnover in the early stage of OA (Klose-Jensen et al., 2015).
Osteoclasts play a very important role in initiating subchondral
bone remodeling in the innervation of pain sensation in
osteoarthritis (Zhu et al, 2019), halting the changes in
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subchondral bone induced by osteoclast activation may be a
potential treatment direction of osteoarthritis.

Although there are available methods and ongoing research for
the clinical treatment of OA, there is still no “gold standard” for the
treatment of severe osteoarthritis. In the current clinical practice,
non-steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids,
chondroitin are the first-line treatment for different types of OA.
However, they can only manage the symptoms of OA, but not
reverse the damage to joints, while they are very likely to induce
adverse events such as gastrointestinal tract, cardiovascular, liver
and kidney (Da et al,, 2021; Dahmer and Schiller, 2008; Q; Wang
et al., 2022). Besides, intra-articular injection of Corticol, platelet-
rich plasma or hyaluronic acid only has short-term effect. And it is
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Small molecular therapeutic agents focused on targeting articular cartilage.

not recommended the routine intra-articular injection of hyaluronic
acid (Brophy and Fillingham, 2022). With the rapid development of
the pathology of OA, small-molecule drugs become an emerging
potential choice for OA treatment. Compared with conditional
treatment, small-molecule compounds have many advantages,
such as clear components, definite pharmacological effect and
pharmacokinetic parameters, fewer side effects, better tolerance
and so on. Most importantly, small-molecule drugs might not
only relieve symptoms but also rebuild normal cartilage structure
to restore joint functions, which brings hope for OA patients to
completely cure the disease. This unique feature makes small-
molecular drugs become a research hotspot in the field of OA
treatment. However, there is a lack of a summary that can
objectively analyze the current achievement and research trends
in this booming field. Considering the above reasons, we reviewed
the research status of small molecule compounds based on the
pathogenesis of osteoarthritis, in order to provide ideas for the
research and development of anti-OA drugs.

1.1 Small molecule inhibitors for articular
cartilage

Cartilage degeneration is the most common cause of OA, drugs
that regulate cartilage metabolism and delay cartilage degradation
are shown in Figure 3.

2 Matrix metalloproteinases inhibitors

2.1 Matrix metalloproteinase (MMP) 13

MMPs are zinc dependent and effective endopeptidases, which
are responsible for cutting various ECM proteins and participating
in the degradation and remodeling of cartilage extracellular matrix
(Hu and Ecker, 2021). Most of the 25 subtypes of MMPs, including
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MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-10, MMP-13
and MMP-14, participate in the turnover of ECM in OA and the
related destruction of articular cartilage (Rowan et al., 2008). Among
them, soluble collagenase MMP-1, MMP-8 and MMP-13 are crucial
for the occurrence of such damage, especially MMP-13 plays a
leading role. MMP13 could degrade type II collagen in articular
cartilage and bone. It is worth noting that MMP13 is specifically
expressed in degenerative cartilage of OA patients, but not in normal
adult cartilage (Wan et al,, 2020). Therefore, the development of
selective MMP13 inhibitors is a potential strategy for the treatment
of OA.

Aflapin®, also known as AprésFlex', is capable of inhibiting
MMP-3. A randomized, double-blind, placebo-controlled clinical
trial confirmed that Aflapin is clinically effective, fast and safe in the
treatment of osteoarthritis with no obvious adverse reactions
(Karlapudi et al, 2023). PF152 can reduce the degradation of
human cartilage in vitro, and has the ability to reduce the
severity of articular cartilage damage in OA dogs caused by
partial medial meniscectomy (Settle et al., 2010). However, other
preclinical tests of PF152 have shown significant nephrotoxicity
(Ruminski et al., 2016a). PG-116800 is a member of hydroxyproline-
based hydroxamic acid MMP inhibitors. In a randomized, 12-
month, double-blind, placebo-controlled study, patients with
knee osteoarthritis developed musculoskeletal toxicity after taking
PG-116800, but there was no obvious benefit (Krzeski et al., 2007).
Pycnogenol” has been shown to significantly reduce serum MMP-3
and MMP-13 in patients with severe OA after taking it for 3 weeks
(100 mg twice daily) (Jessberger et al., 2017; Mulek et al., 2017). At
the same time, through three double-blind randomized clinical
trials, patients received 100 mg (Belcaro et al, 2008) or 150 mg
(Rohdewald, 2018) every day for 3 months, which can significantly
reduce the WOMAC score of pain and joint stiffness, but more
research is still needed to evaluate its safety and effectiveness. A
study by Naito et al. shows that a new neutralizing antibody for
MMP-13 is developed by immunizing with synthetic peptide, which
specifically binds to MMP-13 and has high selectivity for other
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MMPs (Naito et al., 2012). However, the therapeutic potential of anti
MMP-13 antibody for OA has not yet been realized. Data on the role
of MMP-13 inhibitors in OA treatment are limited, and further
research is needed to develop highly selective drugs to avoid the side
effects of non-selective MMP inhibitors. In the future, MMP-13
inhibitors may bring a breakthrough to the treatment of OA.

2.2 Platelet reactive protein integrin
metallopeptidase (ADAMTS)-5

ADAMTS metalloproteinase is another secreted zinc
endopeptidase. Its mechanism is to degrade proteoglycans, reduce
the stability of chondrocytes, cause dramatic morphological
changes, and destroy chondrocytes. ADAMTS-5 is a major
“aggregating protein polyglycolase” found in animal (Stanton
et al, 2005) and human OA articular cartilage (Mead and Apte,
2018). Therefore, ADAMTS-5 is a promising target for identifying
and mitigating OA development. The synergistic effect of
ADAMTS-5 inhibitor (114810) combined with hyaluronic acid
hydrogel (HAX) was confirmed to promote the healing of
cartilage in osteochondral defect model and prevent the
progression of degenerative changes in ACL model (Chen et al,
2014). ADAMTS-5 inhibitors have been shown to reduce synovial
joint damage in OA animal models. Therefore, a drug development
plan for active ADAMTS-5 has been established.

AGG-523, a selective oral inhibitor of ADAMTS-4 and 5,
entered the Phase I human study (NCT00454298), but was
suspended for unknown reasons. GLPG1972/S201086 was
evaluated in the Phase I OA clinical trial (NCT03311009) (van
der Aar etal., 2022). In healthy volunteers and OA participants, after
2 weeks of daily administration, the concentration of aggrecan
ARGS in serum or plasma decreased in a dose-dependent
manner, indicating that GLPGI1972 was bound to target
ADAMTS-5. After single and multiple oral administration of
GLPG 1972, the patient’s tolerance was good. The evaluation of
the efficacy and safety of GLPG1972 has been further studied in the
phase 2 clinical study of knee OA patients (NCT03595618).

3 Growth factor inhibitors

3.1 Fibroblast growth factor (FGF)

FGF is a known factor that has a significant impact on the
response to injury and the progression of OA in cartilage. FGF-2 has
the role of decomposition and anti-synthesis in human cartilage
homeostasis (Zhang et al., 2020), and can effectively stimulate the
expression of MMP-13, which is the main degrading enzyme of type
II collagen. In the musculoskeletal system, FGF-18 is involved in the
development and maturation of cartilage, and it has the function of
enhancing regeneration and repair in mature cartilage (Hendesi
et al., 2022).

Sprifermin (AS-902330) is a recombinant human FGF-18
protein molecule (rhFGF18) and a truncated FGF-18 protein
molecule. In vitro studies have shown that Sprifermin can
significantly induce chondrocyte proliferation and promote ECM
generation, and Sprifermin can still exert this effect under
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continuous and intermittent administration, which is confirmed
to play a role by activating the extracellular regulated protein kinase
ERK pathway in chondrocytes. Sprifermin has the potential to
promote cartilage growth and repair cartilage, thus delaying the
progression of OA and improving the patient’s condition (Gigout
et al., 2017). At present, the drug has completed the Phase I clinical
trial. The results showed that 180 patients with knee osteoarthritis
were significantly improved after the drug was injected into the bone
joint cavity. Specifically, the decrease in the thickness of cartilage in
patients was alleviated, and the thickness of cartilage in the leg tibia
and both sides of the joint cavity was significantly thicker than that
in the placebo group, which was dose dependent. At the same time,
the patient did not have serious adverse reactions (Lohmander et al.,
2014). At present, the drug is still in a 5-year multicenter,
randomized, double-blind, placebo-controlled and parallel
controlled phase II clinical trial (NCT01919164), and has
completed 2-year data collection and analysis. Compared with
the placebo group, after 2years of treatment, the cartilage
thickness of the two groups of patients receiving high-dose
Sprifermin showed a significant dose-dependent increase.
However, the first meta-analysis that aims to provide a
comprehensive evaluation of the efficacy and safety of intra-
articular sprifermin injections demonstrated that it is unlikely for
intra-articular sprifermin to significant improve in physical function
and clinical symptoms in knee OA patients (Zeng et al., 2021). While
sprifermin can be regarded as a potential DMOAD for OA patients,

more evidence is still required for its efficacy and safety.

3.2 Transforming growth factor (TGF)-$

TGF-B  inhibits the and maturation of

chondrocytes, and has anabolic function in the pathological

hypertrophy

participation of articular cartilage homeostasis and subchondral
bone. Thus, inhibiting TGF-p signal transduction is a potential
mechanism for the occurrence and development of OA.

It is reported that TGF is injected-p Type 1 receptor inhibitor
(SB-505124) or alginate beads implanted into TGF-B Antibody
(ID11) can alleviate the disease of OA mice/ratsinduced by
anterior cruciate ligament transection (ACLT) (Zhen et al., 2013).
A phase II clinical trial (NCT01221441) identified TGF expression-
B1 (GEC-TGEF-P 1) efficacy and safety of genetically engineered
allogenic human chondrocytes in patients with grade 3 chronic knee
degenerative disease (Cherian et al., 2015). The results showed that
compared with the placebo group, GEC-TGF was accepted because
the percentage of treated patients who receive painkillers was
decreased. With transforming growth factor (TGF-P1) expression
vector virus transduced genetically engineered chondrocytes have
been proven to have potential benefits in the non-surgical treatment
of knee osteoarthritis. A multicenter, double-blind, placebo-
controlled, randomized study was conducted in adults with K-L
III knee osteoarthritis. In the TG-C cohort, full knee MRI at
12 months showed less progress in cartilage damage, subpatellar
fat pad synovitis, and effusion synovitis. The IKDC and VAS scores
of patients receiving TG-C treatment were significantly improved. In
addition, among patients receiving TG-C treatment, cartilage
damage progressed less, and subpatellar fat pad synovitis and
effusion synovitis progressed less. In addition, TG-C treatment is
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generally well tolerated, with minor adverse events (Lee et al., 2020).
Therefore, TG-C seems to be a safe and effective method to treat K-L
III osteoarthritis.

3.3 Bone morphogenetic protein (BMP-7)

Members of bone morphogenetic protein (BMP) family,
especially osteogenic protein —1 (OP-1) (also known as BMP-7),
have shown great potential as anabolic factors of cartilage, because
they have the ability to induce matrix synthesis and promote
cartilage repair, and play a key role in bone and cartilage
homeostasis and regeneration (Carreira et al, 2014). A single
dose incremental RCT (NCT00456157) showed that the injection
of 0.1 and 0.3 mg of BMP-7 improved pain scores and increased
OARSI response rate compared with placebo, while the injection of
1 mg of BMP-7 was associated with injection site pain (Hunter et al.,
2010). Most adverse events in the BMP-7 group were classified as
mild or moderate, similar to those in the placebo group. Further
Phase II trials using the 0.1 and 0.3 mg dose groups are ongoing. The
double-blind, randomized, single dose incremental safety study of
bone morphogenetic protein (38A BMP-7) in knee OA subjects
(NCT01133613) and the dose discovery study of BMP-7 in knee
osteoarthritis patients (NCT01111045) are also being further
evaluated.

4 Wnt/p-Catenin inhibitors

Whnt signaling pathways regulate key biological processes in
development, growth, homeostasis, and disease, particularly in
joints and bones. The elevated Wnt signal in chondrocytes can
promote its proliferation and hypertrophy differentiation, and have
harmful effects on cartilage homeostasis (Dell’Accio and Cailotto,
2018). The excessive activation of Wnt signaling pathway in
articular cartilage is significantly related to the onset and severity
of osteoarthritis. More and more evidences show their pathological
role in OA. Therefore, inhibition of Wnt signal has been explored as
a potential treatment for OA.

SM04690 (Lorecivint) is a small molecule Wnt pathway
inhibitor, which is currently under development. As a potential
DMOAD for the treatment of knee OA, it has developed from
in vitro evaluation to human clinical trials. SM04690 can induce
cartilage formation and inhibit joint damage in rat OA model, which
is a candidate drug for relieving potential disease of OA. A 24-week
phase 1 study (NCT02095548) for patients with moderate to severe
knee OA showed that SM04690 was well tolerated and safe (Yazici
et al,, 2017). Adverse reactions possibly related to treatment were
observed mainly in patients receiving high dose SM04690 (0.23 mg)
(Yazici et al., 2017). A 52 weeks, multicenter, randomized, double-
blind phase Ila clinical trial of SM04690 (NCT02536833) confirmed
that SM04690 had clinically significant improvement in WOMAC
pain and function scores in patients with moderate to severe knee
OA (Yazici et al., 2020). Another Wnt/p-catenin signal inhibitor
XAV-939 was found to reduce the severity of the disease in the
traumatic OA model by promoting the anti-metabolism of
the anti-fibrosis fibroblasts
(Lietman et al., 2018). Fluoxetine has been widely used since it

chondrocytes and of synovial
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was approved by FDA in 1986. In recent years, it has been found that
fluoxetine can not only inhibit the abnormal activation of Wnt/p-
catenin signal transduction in OA patients, but also relieve the pain
related to osteoarthritis (Miyamoto et al, 2017). The Phase III
clinical trial (ISRCTN41323372) of strontium ranelate SrR in the
treatment of knee osteoarthritis (SEKIOA) provided the most
reliable clinical evidence. In this 3-year multicenter randomized
controlled trial (Reginster et al., 2013), compared with patients
treated with placebo, patients treated with SrR showed significant
pain relief, functional improvement and radiation improvement.
The study found that SrR could inhibit Wnt/B-Catenin pathway
promotes cartilage formation (Yu et al., 2021). Nevertheless, SrR has
been discontinued due to safety issues.

5 Cathepsin K inhibitors

Cathepsin K is a cysteine protease, which is involved in the
degradation of key components of bone and cartilage, such as type I
and type II collagen, bone remodeling/absorption and articular
cartilage degradation (Charni-Ben et al, 2008). Although the
cathepsin K inhibitor SB553484 is less selective than other
cathepsins, it plays a cartilage protection role in dogs receiving
partial medial meniscectomy (Connor et al., 2009). L-006235, a
selective cathepsin K inhibitor, reversed the loss of subchondral
bone in rabbits with anterior cruciate ligament transection (ACLT),
and subchondral bone protection was related to cartilage protection
(Hayami et al., 2012). However, neither of these compounds has
entered the clinical development stage. MIV-711 is a highly effective
selective cathepsin K inhibitor, which is currently in the OA IT phase.
The results of the initial ITa study were recently reported (Bihlet
et al., 2022). Compared with patients receiving placebo treatment,
knee OA patients receiving MIV-711 treatment for 6 months benefit
from displaying joint structure once a day, and the increase of bone
area and cartilage thinning of affected knee joints is significantly
reduced. A randomized phase 2a clinical trial conducted an
exploratory analysis of participants in the MIV-711 trial who
mainly suffered from unilateral knee pain (Bihlet et al., 2022).
MIV-711 100 mg treatment can significantly reduce WOMAC
pain and bone area change.

5.1 Small molecule inhibitor for inhibiting
osteogenesis

Recent observations have demonstrated that OA is associated
with early loss of bone owing to increased bone remodeling (Burr
and Gallant, 2012). It is reported that the abnormal upregulation of
bone resorption of osteoclasts in subchondral bone leads to cartilage
loss in the early stage of OA (Lin et al.,, 2018). Increased osteoclast
activity and significant reduction in subchondral bone thickness,
leading to loss of structural integrity of the osteochondral junction
and promoting cartilage degeneration (Li et al., 2013). Inhibition of
abnormal upregulation of bone resorption of osteoclasts is as
important as cartilage repair in inhibiting the progression of
osteoarthritis. Inhibition of HH pathway and PTH/PTHrP
regulating axis are reported to be effective to prevent cartilage
degradation. The detailed mechanism can be seen in Figure 4

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1156913

Liu et al.

10.3389/fphys.2023.1156913

HH signaling inhibitors:

Vismodegib, ipriflavone, = > HH signaling
. Naproxen, LDE223 © SHH/IHH/DHH
Synoviocytes l
KJ PTCH

O
O

Bone

FIGURE 4
Small molecular therapeutic agents focused on inhibiting osteogenesis.

(Ruiz-Heiland et al, 2012).
hematopoietic cell lines and have good ability to degrade

Osteoclasts ~ originate  from
mineralized bone and cartilage matrix-kB ligand receptor
activator (RANKL) is differentiated (Fumoto et al., 2014; Park
et al,, 2017). The combination of M-CSF and c¢c-FMS maintains
the survival and proliferation of bone marrow mononuclear cells
(BMMCs) and osteoclasts, and initiates the differentiation of
BMMCs into osteoclast precursors. While the combination of
RANKL and RANK leads to the differentiation of terminal

mature osteoclasts (Kim and Kim, 2016).

5.2 Hedgehog (HH) signal pathway inhibitors

The HH signal pathway is a highly conserved cellular signal
In OA,
phenotypic and gene expression changes similar to those of

pathway. articular chondrocytes have experienced
hypertrophic growth plate chondrocytes in long bone formation.
The increased HH signal has been proved to drive these changes in
articular chondrocytes in adult life. Inhibiting the HH signal can
prevent cartilage degradation and promote the repair of OA animal
models (Ruiz-Heiland et al.,
human OA, the activation of HH signal promotes the expression
of OA markers, such as collagen X and MMP13, for chondrocyte

hypertrophy closely related to cartilage degeneration (Wei et al.,

2012). During the development of

2012). These evidences indicate that HH signal is the therapeutic
target of OA, and inhibiting the HH signal in articular cartilage can
prevent or delay the progression of adult OA.

Vismodegib, as an exogenous HH antagonist, has been approved
by FDA for clinical treatment of patients with basal cell carcinoma.
Research shows that vismodegib has a potential therapeutic effect in
the treatment of osteoarthritis (Chen et al., 2022). Ipriflavone, a new
and safe HH signal inhibitor, reduces cartilage degradation by
blocking the HH pathway and destroys catabolic genes, providing
cartilage protection for post-traumatic OA in rats (Guo et al., 2019).
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Naproxen (Npx) can affect gene expression during osteoblastic
differentiation of mesenchymal stem cells, and downregulate
mineral deposition in ECM through HH signal, further affecting
MSC mediated subchondral bone repair in patients with
osteoarthritis (Salem et al.,, 2014). LDE223 inhibits SMO (a key
component of hedgehog pathway) to inhibit the formation of
osteophyte in the mouse osteoarthritis model. Inhibiting
hedgehog signal transduction by targeting SMO can specifically
inhibit the formation of osteophyte in arthritis without affecting
inflammation and causing bone destruction at local and systemic

levels (Ruiz-Heiland et al., 2012b).

5.3 Parathyroid hormone/parathyroid
hormone-related protein

Parathyroid hormone (PTH) or its homologueparathyroid
(PTHrP)  inhibits  chondrocyte
hypertrophy and regulates endochondral ossification in the
growth plate through the IHH-PTHrP regulatory axis, and
regulates subchondral bone remodeling and reduces the final

hormone-related  protein

differentiation of articular cartilage (Fu et al., 2019). The negative
feedback loop of IHH/PTHrP is to chondrocyte
differentiation during the formation of endochondral bone.
Recombinant human PTH (1-34) terlipatide has been approved

critical

by FDA for the treatment of osteoporosis. In the established mouse
model of knee osteoarthritis with meniscus/ligament injury (MLI),
the ability of systematic intermittent terlipatide to slow cartilage
degeneration, inhibit AC maturation and stimulate matrix synthesis
was tested (Sampson et al,, 2011). Although most PTH/PTHrP
studies are in the preclinical stage, it is still expected to play a
role in the future clinical application. A prospective phase II RCT
(NCT03072147) study is currently recruiting participants to
evaluate the efficacy of teripatide as a cartilage regeneration
therapy for osteoarthritis.
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5.4 RANKL-mediated signal pathway active
compounds

NF-kB and ERK signaling pathways are important in cartilage
degeneration (Abu-Amer, 2012; C; Li et al., 2019). RANKL starts the
activation of extracellular signal-regulated kinase (ERK), and then
induces the activation of c-fos and activated T nuclear factor
cytoplasmic 1 (NFATcl), which are two basic transcription
factors for osteoclast fusion (Monje et al., 2005; Ma et al., 2019;
Meisong Zhu et al., 2021). NFATcl migrates into the nucleus and
combines with the promoter sequence of DC-STAMP and
Atp6v0d2, which are two central regulators of osteoclast fusion.
At the same time, RANKL can also start NF-kB pathway to achieve
osteoclast fusion (Ma et al., 2019; Meisong Zhu et al., 2021). In NF-
kB pathway, ikB a attaches to NF-«B protein including p65 subunit,
inhibits NF-kB phosphorylation and then migrates to the nucleus.
RANKL can induce p65 phosphorylation and ikB o degradation, and
NFATc] activates and migrates to the nucleus to activate specific
genes in combination with specific DNA sites. Such as tartrate-
resistant acid phosphatase (TRAP), DC-STAMP, calcitonin receptor
and V-ATPase d2, all of which will affect the differentiation of
osteoclast precursors into mature osteoclasts (Abu-Amer, 2012;
Ouyang et al, 2014; Meisong Zhu et al, 2021). MMP13,
ADAMTS4 and ADAMTS5 are key regulators of cartilage
destruction, and SOX9 is the main regulator of cartilage
formation, which can effectively bind to single or double high
mobility group (HMG)-box sites in DNA and trans-activate its
target genes, such as COL2al and aggrecan, which participate in the
formation of ECM (Kapoor et al., 2011; Song and Park, 2020). The
specific mechanism is shown in Figure 5.
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Panax notoginseng has been used to treat bone diseases for a
long time, and has also played a potential therapeutic role in
preventing OA progression and relieving pain. Fang et al.
extracted dibutyl phthalate (DP) from Panax notoginseng, which
can effectively inhibit the excessive activation of osteoclasts in the
early stage of OA, thus preventing the rapid development of OA
(Fang et al., 2022). It’s reported that DP activated osteoclast fusion
by inhibiting ERK/c-fos/NFATc1 signaling pathway mediated by
RANKIL, thus blocking osteoclast production and preventing OA
progression. In addition, osteoblasts secrete netrin-1, which induces
CGRP sensory innervation in subchondral bone, and abnormal
CGRP sensory innervation leads to nociceptive hyperalgesia and
OA pain (Chang et al., 2005). Moreover, DP can alleviate OA pain
induced by osteoclasts by inhibiting the introduction of subchondral
bone into blood vessels and sensory nerves (Park et al., 2009; Zhu
et al.,, 2019).

Vindoline (Vin) is an indole alkaloid extracted from medicinal
plant Catharanthus roseus, which has anti-inflammatory properties
(Fu et al, 2017). The results show that Vin can inhibit the
progression of osteoarthritis by inhibiting activation of NF-xB
and ERK signaling pathways induced by RANKL (M. Zhu et al,
2021). At the same time, Vin can inhibit the mRNA expression of
MMP13 induced by IL-1pB, upregulate the mRNA expression of
COL2al, SOX9 and aggrecan, without affecting the gene expression
of ADAMTS4 and ADAMTSS, thus maintaining the steady state of
ECM. The in vivo study showed that the number of TRAP-positive
multinucleated cells in subchondral bone decreased significantly
after Vin treatment.

Tangeretin is a multi-methoxy flavonoid rich in citrus peel, and
it has good antioxidant pharmacological activity (Fu et al., 2017).
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Omar, H.A,, et al. reported that hesperidin can inhibit MAPK
signaling pathway and alleviate cisplatin-induced liver injury
(Omar et al,, 2016). IL-1p upregulates the production of iNOS
and COX2, and then promotes the expression of NO and PEG2.
These processes induce ECM catabolism and promote OA
development by up-regulating the expression of MMPs and
ADAMTS and inhibiting the synthesis of collagen II and
proteoglycan (Wang and He, 2018). Studies have shown that
hesperidin can inhibit the degradation of aggrecan and
collagen II protein mediated by IL-1f. Simultaneously, the
progression OA can be prevented by inhibiting the secretion
and ECM degradation of
chondrocytes and ROS production in OA by activating
Nrf2/HO-1 axis. In addition, Tangeretin can also
downregulate the activation of NF-«kB by inhibiting MAPK
signaling pathway.

of inflammatory mediators

Neobavaisoflavone (NBIF) is an isoflavone compound, which
was originally isolated from Arabidopsis thaliana seeds. Because of
its anti-inflammatory, anti-cancer and anti-oxidation properties, it
has attracted wide attention (Goldring and Goldring, 2010; Chen
et al,, 2020). Researchers found that NBIF may have potential
effect on OA through 2D cell
chromatography/C18 column/time of flight mass spectrometry
(2D CMC/C18 column/TOFMS) system and reported the effect
of NBIF on osteoclast differentiation (Tu, 1999). It is reported that
NBIF intervention can significantly weaken the release of Ca®* from

therapeutic membrane

stimulated cytoplasm induced by RANKL. Ca2+ oscillation is caused
by AKT signal activation and is an important messenger of
osteoclast differentiation signal transduction, so NBIF may also
organize osteoclast differentiation by blocking Akt pathway
stimulated by RANKL.

Dihydroartemisinin (DHA) is an effective antimalarial drug
and a semi-synthetic derivative of artemisinin. It plays an
important role in inhibiting infection, angiogenesis, cancer
and osteoclast formation (Honma et al., 2014; Cui et al., 2016;
Feng et al., 2016). DHA can reducing the inhibitory effect on
sclerosing and alleviating the abnormal remodeling of
subchondral bone by reducing the expression of osteoclast-
derived factor (LIF). LIF is a bone remodeling regulatory
protein secreted by osteoclasts, which binds to the receptor
complex of glycoprotein 130 (GP130)/LIFR on bone cells and
has the effect of inhibiting sclerosing (Y. Li et al., 2019; Ma et al,,
2021). DHA can slow down the abnormal remodeling of
subchondral bone by inhibiting the abnormal angiogenesis of
subchondral bone (Pfeifhofer et al., 2006). In addition, Skvara
et al. proved that Artemisia annua succinyl can reduce articular
cartilage degeneration by inhibiting abnormal bone remodeling
and angiogenesis (Skvara et al., 2008).

Sotrastaurin (SO) is a small molecular weight indolyl
maleimide immunosuppressant, which can selectively inhibit
PKC (Cremasco et al.,, 2012; Pang et al., 2020). Recent studies
have shown that the protein kinase C family of serine/threonine
kinases, especially the PKC highly expressed in osteoclasts, it also
plays an important regulatory role in osteoclast formation and
bone absorption (Khor et al., 2013). PKC§ deficiency attenuates
bone resorption activity of mature osteoclasts in vivo and in vitro
by affecting the formation of fold edges and inhibiting the
secretion of histone K, a key protease that destroys the
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mineralized bone and cartilage matrix (Kc et al,, 2016). In
addition, PKC § may upregulation of MAPK pathway (Kc
et al., 2016). Pang et al. also showed that the anti-osteoclast
effect of SO was partly due to the reduction of RANKL-induced
MAPK signal pathway and the downstream induction of nuclear
transcription factors c-fos, c-jun and nfatcl, thus down-
regulating the expression of key genes required for the
differentiation and fusion of precursor cells and the bone
absorption of mature osteoclasts (Pang et al., 2020).

5.5 Small molecule inhibitor for controlling
inflammation

Local and systemic inflammation plays a key role in the
pathogenesis and progression of OA, and anti-inflammatory
therapy has a research prospect in reducing the progression of
OA (Figure 6).

6 Cytokines and small molecule
inhibitors

TNF-a can promote the expression of some matrix
metalloproteinases and accelerate the destruction of ECM. At the
same time, the synthesis of a variety of pathogenic factors (such as
prostaglandins) increases, accelerating the occurrence of OA (Lai
et al, 2014). TNF-a inhibitors may be a potential choice for the
treatment of OA. TNF-a inhibitor Etanercept can reduce the level of
serum MMP-3, but it has no effect on pain improvement in patients
with inflammatory hand osteoarthritis (Kraus et al, 2012;
Kloppenburg et al,, 2018; Kroon et al., 2020). By using TNF-a-
induced chondrocyte inflammatory reaction as a screening tool, two
effective amide-linked small molecules (HS Cf and HS Cm) were
identified from a small chemical library. HS Cf (NDMCO077) has a
protective effect on cartilage, and can prevent the cartilage
destruction induced by TNF-a by down-regulating the signal of
interferon regulatory factor-1(IRF-1) (Liu et al, 2011). HS Cm
(NDMC101) is
inflammatory activity in inflammation-related diseases (Liou

an effective immunomodulator with anti-
et al, 2014). All these results are encouraging. Anti-inflammatory
drugs can prevent cartilage damage induced by TNF-a in
osteoarthritis.

The expression of IL-1 in OA patients was positively
correlated with the degree of joint swelling and pain,
decreased motor function and progressive narrowing of joint
space. IL-6 also plays a prominent role in OA patients. This factor
promotes the imbalance of local tissue immune status, leading to
the destruction of chondrocytes and the loss of compensatory
ability. Cordycepin is a nucleoside derivative isolated from
Cordyceps. Pretreatment with Cordyceps sinensis significantly
inhibited the production of PGE2 and NO induced by IL-1f. In
addition, the gene expression stimulated by IL-13 and the
production of MMP-13, IL-6, iNOS and COX-2 in OA
chondrocytes were significantly decreased, and the activation
of NF-kB induced by IL-1p was weakened (Ying et al., 2014).
This study showed the anti-inflammatory activity of cordycepin
in human OA chondrocytes. Anemonin (ANE) can attenuate the
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Small molecular therapeutic agents focused on inflammatory mediators.

articular cartilage degeneration in murine DMM model and
human cartilage explants in part by inhibiting the activation
of IL-1B/NF-kB pathway (Wang et al., 2017). Selumetinib could
reduce cartilage inflammation caused by IL-1P. In addition,
Selumetinib inhibits MAPK and NF- kB signal pathway plays
a specific protective role (Zheng et al., 2022). In chondrocytes,
nepetin treatment inhibits IL-1p Induced overexpression of pro-
inflammatory cytokines and mediators. In addition, nepetin
showed protective and therapeutic effects on mouse OA model
(Zheng et al., 2022). This study inidcated that nepetin has
potentials to be a new therapeutic option in OA. Diacetoreine
is a small molecule of IL-1f Inhibitors. In a 3-year randomized
controlled trial, 507 patients with hip OA received daily
treatment with diacerin or placebo. Although pain and
dysfunction related to OA remained unchanged, diaceretin
significantly reduced joint space stenosis compared with
placebo (Dougados 2001).
chondrocyte catabolism through STAT-3 signal transduction,

et al, IL-6 mainly induces
which is activated in articular cartilage affected by medial
meniscus OA. Systemic blocking of IL-6 or STAT-3 by
neutralizing antibody or small molecule Stattic alleviates the
need for surgery in the medial meniscus induced OA model

(Latourte et al., 2017).

7 NF-xb inhibitors

NE-kB is abnormally activated in OA and participates in many
OA related events, including chondrocyte catabolism, chondrocyte
survival and synovial inflammation. Therefore, NF- kB signals,
including synergistic factors and downstream effector factors, are
considered as potential targets of OA treatment intervention. In
mouse knee OA model, intra-articular administration of certain
concentration of IKK inhibitor BMS-345541 may reduce NF-kB and
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HIF-2a. The signal axis inhibited the development of OA in mouse
knee joint. This inhibition is also replicated in human cells in vitro
(Murahashi et al., 2018). SAR113945 is an IkB kinase inhibitor.
Three phase I studies have confirmed the safety and tolerability of
SAR113945. In these studies, SAR113945 shows a positive trend in
WOMAC score. Phase 2a study failed to show any effect on
WOMAC pain score in the overall group of recruited study
participants, but showed statistically significant difference in the
subgroup of patients with effusion at baseline (Grothe et al., 2017).

8 P38 MAPK pathway inhibitors

P38 signaling pathway plays a key role in the progress of many
human diseases, especially in the development of OA (Sun et al.,
2017). The activation of p38 MAPK signaling pathway may lead to
the expression of proinflammatory cytokines, chemokines, MMPs
and signal enzymes in human osteoarthritis chondrocytes.
P38 inhibitors can inhibit chondrocyte apoptosis, reduce the
production of downstream inflammatory cytokines, and prevent
the recruitment of other inflammatory cells that may lead to bone
and cartilage degradation (Sun et al., 2017). FX005 is a polylactic
acid co glycolic acid microsphere that sustains the release of
P38 creatine kinase inhibitor molecule. The efficacy and safety of
this preparation were evaluated in the clinical trial (NCT01291914).
The results showed that FX005 significantly alleviated pain than
placebo.

8.1 Small molecule inhibitors for pain relief

Pain is also one of the important symptoms of OA, which
seriously affects the quality of life of patients. It is necessary to
effectively control OA pain (Figure 7).
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9 Nerve growth factor (NGF) inhibitors

NGF is a neurotrophic factor associated with pain signal
transduction and nociceptor receptor gene expression. It is a
nociceptor sensitizer and has been studied as a potential target for
the treatment of OA pain. It is reported that the level of NGF in
synovial fluid of OA patients is significantly higher than that of
normal subjects (Bain and Brazil, 2003; Baldini et al., 2020). NGF
is also considered as an important pathogenic factor or
pathological product in the pain process. Inhibiting the
binding of NGF and its receptor can downregulate the
expression of NGF, thereby reducing pain, improving limb
function and relieving OA symptoms. NGF and its receptor
TrkA, as possible targets for the treatment of OA pain, have
been widely concerned, especially after it was reported that the
pain of patients with moderate and severe knee OA was
significantly relieved (Lane et al., 2010).

The new strategy to inhibit NGF induced pain focuses on the
antagonism of its receptor tropomyosin related kinase A (TrkA)
and p75 NTR. Blocking TrkA or p75 NTR is another strategy for
suppressing NGF downstream signals, which may have less
adverse effects. A randomized, double-blind, 3-cycle crossover
phase II study compared 54 patients with knee osteoarthritis who
took TRPV1 antagonist NEO6860 (500 mg, twice daily), placebo
and naproxen for 1 day (2 doses). In this exploratory study,
NEO6860 was not statistically superior to placebo, but showed a
trend of analgesia (Arsenault et al., 2018). In a double-blind,
study, the

of  the
TRPV1 receptor antagonist mavatrip in healthy men and

randomized, placebo-controlled phase 1

pharmacokinetics and  pharmacodynamics
patients with knee osteoarthritis were evaluated (Manitpisitkul
etal., 2018). Compared with the placebo group, the pain intensity
at rest on the 22nd day and the pain intensity after climbing stairs
in the 25 mg and 50 mg dose groups were significantly lower than

the baseline. The 50 mg group also showed significant pain relief
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after climbing stairs on the 8th day. In the phase 2a clinical trial
(NCT02611466), compared with naproxen, oral administration
of the TrkA inhibitor ASP7962 did not improve the pain or
physical function of patients with painful knee arthritis (Watt
et al., 2019). However, intra-articular injection of the TrkA
inhibitor GZ389988A significantly improved WOMAC pain
and overall knee pain (NCT02845271) (Krupka et al., 2019).
NGF receptor p75 NTR concentration in blood, synovial fluid
and tissue macrophages of OA patients increased. LEVI-04 is a
p75 neurotrophic protein receptor fusion protein (p75NTR-Fc),
which is currently being studied in phase I clinical trials
(NCT03227796), but no results have been obtained.

10 Serotonin norepinephrine reuptake
inhibitors

Studies have shown that central sensitization is an important
factor in mediating pain in osteoarthritis. When there is
continuous harmful input, such as in osteoarthritis, these
same CNS processes can increase or amplify pain. Central
pain symptoms respond best to CNS neuromodulators such as
serotonin norepinephrine reuptake inhibitors (SNRIs) and
anticonvulsants (Clauw and Hassett, 2017). Noradrenaline can
regulate the nociceptive process in the spinal cord and
periaqueductal gray matter, and is a potential target to
improve OA pain. A phase III randomized study aimed at the
exploratory post event analysis of the efficacy of duloxetine in the
treatment of knee joint pain caused by OA in patients with
multiple parts of pain (Itoh et al., 2021). It was evaluated that
111 patients were treated with duloxetine for 8 weeks. Compared
with conventional nursing, the addition of duloxetine seems to be
beneficial to end-stage knee joint OA patients with God like
symptoms (with CS risk). However, the drug seems to have no
effect on patients with advanced hip OA.
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11 Conclusions and future prospects

Since the current oral drugs and local treatment of OA has limited
efficacy, the prevalence of OA makes it require simple but robust
therapeutic intervention. With the rapid progress in pathology of OA,
the emerging small-molecule drugs have more obvious effects and fewer
side effects than traditional drugs in various manners. Firstly, small-
molecule drugs generally have clear components. The definite
it clearly  detectable
pharmacodynamic and pharmacokinetic parameters. Secondly,
small-molecule drugs usually have clear intracellular or extracellular

molecular  formula  enables have

targets and efficacy, including enhancing cartilage repair, inhibiting
joint degeneration, reducing inflammation and relieving pain. Some
small molecule anti-OA drugs have shown promise in promoting
cartilage differentiation of stem cells and reconstruction of cartilage
matrix, which would bring hopes of complete relieve to OA patients.
Thirdly, some small-molecule drugs are easier to be structurally
modified their better
pharmacodynamics and pharmacokinetics.

to form derivatives,  achieving
Despite the encouraging advantages, the clinical applications of
small-molecule drugs for OA are still in their infancy stage. The

following challenges should be well addressed.

1) Most of the small molecular active compounds initially screened
have relatively extensive pharmacological actions and the
disadvantages of poor activity. 2D CMC/C18 column/TOFMS
system can effectively screen the target small molecules with
good activity. The molecular docking technology can optimize
the activity of small molecular compounds and improve their
pharmacological actions, so that the possibility of developing
newly discovered small molecular compounds into clinically
available therapeutic drugs is greatly improved.

Due to the limitations of poor stability of small molecules and
difficulty in targeted delivery, there are few small molecules
applied in OA clinic at present. To improve the defects,
nanocarrier system is introduced to achieve better targeted
delivery, stability.
Nanocarriers have the potential to protect active molecules

effective treatment and improved
during drug delivery, enhance the bioavailability of molecules
in disease sites, and control the release of molecules very well (Kc
etal,, 2016). In addition, with the availability of crystal structures
of many target proteins and the progress of computer-aided drug
design technology, it seems more promising for the prospect of
effective small molecules for OA treatment, e.g., compounds with
the ideal
pharmacokinetics, and acceptable toxicological characteristics.

As OA is a highly heterogeneous disease, single treatment for a

improved  specificity, pharmacodynamics and
3)
single joint tissue would not be effective. Thus, the combination
of multi-channel targeted small molecules may achieve better
therapeutic effect. For example, inflammatory pain endotype,
which can benefit from a drug combination that simultaneously
solves pain and inflammation. Besides, the synergistic effect of
small-molecule drugs and other therapeutic strategies is also
worthy of further investigation, such as immunotherapy, cell
therapy and gene therapy. For instance, mesenchymal stem cells
have therapeutic effect on osteoarthritis through cytokine
secretion and stem cell differentiation while small-molecule

drugs are expected to enhance this therapeutic effect through
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signal pathway regulation of stem cells. How to utilize these
synergistic effects to achieve ideal therapeutic efficacy needs
further consideration.

4

~

Transdermal drug delivery system plays a very important role in
drug delivery, which has the characteristics of rapid local action,
small side effects and good patient compliance (Liu et al., 2022).
Some small molecular compounds have a wide range of
pharmacological actions, and combined with transdermal drug
delivery system can achieve the effect of rapid local administration
and effective reduction of drug side effects. Such as microneedle
(MNs) transdermal delivery method (J. Wang et al.,, 2022), which
physically penetrates the skin and is more effective in delivering
drugs. In addition, MN can carry small molecular drugs to provide
additional options for the treatment of OA. MNs can be delivered
not only in a controlled release manner but also in a targeted
manner. These techniques are beneficial to the transdermal drug
delivery process in arthritis, reducing the number of drug delivery
and making it more convenient for patients to use. They also keep
a stable drug concentration in the specific tissue to extend the
efficacy duration (Aghabegi et al., 2016). There are a lot of drugs
that cannot be clinical translated because of severe adverse
reactions. Most of them are systemic administration, such as
Strontium, which shows a significant effect on pain relief and
functional improvement. Transdermal drug delivery may help to
solve this problem.

In conclusion, small-molecule drugs of OA are attractive
frontier that deserve further exploration. We hope this review
may provide a better understanding of the advantages and
disadvantages of small molecule OA targeted drugs, which will
help to explore more effective clinical treatment strategies for OA.

Author contributions

Literature review and initial drafting of the manuscript were
done by DL, XL, LZ, BH, SH, and JH. Figures were organized by DL.
Grammar check and language polishing were done by BH, SH, and
XZ. Critical revisions of the manuscript for important intellectual
content were performed by XZ and JH. Each author has read and
approved the final manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1156913

Liu et al.

References

Abu-Amer, Y. (2012). NF-kB signaling and bone resorption. Bone 50, S22. doi:10.
1016/j.bone.2012.02.049

Aghabegi, M. A., Khoshnevis, D., and Zarrabi, A. (2016). A concise review on smart
polymers for controlled drug release. Drug Deliv. Transl. Res. 6, 333-340. doi:10.1007/
513346-015-0274-7

Anderson-MacKenzie, J. M., Quasnichka, H. L., Starr, R. L., Lewis, E. J., Billingham,
M. E,, and Bailey, A.J. (2005). Fundamental subchondral bone changes in spontaneous
knee osteoarthritis. Int. J. Biochem. Cell. Biol. 37, 224-236. doi:10.1016/j.biocel.2004.
06.016

Arsenault, P., Chiche, D., Brown, W., Miller, J., Treister, R., Leff, R., et al. (2018).
NEO6860, modality-selective TRPV1 antagonist: A randomized, controlled, proof-of-
concept trial in patients with osteoarthritis knee pain. Pain Rep. 3, 696. doi:10.1097/
PR9.0000000000000696

Bain, B., and Brazil, M. (2003). Adalimumab. Nat. Rev. Drug Discov. 2, 693-694.
doi:10.1038/nrd1182

Baldini, M., Farinelli, L., Luciani, P., Manzotti, S., Salaffi, F., and Gigante, A. (2020).
Synovial and serum levels of NGF in osteoarthritis and rheumatic diseases: A systematic
review. J. Biol. Regul. Homeost. Agents 34, 25-32.

Belcaro, G., Cesarone, M. R,, Errichi, S., Zulli, C., Errichi, B. M., Vinciguerra, G., et al.
(2008). Treatment of osteoarthritis with Pycnogenol. The SVOS (San Valentino Osteo-
arthrosis Study). Evaluation of signs, symptoms, physical performance and vascular
aspects. Phytother. Res. 22, 518-523. doi:10.1002/ptr.2376

Bihlet, A. R., Byrjalsen, I., Andersen, J. R., Oberg, F., Herder, C., Bowes, M. A.,
etal. (2022). Symptomatic and structural benefit of cathepsin K inhibition by MIV-
711 in a subgroup with unilateral pain: Post-hoc analysis of a randomised phase 2a
clinical ~trial.  Clin. Exp. Rheumatol. 40, 1034-1037. doi:10.55563/
clinexprheumatol/lkvgte

Brophy, R. H., and Fillingham, Y. A. (2022). AAOS clinical practice guideline
summary: Management of osteoarthritis of the knee (nonarthroplasty), third
edition. J. Am. Acad. Orthop. Surg. 30, €721-€729. doi:10.5435/JAAOS-D-21-01233

Burr, D. B, and Gallant, M. A. (2012). Bone remodelling in osteoarthritis. Nat. Rev.
Rheumatol. 8, 665-673. doi:10.1038/nrrheum.2012.130

Carreira, A. C, Lojudice, F. H., Halcsik, E., Navarro, R. D., Sogayar, M. C,, and
Granjeiro, J. M. (2014). Bone morphogenetic proteins: Facts, challenges, and future
perspectives. J. Dent. Res. 93, 335-345. doi:10.1177/0022034513518561

Chang, S., Sung, H., Choi, Y., Ko, S., Lee, B., Baek, D, et al. (2005). Suppressive effect
of AIF, a water extract from three herbs, on collagen-induced arthritis in mice. Int.
Immunopharmacol. 5, 1365-1372. doi:10.1016/j.intimp.2005.02.019

Charni-Ben, T. N., Desmarais, S., Bay-Jensen, A. C.,, Delaisse, J. M., Percival, M. D.,
and Garnero, P. (2008). The type II collagen fragments Helix-II and CTX-II reveal
different enzymatic pathways of human cartilage collagen degradation. Osteoarthr.
Cartil. 16, 1183-1191. doi:10.1016/j.joca.2008.02.008

Chen, H,, Fang, C,, Zhi, X,, Song, S., Gu, Y., Chen, X, et al. (2020). Neobavaisoflavone
inhibits osteoclastogenesis through blocking RANKL signalling-mediated TRAF6 and
c-Src recruitment and NF-«kB, MAPK and Akt pathways. J. Cell. Mol. Med. 24,
9067-9084. doi:10.1111/jcmm.15543

Chen, P, Zhu, S., Wang, Y., Mu, Q., Wu, Y., Xia, Q., et al. (2014). The amelioration of
cartilage degeneration by ADAMTS-5 inhibitor delivered in a hyaluronic acid hydrogel.
Biomaterials 35, 2827-2836. doi:10.1016/j.biomaterials.2013.12.076

Chen, R, Tan, Y., Li, Y., Huang, J., Kuang, L., Ni, Z., et al. (2022). Exogenous Indian
hedgehog antagonist damages intervertebral discs homeostasis in adult mice.
J. Orthop. Transl. 36, 164-176. doi:10.1016/.jot.2022.09.009

Cherian, J. J., Parvizi, J., Bramlet, D., Lee, K. H., Romness, D. W., and Mont, M. A.
(2015). Preliminary results of a phase IT randomized study to determine the efficacy and
safety of genetically engineered allogeneic human chondrocytes expressing TGF-B1 in
patients with grade 3 chronic degenerative joint disease of the knee. Osteoarthr. Cartil.
23, 2109-2118. doi:10.1016/j.joca.2015.06.019

Clauw, D. J., and Hassett, A. L. (2017). The role of centralised pain in osteoarthritis.
Clin. Exp. Rheumatol. 35 (107), 79-84.

Connor, J. R, LePage, C., Swift, B. A., Yamashita, D., Bendele, A. M., Maul, D., et al.
(2009). Protective effects of a cathepsin K inhibitor, SB-553484, in the canine partial
medial meniscectomy model of osteoarthritis. Osteoarthr. Cartil. 17, 1236-1243. doi:10.
1016/j.joca.2009.03.015

Cremasco, V., Decker, C. E., Stumpo, D., Blackshear, P. J., Nakayama, K. L,
Nakayama, K., et al. (2012). Protein kinase C-delta deficiency perturbs bone
homeostasis by selective uncoupling of cathepsin K secretion and ruffled border
formation in osteoclasts. J. Bone Min. Res. 27, 2452-2463. doi:10.1002/jbmr.1701

Cui, Z, Crane, J.,, Xie, H,, Jin, X,, Zhen, G, Li, C,, et al. (2016). Halofuginone
attenuates osteoarthritis by inhibition of TGF-beta activity and H-type vessel formation
in subchondral bone. Ann. Rheum. Dis. 75, 1714-1721. doi:10.1136/annrheumdis-
2015-207923

Da, C. B, Pereira, T. V., Saadat, P., Rudnicki, M., Iskander, S. M., Bodmer, N. S, et al.
(2021). Effectiveness and safety of non-steroidal anti-inflammatory drugs and opioid

Frontiers in Physiology

12

10.3389/fphys.2023.1156913

treatment for knee and hip osteoarthritis: Network meta-analysis. BMJ-British Med. ].
375, n2321. doi:10.1136/bmj.n2321

Dahmer, S., and Schiller, R. M. (2008). Glucosamine. Am. Fam. Physician 78,
471-476.

Dell’Accio, F., and Cailotto, F. (2018). Pharmacological blockade of the WNT-beta-
catenin signaling: A possible first-in-kind DMOAD. Osteoarthr. Cartil. 26, 4-6. doi:10.
1016/j.joca.2017.10.014

Dougados, M., Nguyen, M., Berdah, L., Mazieres, B., Vignon, E., Lequesne, M., et al.
(2001). Evaluation of the structure-modifying effects of diacerein in hip osteoarthritis:
ECHODIAH, a three-year, placebo-controlled trial. ~Evaluation of the
chondromodulating effect of diacerein in OA of the hip. Arthritis Rheum. 44,
2539-2547. doi:10.1002/1529-0131(200111)44:11<2539::aid-art434>3.0.co;2-t

Fang, C., Guo, J., Wang, Y., Li, X,, Zhang, H., Cui, ], et al. (2022). Diterbutyl phthalate
attenuates osteoarthritis in ACLT mice via suppressing ERK/c-fos/NFATc1 pathway,
and subsequently inhibiting subchondral osteoclast fusion. Acta Pharmacol. Sin. 43,
1299-1310. doi:10.1038/541401-021-00747-9

Felson, D. T. (2004). An update on the pathogenesis and epidemiology of
osteoarthritis. Radiol. Clin. N. Am. 42, 1-9. doi:10.1016/S0033-8389(03)00161-1

Feng, M. X,, Hong, J. X,, Wang, Q., Fan, Y. Y., Yuan, C. T,, Lei, X. H,, et al. (2016).
Dihydroartemisinin prevents breast cancer-induced osteolysis via inhibiting both breast
caner cells and osteoclasts. Sci. Rep. 6, 19074. doi:10.1038/srep19074

Fu, M., Xu, Y., Chen, Y., Wy, ], Yu, Y., Zou, B., et al. (2017). Evaluation of bioactive
flavonoids and antioxidant activity in Pericarpium Citri Reticulatae (Citrus reticulata
‘Chachi’) during storage. Food Chem. 230, 649-656. doi:10.1016/j.foodchem.2017.
03.098

Fu, X,, Gao, Y, Yang, Y., Zou, N, Wang, K,, Yan, P,, et al. (2019). Induced lesion and
inhibited Thh-PTHTrP signalling pathway activity in the articular cartilage of rats caused
by T-2 toxin. Toxicon 158, 104-108. doi:10.1016/j.toxicon.2018.12.001

Fumoto, T., Takeshita, S., Ito, M., and Ikeda, K. (2014). Physiological functions of
osteoblast lineage and T cell-derived RANKL in bone homeostasis. J. Bone Min. Res. 29,
830-842. doi:10.1002/jbmr.2096

Gigout, A., Guehring, H., Froemel, D., Meurer, A., Ladel, C., Reker, D, et al. (2017).
Sprifermin (thFGF18) enables proliferation of chondrocytes producing a hyaline
cartilage matrix. Osteoarthr. Cartil. 25, 1858-1867. doi:10.1016/j.joca.2017.08.004

Goldring, M. B,, and Goldring, S. R. (2010). Articular cartilage and subchondral bone
in the pathogenesis of osteoarthritis. Ann. N.Y. Acad. Sci. 1192, 230-237. doi:10.1111/j.
1749-6632.2009.05240.x

Grothe, K., Flechsenhar, K., Pachler, T, Ritzeler, O., Beninga, J., Saas, J., et al. (2017).
IkB kinase inhibition as a potential treatment of osteoarthritis - results of a clinical
proof-of-concept study. Osteoarthr. Cartil. 25, 46-52. doi:10.1016/j.joca.2016.08.010

Guo, L., Wei, X,, Zhang, Z., Wang, X., Wang, C,, Li, P,, et al. (2019). Ipriflavone
attenuates the degeneration of cartilage by blocking the Indian hedgehog pathway.
Arthritis Res. Ther. 21, 109. doi:10.1186/s13075-019-1895-x

Hayami, T., Zhuo, Y., Wesolowski, G. A., Pickarski, M., and Duong, L. T. (2012).
Inhibition of cathepsin K reduces cartilage degeneration in the anterior cruciate
ligament transection rabbit and murine models of osteoarthritis. Bone 50,
1250-1259. doi:10.1016/j.bone.2012.03.025

Hendesi, H., Stewart, S., Gibison, M. L., Guehring, H., Richardson, D. W., and Dodge,
G. R. (2022). Recombinant fibroblast growth factor-18 (sprifermin) enhances
microfracture-induced cartilage healing. J. Orthop. Res. 40, 553-564. doi:10.1002/jor.
25063

Honma, M., Ikebuchi, Y., Kariya, Y., and Suzuki, H. (2014). Regulatory mechanisms
of RANKL presentation to osteoclast precursors. Curr. Osteoporos. Rep. 12, 115-120.
doi:10.1007/511914-014-0189-0

Hu, Q., and Ecker, M. (2021). Overview of MMP-13 as a promising target for the
treatment of osteoarthritis. Int. J. Mol. Sci. 22, 1742. doi:10.3390/ijms22041742

Hunter, D. J., Pike, M. C,, Jonas, B. L., Kissin, E., Krop, J., and McAlindon, T. (2010).
Phase 1 safety and tolerability study of BMP-7 in symptomatic knee osteoarthritis. BMC
Musculoskelet. Disord. 11, 232. doi:10.1186/1471-2474-11-232

Itoh, N., Tsuji, T., Ishida, M., Ochiai, T., Konno, S., and Uchio, Y. (2021). Efficacy of
duloxetine for multisite pain in patients with knee pain due to osteoarthritis: An
exploratory post hoc analysis of a Japanese phase 3 randomized study. J. Orthop. Sci. 26,
141-148. doi:10.1016/j.jos.2020.02.013

Jessberger, S., Hogger, P., Genest, F., Salter, D. M., and Seefried, L. (2017). Cellular
pharmacodynamic effects of Pycnogenol® in patients with severe osteoarthritis: A
randomized controlled pilot study. BMC Complement. Altern. Med. 17, 537. doi:10.
1186/512906-017-2044-1

Kapoor, M., Martel-Pelletier, J., Lajeunesse, D., Pelletier, J., and Fahmi, H. (2011).
Role of proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat. Rev.
Rheumatol. 7, 33-42. d0i:10.1038/nrrheum.2010.196

Karlapudi, V., Sunkara, K. B., Konda, P. R,, Sarma, K. V., and Rokkam, M. P. (2023).
Efficacy and safety of Aflapin®, a novel boswellia serrata extract, in the treatment of
osteoarthritis of the knee: A short-term 30-day randomized, double-blind, placebo-

frontiersin.org


https://doi.org/10.1016/j.bone.2012.02.049
https://doi.org/10.1016/j.bone.2012.02.049
https://doi.org/10.1007/s13346-015-0274-7
https://doi.org/10.1007/s13346-015-0274-7
https://doi.org/10.1016/j.biocel.2004.06.016
https://doi.org/10.1016/j.biocel.2004.06.016
https://doi.org/10.1097/PR9.0000000000000696
https://doi.org/10.1097/PR9.0000000000000696
https://doi.org/10.1038/nrd1182
https://doi.org/10.1002/ptr.2376
https://doi.org/10.55563/clinexprheumatol/1kvgte
https://doi.org/10.55563/clinexprheumatol/1kvgte
https://doi.org/10.5435/JAAOS-D-21-01233
https://doi.org/10.1038/nrrheum.2012.130
https://doi.org/10.1177/0022034513518561
https://doi.org/10.1016/j.intimp.2005.02.019
https://doi.org/10.1016/j.joca.2008.02.008
https://doi.org/10.1111/jcmm.15543
https://doi.org/10.1016/j.biomaterials.2013.12.076
https://doi.org/10.1016/j.jot.2022.09.009
https://doi.org/10.1016/j.joca.2015.06.019
https://doi.org/10.1016/j.joca.2009.03.015
https://doi.org/10.1016/j.joca.2009.03.015
https://doi.org/10.1002/jbmr.1701
https://doi.org/10.1136/annrheumdis-2015-207923
https://doi.org/10.1136/annrheumdis-2015-207923
https://doi.org/10.1136/bmj.n2321
https://doi.org/10.1016/j.joca.2017.10.014
https://doi.org/10.1016/j.joca.2017.10.014
https://doi.org/10.1002/1529-0131(200111)44:11<2539::aid-art434>3.0.co;2-t
https://doi.org/10.1038/s41401-021-00747-9
https://doi.org/10.1016/S0033-8389(03)00161-1
https://doi.org/10.1038/srep19074
https://doi.org/10.1016/j.foodchem.2017.03.098
https://doi.org/10.1016/j.foodchem.2017.03.098
https://doi.org/10.1016/j.toxicon.2018.12.001
https://doi.org/10.1002/jbmr.2096
https://doi.org/10.1016/j.joca.2017.08.004
https://doi.org/10.1111/j.1749-6632.2009.05240.x
https://doi.org/10.1111/j.1749-6632.2009.05240.x
https://doi.org/10.1016/j.joca.2016.08.010
https://doi.org/10.1186/s13075-019-1895-x
https://doi.org/10.1016/j.bone.2012.03.025
https://doi.org/10.1002/jor.25063
https://doi.org/10.1002/jor.25063
https://doi.org/10.1007/s11914-014-0189-0
https://doi.org/10.3390/ijms22041742
https://doi.org/10.1186/1471-2474-11-232
https://doi.org/10.1016/j.jos.2020.02.013
https://doi.org/10.1186/s12906-017-2044-1
https://doi.org/10.1186/s12906-017-2044-1
https://doi.org/10.1038/nrrheum.2010.196
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1156913

Liu et al.

controlled clinical study. J. Am. Nutr. Assoc. 42, 159-168. doi:10.1080/07315724.2021.
2014370

Kc, R, Li, X,, Kroin, J. S., Liu, Z., Chen, D., Xiao, G., et al. (2016). PKCS null mutations
in a mouse model of osteoarthritis alter osteoarthritic pain independently of joint
pathology by augmenting NGF/TrkA-induced axonal outgrowth. Ann. Rheum. Dis. 75,
2133-2141. doi:10.1136/annrheumdis-2015-208444

Khor, E. C,, Abel, T., Tickner, J., Chim, S. M., Wang, C., Cheng, T., et al. (2013). Loss
of protein kinase C-delta protects against LPS-induced osteolysis owing to an intrinsic
defect in osteoclastic bone resorption. PLoS One 8, €70815. doi:10.1371/journal.pone.
0070815

Kim, J. H,, and Kim, N. (2016). Signaling pathways in osteoclast differentiation.
Chonnam Med. J. 52, 12-17. doi:10.4068/cmj.2016.52.1.12

Kloppenburg, M., Ramonda, R., Bobacz, K., Kwok, W. Y., Elewaut, D., Huizinga, T.,
et al. (2018). Etanercept in patients with inflammatory hand osteoarthritis (EHOA): A
multicentre, randomised, double-blind, placebo-controlled trial. Ann. Rheum. Dis. 77,
1757-1764. doi:10.1136/annrheumdis-2018-213202

Klose-Jensen, R., Hartlev, L. B., Boel, L. W. T., Laursen, M. B., Stengaard-Pedersen, K.,
Keller, K. K., et al. (2015). Subchondral bone turnover, but not bone volume, is increased
in early stage osteoarthritic lesions in the human hip joint. Osteoarthr. Cartil. 23,
2167-2173. doi:10.1016/j.joca.2015.06.001

Kraus, V. B., Birmingham, J., Stabler, T. V., Feng, S., Taylor, D. C., Moorman, C. R,,
et al. (2012). Effects of intraarticular IL1-Ra for acute anterior cruciate ligament knee
injury: A randomized controlled pilot trial (NCT00332254). Osteoarthr. Cartil. 20,
271-278. doi:10.1016/j.joca.2011.12.009

Kroon, F., Bay-Jensen, A. C., Wittoek, R., Verbruggen, G., Smolen, . S., Kloppenburg,
M, etal. (2020). Etanercept therapy leads to reductions in matrix metalloproteinase-3 in
patients with erosive hand osteoarthritis. Scand. J. Rheumatol. 49, 167-168. doi:10.1080/
03009742.2019.1657493

Krupka, E., Jiang, G. L., and Jan, C. (2019). Efficacy and safety of intra-articular
injection of tropomyosin receptor kinase A inhibitor in painful knee osteoarthritis: A
randomized, double-blind and placebo-controlled study. Osteoarthr. Cartil. 27,
1599-1607. doi:10.1016/j.joca.2019.05.028

Krzeski, P., Buckland-Wright, C,, Balint, G., Cline, G. A., Stoner, K., Lyon, R,, et al.
(2007). Development of musculoskeletal toxicity without clear benefit after
administration of PG-116800, a matrix metalloproteinase inhibitor, to patients with
knee osteoarthritis: A randomized, 12-month, double-blind, placebo-controlled study.
Arthritis Res. Ther. 9, R109. doi:10.1186/ar2315

Kumar, H., Pal, C. P., Sharma, Y. K., Kumar, S., and Uppal, A. (2020). Epidemiology
of knee osteoarthritis using Kellgren and Lawrence scale in Indian population. J. Clin.
Orthop. Trauma 11, S125-5129. doi:10.1016/j.jcot.2019.05.019

Lai, Y., Bai, X., Zhao, Y., Tian, Q,, Liu, B., Lin, E. A, et al. (2014). ADAMTS-7 forms a
positive feedback loop with TNF-alpha in the pathogenesis of osteoarthritis. Ann.
Rheum. Dis. 73, 1575-1584. doi:10.1136/annrheumdis-2013-203561

Lane, N. E., Schnitzer, T. J., Birbara, C. A., Mokhtarani, M., Shelton, D. L., Smith, M.
D., etal. (2010). Tanezumab for the treatment of pain from osteoarthritis of the knee. N.
Engl. ]. Med. 363, 1521-1531. doi:10.1056/NEJM0a0901510

Latourte, A., Cherifi, C., Maillet, J., Ea, H. K., Bouaziz, W., Funck-Brentano, T, et al.
(2017). Systemic inhibition of IL-6/Stat3 signalling protects against experimental
osteoarthritis. Ann. Rheum. Dis. 76, 748-755. doi:10.1136/annrheumdis-2016-209757

Lee, B., Parvizi, J., Bramlet, D., Romness, D. W., Guermazi, A., Noh, M., et al. (2020).
Results of a phase II study to determine the efficacy and safety of genetically engineered
allogeneic human chondrocytes expressing TGF-B1. J. Knee Surg. 33, 167-172. doi:10.
1055/s-0038-1676803

Li, C, Wu, Z,, Yuan, G, Fang, Z,, Lin, X,, Pu, R, et al. (2019). Vx-11e protects against
titanium-particle-induced osteolysis and osteoclastogenesis by supressing ERK activity.
Biochem. Biophys. Res. Commun. 514, 1244-1250. doi:10.1016/j.bbrc.2019.05.054

Li, G, Yin, J., Gao, J., Cheng, T. S., Pavlos, N. J., Zhang, C,, et al. (2013). Subchondral
bone in osteoarthritis: Insight into risk factors and microstructural changes. Arthritis
Res. Ther. 15, 223. doi:10.1186/ar4405

Li, Y., Mu, W., Xu, B,, Ren, J., Wahafu, T., Wuermanbieke, S., et al. (2019). Artesunate,
an anti-malaria agent, attenuates experimental osteoarthritis by inhibiting bone
resorption and CD31(hi)Emen(hi) vessel formation in subchondral bone. Front.
Pharmacol. 10, 685. doi:10.3389/fphar.2019.00685

Lietman, C., Wu, B,, Lechner, S., Shinar, A., Sehgal, M., Rossomacha, E., et al. (2018).
Inhibition of Wnt/p-catenin signaling ameliorates osteoarthritis in a murine model of
experimental osteoarthritis. JCI Insight 3, €96308. doi:10.1172/jci.insight.96308

Lin, C,, Shao, Y., Zeng, C., Zhao, C., Fang, H., Wang, L., et al. (2018). Blocking PI3K/
AKT signaling inhibits bone sclerosis in subchondral bone and attenuates post-
traumatic osteoarthritis. J. Cell. Physiol. 233, 6135-6147. doi:10.1002/jcp.26460

Liou, J. T., Huang, H. S., Chiang, M. L,, Lin, C. S., Yang, S. P, Ho, L. ], et al. (2014). A
salicylate-based small molecule HS-Cm exhibits immunomodulatory effects and
inhibits dipeptidyl peptidase-IV activity in human T cells. Eur. J. Pharmacol. 726,
124-132. doi:10.1016/j.¢jphar.2014.01.049

Liu, F. C,, Huang, H. S., Huang, C. Y., Yang, R,, Chang, D. M., Lai, J. H,, et al. (2011). A
benzamide-linked small molecule HS-Cf inhibits TNF-alpha-induced interferon
regulatory factor-1 in porcine chondrocytes: A potential disease-modifying drug for

Frontiers in Physiology

13

10.3389/fphys.2023.1156913

osteoarthritis therapeutics. J. Clin. Immunol. 31, 1131-1142. doi:10.1007/s10875-011-
9576-9

Liu, Y., Zhang, Z,, Li, T, Xu, H., and Zhang, H. (2022). Senescence in osteoarthritis:
From mechanism to potential treatment. Arthritis Res. Ther. 24, 174. doi:10.1186/
$13075-022-02859-x

Lohmander, L. S., Hellot, S., Dreher, D., Krantz, E. F., Kruger, D. S., Guermazi, A.,
et al. (2014). Intraarticular sprifermin (recombinant human fibroblast growth factor 18)
in knee osteoarthritis: A randomized, double-blind, placebo-controlled trial. Arthritis
Rheumatol. 66, 1820-1831. doi:10.1002/art.38614

Ma, L., Zhao, X,, Liu, Y., Wu, J., Yang, X,, and Jin, Q. (2021). Dihydroartemisinin
attenuates osteoarthritis by inhibiting abnormal bone remodeling and angiogenesis in
subchondral bone. Int. J. Mol. Med. 47, 04855. doi:10.3892/ijmm.2021.4855

Ma, Y., Wang, L., Zheng, S., Xu, J,, Pan, Y., Tu, P, et al. (2019). Osthole inhibits
osteoclasts formation and bone resorption by regulating NF-kB signaling and
NFATcl activations stimulated by RANKL. J. Cell. Biochem. 120, 16052-16061.
doi:10.1002/jcb.28886

Manitpisitkul, P., Flores, C. M., Moyer, J. A., Romano, G., Shalayda, K., Tatikola,
K., et al. (2018). A multiple-dose double-blind randomized study to evaluate the
safety, pharmacokinetics, pharmacodynamics and analgesic efficacy of the
TRPV1 antagonist JNJ-39439335 (mavatrep). Scand. J. Pain 18, 151-164.
doi:10.1515/sjpain-2017-0184

Mead, T. J., and Apte, S. S. (2018). ADAMTS proteins in human disorders. Matrix
Biol. 71-72, 225-239. doi:10.1016/j.matbio.2018.06.002

Milgram, J. W. (1983). Morphologic alterations of the subchondrall bone in advanced
degenerative arthritis. Clin. Orthop. Rel. Res. 173, 293-312. doi:10.1097/00003086-
198303000-00039

Miyamoto, K., Ohkawara, B., Ito, M., Masuda, A., Hirakawa, A., Sakai, T, et al. (2017).
Fluoxetine ameliorates cartilage degradation in osteoarthritis by inhibiting Wnt/p-
catenin signaling. PLoS One 12, e0184388. doi:10.1371/journal.pone.0184388

Monje, P., Herndndez-Losa, J., Lyons, R. J., Castellone, M. D., and Gutkind, J. S.
(2005). Regulation of the transcriptional activity of c-fos by ERK: A novel role for
the prolyl isomerase PIN1. J. Biol. Chem. 280, 35081-35084. doi:10.1074/jbc.
C500353200

Mulek, M., Seefried, L., Genest, F., and Hogger, P. (2017). Distribution of constituents
and metabolites of maritime pine bark extract (Pycnogenol”) into serum, blood cells,
and synovial fluid of patients with severe osteoarthritis: A randomized controlled trial.
Nutrients 9, 443. doi:10.3390/nu9050443

Murahashi, Y., Yano, F., Kobayashi, H., Makii, Y., Iba, K., Yamashita, T., et al. (2018).
Intra-articular administration of IkBa kinase inhibitor suppresses mouse knee
osteoarthritis via downregulation of the NF-kB/HIF-2a axis. Sci. Rep. 8, 16475.
doi:10.1038/s41598-018-34830-9

Naito, S., Takahashi, T., Onoda, J., Yamauchi, A., Kawai, T., Kishino, J., et al.
(2012). Development of a neutralizing antibody specific for the active form of
matrix metalloproteinase-13. Biochemistry 51, 8877-8884. doi:10.1021/
bi301228d

Omar, H. A,, Mohamed, W. R., Arab, H. H., and Arafa, E. (2016). Tangeretin
alleviates cisplatin-induced acute hepatic injury in rats: Targeting MAPKs and
apoptosis. PLoS One 11, €0151649. doi:10.1371/journal.pone.0151649

Ouyang, Z., Zhai, Z., Li, H., Liu, X,, Qu, X,, Li, X,, et al. (2014). Hypericin
suppresses osteoclast formation and wear particle-induced osteolysis via
modulating ERK signalling pathway. Biochem. Pharmacol. 90, 276-287. doi:10.
1016/j.bcp.2014.06.009

Pang, C., Wen, L., Qin, H., Zhu, B, Lu, X,, and Luo, S. (2020). Sotrastaurin, a PKC
inhibitor, attenuates RANKL-induced bone resorption and attenuates osteochondral
pathologies associated with the development of OA. J. Cell. Mol. Med. 24, 8452-8465.
doi:10.1111/jcmm.15404

Park, J. H, Lee, N. K,, and Lee, S. Y. (2017). Current understanding of RANK
signaling in osteoclast differentiation and maturation. Mol. Cells 40, 706-713. doi:10.
14348/molcells.2017.0225

Park, S. H., Kim, S. K., Shin, I. H., Kim, H. G., and Choe, J. Y. (2009). Effects of
AIF on knee osteoarthritis patients: Double-blind, randomized placebo-
controlled study. KOREAN J. PHYSIOL. Pharmacol. 13, 33-37. doi:10.4196/
kjpp.2009.13.1.33

Pfeithofer, C., Gruber, T., Letschka, T., Thuille, N., Lutz-Nicoladoni, C., Hermann-
Kleiter, N., et al. (2006). Defective IgG2a/2b class switching in PKC alpha-/- mice.
J. Immunol. 176, 6004-6011. doi:10.4049/jimmunol.176.10.6004

Reginster, J. Y., Badurski, J., Bellamy, N., Bensen, W., Chapurlat, R., Chevalier, X.,
et al. (2013). Efficacy and safety of strontium ranelate in the treatment of knee
osteoarthritis: Results of a double-blind, randomised placebo-controlled trial. Ann.
Rheum. Dis. 72, 179-186. doi:10.1136/annrheumdis-2012-202231

Rohdewald, P. J. (2018). Review on sustained relief of osteoarthritis symptoms with a
proprietary extract from pine bark, pycnogenol. . Med. Food 21, 1-4. doi:10.1089/jmf.
2017.0015

Rowan, A. D,, Litherland, G.J., Hui, W., and Milner, J. M. (2008). Metalloproteases as
potential therapeutic targets in arthritis treatment. Expert Opin. Ther. Targets 12, 1-18.
doi:10.1517/14728222.12.1.1

frontiersin.org


https://doi.org/10.1080/07315724.2021.2014370
https://doi.org/10.1080/07315724.2021.2014370
https://doi.org/10.1136/annrheumdis-2015-208444
https://doi.org/10.1371/journal.pone.0070815
https://doi.org/10.1371/journal.pone.0070815
https://doi.org/10.4068/cmj.2016.52.1.12
https://doi.org/10.1136/annrheumdis-2018-213202
https://doi.org/10.1016/j.joca.2015.06.001
https://doi.org/10.1016/j.joca.2011.12.009
https://doi.org/10.1080/03009742.2019.1657493
https://doi.org/10.1080/03009742.2019.1657493
https://doi.org/10.1016/j.joca.2019.05.028
https://doi.org/10.1186/ar2315
https://doi.org/10.1016/j.jcot.2019.05.019
https://doi.org/10.1136/annrheumdis-2013-203561
https://doi.org/10.1056/NEJMoa0901510
https://doi.org/10.1136/annrheumdis-2016-209757
https://doi.org/10.1055/s-0038-1676803
https://doi.org/10.1055/s-0038-1676803
https://doi.org/10.1016/j.bbrc.2019.05.054
https://doi.org/10.1186/ar4405
https://doi.org/10.3389/fphar.2019.00685
https://doi.org/10.1172/jci.insight.96308
https://doi.org/10.1002/jcp.26460
https://doi.org/10.1016/j.ejphar.2014.01.049
https://doi.org/10.1007/s10875-011-9576-9
https://doi.org/10.1007/s10875-011-9576-9
https://doi.org/10.1186/s13075-022-02859-x
https://doi.org/10.1186/s13075-022-02859-x
https://doi.org/10.1002/art.38614
https://doi.org/10.3892/ijmm.2021.4855
https://doi.org/10.1002/jcb.28886
https://doi.org/10.1515/sjpain-2017-0184
https://doi.org/10.1016/j.matbio.2018.06.002
https://doi.org/10.1097/00003086-198303000-00039
https://doi.org/10.1097/00003086-198303000-00039
https://doi.org/10.1371/journal.pone.0184388
https://doi.org/10.1074/jbc.C500353200
https://doi.org/10.1074/jbc.C500353200
https://doi.org/10.3390/nu9050443
https://doi.org/10.1038/s41598-018-34830-9
https://doi.org/10.1021/bi301228d
https://doi.org/10.1021/bi301228d
https://doi.org/10.1371/journal.pone.0151649
https://doi.org/10.1016/j.bcp.2014.06.009
https://doi.org/10.1016/j.bcp.2014.06.009
https://doi.org/10.1111/jcmm.15404
https://doi.org/10.14348/molcells.2017.0225
https://doi.org/10.14348/molcells.2017.0225
https://doi.org/10.4196/kjpp.2009.13.1.33
https://doi.org/10.4196/kjpp.2009.13.1.33
https://doi.org/10.4049/jimmunol.176.10.6004
https://doi.org/10.1136/annrheumdis-2012-202231
https://doi.org/10.1089/jmf.2017.0015
https://doi.org/10.1089/jmf.2017.0015
https://doi.org/10.1517/14728222.12.1.1
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1156913

Liu et al.

Ruiz-Heiland, G., Horn, A., Zerr, P., Hofstetter, W., Baum, W., Stock, M., et al.
(2012a). Blockade of the hedgehog pathway inhibits osteophyte formation in arthritis.
Ann. Rheum. Dis. 71, 400-407. doi:10.1136/ard.2010.148262

Ruiz-Heiland, G., Horn, A., Zerr, P., Hofstetter, W., Baum, W., Stock, M., et al.
(2012b). Blockade of the hedgehog pathway inhibits osteophyte formation in arthritis.
Ann. Rheum. Dis. 71, 400-407. doi:10.1136/ard.2010.148262

Ruiz-Romero, C., and Blanco, F. J. (2009). The role of proteomics in osteoarthritis
pathogenesis ~ research. ~Curr. Drug Targets 10, 543-556. doi:10.2174/
138945009788488404

Ruminski, P. G., Massa, M., Strohbach, J., Hanau, C. E., Schmidt, M., Scholten, J. A.,
et al. (2016a). Discovery of N-(4-Fluoro-3-methoxybenzyl)-6-(2-(((2S,5R)-5-
(hydroxymethyl)-1,4-dioxan-2-yl)methyl)-2H-tetrazol-5-yl)-2-methylpyrimidine-4-
carboxamide. A highly selective and orally bioavailable matrix metalloproteinase-13
inhibitor for the potential treatment of osteoarthritis. J. Med. Chem. 59, 313-327. doi:10.
1021/acs.jmedchem.5b01434

Salem, O., Wang, H. T., Alaseem, A. M., Ciobanu, O., Hadjab, L, Gawri, R, et al.
(2014). Naproxen affects osteogenesis of human mesenchymal stem cells via regulation
of Indian hedgehog signaling molecules. Arthritis Res. Ther. 16, R152. doi:10.1186/
ar4614

Sampson, E. R, Hilton, M. ], Tian, Y., Chen, D., Schwarz, E. M., Mooney, R. A., et al.
(2011). Teriparatide as a chondroregenerative therapy for injury-induced osteoarthritis.
Sci. Transl. Med. 3, 101ra93-193r. doi:10.1126/scitranslmed.3002214

Settle, S., Vickery, L., Nemirovskiy, O., Vidmar, T., Bendele, A., Messing, D., et al.
(2010). Cartilage degradation biomarkers predict efficacy of a novel, highly selective
matrix metalloproteinase 13 inhibitor in a dog model of osteoarthritis: Confirmation by
multivariate analysis that modulation of type II collagen and aggrecan degradation
peptides parallels pathologic changes. Arthritis Rheum. 62, 3006-3015. doi:10.1002/art.
27596

Skvara, H., Dawid, M., Kleyn, E., Wolff, B., Meingassner, J. G., Knight, H., et al.
(2008). The PKC inhibitor AEB071 may be a therapeutic option for psoriasis. J. Clin.
Investig. 118, 3151-3159. doi:10.1172/JCI35636

Song, H., and Park, K. (2020). Regulation and function of SOX9 during cartilage
development and regeneration. Semin. Cancer Biol. 67, 12-23. doi:10.1016/j.semcancer.
2020.04.008

Stanton, H., Rogerson, F. M, East, C.J., Golub, S. B., Lawlor, K. E., Meeker, C. T., et al.
(2005). ADAMTSS is the major aggrecanase in mouse cartilage in vivo and in vitro.
Nature 434, 648-652. doi:10.1038/nature03417

Sun, H. Y., Hu, K. Z,, and Yin, Z. S. (2017). Inhibition of the p38-MAPK signaling
pathway suppresses the apoptosis and expression of proinflammatory cytokines in
human osteoarthritis chondrocytes. Cytokine 90, 135-143. doi:10.1016/j.cyto.2016.
11.002

Sun, X., Zhen, X., Hu, X,, Li, Y., Gu, S., Gu, Y., et al. (2019). Osteoarthritis in the
middle-aged and elderly in China: Prevalence and influencing factors. Int. J. Environ.
Res. Public Health 16, 4701. doi:10.3390/ijerph16234701

Thambyah, A., and Broom, N. (2009). On new bone formation in the pre-
osteoarthritic joint. Osteoarthr. Cartil. 17, 456-463. doi:10.1016/j.joca.2008.09.005

Tu, Y. (1999). The development of new antimalarial drugs: Qinghaosu and dihydro-
qinghaosu. Chin. Med. J. 112, 976-977.

van der Aar, E., Deckx, H., Dupont, S., Fieuw, A., Delage, S., Larsson, S., et al.
(2022). Safety, pharmacokinetics, and pharmacodynamics of the ADAMTS-5
inhibitor GLPG1972/S201086 in healthy volunteers and participants with
osteoarthritis of the knee or hip. Clin. Pharmacol. Drug Dev. 11, 112-122.
do0i:10.1002/cpdd.1042

Wan, Y., Li, W,, Liao, Z., Yan, M., Chen, X, and Tang, Z. (2020). Selective MMP-13
inhibitors: Promising agents for the therapy of osteoarthritis. Curr. Med. Chem. 27,
3753-3769. doi:10.2174/0929867326666181217153118

Wang, J., Zeng, J., Liu, Z., Zhou, Q., Wang, X,, Zhao, F., et al. (2022). Promising
strategies for transdermal delivery of arthritis drugs: Microneedle systems.
Pharmaceutics 14, 1736. doi:10.3390/pharmaceutics14081736

Wang, Q., Mol, M. F., Bos, P. K, Dorleijn, D., Vis, M., Gussekloo, ., et al. (2022).
Effect of intramuscular vs intra-articular glucocorticoid injection on pain among adults

Frontiers in Physiology

14

10.3389/fphys.2023.1156913

with knee osteoarthritis: The KIS randomized clinical trial. JAMA Netw. Open 5,
€224852. doi:10.1001/jamanetworkopen.2022.4852

Wang, T., and He, C. (2018). Pro-inflammatory cytokines: The link between obesity
and osteoarthritis. Cytokine Growth Factor Rev. 44, 38-50. doi:10.1016/j.cytogfr.2018.
10.002

Wang, Z., Huang, J., Zhou, S., Luo, F., Xu, W., Wang, Q., et al. (2017).
Anemonin attenuates osteoarthritis progression through inhibiting the
activation of IL-1B/NF-kB pathway. J. Cell. Mol. Med. 21, 3231-3243. doi:10.
1111/jcmm.13227

Watt, F. E., Blauwet, M. B, Fakhoury, A., Jacobs, H., Smulders, R., and Lane, N. E.
(2019). Tropomyosin-related kinase A (TrkA) inhibition for the treatment of painful
knee osteoarthritis: Results from a randomized controlled phase 2a trial. Osteoarthr.
Cartil. 27, 1590-1598. doi:10.1016/j.joca.2019.05.029

Wei, F., Zhou, J., Wei, X, Zhang, J., Fleming, B. C,, Terek, R,, et al. (2012). Activation
of Indian hedgehog promotes chondrocyte hypertrophy and upregulation of MMP-13
in human osteoarthritic cartilage. Osteoarthr. Cartil. 20, 755-763. doi:10.1016/j.joca.
2012.03.010

Wei, Y., and Bai, L. (2016). Recent advances in the understanding of molecular
mechanisms of cartilage degeneration, synovitis and subchondral bone changes in
osteoarthritis. Connect. Tissue Res. 57, 245-261. doi:10.1080/03008207.2016.
1177036

Yazici, Y., McAlindon, T. E., Fleischmann, R., Gibofsky, A., Lane, N. E., Kivitz, A. J.,
etal. (2017). A novel Wnt pathway inhibitor, SM04690, for the treatment of moderate to
severe osteoarthritis of the knee: Results of a 24-week, randomized, controlled, phase
1 study. Osteoarthr. Cartil. 25, 1598-1606. doi:10.1016/j.joca.2017.07.006

Yazici, Y., McAlindon, T. E., Gibofsky, A., Lane, N. E., Clauw, D., Jones, M., et al.
(2020). Lorecivivint, a novel intraarticular CDC-like kinase 2 and dual-specificity
tyrosine phosphorylation-regulated kinase 1A inhibitor and Wnt pathway
modulator for the treatment of knee osteoarthritis: A phase II randomized trial.
Arthritis Rheumatol. 72, 1694-1706. doi:10.1002/art.41315

Ying, X,, Peng, L., Chen, H., Shen, Y., Yu, K,, and Cheng, S. (2014). Cordycepin
prevented IL-beta-induced expression of inflammatory mediators in human
osteoarthritis chondrocytes. Int. Orthop. 38, 1519-1526. doi:10.1007/s00264-013-
2219-4

Yu, H,, Liu, Y, Yang, X, He, J., Zhang, F., Zhong, Q., et al. (2021). Strontium ranelate
promotes chondrogenesis through inhibition of the Wnt/p-catenin pathway. Stem Cell.
Res. Ther. 12, 296. doi:10.1186/s13287-021-02372-z

Zeng, N., Chen, X. Y., Yan, Z. P,, Li, J. T,, Liao, T., and Ni, G. X. (2021). Efficacy and
safety of sprifermin injection for knee osteoarthritis treatment: A meta-analysis.
Arthritis Res. Ther. 23, 107. doi:10.1186/s13075-021-02488-w

Zhang, J., Liu, Z, Li, Y., You, Q,, Yang, ], Jin, Y., et al. (2020). FGF2: A key regulator
augmenting tendon-to-bone healing and cartilage repair. Regen. Med. 15, 2129-2142.
do0i:10.2217/rme-2019-0080

Zhen, G., Wen, C,, Jia, X,, Li, Y., Crane, J. L., Mears, S. C., et al. (2013). Inhibition of
TGF-beta signaling in mesenchymal stem cells of subchondral bone attenuates
osteoarthritis. Nat. Med. 19, 704-712. doi:10.1038/nm.3143

Zheng, X., Qiu, J., Pan, W., Gong, Y., Zhang, W, Jiang, T., et al. (2022). Selumetinib - a
potential small molecule inhibitor for osteoarthritis treatment. Front. Pharmacol. 13,
938133. doi:10.3389/fphar.2022.938133

Zhu, M., Shan, J., Xu, H,, Xia, G., Xu, Q., Quan, K, et al. (2021). Glaucocalyxin A
suppresses osteoclastogenesis induced by RANKL and osteoporosis induced by
ovariectomy by inhibiting the NF-xB and Akt pathways. J. Ethnopharmacol. 276,
114176. doi:10.1016/j.jep.2021.114176

Zhu, M., Xu, Q., Yang, X., Zhan, H., Zhang, B., Liu, X,, et al. (2021).
Vindoline attenuates osteoarthritis progression through suppressing
the NF-xB and ERK pathways in both chondrocytes and
subchondral osteoclasts. Front. Pharmacol. 12, 764598. doi:10.3389/fphar.
2021.764598

Zhu, S., Zhu, J., Zhen, G., Hu, Y., An, S,, Li, Y., et al. (2019). Subchondral bone
osteoclasts induce sensory innervation and osteoarthritis pain. J. Clin. Investig. 129,
1076-1093. doi:10.1172/JCI121561

frontiersin.org


https://doi.org/10.1136/ard.2010.148262
https://doi.org/10.1136/ard.2010.148262
https://doi.org/10.2174/138945009788488404
https://doi.org/10.2174/138945009788488404
https://doi.org/10.1021/acs.jmedchem.5b01434
https://doi.org/10.1021/acs.jmedchem.5b01434
https://doi.org/10.1186/ar4614
https://doi.org/10.1186/ar4614
https://doi.org/10.1126/scitranslmed.3002214
https://doi.org/10.1002/art.27596
https://doi.org/10.1002/art.27596
https://doi.org/10.1172/JCI35636
https://doi.org/10.1016/j.semcancer.2020.04.008
https://doi.org/10.1016/j.semcancer.2020.04.008
https://doi.org/10.1038/nature03417
https://doi.org/10.1016/j.cyto.2016.11.002
https://doi.org/10.1016/j.cyto.2016.11.002
https://doi.org/10.3390/ijerph16234701
https://doi.org/10.1016/j.joca.2008.09.005
https://doi.org/10.1002/cpdd.1042
https://doi.org/10.2174/0929867326666181217153118
https://doi.org/10.3390/pharmaceutics14081736
https://doi.org/10.1001/jamanetworkopen.2022.4852
https://doi.org/10.1016/j.cytogfr.2018.10.002
https://doi.org/10.1016/j.cytogfr.2018.10.002
https://doi.org/10.1111/jcmm.13227
https://doi.org/10.1111/jcmm.13227
https://doi.org/10.1016/j.joca.2019.05.029
https://doi.org/10.1016/j.joca.2012.03.010
https://doi.org/10.1016/j.joca.2012.03.010
https://doi.org/10.1080/03008207.2016.1177036
https://doi.org/10.1080/03008207.2016.1177036
https://doi.org/10.1016/j.joca.2017.07.006
https://doi.org/10.1002/art.41315
https://doi.org/10.1007/s00264-013-2219-4
https://doi.org/10.1007/s00264-013-2219-4
https://doi.org/10.1186/s13287-021-02372-z
https://doi.org/10.1186/s13075-021-02488-w
https://doi.org/10.2217/rme-2019-0080
https://doi.org/10.1038/nm.3143
https://doi.org/10.3389/fphar.2022.938133
https://doi.org/10.1016/j.jep.2021.114176
https://doi.org/10.3389/fphar.2021.764598
https://doi.org/10.3389/fphar.2021.764598
https://doi.org/10.1172/JCI121561
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1156913

	Small molecule inhibitors of osteoarthritis: Current development and future perspective
	1 Introduction
	1.1 Small molecule inhibitors for articular cartilage

	2 Matrix metalloproteinases inhibitors
	2.1 Matrix metalloproteinase (MMP) 13
	2.2 Platelet reactive protein integrin metallopeptidase (ADAMTS)-5

	3 Growth factor inhibitors
	3.1 Fibroblast growth factor (FGF)
	3.2 Transforming growth factor (TGF)-β
	3.3 Bone morphogenetic protein (BMP-7)

	4 Wnt/β-Catenin inhibitors
	5 Cathepsin K inhibitors
	5.1 Small molecule inhibitor for inhibiting osteogenesis
	5.2 Hedgehog (HH) signal pathway inhibitors
	5.3 Parathyroid hormone/parathyroid hormone-related protein
	5.4 RANKL-mediated signal pathway active compounds
	5.5 Small molecule inhibitor for controlling inflammation

	6 Cytokines and small molecule inhibitors
	7 NF-κb inhibitors
	8 P38 MAPK pathway inhibitors
	8.1 Small molecule inhibitors for pain relief

	9 Nerve growth factor (NGF) inhibitors
	10 Serotonin norepinephrine reuptake inhibitors
	11 Conclusions and future prospects
	Author contributions
	Conflict of interest
	Publisher’s note
	References


