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Editorial on the Research Topic

Year 2020: New Trends in Pharmacological Treatments for Osteoarthritis

INTRODUCTION

Osteoarthritis (OA) is the most common rheumatic condition over the world and its prevalence is
rising due to the increasing obesity and life span of the general population. It is estimated that the
number of people affected by this condition will increase by approximately 50% over the next
20 years (Hunter and Bierma-Zeinstra, 2019; Long et al., 2022).

OA has a remarkable impact on functional ability and quality of life and it is one of the major causes of
disability; the Global Burden of Diseases Study 2019 estimates that years lived with disability (YLD) due to
OA increased of 114.5% from 1990 to 2019 (GBD 2019 Diseases and Injuries Collaborators, 2020).
Unfortunately, its etiology is only partly understood and multiple factors ranging from aging to
biomechanical stimuli contribute to the development and progression of the disease (Ren et al., 2020).

Growing evidence shows that OA is a complex condition, in which the whole joint is involved;
degradation of articular cartilage, subchondral sclerosis, and hyperplasia of synovial tissue are hallmarks of
OA (Goldring and Goldring, 2016). Destructive processes of articular cartilage play a pivotal role in the
development and progression of the disease resulting from an imbalance between catabolic and anabolic
events (Goldring and Goldring, 2016). However, the exact mechanism that drives OA is still poor
understood, even if, it is assumed that different mediators contribute to the pathogenesis of the disorder
(Cheleschi et al,, 2018; Zheng et al., 2021); this circumstance poses a challenge for its management. In fact,
current pharmacological treatments are mostly related to the relief of the symptoms, whereas disease-
modifying OA drugs (DMOADs) (aimed at reducing symptoms in addition to slowing or stopping the
disease progression) are not actually available (Latourte et al., 2020). The discovery of the crucial pathways
characterizing OA could offer new opportunities to identify compounds potentially able to reduce or stop
the disease progression (Latourte et al., 2020). The purpose of this Research Topic was to provide an
overview of emerging preclinical (in vivo, animal models, and in vitro) and clinical studies testing different
approaches for the treatment of OA.

OVERVIEW OF THE RESEARCH TOPIC

The present special collection includes ten Original Articles, five narrative Reviews and one
Systematic Review providing new insights on current and future therapeutic options for OA.
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A large contribution has been provided on pre-clinical
researches. In a study on human OA chondrocytes, Sanchez
investigated the effects of Zeel T (Zel4), a
multicomponent medicinal product composed of plant and
organ extracts, known for its symptomatic effects in
observational clinical studies. The authors showed that Zel4
significantly  inhibited cartilage degradation, reducing
metalloproteinases expression, and promoted chondrogenesis
(Sanchez et al.).

Along the same line, Back et al. observed the protective effects
of 3'-Sialyllactose, a compound derived of human milk, against
the oxidative stress and inflammation processes induced by IL-1p,
in SW1353 chondrocytic cells.

Selonsertib (Ser), an inhibitor of Apoptosis Signal-regulated
kinase-1 (ASK1), has been studied both in in vitro and in in vivo
models by Yan et al. The results of the study showed that Ser
markedly prevented the IL-1p-induced inflammatory reaction,
cartilage degradation and cell apoptosis in rat chondrocytes;
besides, intra-articular (i.a.) injection of Ser, in rat OA model,
significantly alleviated the progression of the disease (Yan et al.).

Furthermore, the pharmacological activity of seven
commercially  available mixtures of avocado/soybean
unsaponifiables (ASUs) were studied by Lambert et al. on
human OA chondrocytes cultured in alginate beads. The
authors demonstrated the inhibitory effect of the mixture of
PIASCLEDINE—EprSU® on pro-inflammatory and pro-
catabolic factors.

Ma et al. observed that vanillic acid, a monomer derived from
chinese herbal medicines, was able to target NLRP3
inflammasome reducing synovitis in a rat model of knee OA.

The unique contribution as systematic review and meta-
analysis has been provided by Sumsuzzman et al, analyzing
the available experimental data on animal models on the use
of melatonin for the treatment of OA. The authors placing
particular emphasis on the effects of exogenous melatonin in
preventing OA pathogenesis through the regulation of circadian
rhythms and anabolic/anticatabolic balance.

Furthermore, the review by Zhang et al. gives new information
about the role of icariin in knee OA. Icariin is a flavonoid
compound from the traditional Chinese medicine and it is
known for its clinical efficacy in the treatment of bone and
joint diseases. This review article confirms the potential role of
icariin in alleviating knee OA, through the inhibition of
inflammation, cartilage breakdown and extracellular matrix
degradation.

One narrative review focused on recent developments of
agents for the treatment of OA, providing a general overview
on potential DMOADs, as lorecivivint, MIV-711 and
spirifermin, and new therapeutic option for pain relief.
Indeed, the most recent clinical trials and preclinical
studies investigated a variety of possible therapeutics
targeting of different underlying mechanisms, as
inflammation, cellular senescence, cartilage metabolism,
subchondral bone remodeling and peripheral nociceptive
pathways. However, long-term randomized clinical trials
are needed to confirm the safety and the efficacy of these
novel pharmacological agents for OA (Cai et al.).

et al
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Another narrative review discussed the current evidence on
the efficacy and safety of the i.a. therapy for thumb-base OA
(TBOA). The authors presented literature data about ia.
corticosteroids, which remained a mainstay of therapy, ia.
hyaluronic acid and emerging i.a. agents, as platelet-rich
plasma (PRP) or mesenchymal-derived stem cell populations.
Despite, the i.a. therapy represents an attractive strategy for the
local treatment of TBOA, within the multidisciplinary approach
for the management of hand OA, the current evidence remains
equivocal, mainly due to the heterogeneity among the conducted
studies (Tenti et al.).

A mini review dealt with the articular and extra-articular
effects of glucosamine sulfate in the treatment of OA. In
particular, it was discussed the efficacy of glucosamine sulfate
on OA pain and its potential structure-modifying effect in
patients with knee OA. Furthermore, the authors focused on
the protective role of glucosamine sulfate on the cardiovascular
mortality, probably due to the modulation of the
O-GlcNAcylation pathway (Conrozier and Lohse).

An opinion article by Scanu et al. provided a brief overview on
the immunological events associated to OA and on the current
and future therapeutics for OA. In addition, the authors described
the role of balneotherapy in OA prevention and treatment with a
particular highlight on the immunomodulatory properties of
mineral waters.

Finally, Negrini et al. presented the case of two patients (one
85-year-old patient with severe functional impairment and one
active 59-year-old patient) with knee OA treated with PRP
injections, coupled with a post-treatment home-based
rehabilitation program, consisting in a series of exercise to be
performed at home, during the 5 days following PRP for two
consecutive weeks. This therapeutic approach resulted safe and
well tolerated and led to a significant improvement of pain and
function, especially in the older patient. The authors concluded
stating that the obtained results motivated them to plan further
studies based on the same program, with the implementation of
telemedicine and biomechanical evaluation to enhance
compliance, efficacy, and outcomes.

The search for the pathological processes of bone formation
and remodeling, and its implication in the pathogenesis of
osteoporosis was performed in three original articles. Among
them, Zhang et al. explored the role of Juglanin, a natural
compound derived from the crude Polygonum aviculare, in
RAW 246.7 macrophage cell line and in ovariectomized mice.
The authors showed that Juglanin suppressed osteoclastogenesis
inhibiting the expression of receptor activator of nuclear factor-
kB ligand (RANKL) and NF-«B signaling pathway (Zhang et al.).

In a similar manner, other authors (Sun et al.,, 2021) reported
that total flavonoids of rhizoma drynariae promotes
mineralization of bone graft and differentiation of osteoblasts
in a dose-dependent manner in osteoblasts cultures and in
Sprague-Dawley rats, partly related to the activation of Wnt/p-
catenin signaling pathway.

The role of the insulicolide A, a natural nitrobenzoyl
sesquiterpenoid derived from marine fungus, on RANKL
stimulated osteoclastogenesis in vitro and on LPS induced
osteolysis on mice model in vivo was investigated by Tan et al.

Frontiers in Pharmacology | www.frontiersin.org

May 2022 | Volume 13 | Article 892934


https://www.frontiersin.org/articles/10.3389/fphar.2021.635034/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.635034/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.635034/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.609817/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.687033/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.687033/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.781389/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.599022/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.714974/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.811808/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.645842/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.637904/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.820971/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.681871/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.718060/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.596230/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.596230/full
https://www.frontiersin.org/article/675470
https://www.frontiersin.org/articles/10.3389/fphar.2021.753240/full
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Fioravanti et al.

The obtained results showed the inhibition of osteoclastogenesis
and indicates that insulicolide A may have potential for the
treatment of osteoclast related diseases such as osteoporosis or
bone metastasis.

SUMMARY

Through this Research Topic efforts have been made in order to
better understand the underlying pathophysiological mechanisms of
OA and to investigate the potential effectiveness of a variety of natural
and pharmacological agents. Furthermore, this special provides an
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update about some OA pathogenetic processes, as “anabolic and
catabolic imbalance” and discusses the current evidence in the
treatment of the disease, with a particular focus on ia. therapy
and glucosamine. This Research Topic demonstrates the growing
interest in pre-clinical and clinical research in the field of OA, despite
unmet needs remain in therapeutic area.
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Bone metabolism is a physiological process that involves both osteoblasts and osteoclasts.
Pathological changes of osteoclasts are commonly seen in osteoporosis diseases. Juglaninis a
natural compound, reported to have an inhibitory effect on inflamsmation, oxidative stress and
cancer progression. The purpose of this study is to explore the role that Juglanin plays on the
osteoclast functions and underlying signaling pathways. In vitro study demonstrated that
Juglanin had negative influence on osteoclastic differentiation by suppressing the transcription
activity of osteoclastogenesis-related genes and proteins. To determine the underlying
mechanism, Western blot was employed to show that Juglanin could significantly have
negative effect on the phosphorylation of P50, P65, I-xB, ultimately suppressing the
expression and transcriptional activity of nuclear factor of activated T cells (NFATc1). In vivo
Juglanin treatment attenuate bone reducing in mice with removed ovary through suppressing
osteoclast functioning. Taken together, our study demonstrated that in the molecular
mechanism, JUG inhibited the expression of receptor activator of nuclear factor-x B ligand
(RANKL) induced NF - x B signaling pathway, thus may play a vital part in preventing
postmenopausal osteoporosis.

Keywords: juglanin, osteoclastogenesis, NF-kB pathways, ovariectomized-mice, RANKL

INTRODUCTION

Osteoporosis is the disease with high incidence rate which is manifested by bone loss and bone
microstructure reducing, resulting in impaired rigidity as well as increased risk of fracture (Ensrud
and Crandall, 2017; Leutner et al., 2019). Postmenopausal osteoporosis (PMO) is a typical orthopedic
disease caused by excessive activation of osteoclasts (Ensrud and Crandall, 2019). Stepan et al. (Curr
Osteoporos Rep, 2019) reported that estrogen can play an anti-osteoporotic effect by promoting the
secretion of osteoprotegerin (OPG) in osteoblast and inhibit the formation of osteoclasts (Allison and
McNamara, 2019; Stepan et al, 2019). On the other side, it was also observed that the
osteoclastogeneis process was over-activated after menopause, thus leading to net bone loss and
increased risk of osteoporosis (Levin et al., 2018; Kanis et al., 2019).
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Osteoclast belongs to the monocyte-macrophage family and is
the key member in bone metabolism (Madel et al., 2019). Several
cytokines are responsible for osteoclastogenesis (Lorenzo, 2017).
RANK (NF-«kB receptor activator) and its ligand RANKL initiate
the signaling for osteoclast formation (Park et al., 2017; Choi
et al,, 2018; Funakubo et al., 2018; Ikebuchi et al., 2018), recruiting
TNF receptor related factors 6 which further stimulate the
phosphorylation of down-stream transcription factors
(Sambandam et al., 2016; Wu et al, 2016; van Dam et al,
2019). It has been shown that selective inhibition of NF-xB
and MAPK pathways can reduce osteoclast formation (Yao
et al.,, 2017; Kim et al., 2018).

Juglanin (JUG) is a natural compound derived from the crude
Polygonum aviculare. It has been reported the inhibitory effect on
inflammation, oxidative stress and cancer progression. According
to previous studies, juglanin prevents hepatitis through
inflammation  suppression by inactivating TLR4/NF-xB
signaling pathway (Chen et al, 2017; Sun et al, 2017; Hou
et al., 2018; Zhang and Xu, 2018; Chen et al, 2019). In
addition, JUG has been explored in the occurrence of human
breast cancer through apoptosis, by inducing reactive oxygen
species (ROS) production in cells (Sun et al., 2017). However, the
effect of JUG on osteoclastogenesis remains unknown. Therefore,
in our research, we studied the role JUG play in the process of
osteoclastogenesis, and the potential mechanism of JUG on
RANKL-treated osteoclasts. In addition, a mouse model of
bone loss was built by ovariectomy (OVX) to validate its
effectiveness in vivo.

MATERIAL AND METHODS

Reagents and Antibodies

The JUG with a purity of more than 98% was obtained from
Nancheng biochemistry (Shanghai, China) and dissolved in
DMSO as for storing with concentration of 1pmol/L and
stored at —20°C. Further dilution was carried out in culture
medium for cells and PBS medium for animals. Primary
antibodies against NFATcl (#8032, CST) and V-ATPase-d2
(#ABS1677, Sigma) were acquired from Zhongshantech
(Wuhan, China). Primary antibodies for P50 (#13586, CST),
P-P50 (#4806, CST), P65 (#4764S, CST), P-P65 (#3033, CST),
and IkB (9242, CST), P- IkB (#2859, CST) were delivered by Cell
Signaling biology (TA, United States). MMT kit was bought from
Tengyi Technology (Nantong, China).

Cell Culture, Cell Viability Assay and

Osteoclastogenesis Assay

As mentioned in previous studies (Sambandam et al., 2016; Wu
etal., 2016; van Dam et al., 2019), in order to extract bone marrow
mononuclear cells (BMM), C57BL/6 mice between 4 to 6 week-
old were executed and the lower limbs were dissected. 1 ml
syringe was used to wash the cells out of the bone cavity of
femoral and tibia. The cells were then co-cultured by 30 ng/ml
M-CSF (Macrophage Colony stimulating Factor) for 24 h. Removing
the non-adherent cells, the attached cells were kept until the cells

Juglanin inhibits Osteoclastogenesis

reached 80% of confluency. For cell viability determination, BMMs
were plated on 96-well plates with a concentration of 10,000 cells/
well. MTT assay was then performed to detect JUG cytotoxicity. After
a 24-h incubation, different concentrations of JUG (0, 10, 20, 40, 80,
160, 320, 640 umol/L) was then added and cultured with the cells for
72 h (Chen et al., 2018b; Maridas et al., 2018). In order to differentiate
osteoclasts, the cells were stimulated with 30 ng/mL M-CSF, 50 ng/ml
RANKL and different concentrations of JUG (0, 20, 40 or 80 pmol/L).
Changing the medium regularly until osteoclasts formed and
matured and fixing the cells with 4% paraformaldehyde for
20 min, then the staining process was conducted. The stained cells
with no less than 3 nuclei were scored.

F-Actin Ring Formation Assay

RAW 246.7 cells were stimulated with JUG of different doses for
5 days as well as 50 ng/ml RANKL. Then a 0.25 percent Triton X-100
was used to penetrate the cell membrane. The cells were blocked in
3% BSA. After blocking, the f-actin ring was labeled with Rhodamine
coupled phalloidin (Eugene, Oregon, USA), and the nucleus of
osteoclasts was labeled with DAPI (Chen et al., 2018a).

Determination of Absorption Pit

Bone resorption is the most important function of osteoclasts.
The test of osteoclast absorption function is the gold standard of
osteoclast examination. In this study, the absorption pit assay was
used to evaluate the bone resorption function. BMMs were plated
into 6-well plates at a density of 8 x 104 cells/well and cultured
with 30 ng/ml M-CSF for 3 days, then stimulated with 30 ng/ml
M-CSF and 50ng/ml RANKL for 5 days until osteoclast
formation. Osteoclasts were then implanted into 96-well
plates, each with bone slices. After co-culture with osteoclasts
for 48 h, hematoxylin staining was performed to detect the
absorption pit (Chen et al., 2018Db).

Immunofluorescence Staining
Immunofluorescence was used to evaluate the nuclear
translocation of p65. Briefly, BMMs were fixed with 4% PFA,
then, washing with Triton X-100 to facilitate staining, followed by
incubated with anti-p65 antibody, goat anti-mouse IgG antibody,
the result was observed by microscope.

Real-Time PCR

Real-time quantitative polymerase chain reaction (QRT-PCR) is
used to quantify the mRNA expression of osteoclastogenesis
related genes. Using TRIzol reagent, the total RNA of RAW
264.7 was extracted in a 6-well plate, followed by reversely
transcribing to cDNA. The sequences of the primers used are:
cathepsin K(CtsK) (forward: 5-GGGAGAAAAACCTGAAGC-
3’; reverse: 5'-ATTCTGGGGACTCAGAGC-3'); c-Fos (forward:
5'- GCGAGCAACTGAGAAGAC - 3/, reverse: 5'- TTGAAA
CCCGAGAACATC-3'); TRAcP(forward: 5'-TGTGGCCATCTT
TATGCT-3’; reverse:5' GTCATTTCTTTGGGGCTT-3'); MMP-
9 (forward: AGTTTGGTGTCGCGGAGCAG; reverse: TACATG
AGCGCTTCCGGCAC), GAPDH (forward: AACTTTGGCATT
GTGGAAGG; reverse ACACATTGGGGGTAGGAACA). The
parameters of RT-PCR was set according to previously
published papers (Tan et al.,, 2017).
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FIGURE 1 | JUG inhibits osteoclastogenesis in vitro. All the experiments were performed six times and the average was taken. (A) Chemical structure of JUG (B)
MTT analysis of JUG cytotoxicity in BMSCs. (C) Formation of TRAP-positive cells from BMMs and quantification of osteoclast (D) Formation of TRAP-positive cells from
RAW264.7 cells and quantification of osteoclast. Scale bar 100 um. Data are presented as the mean + SEM, *p < 0.05, **p < 0.01 relative to the control group. n = 3

Western Blot Analysis quantification by the BCA method, the standardized protein
Cells were lyzed to obtain total protein content in freshly prepared ~ samples were separated by sodium dodecyl sulfate sodium
frozen radioimmunoprecipitation assay buffer (RIPA). After  polyacrylamide gel (SDS PAGE) and transferred to
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osteoclasts and quantification of resorption area. Scale bar 100 um. Data are presented as the mean + SEM, *p < 0.05, *p < 0.01 relative to the control group. n = 3
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nitrocellulose membrane. Then the membrane was blocked with
5% bovine serum albumin (BSA) at room temperature for 1 h, and
then incubated with diluted primary antibody overnight at 4 °C
(Abcam, Cambridge, MA). After washing 3 times with Tris-
buffered saline (TBST), it was incubated with IgG monoclonal
antibody for 12h at 4°C. Using INTAS Science Imaging
(Gottingen, Germany), the signal development film was
incubated with the ECL matrix solution for 1 min for visualization.

Establishment of OVX Mice Model

Thirty 5-week-old female C57BL/6 mice were divided into
sham group, OVX group and OVX + JUG (10 mg/kg) group
with10 in each group. Mice in OVX group and OVX + JUG
(10 mg/kg) group underwent bilateral ovariectomy and
salpingectomy. After OVX surgery, the mice received no
treatment and had recovery time of one week. After that,
the OVX + JUG (10mg/kg) group was given a JUG
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FIGURE 3 | JUG inhibits RANKL-induced osteoclast formation at the early stage. (A) Effect of JUG on RANKL-induced BMMs differentiation at different stage (B)
Effect of JUG on RANKL-induced RAW264.7 cell differentiation at different stages. Scale bar 100 um. Data are presented as the mean + SEM, *p < 0.05, **p < 0.01
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intraperitoneal injection every two days. All animals were
sacrificed 9 weeks after the operation. Femur specimens
were taken for microCT scanning and histological staining
(Zhou et al., 2016).

Luciferase Reporter Gene Assay

Luciferase Reporter gene assay was used to detect JUG’s effect
on NF—B or NFATcl. The experimental procedure has been
described in previous study (Singh et al., 2012; Zeng et al., 2016).
RAW 264.7 cells were stably transfected with either an NF-kB-
responsive luciferase construct or an NFATcl-responsive
luciferase reporter construct (Wang et al, 2003; van der

Kraan et al, 2013). Cells were lyzed and luciferase test
substrates (Promega, Madison, WI, USA) were mixed into
the samples. BMG Polar Star Optima Luminescent Reader
(BMG, Germany) was used to detect fluorescent
luminescence. Luciferase activity represented NF—B and
NFAT activity.

Histological Examination and Miro-CT

Scanning
The femoral specimens were incubated with 4% paraformaldehyde
for 4 days for tissue fixation and with 10% tetracycline-EDTA for
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FIGURE 4 | JUG suppresses osteoclastogenic gene expression. (A-D) Real-time PCR analysis showing that down-regulates the expression of osteoclastogenic
genes c-Fos, TRACP, MMP9 and CTSK. The expression levels of these genes were normalized to the expression of HPRT. Data are presented as the mean + SEM,
*p < 0.05, **p < 0.01 relative to the control group. n = 3

3 weeks for decalcification. The distal femur was cut into 4 mm
sections for H&E and TRAP staining. Scanning HE stained sections
with Aperio Scanscope, histomorphometric parameters were
recorded and analyzed. TRAP staining was utilized to determine
the number and morphology of osteoclasts in each section. Micro-
CT (Siemens, Germany) was employed to scan 100 slices of each
bone growth plate. The image data of bones and trabecular bone
were analyzed by Mimics 15.0 software (Matralise, Belgium).

Statistical Analysis

The results presented are representative of at least three
independent experiments and are expressed as mean =+
standard error of the mean (SEM). Student’s t test and couple
ANOVA to a post-hoc test is used to determine the statistical
significance between the intervention group and the control
group. The one-way analysis of variance model is used to
compare multiple groups. The significance level is set to 0.05.

RESULTS

Juglanin had Limited Effect on
Differentiation and Mineralization of
Osteoblasts in vitro

ALP assay and alizarin red staining assay showed that JUG
(80 umol/L) had no inhibitory or promotive effect on BMSCs
differentiation (Supplementary Figures S1A,B). Additionally, the
cytotoxicity of JUG (10, 20, 40, 80, 160, 320, 640 umol/L) on BMSCs,
as demonstrated in Figure 1B, was evaluated in vitro by an MTT assay.

No significant difference was observed in terms of cell viability after
treatment of 48 h with various concentrations of JUG aforementioned.
Thus, the results indicated that JUG had no detrimental impact on two
types of cells with concentration no more than 80 (imol/L.

JUG Negatively Affected RANKL-Induced
Osteoclastogenesis in RAW264.7 and

BMMs

Two types of cell modes, RAW264.7 and BMMs, were employed to
test the impact of Juglanin on osteoclastogenesis in vitro. As
observed in TRAP staining, the addition of RANKL can
effectively induce osteoclast differentiation and formation,
whereas the increase of JUG concentration negatively correlated
to TRAP-positive multinucleated osteoclasts (>3 nuclei) both in
RAW264.7 and BMMs, as demonstrated in Figures 1C,D.

JUG Inhibited F-Actin Ring Formation

It was found that rings and multiple intact nuclei emerged after
stimulation by RANKL, while the size of F-actin ring and number
of nuclei was reduced under JUG treatment (Figure 2A). The
results aforementioned indicated that JUG had negative impact
on RANKL-induced F-actin formation.

JUG Suppressed Bone Resorption by
Osteoclasts

The capability to absorb bone is the most important function for
osteoclasts to exert the physiological role in bone remodeling. As
a result, the pit formation assay to determine the resorptive
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FIGURE 5 | JUG suppresses NFATc1 activity and down-regulates the
expression of related protein. (A) luciferase reporter gene assay was
performed to detect transcriptional activity of NFATc1. (B) Representative
images of western blots demonstrating the effect of JUG on the
expression of NFATc1 and related proteins V-ATPase d2, induced by RANKL
on the indicated days. (C,D) Relative results were expressed by the ratio of the
amount of NFATc1 and related proteins V-ATPase d2 determined by image J.
Data are presented as the mean + SEM, *p < 0.05, *p < 0.01.n =3

function of osteoclasts was conducted as a golden standard to
evaluate the function of osteoclasts. In the present study,
osteoclasts were cultured onto bone slices and then intervened
with JUG. The results showed that the standardized resorption
area was negatively correlated with the concentration of JUG and
the control group, with no osteoclasts induced, demonstrated
none resorption area, as illustrated in Figure 2B.

JUG Inhibited Osteoclastogenesis in Early
Stage

To identify the timing of osteoclastogenesis affected after the
JUG treatment, BMMs were treated with JUG from day 0 to day
5 (Figure 3A) and RAW 264.7 cells from day 0 to day 3
(Figure 3B). The JUG treatment mainly inhibited osteoclast
differentiation on the dayl. The results indicated that JUG
inhibited the RANKL-mediated osteoclast differentiation in
an early stage.

Juglanin inhibits Osteoclastogenesis

Real-Time PCR Demonstrated Decreasing

in Osteoclastogenic Gene Expression

In order to exam the impact of JUG on osteoclastogenic gene
expression, the expression level of c-Fos and other osteoclast-
related genes which are essential for osteoclast formation and
resorptive function were determined using real-time PCR
analysis. It was clearly illustrated that the addition of JUG
suppressed the osteoclastogenic gene expression in a dose-
dependently, as shown in Figure 4.

Western Blot Analysis Revealed Reducing

Expression of NFATc1 and Related Protein
NFATcl is regarded as the key transcription factors which plays an
important part in signal transduction of osteoclastogenesis. Luciferase
reporter gene assays were employed to assess NFATc] transcriptional
activity. As demonstrated in Figure 5A, JUG significantly inhibited
the NFATcl expression induced by RANKL. Also, western blot
analysis revealed the similar tendency of V-ATPase-d2 expression at
day 3 and day 5 which was a downstream protein in NFATcl
pathway as shown in Figure 5B. Thus, the expression of V-ATPase-
d2 was down-regulated accordingly (Figure 5C,D).

JUG Down-Regulation of NF-kB Signaling

Pathway

Phosphorylation of the NF-kB protein complex under JUG
treatment of different concentrations were tested using western
blot analysis. It was found that the phosphorylation of IkBa, P50
and P65 was significantly down-regulated 30 min or 60 min after
the JUG treatment with the concentration of 80 umol/L, as
demonstrated in Figures 6B-E. With the stimulation of
RANKL, p65 was phosphorylated and translocate to the nucleus.
Without the RANKL, p65 was mainly located in the cytoplasm
(Figure 6F). What’s more, luciferase reporter gene assays revealed
similar results as western blot analysis did (Figure 6A).

Therapeutic Effect of JUG on OVX Mice Model
The OVX mice model was built to simulate PMO conditions.
Based on the model, the therapeutic effect of JUG to prevent
bone loss was studied. H&E (Figure 7C) staining and mica-CT
(Figure 7A) were employed to determine changes of trabecular
bone structure. In comparison with solvent control group, oral
administration of JUG reduced the bone loss, with
augmentation in BV/TV and Tb.N and decreasing in Tb. Sp.
(Figure 7B,D) However, it is interesting to note that the Tb.Th
remained basically the same level among all three groups.
Furtherly, TRAP staining (Figure 7E) of decalcified distal
femoral sections confirmed the micro-architecture changes
of trabecular bone assessed through micro-CT.

DISCUSSION

Bone metabolism is a physiological process that involves both
osteoblasts and osteoclasts. Pathological changes of osteoclasts
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assay showing that JUG suppresses the RANKL-induced transcriptional activity of NF-xB. (B) Western blot of phosphorylation of kB, p65, p50 (D) Representative
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Merge

are commonly seen in osteoporosis diseases. Therefore, it may be
a novel and efficient strategy to find natural osteoclasts
inhibitors. Many natural substances and their derivatives
have potential value to function as osteoclasts inhibitors.
Juglanin (JUG) is a natural compound derived from the

crude Polygonum aviculare. It has been reported the
inhibitory effect on inflammation, oxidative stress. In
addition, JUG has been explored in the occurrence of
human breast cancer through apoptosis, by inducing ROS
production in cells. Considering its role. However, there is
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software. (C-D) HE staining of distal femoral and quantification of BV/TV (E) TRAP-stained histologic distal femur from sham, OVX and OVX + JUG group.
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very little information about the mechanism of JUG on bone
activity or related literature reports. As a result, we aim to
investigate the potential inhibitory effect of JUG on
onsteoclastogenesis in this study.

Pre-experimental results found that 80 umol/L of JUG can
significantly inhibit osteoclast differentiation. After An MTT
assay was performed to detect JUG cytotoxicity, we selected
20, 40 and 80 pmol/L dose concentrations for this experiment.
The results of this experiment showed that the inhibitory effect of
JUG is positively correlated with its concentration. We also found

that the effect is mediated through suppressing NF-xB
transcription which is a transcription factor in the RANKL/
RANK signaling pathway. (Chambers, 2000; Zhao et al., 2007).
NF-kB signaling pathway is the most important signaling
pathway for osteoclast differentiation and maturation induced
by RANKL.

NFATc] and c-Fos are important transcription factors for
osteoclastogenesis. NFATcl is essential for regulating the
process of osteoclast differentiation by controlling
osteoclast-related genes, and c-Fos is an important cytosine
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promoting NFATcl expression. The results in our study
showed that JUG can negatively affect the expression of
C-Fos/NFATcl gene in RANKL-induced osteoclasts. In the
later stage of osteoclastogenesis, NFATcI acts as the terminal
transcription factor to regulate the expression of osteoclast-
related genes CTSK and TRAP. Previous study reported that
over-expression of cathepsin K can lead to loss of bone mass.
In this study, JUG can reduce the expression of CtsK gene in
osteoclasts induced by RANKL. TRAP is an iron-binding
protein, which is highly presented in the generation of
osteoclasts and induced osteoclast differentiation. In our
study, JUG can also inhibit the expression of TRAP gene in
osteoclasts induced by RANKL. Taken together, the binding of
RANK to RANKL activates IKK by recruiting the molecule
TRAF6. After phosphorylation, IKK degrades IxBa and

releases NF-kB (P65) which then enters the nucleus,
activates a series of gene expressions that promote
osteoclast  differentiation, and ultimately promotes

osteoclast differentiation. In our research, it was found that
the JUG inhibited RANKL induced IkB, P50 and P65
phosphorylation, thus confirming that JUG inhibited
osteoclastogenesis through down-regulating NF-kB signaling
pathway.

Osteoblast is also a key member in bone metabolism.
Therefore, we also studied the effect of JUG on osteoblasts.
However, JUG had no inhibitory or promotive effect in terms
of ALP staining and Alizarin red staining. In general, JUG has
demonstrated no significant effect differentiation and
mineralization of osteoblasts.

In vivo model showed that JUG prevented bone loss in
ovariectomized mice. The number of trap-positive cells around
trabecular of distal femur decreased significantly after JUG
treatment. The number of osteoclasts in the JUG treatment
group was significantly lower. Also, micro-CT showed that
after JUG treatment, the percentage of trabecular bone and the
number of trabecular bones in OVX mice increased significantly,
and the trabecular bone space decreased significantly.
Collectively, JUG has demonstrated great potential in
preventing osteoporosis.

In conclusion, JUG has negative influence on RANKL induced
osteoclast formation in vitro and prevent bone loss in mice model.
In the molecular mechanism, the inhibition is mediated by NF - x
B signaling pathway.
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Objectives: Synovitis plays an important role in knee osteoarthritis (KOA) pain. The
activation of the NOD-like receptor protein 3 (NLRP3) inflammasome in fibroblast-like
synoviocytes (FLSs) promotes KOA development. In this study, we aimed to investigate
whether vanillic acid (VA), a monomer derived from Chinese herbal medicines, could target
NLRP3 inflammasome-related synovitis to reduce pain.

Methods: Rats in the KOA and KOA + VA groups were injected with monosodium
iodoacetate (MIA) in the knee to induce KOA. From day 14, the KOA + VA group was given
VA at 30 mg/kg every day via gastric intubation. FLSs were collected from the synovial
tissues. We examined both the protein and gene expression of caspase-1, apoptosis-
associated speck-like protein with a caspase recruitment domain (ASC), NLRPS3,
components of the NLRP3 inflammasome, and interleukin-1p (IL-1p) and IL-18 in vivo
and in vitro.

Results: The upregulation of caspase-1, ASC, and NLRP3 in the KOA model were
reduced by VA. VA also lowered the level of IL-1p and IL-18 in the KOA model. In addition,
VA relieved pain-related behavior of KOA model rats and downregulated the pain
mediators CGRP, NGF, and TrkA in FLSs. Interestingly, we also observed reduced
synovial fibrosis in the animal experiments.

Conclusion: Our research showed that VA reduces synovitis and pain-related behaviors
in a rat model of KOA, which provides the basis for further investigations into the potential
therapeutic impact of VA in KOA.

Keywords: vanillic acid, knee osteoarthritis, synovial inflammation, NLRP3 inflammasome, pain 3
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INTRODUCTION

Knee osteoarthritis (KOA) is one of the most common chronic
degenerative bone diseases and joint pain is the main clinical
symptom that needs to be solved urgently (Litwic et al., 2013).
The occurrence and development of KOA are associated with all
the tissues that make up the knee joint, such as the synovium,
cartilage, subchondral bone, and subcondylar fat pads (Muratovic
et al,, 2019). KOA also leads to the alteration of the whole joint
structure (Akhbari et al, 2020). Symptoms in KOA are also
somewhat related to structure. As an immune-related disease,
the inflammation of the synovium in KOA plays a vital role and
leads directly to the related pain (Atukorala et al., 2013). Recent
studies have revealed that the activation of the NOD-like receptor
protein 3 (NLRP3) inflammasome is the beginning of
inflammatory cascade amplification and is strongly correlated
to hepatitis, pneumonia, nephritis, and other types of chronic
aseptic inflammation (Ferrucci and Fabbri, 2018). NLRP3 is a
molecular platform activated by caspase-1, which interacts with
apoptosis-associated  speck-like protein with a caspase
recruitment domain (ASC) and procaspase-1, to assemble the
NLRP3 inflammasome. Subsequently, the activated NLRP3
inflammasome cleaves procaspase-1, which leads to the
maturation and secretion of interleukin- (IL-) 1B and IL-18
(Martinon et al, 2002). Our previous study showed that
activation KOA fibroblast-like synoviocytes (FLSs)
promoted the development of synovitis (Zhao et al, 2018;
Zhang et al., 2019).

Among many pain-related factors, the nerve growth factor
(NGF) is a key regulator of KOA pain. High expression of NGF in
the synovial fluid and cartilage of KOA patients has been widely
reported. NGF antibodies have shown potential in the treatment
of KOA pain. A similar situation occurs in tropomyosin receptor
kinase A (TrkA), a high-affinity NGF receptor (Pecchi et al.,
2014). Meanwhile, pain is associated with calcitonin gene-related
peptide (CGRP), which is expressed in the sensory neurons that
dominate the synovium. Studies have shown that CGRP levels
from the KOA synovium are significantly increased and are
highly correlated with KOA peripheral sensitization (Arnalich
et al,, 1994). In summary, NGF, TrkA, and CGRP are associated
with pain, and changes in their expression can be used as
biomarkers in KOA pain studies.

Chinese herbal medicine used in the clinical treatment of KOA
has a long history. “Sanse powder,” which is created from eleven
substances found in Chinese materia medica (CMMs) (Wu et al.,
2020), Forsythia suspensa, Glycyrrhiza uralensis, Salvia
miltiorrhiza, Gentiana macrophylla, Chaenomeles sinensis,
Strychnos nux-vomica, Ligusticum striatum Hort, Curcuma
longa,  Paeonia  lactiflora,  Notopterygium  root, and
Saposhnikovia divaricata, is a classic prescription widely used,
not only to relieve synovitis but also to effectively relieve KOA
pain. We performed a high-performance liquid chromatography
analysis on "Sanse powder" to determine the -effective
components, of which vanillic acid (VA) is one (Wu et al,
2020). VA is a well-known flavonoid that is rich in nuts,
fruits, and herbs. In recent years, VA has been mentioned in
some studies as having anti-inflammatory and analgesic effects

in
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(Wu et al., 2020). However, the mechanisms by which VA affects
the inflammation of KOA and its effects on pain are still poorly
understood. Whether VA can affect the NLRP3 inflammasome
has not been described in detail. Therefore, in this study, we
observed the intervention effects of VA on NLRP3 inflammasome
activation, synovitis, and KOA pain-related behaviors/mediator
in vivo or in vitro.

MATERIAL AND METHODS

Reagents

Vanillic acid was purchased from Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). The primers were supplied by Sangon
Biotech (Shanghai, China). The enzyme-linked immunosorbent
assay (ELISA) kits for IL-1f and IL-18 were supplied by
Invitrogen (Life Technologies Corp. California, United States).
Fetal bovine serum (FBS), bovine serum albumin (BSA),
Dulbecco’s Modified Eagle’s Medium (DMEM), TRIzol, and
0.25% trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA)
were purchased from Gibco (Life Technologies Corp.,
California, United States). Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo (Kumamoto, Japan). Antibodies
against NLRP3, ASC, caspase-1, CGRP, NGF, TrkA, and type
I collagen were purchased from Abcam (Cambridge,
United Kingdom). Monoidoacetate acid, type I collagenase,
and dimethylsulfoxide (DMSO) were all obtained from Sigma
(St Louis, USA). All other chemicals were of reagent grade. Goat
anti-rabbit IgG H&L (HRP) and Picro Sirius Red Stain kit were
also supplied by Abcam (Cambridge, United Kingdom).

Rat KOA Model and Experimental Design

Twenty-four 3-month-old male Sprague-Dawley rats, weighing
280-320 g (provided by Beijing Vital River Laboratory Animal
Technology Co., Ltd.), were fed in specific pathogen-free animal
facilities under standard conditions (temperature 21 + 1°C,
50-80% relative humidity) with a 12:12h light-dark cycle.
Animal management was done in accordance with the Animal
Care and Use Protocol approved by the Animal Care and Use
Committee of our institution (201810A001). All animals were
experimented on according to the National Institute of Health
Animal Care and Use Guidelines. Rats were randomly divided
into three groups: control (n = 8), KOA (n = 8), and KOA + VA
(n = 8). The KOA and KOA + VA rats were injected with
monosodium iodoacetate (MIA) in the knee to induced KOA
(Rannou et al., 2016). Our previous data showed that the knee
joint diameter was significantly larger than the control at the 14th
day (Li et al., 2020). Therefore, from day 14, the KOA + VA group
was given VA at 30 mg/kg (dissolved in 0.9% saline) every day via
gastric intubation. On day 56, all rats were sacrificed by anesthesia
and blood was collected. Knee joint tissues were collected for
further experiments. We chose the VA dose based on a previous
study published by another team (Huang et al., 2019). Animal
number was estimated using PASS. When « = 0.05, the power =
0.9, the minimum detected difference is 1, and the standard
deviation is 0.5, so the number should be >6 when the power
reaches 0.9. Therefore, eight rats in each group were used. The
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animal experiments complied with the relevant regulations for
animal experiments of the Ethics Committee at our institution.

Paw Withdrawal Experiments on a Cold
Plate

Before scarification, the rats were placed on a cold glass surface to
determine their paw withdrawal time. The rats were briefly placed
on a temperature-adjustable cold plate (0 + 1 °C, 35,150,001, Ugo
Basil SLR, Italy) and covered with an organic cylinder. We
recorded the time between the start and the limb moving off
the glass plate.

Sirius Red Staining and

Immunohistochemistry

The synovial tissues were fixed with 4% paraformaldehyde,
embedded in paraffin, and sectioned; then, conventional
Sirius red staining was used to observe tissue changes under
alight microscope. Synovial tissues were paraffin-sectioned via
immunohistochemical staining. The content of collagen in
each group was also detected by immunohistochemical
staining.

Hematoxylin and Eosin Staining

Synovial tissues were fixed in 4% paraformaldehyde, then
embedded in paraffin, and cut into thin slices for routine
hematoxylin and eosin (HE) staining.

Cell Culture

Primary FLSs were isolated from rat KOA. Briefly, synovial
tissues were washed 2-3 times with cold phosphate-buffered
saline (PBS), minced into pieces of 2-3 mm?, and then
digested in 0.1% collagenase type II (Sigma, St. Louis, MO,
USA) for 30 min. The solution was filtered through a cell
strainer. After dissociation, fibroblasts were collected via
centrifugation at 1,500 rpm for 4 min and cultured in DMEM
supplemented with 10% fetal calf serum (FCS; Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) and antibiotics (100 U/ml
penicillin, 100 pg/ml streptomycin; Invitrogen, CA, USA). Cells
were identified as described in our previous studies (Li et al.,
2020). Passages three to six of the synovial fibroblasts were used
for the experiments. In the cell experiment, we used
lipopolysaccharide (LPS) (5pg/ml) to interfere with the
synovial cells for 24 h to mimic a KOA environment and then
added VA (5 ug/ml) to the VA + LPS group to intervene with
the cells.

Cell Cytotoxicity Assay

A CCK-8 kit was used to detect the cytotoxicity of VA to FLSs.
FLSs were cultured in 96-well plates. When the cell density
reached 85-90%, they were treated with different VA
concentrations (0, 5, 10, and 20 pg/ml) for 24 or 48 h. Then,
we added 10 pL of the CCK-8 solution to each well and placed the
cells in the incubator for 3 h. The optical density of the wells was
detected using a 450 nm microplate spectrophotometer. All
experiments were repeated three times.

Vanillic Acid and KOA Pain

Western Blotting Assay

Synovial  tissues and  FLSs  were mixed  with
radioimmunoprecipitation assay (RIPA) lysate and grinded for
10-15 min. The samples were agitated on ice for 30 min and the
supernatant was collected. The protein levels were quantified with
a bicinchoninic acid (BCA) protein assay kit (Roche, Basel,
Switzerland). Then, the protein samples were electrophoresed
in sodium dodecylsulphate polyacrylamide gel electrophoresis
(SDS-PAGE) to separate the protein bands. Proteins were
transferred from gel onto a polyvinylidene fluoride (PVDF)
membrane and blocked with 5% nonfat milk for 2h. The
membrane was incubated with the primary antibody (1:
1000) at 4°C overnight and then with the second antibody
for 2h. Bands were visualized via exposure to the
electrochemiluminescence (ECL) method, and the overall
gray value of protein bands (average gray value area) was
quantified.  Glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) was used as the internal marker. The relative
protein expression was taken as the target protein gray value/
internal reference gray value.

Real-Time Quantitative Polymerase Chain

Reaction

RNA was isolated from synovial tissue and FLSs with Trizol
(Invitrogen, CA, United States). Reverse transcription was
performed using a first-strand ¢cDNA synthesis kit (Takara,
Otsu, Japan) according to the manufacturer’s instructions.
Quantitative polymerase chain reaction (QPCR) was performed
using Premix Ex Taq SYBR-Green PCR (Takara) according to the
manufacturer’s instructions on an ABI PRISM 7300 device
(Applied Biosystems, Foster City, CA, USA).

The primer was designed and synthesized by the Shanghai
Biotechnology Service Company. Primers Sequences were as
follows. Caspase-1: forward, 5'-ATGGCCGACAAGGTCCTGAGG-
3'and reverse, 5'-GTGACATGATCGCACAGGTCTCG-3'; NLRP3:
forward, 5'-GAGCTGGACCTCAGTGACAATGC-3'and reverse, 5'-
ACCAATGCGAGATCCTGACAACAC-3'; 1L-18: forward, 5'-TCT
GTAGCTCCATGCTTTCCG-3' and reverse, 5'-GATCCTGGAGGT
TGCAGAAGA-3'; and IL-1p: forward, 5'-ACAGCAGCATCTCGA
CAAGAGC-3' and reverse, 5'-CCACGGGCAAGACATAGGTAGC-
3'; CGRP: forward, 5'-ATCTGGTCCTTCCTCACACTGTCC-3' and
reverse, 5'-TCATCCGTCTTCAGCTTGGCATTC-3'; TrkA: forward,
5'-AGGTTGAAGCCATTCTCCTG-3' and reverse, 5'-TCTCGG
TGGTGAACTTACGG-3'; NGF: forward, 5'-CCAGCCTCCACC
CACCTCTITC-3' and reverse, 5'-GCTTGCTCCTGTGAGTCCTGT
TG-3'; GAPDH: forward, 5'-TTCACCACCATGGAGAAGGC-3' and
reverse, 5'-CTCGTGGTTCACACCCATCA-3'; ASC: forward, 5'-
AGAGTCTGGAGCTGTGGCTACTG-3' and reverse, 5'-ATGAGT
GCTTGCCTGTGTTGGTC-3'. The PCR reactions (per well: 0.4 pL of
forward and reverse primers, 10 pL 2 x ChamQ SYBR qPCR Master
Mix (Low ROX Premixed), 1 uL CDNA, and 8.2 pL ddH,O; three
replicate wells) were performed using an ABI 7500 qRT-PCR system
(Applied Biosystems, United States). The following reaction conditions
were employed: the first stage (predenaturation), 95°C for 30's; the
second stage (denaturation), 95 °C for 10 s and 60 °C for 30 s; the third
stage (melting curve), 95 °C for 155, 60 °C for 60's, and 95 °C for 15s.
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FIGURE 1 | Vanillic acid (VA) inhibits NLRP3 inflammasome activation. (A) Relative gene expression of caspase-1, NLRP3, and ASC in synovial tissue of rats in each
group. Compared with the normal group, p* < 0.05; compared with KOA + VA group, p* < 0.05. (B and C) Western blot analysis of the effects of VA on caspase-1,
NLRP3, and ASC in rat synovial tissue. Compared with the normal group, p* < 0.05; compared with KOA + VA group, p* < 0.05. (D) Synovial tissues of each group
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The relative expression of mRNA was adjusted using GAPDH as the
internal reference and calculated using the method of 2744,

Enzyme-Linked Immunosorbent Assay
(ELISA)

IL-1f and IL-18 levels in the culture media were determined using
a commercially available rat IL-1p and IL-18 ELISA kit according
to the manufacturer’s instructions. The rat peripheral serum and
cell culture supernatants were collected and centrifuged at
10,000 rpm for 20 min at 4 °C.

Statistical Analysis

The statistical analysis was performed using the SPSS 20.0
software (SPSS Inc., Chicago, IL, USA). Data are presented as
the mean + standard deviation. Group comparisons were assessed
with one-way ANOVA or two-way ANOVA with Bonferroni’s
post hoc test for comparison of multiple columns. A value of p <
0.05 (two-tailed) was considered statistically significant.

RESULTS

VA Inhibits NLRP3 Inflammasome

Activation In Vivo

To explore whether VA inhibits NLRP3 activation in vivo, we
analyzed the expression of caspase-1, NLRP3, and ASC in the
Normal group, KOA group, and KOA + VA group. The mRNA
and protein expressions of caspase-1, NLRP3, and ASC (Figures
1A-C) in the KOA group were higher than those in the normal
group (p < 0.05), whereas the KOA + VA group showed a

reduction compared to the KOA group (p < 0.05). Compared
with the KOA group, HE staining (Figure 1D) of rats treated with
VA resulted in less inflammation infiltration and cell
proliferation.

VA Reduces Pain-Related Behavior/
Mediator in Knee Osteoarthritis In Vivo

To assess the effect of VA on pain-related behavior/mediator
during KOA in vivo, we analyzed pain-related factors in the KOA
and KOA + VA groups. The protein and mRNA expressions of
NGF, TrkA, and CGRP in the synovial tissue of rats (Figures
2A-C) in the KOA + VA group were lower than those in the KOA
group (p < 0.05). In the cold-plate paw withdrawal experiment
(Figure 2D), compared with the blank group, the paw withdrawal
time of the KOA group was significantly shortened (p < 0.05). In
the KOA + VA group, the claw lift time was close to that of the
blank group.

Interestingly, we observed the effects of VA on synovial
fibrosis. In the type I collagen immunohistochemical analysis,
Sirius red staining showed that the KOA group experienced a
significant increase in collagen deposition, while the KOA + VA
group showed a relative decrease (Figure 2E).

VA Reduces Expression of IL-18 and IL-1B In
Vivo

To evaluate the effect of VA on NLRP3 inflammasome activation,
we further analyzed the gene expression of IL-18 and IL-1 via
real-time quantitative PCR (Figure 3). The expressions of IL-18
and IL-1p under VA intervention were significantly lower than
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those without VA intervention (p < 0.05). The protein expression
of these NLRP3 downstream proinflammatory factors showed the
same trend.

Effects of VA on FLSs Viability

We also used CCK-8 to determine the activity of synovial cells
under the treatment of different concentrations of VA in vitro
(Figure 4). The results showed that the activity of synovial cells
was better at a dose of 5 pug/ml, although no statistical difference
was observed. We decided to use VA at the minimal
concentration of 5 pg/ml for subsequent experiments.

VA Inhibits the Inflammatory Changes in
FLSs

To explore the effects of VA on inflammation in FLSs, the
expressions of caspase-1, NLRP3, and ASC with or without VA
intervention after LPS treatment were analyzed (Figure 5). As
shown in Figures 5A,B, the mRNA and protein levels of caspase-1,
ASC, and NLRP3 were highly expressed in LPS-induced cells (p <
0.05), while VA intervention significantly prevented the
upregulation of these factors (p < 0.05). Moreover, both the
gene and protein expressions of IL-18 and IL-1P (Figures 5C-E)
were increased in the LPS group (p < 0.05), whereas the expressions
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of these factors in the VA + LPS group were significantly lower than
those in the LPS group (p < 0.05).

DISCUSSION

Studies have shown that VA can improve inflammation and
relieve pain, but the mechanisms underlying VA treatment
remain unknown. In this study, we demonstrated that VA can
inhibit the activation of NLRP3 inflaimmasomes, which are
mainly manifested through the downregulation of caspase-1,
ASC, and NLRP3, thereby reducing the inflammatory state of
synovitis in KOA. VA also inhibited the expression of
proinflammatory factors IL-18 and IL-1B, the downstream
substances released after the activation of NLRP3
inflammasomes. In addition, VA decreased both the gene and
protein expression of the pain-related factors NGF, TrkA, and
CGRP, alleviating pain in the KOA rats. Interestingly, we also
observed an inhibitory effect of VA treatment on synovial fibrosis
in rats. Immunohistochemical staining of collagen I and Sirius red
staining of the synovial tissue both showed less collagen
deposition after VA intervention.

KOA is a disabling disease for the elderly worldwide. In recent
years, the number of osteoarthritis patients has gradually
increased. The main features of KOA include synovial
inflammation, cartilage destruction, and osteophyte formation.

Synovitis occurs in the early stage of KOA and is associated with
joint pain and stiffness in patients. For treatment, nonsteroidal
anti-inflammatory drugs (NSAIDs) are usually the first-line
medications in clinical guidance. These types of drugs have
analgesic, antipyretic, and high-dose anti-inflammatory effects
but also have many adverse side-effects, especially in the digestive
system (Mobasheri, 2013; Rannou et al., 2016). Intra-articularly
injected drugs, such as local anesthetics and tranexamic acid, also
show cytotoxicity (Busse et al., 2019). Chinese herbal medicines,
including decoctions and herbal extracts, are effective in treating
KOA with few adverse effects. Therefore, finding a safe anti-
inflammatory and analgesic drug among Chinese herbal
medicine seems to be a feasible method. In our previous
study, we conducted an active component analysis of Sanse
powder, a classic prescription for KOA clinical treatment, and
identified dozens of potential effector components, including VA.
It has been noted that VA has anti-inflammatory and analgesic
effects (Calixto-Campos et al., 2015; Lee et al., 2018). However,
how VA affects the inflammation of KOA and its effects on pain
are still poorly understood. Therefore, we performed this study to
determine the potential mechanisms.

Synovitis is a process characterized by thickening of the
synovium (hyperplasia and hypertrophy) and cellular
infiltration (macrophages and lymphocytes) (Miao et al., 2010;
Jorgensen and Miao, 2015). Oehler et al. (2000) reported that cell
layer proliferation is the most common phenomenon among
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FIGURE 5 | Vanillic acid (VA) inhibits the inflammatory changes in fibroblast-like synoviocytes (FLSs). (A) Relative gene expression of caspase-1, NLRP3, and ASC
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early synovial changes in KOA. The NLRP3 inflammasome is also
associated with synovitis. The role of VA on inflammatory and
oxidative stress has likewise been reported (Calixto-Campos et al.,
2015). Lee et al. (2018) also showed that o-vanillic acid has the
potential to treat inflammation by inhibiting macrophages.
Huang et al. (2019) confirmed that VA may affect
chondrocytes through the mitogen-activated protein kinases
(MAPKs) and phosphoinositide 3-kinase (PI3K)/protein kinase
B (AKT)/nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) pathways. Recently, Ziadlou et al. (2020)
indicated that VA could inhibit NF-kB signaling through the
attenuation of the nuclear factor of the kappa light polypeptide
gene enhancer in B-cell inhibitor alpha (IkBa) phosphorylation.
Meanwhile, other studies have shown that IL-1p and IL-18 are
key inflammatory mediators in the pathological process of
synovitis (Rahmati et al, 2016). IL-1B can activate the TIR
superfamily of receptors (Ziadlou et al., 2020). Moreover, VA
treatment significantly inhibits IL-1f levels (Calixto-Campos
et al., 2015; Ziadlou et al., 2020), which indicates that the TIR

superfamily of receptors may be a target for VA and its anti-
inflammatory properties. However, few studies have shown the
effects of VA on NLRP3 inflammasomes. Recent studies have
explained the role of NLRP3 inflammatory bodies in the
inflammatory cascade. NLRP3 is a multiprotein oligomer
composed of caspase-1. Caspase-1 is a speckle-like protein
associated with apoptosis and contains CARD (ASC) and
NOD-like receptor protein 3 (NLRP3). After activation,
NLRP3 interacts with ASC, which can bridge NLRP3 to
procaspase-1, and procaspase-l1 can activate caspase-1.
Activated caspase-1 cleaves the original forms of IL-1p and IL-
18 into mature and active forms (Groslambert and Py, 2018;
Krishnan et al., 2014; Lacey et al., 2018). In the present study, VA
was shown to interfere with the inflammatory pathway, thereby
reducing the expression of caspase-1, ASC, and NLRP3 in
synovial cells in the KOA environment simulated by LPS and
in the KOA model group. VA also inhibited the increases in the
expression of the NLRP3 inflammatory bodies and their
downstream substances, IL-1p and IL-18, suggesting that VA
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inhibited the activation of NLRP3 inflammatory bodies, which is
consistent with previous studies on NLRP3 inflammasome-
driven inflammation (Martinon et al, 2002; Zhang et al,
2019). In this study, we showed that VA can inhibit the
activation of NLRP3 inflammasomes by inhibiting the
expression of caspase-1, ASC, and NLRP3 proteins, thereby
reducing the inflammatory expression in KOA and exerting
anti-inflammatory effects. In addition, it also reduced the
expression of IL-18 and IL-1f in the downstream substances
of the NLRP3 inflammasome.

Inflammation can cause nerve damage, which may be one of
the causes of pain. Studies have shown that NGF, TrkA, and
CGRP are closely related to OA pain (Denk et al., 2017; Schou
etal, 2017). NGF is widely considered a mediator of chronic pain
and is mainly expressed in the synovial fluid, OA osteochondral
junction, synovium, and cartilage (Montagnoli et al, 2017;
Takano et al, 2017a). Animal and population studies have
shown that NGF levels increase under trauma, inflammation,
and chronic pain (Collison, 2019). TrkA is a functional receptor
for NGF and one of the main targets of the NGF pain signaling
pathway (Sousa-Valente et al., 2018). Moreover, an increase in
CGRP is closely related to the generation and maintenance of
chronic pain, and CGRP’s sensory neurons dominate most joint
structures, including the synovium, ligaments, and subchondral
bone, which contribute to peripheral sensitization and
inflammation. Therefore, under OA pain sensitization, the
expression of CGRP will also increase accordingly (Walsh
et al., 2015; Takano et al., 2017b). At the same time, CGRP
can enhance or reduce the effects of other chemicals and regulate
the excitability of sensory ends after experiencing harmful stimuli
(Grassel and Muschter, 2017). Therefore, we subsequently
investigated whether VA inhibition in the activation of NLRP3
inflammatory bodies could affect the above mediators. We found
that VA can inhibit the upregulation of NGF, TrkA, and CGRP in
FLSs induced by LPS. In animal experiments, we found that oral
VA also inhibited the upregulation of these pain mediators in the
model rats with KOA induced by MIA. These results indicate
that VA can reduce the expression of pain mediators in KOA
model rats, thereby alleviating osteoarthritis pain. A previous
study also showed that VA can reduce inflammation-related
pain by inhibiting neutrophil recruitment, oxidative stress,
cytokine production, and NF-«kB activation (Calixto-Campos
et al., 2015).
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However, for technical reasons, our study has several
limitations. For example, the specific mechanism of VA role in
the pain caused by KOA inflammatory response has not been
studied in detail, and no further research has been done on the
observed synovial fibrosis. At the same time, only one dose of VA
was used in this study. Therefore, we did not observe the long-
term effects of VA on synovial inflammation. In addition, an
animal model of KOA that cannot account for all related factors
of human KOA was used in this study.

In summary, our data show that VA can reduce KOA synovial
inflammation and inhibit NLRP3 inflammasome activation. In
addition, we also observed that VA reduces pain-related
behavior/mediator in knee osteoarthritis in vivo. Overall, VA
may protect knee joints by inhibiting NLRP3 activation.
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Osteoarthritis (OA) is a major degenerative joint disease. Oxidative stress and inflammation
play key roles in the pathogenesis of OA. 3'-Sialyllactose (3'-SL) is derived from human milk
and is known to regulate a variety of biological functions related to immune homeostasis.
This study aimed to investigate the therapeutic mechanisms of 3'-SL in interleukin-1p (IL-
1B)-treated SW1353 chondrocytic cells. 3'-SL potently suppressed IL-1p-induced
oxidative stress by increasing the levels of enzymatic antioxidants. 3'-SL significantly
reversed the IL-13 mediated expression levels of reactive oxygen species in IL-1p-
stimulated chondrocytic cells. In addition, 3'-SL could reverse the increased levels of
inflammatory markers such as nitrite, prostaglandin E2, inducible nitric oxide synthase,
cyclooxygenase-2, IL-1p, and IL-6 in IL-1B-stimulated chondrocytic cells. Moreover, 3'-SL
significantly inhibited the apoptotic process, as indicated by the downregulation of the pro-
apoptotic protein Bax, upregulation of the anti-apoptotic protein Bcl-2 expression, and
significant reduction in the number of TUNEL-positive cells in the IL-1p-treated
chondrocytic cells. Furthermore, 3'-SL reversed cartilage destruction by decreasing
the release of matrix metalloproteinases (MMP), such as MMP1, MMP3, and MMP13.
In contrast, 3'-SL significantly increased the expression levels of matrix synthesis proteins,
such as collagen Il and aggrecan, in IL-1B-treated chondrocytic cells. 3'-SL dramatically
suppressed the activation of mitogen-activated protein kinases (MAPK) and
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)/nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) signaling pathways, which are related to the
pathogenesis of OA. Taken together, our data suggest that 3’-SL alleviates IL-1p-induced

Abbreviations: 3'-SL, 3'-Sialyllactose; Akt, protein kinase B; DAPI, 4,6-diamidino-2-phenylindole; ECM, extracellular matrix;
ERK, extracellular signal-regulated kinase; IL-1f interleukin-1p; IxBa, inhibitor of nuclear factor kappa B; JNK, c-Jun N-
terminal kinase; MAPK, mitogen-activated protein kinase; NADPH, nicotinamide adenine dinucleotide phosphate; NF-«kB
nuclear factor kappa-light-chain-enhancer of activated B cells; OA, osteoarthritis; PI3K, phosphatidylinositol-3-kinase; qRT-
PCR, quantitative Real-Time Reverse Transcription polymerase Chain Reaction; ROS, reactive oxygen species; SOD, superoxide
dismutase; TUNEL, terminal dUTP nick end-labeling; XO, xanthine oxidase.
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3'-Sialyllactose Attenuates Oxidative Stress

OA pathogenesis via inhibition of activated MAPK and PI3K/AKT/NF-xB signaling
cascades with the downregulation of oxidative stress and inflammation. Therefore, 3'-
SL has the potential to be used as a natural compound for OA therapy owing to its ability to
activate the antioxidant defense system and suppress inflammatory responses.

Keywords: osteoarthritis, 3'-sialyllactose, oxidative stress, inflammation, apoptosis, matrix metalloproteinases

INTRODUCTION

Osteoarthritis (OA) is a complex progressive degenerative joint
disorder that accompanies cartilage degradation and physical
disability (Sanchez et al., 2005; Sanchez et al., 2008; Jeon et al.,
2017). The development and progression of OA are related to
oxidative stress-induced cartilage damage and an imbalance
between catabolic and anabolic factors in joints (Loeser, 2009;
Appleton, 2018). Although the occurrence and development of
OA have been studied extensively, there is currently no
efficient therapy to prevent OA progression.

The accumulation of reactive oxygen species (ROS) causes
an increase in oxidative stress, and these reactive products are
detoxified by the anti-oxidative defensive system (Betteridge,
2000; Jones, 2008). ROS are free radicals that are mainly
generated by mitochondria, in the form of non-
mitochondrial membrane-bound nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and xanthine
oxidase (XO) (Turrens, 2003). Several studies have indicated
that elevated oxidative stress and excessive generation of ROS
are observed in OA patients (Altindag et al., 2007; Erturk et al,,
2012; Altay et al., 2015).

Recent studies revealed that excessive generation of ROS
occurs as OA develops, leading to increased inflammation
(Bolduc et al., 2019; Xie et al., 2019; Ansari et al., 2020).
Interleukin-13 (IL-1P) and IL-6 are highly upregulated in
OA joints and play important roles in the pathogenesis of
OA by modulating oxidative stress, apoptosis, cartilage
extracellular matrix degradation extracellular matrix (ECM)
synthesis, and intracellular signaling pathways in OA (Kapoor
et al.,, 2011; Lepetsos and Papavassiliou, 2016; Collins et al.,
2018). In particular, mitogen-activated protein kinases
(MAPK) and phosphoinositol 3 kinase (PI3K)/protein kinase
B (AKT)/nuclear factor-k light chain enhancer of activated
B cells (NF-kB) pathways play vital roles in OA pathogenesis
(Ahmed et al., 2005; Lu et al., 2018; Huang et al., 2019). Thus,
oxidative stress and inflammation are closely related, and their
regulation should be considered as therapeutic strategies of OA.

Human breast milk contains various bioactive factors with
developmental and protective functions (Gila-Diaz et al., 2019).
3'-Sialyllactose (3'-SL) contains N-acetyl-D-neuramic acid and
galactose subunit of lactose (Luo et al., 2014). 3'-SL is known to
regulate a variety of biological functions in immune homeostasis
(Zenhom et al.,, 2011; Donovan and Comstock, 2016). Moreover,
3'-SL has demonstrated therapeutic effects in OA and
rheumatoid arthritis by protecting cartilage degradation and
modulating chemokines and cytokines, respectively (Jeon
et al,, 2018; Kang et al, 2018). However, the antioxidant and
inflammatory activities of 3'-SL in OA remain uncharacterized.

Human SW1353 chondrocytic cells and human chondrocytes
have similar phenotypes. Previous studies have shown that IL-1f
can mimic the pathological microenvironment of OA
chondrocytes (Jia et al, 2013; Bao et al, 2016). Herein, we
investigated the antioxidant and anti-inflammatory activities
and mechanisms of action of 3’-SL on IL-1f-treated human
SW1353 chondrocytic cells and explored the mechanisms
underlying potential therapeutic effects in OA.

MATERIALS AND METHODS

Reagents

SW1353 human chondrocytic cells were obtained from American
Type Culture Collection (ATCC HTB-94; Manassas, VA,
United States). Dulbecco’s modified Eagle medium with high
glucose medium (DMEM-HG) was obtained from Hyclone
(Grand Island, NY, United States). Fetal bovine serum (FBS)
was purchased from T&I (Seoul, Korea). Phosphate-buffered
saline (PBS) was provided by Welgene (Daegu, Korea).
Penicillin-streptomycin, trypsin-EDTA, and BCA™ Protein
Assay Kit were obtained from Thermo Fisher Scientific
(Waltham, MA, United States). 3'-SL was provided by
GeneChem Inc (Daejeon, Korea). Recombinant human IL-1f
protein, nitrite, prostaglandin E2 (PGE2), IL-1p, and IL-6 ELISA
kits were purchased from R&D Systems (Minneapolis, MN,
United States). Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) inhibitor Bay 11-7082, dimethyl
sulfoxide, and gelatin were obtained from Sigma-Aldrich
(Saint Louis, MO, United States). Total antioxidant capacity
(TAC) assay kit, 2',7'-dichlorofluorescin diacetate (DCFDA)-
cellular ROS assay kit, superoxide dismutase (SOD) activity
assay kit, catalase activity assay kit, and oxidative stress
defense cocktail were purchased from Abcam (Cambridge,
MA, United States). DeadEnd™ Fluorometric Terminal dUTP
Nick End-Labeling (TUNEL) System and 4,6-diamidino-2-
phenylindole (DAPI; Vectorshield were purchased from
Promega (Madison, WI, United States) and Vector
Laboratories (Burlingame, CA, United States), respectively.
TRIzol reagent, 4-12% Bis-Tris gels, 1x NuPage MES SDS
running buffer, MOPS SDS running buffer, PVDF membrane,
and NuPage Transfer Buffer were obtained from Invitrogen Lifg
Technologies (Carlsbad, CA, United States). ReverTra Ace
qPCR RT Master Mix with gDNA Remover and qPCRBIO
SyGreen Mix Hi-ROX were purchased from Toyobo (Osaka,
Japan) and PCR BIOSYSTEMS (London, United Kingdom),
respectively. Bax, Bcl-2, iNOS, COX-2, MMP1, MMP3,
MMP13, collagen II, aggrecan, p-extracellular signal-regulated
kinase (ERK), ERK, p-P38, P38, p-c-Jun N-terminal kinase
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(JNK), JNK, p-PI3K, PI3K, p-AKT, AKT, p-inhibitor of nuclear
factor kappa B (p-IxBa), IxBa, p-P65, P65, glyceraldehyde-3-
phosphate  dehydrogenase (GAPDH), and horseradish
peroxidase—conjugated secondary antibodies were obtained
from Santa Cruz Biotechnology (Dallas, TX, United States).
p-PI3K antibody and enhanced chemiluminescence detection
system were purchased from Cell Signaling Technologies
(Beverly, MA, United States) and Amersham Pharmacia
Biotech (Little Chalfont, United Kingdom), respectively.

Cell Culture

Human chondrocytic cells were maintained in DMEM-HG with
10% FBS and 1% penicillin-streptomycin at 37°C. When
approximately 80% confluency was achieved, the cells were
washed with PBS and harvested with 0.05% trypsin-EDTA.
Next, the cells were washed, centrifuged (1,000 g, 5 min,
25°C), resuspended, and finally seeded in new plates. The
medium was replaced every 2-3 days. The cells were
treated with IL-1p (10 ng/ml) under hypoxic conditions for
24 h, as previously described (Baek et al., 2018a; Back et al,,
2018b) to mimic the pathological microenvironment of OA
chondrocytes. Then, 50 or 100 uM of 3'-SL was added and
incubation continued for 24h. In the NF-«B inhibitor
experiment, the cells were pretreated with Bay 11-7082
(10 uM), which was dissolved in dimethyl sulfoxide, before
the cells were exposed to IL-1p with or without 3’-SL. The
culture supernatants were harvested, centrifuged (2,000 g,
5 min, 25°C), and stored at —70°C until further analysis.
The cell pellets were washed with ice-cold PBS, centrifuged
(2,000 g, 5 min, 4°C), and stored at —70°C until further
analysis.

Enzyme-Linked Immunosorbent Assay

Cell culture supernatants were collected, centrifuged (12,000 xg,
5 min, 4°C), and stored at —70°C until use. The production of
ROS, activities of TAC, SOD, and CAT, and the levels of IL-1,
IL-6, nitrite, and PGE2 in cell culture supernatants were
measured according to the manufacturer’s instructions.

Terminal dUTP Nick End-Labeling Assay

For analysis of apoptosis, SW1353 human chondrocytic cells were
seeded in gelatin-coated slides in 6-well cell plates. IL-1p and 3'-SL
treatments were performed as described in Cell Culture. The
DeadEnd™  Fluorometric TUNEL System was conducted
according to the manufacturer’s protocol. Samples were mounted
on glass slides with fluorescent mounting medium with DAPI
for imaging, using the Zeiss Axio Imager M2 (Carl Zeiss,
Gottingen, Germany) fluorescence microscope. The number
of positively stained cells over the total number of cells per
specimen field was measured, and the percentage of positive cells
was calculated. Four individual specimens per group were analyzed.

Quantitative Real-Time Reverse

Transcription Polymerase Chain Reaction
Total RNA extraction from the cell pellets was carried out using the
TRIzol reagent, according to the manufacturer’s protocol. Total

3'-Sialyllactose Attenuates Oxidative Stress

RNA was used in cDNA synthesis with ReverTra Ace” gPCR RT
Master Mix with gDNA Remover. The mRNA expression of genes
such as iNOS, COX-2, MMP1, MMP3, MMP13, collagen II,
aggrecan, and GAPDH was profiled with qPCRBIO SyGreen
Mix Hi-ROX in a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, United States). Data
analysis was performed using the
2722¢T method. Primers used for QRT-PCR are described in
Table 1.

Western Blot Analysis

To assess the oxidative stress defense WB cocktail, Bax, Bcl-2, iNOS,
COX-2, MMP1, MMP3, MMP13, co]lagen II, aggrecan, p-ERK, ERK,
p-P38, P38, p-JNK, JNK, p-PI3K, PI3K, p-AKT, AKT, p-IkBa, IkBa,
p-P65, P65, and GAPDH. The proteins from cell pellets were
harvested and quantified using the BCA™ Protein Assay Kit. The
protein samples were denatured and separated in 4-12% Bis-Tris gels
with 1x NuPage MES and MOPS SDS running buffer. Proteins were
transferred onto a PVDF membrane in NuPage Transfer Buffer with
methanol at 4°C. The membranes were blocked with TBS plus Tween
20 in 5% skim milk and then incubated overnight at 4°C with the
following primary antibodies: oxidative stress defense WB cocktail (1:
250), Bax (1:1,000), Bl-2 (1:1,000), iNOS (1:1,000), COX-2 (1:1,000),
MMP1 (1:1,000), MMP3 (1:1,000), MMP13 (1:1,000), collagen II (1:
1,000), Aggrecan (1:1,000), p-ERK (1:1,000), ERK (1:1,000), p-P38 (1:
1,000), P38 (1:1,000), p-JNK (1:1,000), JNK (1:1,000), p-PI3K (1:
1,000), PI3K (1:1,000), p-AKT (1:1,000), AKT (1:1,000), p-IxBat (1:
1,000), IkBa (1:1,000), p-P65 (1:1,000), P65 (1:1,000), and GAPDH
(1:1,000). The next day, the blots were washed three times with TBS
plus  Tween 20 and incubated with  horseradish
peroxidase-conjugated secondary antibodies (1:3,000) at 25°C for
1 h. After the blots were rinsed three times, the protein was detected
with an enhanced chemiluminescence detection system (Amersham
Pharmacia Biotech, Little Chalfont, United Kingdom). The
relative expression of each protein was quantified using the
internal controls (smooth muscle actin and GAPDH) or the total
form of proteins (ERK, P38, JNK, PI3K, AKT, IkBa, and P65) with
Multi Gauge (v3.0) software (Fujifilm, Tokyo, Japan).

Statistical Analysis

All data are expressed as mean + standard error of the mean from at
least three independent experiments. Statistical analyses were
conducted using the Statistical Package for Social Sciences (SPSS)
version 25.0 (SPSS, Inc, Chicago, IL, United States). To confirm
statistically significant results, one-way analysis of variance, followed
by a post hoc Bonferroni comparison, was conducted. Statistical
significance was set at p < 0.05.

RESULTS

3’-Sialyllactose Suppressed
Interleukin-1p3-Induced Oxidative Stress in
the Chondrocytic Cells

To determine whether 3'-SL has antioxidant effects, generation of
ROS in the chondrocytic cells was induced by IL-1P. Treatment with
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TABLE 1 | Primers used for gRT-PCR.

Gene symbol

Forward primer (5’'—3')

3'-Sialyllactose Attenuates Oxidative Stress

Reverse primer (5'—3')

iINOS AGGGACAAGCCTACCCCTC CTCATCTCCCGTCAGTTGGT
cox2 CTGGCGCTCAGCCATACAG CGCACTTATACTGGTCAAATCCC
MMP1 GGGGCTTTGATGTACCCTAGC TGTCACACGC GGGGTTT
MMP3 CTGGACTCCGACACTCTGGA CAGGAAAGGTTCTGAAGTGACC
MMP13 TCCTGATGTGGGTGAATACAATG GCCATCGTGAAGTCTGGTAAAAT
COL2A TGGACGCCATGAAGG CT TGGGAGCCAGATTGTCATCTC
Aggrecan GTGCCTATCAGGACAAGGTCT GATGCCTTTCACCACGACTTC
GAPDH AAGGGTCATCATCTCTGCCC GTGAGTGCATGGACTGTGGT
A Reactive Oxygen Species (ROS)
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FIGURE 1 | Effect of 3'-SL on IL-1p-induced oxidative stress in the chondrocytic cells. Chondrocytic cells were stimulated with or without IL-1p (10 ng/ml) for 24 h

and then treated with the different concentrations of 3'-SL (50 and 100 uM) for 24 h. (A) Generation of ROS was measured using the DCFDA assay. (B) Antioxidant
enzyme activities were analyzed using specific enzyme assay kits (C) The oxidative stress defense (Catalase, SOD1, TRX, smooth muscle actin) western blot cocktail was
determined by western blot and (D) quantification analysis. The values are mean + standard error of the mean. *p < 0.05, **p < 0.01, and ***p < 0.001. 3'-SL, 3'-
Sialyllactose; IL-1p; interleukin-1p; ROS, reactive oxygen species; DCFDA, 2’,7'-dichlorofluorescin diacetate; SOD1, superoxide dismutase 1; TRX, thioredoxin.
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IL-1P elevated ROS levels in the chondrocytic cells. This elevation
was significantly attenuated by treatment with 3'-SL in a dose-
dependent manner (Figure 1A, **p < 0.01, and ***p < 0.001). Next,
total antioxidant capacity and antioxidant enzyme activities were
examined. 3'-SL potently suppressed IL-1B-induced oxidative stress,
as revealed by the significant increase in total antioxidant capacity
and levels of antioxidant enzymes, such as SOD and catalase, in a
dose-dependent manner (Figures 1B-D, *p < 0.05, **p < 0.01, and
**p < 0.001). Similarly, thioredoxin, which was decreased by IL-1,
was significantly increased after 3'-SL treatment of the chondrocytic
cells (Figures 1C,D, *p < 0.05, **p < 0.01, and ***p < 0.001). Taken
together, these findings suggest that 3'-SL could suppress IL-1B-
induced oxidative stress in chondrocytic cells via the reduction of ROS
and the upregulation of antioxidant enzyme activities.

3’-Sialyllactose Suppressed
Interleukin-1p3-Induced Inflammatory

Response in the Chondrocytic Cells

To determine whether 3'-SL has the ability to act against the
inflammatory response induced by IL-1PB, the expression of
inflammatory mediators was examined in chondrocytic cells. 3'-SL
significantly reduced the increased mRNA and protein levels of iNOS
and COX-2 (Figures 2A-C, *p < 0.05, **p < 0.01, and **p < 0.001).
Moreover, the production of endogenous nitrite and PGE2 was
upregulated when cells were treated with IL-1p (Figure 2D, *p <
0.05, *p < 0.01, and ***p < 0.001). However, after treatment with 3'-
SL, the production of nitrite and PGE2 was significantly
downregulated (Figure 2D, *p < 0.05, **p < 0.01, and *p <
0.001). Moreover, IL-1p treatment significantly increased IL-1f
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FIGURE 2 | Effect of 3'-SL on IL-1p-induced inflammatory responses in the chondrocytic cells. Chondrocytic cells were stimulated with or without IL-16 (10 ng/ml) for 24 h and
then treated with different concentrations of 3'-SL (50 and 100 uM) for 24 h. (A) The mRNA expression levels of INOS and COX-2 were assayed by qRT-PCR. (B) The protein
expression levels of INOS and COX-2 were determined by western blot and (C) quantification analysis. (D) The nitrite levels in the culture medium were assessed by the Griess reaction.
The levels of PGE2 were determined using ELISA. (E) The levels of IL-1p and IL-6 were determined using ELISA. The values are the mean + standard error of the mean. *p < 0.05,
*p < 0.01, and *p < 0.001. 3'-SL, 3'-Sialyllactose; IL-1; interleukin-16; INOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; PGE2, prostaglandin E2.

and IL-6 production (Figure 2E, *p < 0.05, and ***p < 0.001). The
increased production of these molecules was reversed by treatment
with 3'-SL. Taken together, these results indicate that 3'-SL could
exert anti-inflammatory properties by inhibiting the inflammatory
response in chondrocytic cells.

3’-Sialyllactose Suppressed
Interleukin-1p-Induced Apoptosis in the

Chondrocytic Cells

To investigate whether 3'-SL could inhibit IL-1B-induced apoptosis,
terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining and the expression of apoptosis-related
proteins were examined in the chondrocytic cells. The percentage
of TUNEL-positive cells was significantly upregulated in IL-1B-
treated chondrocytic cells (Figures 3A,B and **p < 0.001). The
percentage of TUNEL-positive cells was significantly decreased after
treatment with 3-SL (Figures 3A,B and **p < 0.001). Next, IL-1B
significantly increased the expression of the pro-apoptotic protein
Bax and decreased the expression of anti-apoptotic Bcl-2 (Figures
3C,D, *p < 0.05, and **p < 0.001). However, treatment with 3’-SL
significantly reversed these alterations (Figures 3C,D, **p < 0.01,
and *™p < 0.001). Taken together, these results show that 3'-SL
could reduce apoptosis in IL-1P-treated chondrocytic cells.

3’-Sialyllactose Suppressed
Interleukin-1p-Induced Cartilage Matrix

Degradation in the Chondrocytic Cells
To assess whether 3'-SL can prevent the production of MMPs,
which are catabolic factors in OA pathogenesis, the expression of

MMPs was examined in IL-1p-treated chondrocytic cells. 3'-SL
significantly suppressed IL-1B-induced expression of MMP1,
MMP3, and MMP13 (Figure 4, *p < 0.05, **p < 0.01, and
***p < 0.001). Collagen II and aggrecan are the two major
components of the matrix, and they are considered as ECM
synthesis genes. To explore whether 3'-SL mitigates IL-1pB-
induced ECM degradation in the cell model of OA, the
expression of ECM synthesis genes was examined. As shown in
Figure 4, IL-1P decreased the expression levels of collagen II and
aggrecan, while 3'-SL treatment significantly suppressed IL-1p-
induced cartilage degradation (*p < 0.05, **p < 0.01, and **p <
0.001). Taken together, these results indicate that 3'-SL could
inhibit cartilage matrix degradation by alleviating ECM
degradation in IL-1p-induced chondrocytic cells.

3’-Sialyllactose Suppressed
InterleukinlL-1p-Induced Activation of
Mitogen-Activated Protein Kinases and
PISBK/AKT/NF-kB Signaling Pathways in the

Chondrocytic Cells

Several studies have reported that the activation of MAPKs and
phosphatidylinositol-3-kinase  (PI3K)/AKT/nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) signaling
pathways plays an important role in OA progression (Hu et al,
2017; Zhang et al., 2019). Therefore, to explore whether 3'-SL can
exert antioxidant protective effects, the two signaling cascades were
examined. The MAPK signaling pathway was significantly activated
after treatment with IL-1 in the chondrocytic cells (Figure 5, *p < 0.05,
*p < 001, and **p < 0.001). However, treatment with 3'-SL
significantly suppressed the IL-1B-induced phosphorylation of P38,
ERK, and JNK in chondrocytic cells (Figure 5, *p < 0.05, **p < 0.01,
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and ***p < 0.001). Moreover, 3'-SL significantly reversed the increased
expression of PI3K, AKT, P65, and IxBa induced by IL-1B (Figures
6A-D, *p < 0.05, **p < 0.01, and **p < 0.001). To further investigate
the functional roles of 3'-SL, the cells were pretreated with Bay 11-7082,
which significantly reduced the IL-1B-induced activation of NF-«kB
cascades (Figures 6E,F, **p < 0.01, and **p < 0.001). Taken together,
these findings demonstrate the suppressive effects of 3'-SL on the
activated MAPK and PI3K/AKT/NF-«B signaling in IL-1B-treated
chondrocytic cells, which was presumably attributed to the suppression
of oxidative stress and inflammation.

DISCUSSION

In the present study, we evaluated the underlying mechanisms of the
therapeutic effects of 3'-SL using IL-1p-treated chondrocytic cells. Our
data revealed that 3'-SL efficiently protects the cells from oxidative
stress, inflammation, apoptosis, and cartilage matrix degradation by
suppressing the activated MAPK and PI3K/AKT/NF-kB signaling
pathways (Figure 7). These results provide novel insights into the
therapeutic mechanisms of action of 3'-SL as a treatment for OA.
Oxidative stress is closely associated with cartilage destruction and
OA progression (Sokolove and Lepus, 2013; Hu et al, 2017). The
elevated production of ROS can make chondrocytes more vulnerable
to oxidant-mediated cell death and lead to defective antioxidant
mechanisms (Del Carlo and Loeser, 2003). Antioxidants, including
SOD, catalase, and thioredoxin, are dysregulated and insufficient to
detoxify ROS in OA patients (Altindag et al., 2007; Erturk et al,, 2012;

Gu et al,, 2019; Zhong et al., 2019). Therefore, increasing the levels of
these antioxidants can be used as a promising approach to prevent
OA. Herein, our data revealed that 3'-SL significantly attenuated ROS
production and changed intracellular redox status in the cell model of
OA, as evidenced by decreased intracellular ROS production and
increased oxidative stress defense system. These results demonstrated
that 3'-SL can attenuate oxidative stress in IL-1p-treated
chondrocytic cells.

Oxidative stress induces synovial inflammation, chondrocyte
apoptosis, cartilage matrix synthesis, and intracellular signaling in
OA progression (Lepetsos and Papavassiliou, 2016). Since a previous
study showed that NLR family pyrin domain containing 3 (NLRP3)
inflammasome activation in humans and mice is not involved in
stressed-induced OA (Bougault et al., 2012), this study mainly focused
on oxidative stress-related inflammation. It has been reported that
nitric oxide catalyzed by iNOS and PGE2, produced from COX-2,
could expedite the development of OA through ECM degradation
(Sasaki et al., 1998). Moreover, IL-1p could induce an increase in iNOS
and COX-2 (Daheshia and Yao, 2008; Sheu et al., 2015). Herein, the
expression of iNOS, COX-2, NO, and PGE2 was usually enhanced in
the cell model of OA. We found that the additional treatment with 3'-
SL significantly downregulated the levels of iNOS, COX-2, NO, and
PGE2. The synovial fluid and serum levels of IL-1f and IL-6 in OA
patients are higher than in healthy normal subjects (Wojdasiewicz
et al, 2014). In addition, it was observed that 3'-SL significantly
suppressed the expression of IL-1 and IL-6 in the cell model of OA.
These results demonstrated that 3'-SL can attenuate oxidative stress-
derived inflammatory responses in IL-1p-treated chondrocytic cells.
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FIGURE 4 | Effect of 3'-SL on IL-1p-induced cartilage destruction in the chondrocytic cells. Chondrocytic cells were stimulated with or without IL-1p (10 ng/mli) for 24 h and
then treated with different concentrations of 3'-SL (50 and 100 uM) for 24 h. (A) The mRNA expression levels of MMP-1, MMP-3, MMP-13, collagen I, and aggrecan were
assayed by gRT-PCR. (B) The protein expression levels of MMP-1, MMP-3, MMP-13, collagen Il, and aggrecan were determined by western blot and (C) quantification analysis.
The values are the mean + standard error of the mean. *p < 0.05, *p < 0.01, and **p < 0.001. 3'-SL, 3'-Sialyllactose; IL-1; interleukin-18; MMP, matrix metalloprotein.
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FIGURE 5 | Effect of 3'-SL on IL-1p-induced MAPK signaling pathway in the chondrocytic cells. Chondrocytic cells were stimulated with or without IL-1p (10 ng/ml)

for 24 h and then treated with the different concentrations of 3'-SL (50 and 100 uM) for 24 h. (A) The protein expression levels of p-ERK, ERK, p-P38, P38, p-JNK, and
JNK were determined by western blot and (B) quantification analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. 3'-SL, 3'-Sialyllactose; IL-1p; interleukin-1p; MAPK,
Mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; JNK, c-JUN N-terminal kinase.

Oxidative stress can cause mitochondrial apoptosis through ~ chondrocytic cells was significantly increased after IL-1P
the increased expression of the pro-apoptotic protein Bax and  treatment. However, 3'-SL significantly decreased the number
the decreased expression of the anti-apoptotic protein Bcl-2 ~ of TUNEL-positive cells. These results demonstrated that 3'-SL
(Pena-Blanco and Garcia-Saez, 2018). Our data revealed  could reduce oxidative stress-derived apoptosis in IL-1p-treated
that 3'-SL significantly attenuated these changes in the  chondrocytic cells.
expression of apoptotic proteins in IL-1B-treated chondrocytic Furthermore, the release of excess cartilage matrix degrading
cells. Likewise, the number of TUNEL-positive cells in the  enzymes, such as MMP1, MMP3, and MMP13, is implicated in OA
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progression (Ahmed et al., 2005; Wang et al,, 2011; Maldonado and
Nam, 2013). MMPs are a family of 23 enzymes with a specific function
of inhibiting the synthesis of collagen II and aggrecan, which are critical
for the synthesis of matrix-related proteins in cartilage (Dahlberg et al,,
2000; Yamamoto et al, 2016). Proteolysis and pathological cartilage
breakdown in OA are followed by abnormal expression of MMP
members (Murphy et al, 2002). Among these MMP members,
MMPI1, MMP3, and MMP13 are responsible for the degradation of
ECM in OA articular cartilage (Yoshihara et al., 2000). In this study, IL-
1B increased the expression of MMP1, MMP3, and MMP13, while the
expression of matrix related proteins, such as collagen II and aggrecan,
was significantly downregulated in IL-1B-treated chondrocytic cells.
However, all these changes could be restored by treatment with 3'-SL.
These results demonstrate that 3'-SL could attenuate oxidative stress-
derived cartilage matrix degradation in IL-1P-treated chondrocytic cells.

MAPK and PI3K/AKT/NF-xB signaling pathways are key
mediators of cartilage degradation and OA progression (Sun
etal., 2017; Zhang et al., 2019). MAPK signaling, which consists

of ERK 1/2, P38, and JNK, can transduce extracellular stimuli
into the nucleus (Keshet and Seger, 2010; Sugiura et al., 2011). In
addition, MAPK activation is involved in the disruption of ECM
(Sondergaard et al., 2010). Subsequently, the PI3K/AKT/NF-kB
signaling cascade induces increased expression of catabolic
factors and can contribute to cartilage degradation (Rigoglou
and Papavassiliou, 2013; Jenei-Lanzl et al., 2019). Our data
showed that the phosphorylation levels of P38, ERK, JNK,
PI3K, and AKT, P65, and IkBa were significantly increased
in the cell model of OA. However, these activated pathways were
reversed by treatment with 3'-SL. The upstream regulators of
NF-kB involve the MAPK and PI3K/AKT signaling pathways
(Schulze-Osthoff et al., 1997; Yum et al., 2001). Thus, we
evaluated the functional kinase activities using BAY 11-7082
in IL-1P-treated chondrocytic cells. In our study, the
phosphorylation of IxkBa and P65 was attenuated by pre-
treatment with Bay 11-7082 in IL-1B-induced chondrocytic
cells. Furthermore, the inhibition of NF-kB activation by 3'-
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SL and Bay 11-7082 was observed in IL-1B-induced
chondrocytic cells. These observations highlight the
importance and need to further investigate the detailed
mechanisms for the activity of other kinases. Taken together,
these results reveal that the regulation of MAPK and PI3K/
AKT/NF-kB signaling pathways plays a vital role in preserving
the structural integrity of the matrix in the cell model of OA.

It should be note that although the chondrosarcoma cell line
SW1353 is widely used as a substitute for primary adult articular
chondrocytes, our results cannot be totally translated to primary OA
chondrocytes considering the difference in gene expression between
SW1353 and primary OA chondrocytes after treatment with IL-1f
(Gebauer et al., 2005). This was the limitation of this study.

Sialyllactose is a representative human milk oligosaccharide in
human breast milk. It can regulate immune homeostasis through
receptor-mediated endocytosis and phagocytosis (Kim et al,
2019). Considering this and the multiple inhibitory effects of
3’-SL on IL-1B-mediated effects observed in this study, 3'-SL may
mediate the receptor-mediated mechanism and could be used as a
therapeutic agent for OA treatment. Further prospective studies
are warranted to determine the accurate target of 3'-SL on IL-1p-
induced oxidative stress and inflammation.

In conclusion, results from this study demonstrated that 3'-
SL can counteract oxidative stress and inflammation via the
suppression of activated MAPK and PI3K/AKT/NF-kB
signaling pathways in IL-1p treated chondrocytic cells.
Based on these findings, 3'-SL may be potentially used to
protect against OA.
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" Department of Medicine, Surgery and Neuroscience, Rheumatology Unit, Clinic for the Diagnosis and Management of Hand
Osteoarthritis, Azienda Ospedaliera Universitaria Senese, Siena, Italy, 2Department of Medicine, Surgery and Neuroscience,
Orthopedics and Traumatology Unit, University of Siena, Siena, Italy

Thumb-base osteoarthritis (TBOA) is a common condition, mostly affecting post-
menopausal women, often inducing a significant impact on quality of life and hand
functionality. Despite its high prevalence and disability, the therapeutic options in
TBOA are still limited and few have been investigated. Among the pharmacological
strategies for TBOA management, it would be worthwhile to mention the injection-
based therapy. Unfortunately, its efficacy is still the subject of debate. Indeed, the
2018 update of the European League Against Rheumatism (EULAR) recommendations
for the management of hand osteoarthritis (OA) stated that intra-articular (IA) injections of
glucocorticoids should not generally be used, but may be considered in patients with
painful interphalangeal joints, without any specific mention to the TBOA localization and to
other widely used injections agents, such as hyaluronic acid (HA) and platelet-rich plasma
(PRP). Even American College of Rheumatology (ACR) experts conditionally
recommended against IA HA injections in patients with TBOA, while they conditionally
encouraged |A glucocorticoids. However, the recommendations from international
scientific societies don’t often reflect the clinical practice of physicians who routinely
take care of TBOA patients; indeed, corticosteroid injections are a mainstay of therapy in
OA, especially for patients with pain refractory to oral treatments and HA is considered as a
safe and effective treatment. The discrepancy with the literature data is due to the great
heterogeneity of the clinical trials published in this field: indeed, the studies differ for
methodology and protocol design, outcome measures, treatment (different formulations of
HA, steroids, PRP, and schedules) and times of follow-up. For these reasons, the current
review will provide deep insight into the injection-based therapy for TBOA, with particular
attention to the different employed agents, the variety of the schedule treatments, the most
common injection techniques, and the obtained results in terms of efficacy and safety. In
depth, we will discuss the available literature on corticosteroids and HA injections for TBOA
and the emerging role of PRP and other injection agents for this condition. We will consider
in our analysis not only randomized controlled trials (RCTs) but also recent pilot or
retrospective studies trying to step forward to identify satisfactory management
strategies for TBOA.
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INTRODUCTION

Thumb-base osteoarthritis (TBOA) is a highly prevalent

condition affecting middle-aged and older people; the
condition increases with age, is more common in
women—particularly  post-menopausal—and it is often
bilateral (Dahaghin et al, 2005, Haugen et al, 2011;

Kloppenburg et al., 2017).

The prevalence of symptomatic TBOA among people aged
>50 years was estimated from 5 to 7%, while the prevalence of
radiographic TBOA is higher, ranging from 45 to 60% (Sodha
et al., 2005; Sonne-Holm and Jacobsen, 2006).

The main symptoms of TBOA are pain, localized to the base of
the thumb, stiffness, tenderness and loss of range of motion. The
impairment function reduces the ability to perform activities of
daily living, such as writing, opening a jar, turning a car key, and
turning a door or handling small objects. In the more advanced
stages, thenar muscle wasting combined with subluxation and
adduction of the thumb metacarpal can induce a characteristic
“squaring” joint deformity. Furthermore, patients with
concomitant osteoarthritis (OA) of the interphalangeal (IP)
joints and TBOA complain of more pain, functional disability,
and reduced quality of life (Bijsterbosch et al., 2010; Tenti et al.,
2020).

Despite its high prevalence and disability, the therapeutic
options for TBOA are still limited and few investigated; its
management usually requires a combination of non-
pharmacological, pharmacological, and surgical strategies with
a multidisciplinary approach (Kloppenburg et al., 2017).

Among the pharmacological strategies, it would be worthwhile
to mention the use of intra-articular (IA) injection-based therapy
with corticosteroid or hyaluronic acid (HA). Unfortunately, its
efficacy is still the subject of debate and not universally shared by
the current guidelines for the management of hand OA.

The 2007 European League Against Rheumatism (EULAR)
recommendations for hand OA support the use of IA long-acting
corticosteroids for painful flares of OA, especially for TBOA
(Zhang et al., 2007).

Conversely, the 2018 update of EULAR recommendations
state that IA injections of steroids should not generally be
used, but may be considered in patients with painful IP joints,
without any specific mention to the TBOA localization and to
other widely used IA agents, as HA and platelet-rich plasma
(PRP) (Kloppenburg et al., 2019). Even American College of
Rheumatology (ACR) experts conditionally recommend against
IA HA injections in patients with TBOA, while they conditionally
encourage IA glucocorticoids (Kolasinski et al., 2020).

However, the recommendations from international scientific
societies do not often reflect the clinical practice of all physicians
who routinely take care of TBOA patients; indeed, corticosteroid
injections are a mainstay of therapy in OA, especially for patients
with pain refractory to oral treatments, and HA is considered as a
safe and effective therapeutic option.

Considering the high prevalence of a disabling disease, such as
TBOA, we aimed to perform a narrative review analyzing the
current evidence on the efficacy and safety of the intra-articular
therapy. For this purpose, we grouped the literature evidence for
different used IA drugs (corticosteroids, hyaluronate, PRP, or
other medications), adding a discussion to find the gaps in this
area and to identify where additional research is needed.

METHODS

Data Sources and Searches
We created a comprehensive search strategy aimed to capture all
relevant papers concerning injection-based therapy for TBOA.
The search strategy was applied to the following bibliographic
databases: Cochrane Library, PubMed, MEDLINE, EMBASE,
Web of Science, and Scopus, using the terms “thumb-base
joint osteoarthritis,” “trapezio-metacarpal joint osteoarthritis,”
“first carpo-metacarpal joint osteoarthritis,” “rizoartrhosis” in
combination with “intra-articular injections,” “injection-based
therapy,” “steroid injections,” “hyaluronic acid injections,”
“platelet-rich  plasma injections,” and  “prolotherapy.”
Additional articles were identified by searching bibliographies
of each paper. Furthermore, we searched www.clinicaltrials.gov
for active and/or recently completed clinical trials testing agents
for IA therapy of TBOA.

We conducted the search of the literature in October 2020.

Inclusion/Exclusion Criteria

In this narrative review, we included all studies analyzing an
injection-based intervention for patients suffering from
TBOA. In particular, articles were considered eligible if they
met the following criteria: 1) diagnosis of TBOA of the study
population, according to the ACR criteria for hand OA
(Altman et al., 1990); 2) any study design, including not
only randomized controlled trials (RCTs), but even
prospective open label or retrospective studies; 3) any
studies presenting at least an evaluation of the efficacy, in
terms of both pain and function, and tolerability of injection-
based therapy; 4) any type of pharmacological agents or
medical devices injected; 5) any injection approach included
(with any or no image guidance); 6) studies published from
2000 to October 2020, totally written in English language.
Studies were excluded if they did not evaluate the effects of
injection therapy on both pain and function; review articles,
studies not published as a full article (conference abstracts)
and papers not totally written in the English language were also
not considered.

Selection of Studies

Initially, duplicates were removed and relevant trials were
independently screened by checking titles, keywords, and
abstracts by two authors (T. S., M. N.). The references of
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FIGURE 1 | Study flow diagram. TBOA, thumb-base osteoarthritis.

the selected articles and all significant reviews on the topic
were also checked to identify other potential papers. Then, a
full-text evaluation of the selected studies was performed by
the same authors (T. S, M. N.) to determine whether the trials
met the inclusion criteria regarding design, study population,
outcomes, and interventions. Disagreement between the two
reviewers was solved by involving a third author (F. A.).

Data Extraction

Data were independently extracted and aggregated into a
Microsoft Excel®spreadsheet database by two authors (C. S.
and G. S.). In particular, the data extraction sheet was designed
to collect data about the study design, participants, details on
the interventions undertaken, types of outcome measures
evaluated, duration of follow-up, loss to follow-up, and
results. Any inconsistencies between the two authors were
solved by consensus discussion or by involving a third reviewer
(F. A.) in case of persistent disagreement.

Outcomes and Data Analysis

Patient-reported pain and function were considered the main
outcomes of interest; possible side effects related to the
injection-based therapy were also recorded. A priori we
defined as short-term follow-up, a follow-up period ranging
from one week to 3 months, medium-term follow-up a period
ranging from 3 to 6 months, and long-term follow-up above
6 months. Descriptive analysis was performed for all
demographic data, interventions, and outcome parameters
to facilitate narrative interpretation and comparison among
the studies.

RESULTS

Literature Search Results and Trials

Characteristics

In total, 164 potential eligible studies were found; no additional
papers were obtained by hand searching of references. Of these,
11 studies were excluded because they were written in a language
other than English, 37 because they were review articles and 16
because were published before 2000. Based on the title and the
abstract content, 46 of these articles were not included in our
review. The full texts of the remaining 54 studies were read, and a
further 16 studies were excluded because they did not meet other
inclusion criteria (Figure 1). We identified 38 assessable studies,
six analyzing the effect of IA injections of corticosteroids, 20
evaluating the effects of IA hyaluronic acid, of whom seven in
comparison to steroids, five dealing with IA injections of PRP and
the remaining seven exploring new emerging IA therapy.
Additionally, we identified two study protocols for trials
planned for the coming years.

Corticosteroid Injections

Intra-articular corticosteroids have been used for decades in the
management of symptomatic OA and remain a common practice
given their potent anti-inflammatory properties and the favorable
cost/effectiveness profile. Steroid injection is typically reserved to
patients not responding to systemically delivered drugs or who do
not tolerate pharmacological treatments (Jiini et al., 2015). The
choice of the drug depends on the experience and preference of
the physician, but generally includes triamcinolone,
methylprednisolone, and betamethasone.
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TABLE 1 | Summary of studies investigating intra-articular injections of corticosteroids for the treatment of thumb-base osteoarthritis.

Authors, Study Sample
publication design size
year (pts)
Jahangiri et al. ~ Double- 60
(2014) blind RCT
NCT00685880  Double- 2
blind RCT
Day et al. Open 30
(2004) prospective
study
Joshi (2005) Open 25
prospective
study
Khan et al. Open 40
(2009) prospective
study
Rocchi et al. Prospective 50
(2018) comparative
study

Inclusion
criteria®

-Age >40 years
-Duration of
pain >3 months

-Pain intensity
>30/

100 mm VAS
-Eaton grade >1
-Age > 45 years
-Eaton

grade 2-3
-Pain >3/10

on VAS
-Symptoms
duration

>6 months
-Isolated pain
at TB
-Tenderness
over the TMCJ
-Positive grind
test

NR

Not reported

-Eaton
stage 1-2

-Isolated pain at
TB and
tenderness over
the TMCJ
-Positive grind
test

Intervention Follow-
duration
(weeks)

Group I: 2 monthly 24 None
injections of 0.9% saline/

1 ml followed by
methylprednisolone acetate

40 mg/0.5 ml mixed with

2% lidocaine/0.5 ml after

1 month

Group II: 3 monthly

injections of 20% dextrose/

0.5 ml mixed with 2%

lidocaine/0.5 ml

Group I: One injection of 24
10% dextrose solution

None

Group II: one injection of
betamethasone 3 mg/

0.25-0.5 ml

(CELESTONE®

SOLUSPAN®)

One injection of 72
methylprednisolone acetate

40 mg/1 ml, mixed with 1%
lidocaine/0.5 ml, 0.5%

bupivacaine hydrochloride/

0.5 ml and bicarbonate

0.5 ml followed by

immobilization in a thumb

spica splint for 3 weeks

One injection of 48
methylprednisolone acetate

10 mg/0.25 ml

None

None

One injection of kenalog 24 None
10 mg/0.5 ml and a local
anesthetic solution (not

better specified)

Group I: One injection of 48 None
methylprednisolone acetate
40 mg/1 ml and lidocaine
10 mg

Group II: 10 physical
therapy sessions (including
both physical agent
application both exercise)
with a hand therapist for

5 days a week for two
consecutive weeks

Al studies included patients with diagnosis of TBOA according to the ACR criteria (Altman et al., 1990).
DASH, disabilities of the arm and shoulder; HAQ, health assessment questionnaire; HAQ-DI, health assessment questionnaire disability index; NR, not reported; pts, patients; TB, thumb-

base; TMC, trapezio-metacarpal; TMCJ, trapezio-metacarpal joint; RCT, randomized controlled trial; VAS, visual analogue scale.

Injection
up guidance

Outcomes
evaluated

VAS pain (0-100);
tenderness
intensity; HAQ-DI
(0-3); pinch grip
strength (Ib)

VAS pain (0-10);
analgesic use; grip
strength; functional
assessment of
upper extremities

Subjective pain relief
(0-10); DASH
(0-100)

VAS pain (0-10);
HAQ (0-3)

VAS pain (0-10);
DASH (0-100)

TMC pain and
restriction of
activities (degrees);
DASH (0-100);
treatment
satisfaction (1-10
scale); pinch
strength (kg)

Results

The results on pain
were better for steroid
group at 1 month, and
for dextrose group at
6 months; more
effectiveness on
functionality measures
was observed for
dextrose after

6 months

Early termination due
to low enrollment; no
subject data was
analyzed

Steroid injection with
splinting provided
long-term (until

18 months) benefit in
early stage of the
disease (eaton stage 1)

A significant long-term
benefit wasn’t
observed; only a
significant improvement
of pain was reported
after 1 month

All patients reported a
significant improvement
in pain and hand
function (o < 0.05),
regardless of the
disease stage.
Additionally, a marked
difference in the duration
of improvement in hand
function between early
and late stages of the
disease (p = 0.0046)
was described

Group | reported a
rapid decrease of pain
and an increase of the
functional
performances, but this
beneficial effect was
short-lived. Group |l
experienced a more
gradual improvement
that lasted longer
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Intra-articular injection of steroid is mostly used and
studied for inflammatory and degenerative disease of large
joints, such as the knee, while the scientific evidence for
TBOA is limited and conflicting. The characteristics of the
few studies found by our literature research are summarized
in Table 1.

A double-blind RCT compared the efficacy of IA steroids
(methylprednisolone acetate 40 mg) with a 20% dextrose
solution (prolotherapy treatment), both mixed with 0.5 ml
of 2% lidocaine (Jahangiri et al., 2014). In this study, sixty
patients with TBOA beyond stage one of the Eaton
classification (Eaton and Glickel, 1987) were selected and
randomly assigned to corticosteroids or prolotherapy. One
group received two monthly placebo injections with a 0.9%
saline solution and in the third month the steroid, the other
one was treated with three monthly IA dextrose solution. The
efficacy of the treatment was evaluated at 1, 2, and 6 months
after the third injection. Methylprednisolone appeared more
effective in the short-term, but at the sixth month the results
showed a remarkable difference in favor of dextrose. No
severe side effects were reported for prolotherapy.

Another randomized double-blind trial comparing IA 10%
dextrose solution to betamethasone injection for the
treatment of symptomatic TBOA was performed by the
Mayo Hand Clinic (Clinicaltrials.gov, NCT00685880). The
study started in 2008, but it appears to have been
discontinued because of the small number of patients
recruited.

A number of non-RCTs investigated the effectiveness and
tolerability of IA steroid for TBOA. Thirty patients with
TBOA were included in a long-term prospective open
study and treated with a single injection of
methylprednisolone acetate (40mg) and 0.5ml of 1%
lidocaine followed by the use of a thumb spica splint for
three weeks (Day et al., 2004). The clinical evaluation
provided long-term (until 18 months) benefit in early stage
of the disease, while in the severe form of disease (Eaton stage
4) the treatment appeared ineffective. On the contrary, Joshi
R (Joshi, 2005) in a prospective case series of 25 patients
treated with a single injection of 10mg of
methylprednisolone  acetate showed a  significant
improvement of pain after 1 month, but not in the
following observations at 3, 6, and 12 months. The Author
did not report any information about the stage of the disease
or about the concomitant use of other pharmacological or
non-pharmacological treatments during the study period.

Khan et al. (Khan et al., 2009) conducted a prospective open
study in 40 patients with TBOA to evaluate the improvement
in pain and function of the hand after a single IA corticosteroid
injection (triamcinolone acetonide 10mg) and a local
anesthetic solution. The symptomatic effect was evident in
all patients in the short-term evaluation (2-4 weeks), but the
duration of this benefit was different according to the stage of
the disease.

Rocchi et al. (Rocchi et al., 2018) compared, prospectively, the
effect of 10 sessions of physiotherapy to a single IA injection of

Injection Therapy for Thumb Osteoarthritis

methylprednisolone acetate (40 mg) and lidocaine in 50 patients
with TBOA at early stages. The patients receiving IA therapy
reported a rapid decrease of pain and an increase of the functional
performances, but this beneficial effect was not maintained in the
long-term follow-up (12 months). The group treated with
physiotherapy  (heat application, passive and active
mobilization, massage, and stretching) experienced a more
gradual improvement that lasted longer.

We did not report in this analysis the trials by Meenagh et al.
(Meenagh et al., 2004) and by Swindells et al. (Swindells et al.,
2010), because they evaluated only the effects of IA steroids on
pain and not on functionality, as determined by our inclusion
criteria.

Hyaluronic Acid Injections

HA represents another well-known IA treatment for OA; its use is
based on its ability to restore the rheological properties of the
synovial fluid and thus to decrease pain and improve
functionality. For these reasons, it can represent a valid and
safe alternative to IA corticosteroids in OA patients not
responding to non-steroidal anti-inflammatory  drugs
(NSAIDs) and analgesics. The role of viscosupplementation
with HA is nowadays worldwide recognized for the treatment
of knee OA, but its usefulness has been recently suggested also for
other joints, such as hip, ankle, shoulder, temporomandibular
joint, and thumb (Henrotin et al, 2015). However, as
demonstrated in recent systematic reviews and meta-analysis,
the scientific evidence on the efficacy of the IA therapy with HA
in TBOA is still subject of debate, and often limited by the great
heterogeneity of the trials performed in this field (Trellu et al.,
2015; Kroon et al,, 2016; Riley et al., 2019). The main sources of
heterogeneity are represented by different HA formulations
employed with variable injection schedules and IA techniques,
different periods of follow-up and a great variety of assessed
outcomes.

We identified a total of 20 papers, including nine RCTs, two
retrospective comparative studies and nine open label trials
evaluating the effects of the IA therapy with HA in TBOA
patients. In the controlled studies, the comparator treatment
was represented by IA corticosteroids (7 papers), IA saline
solution (one paper) and extracorporeal shock wave therapy
(ESWT) (one paper). The remaining controlled trials evaluated
different schedules of TA HA in one case, and assessed a
combination therapy with IA HA and IA ketorolac vs. A HA
alone in another one.

Hyaluronic Acid Versus Corticosteroids

Injections

The individual characteristics of each study (6 RCTs and one
retrospective comparative study) are reported in Table 2. A direct
comparison among these trials is not possible, considering the
great heterogeneity of the studies for a variety of parameters. Four
research papers evaluated, as HA formulation, sodium
hyaluronate from different commercial brands, two studies
analyzed hylan and another one considered a hybrid
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TABLE 2 | Summary of studies investigating intra-articular injections of hyaluronic acid for the treatment of thumb-base osteoarthritis.

Authors,
publication
year

Stahl et al.
(2005)

Fuchs et al.
(2006)

Heyworth et al.
(2008)

Study
design

RCT

Single-
blind RCT

Double-
blind RCT

Sample
size
(pts)

52

56

60

Inclusion
criteria®

NR

-VAS pain =40 mm for
at least 6 months

-Good general
condition and
compliance

NR

Intervention Follow-
up
duration
(weeks)
Group I: One injection of 24
methylprednisolone acetate
(depomedrol®) 40 mg/1 ml
Group II: one injection of sodium
hyaluronate (orthovisc®) 15 mg/1 mi
Group I: 3 weekly injections of 1% 26
sodium hyaluronate 10 mg/1 ml
(ostenil® mini), average MW 1.2 milion
dalton
Group II: 3 weekly injections of
triamcinolone acetonide (volon® A10)
10 mg/1 ml
Group I: 2 weekly injections of 1 ml of 26

hylan G-F 20 (synvisc®)

Group II: one injection of 1 ml placebo
of normal saline (0.9% sodium
chloride), followed by one week by an
injection of 1 ml of sodium
betamethasone sodium
phosphate—betamethasone acetate
(celestone soluspan®)

Group lll: 2 weekly injections of 1 ml
placebo of normal saline (0.9%
sodium chloride)

44

Injection
guidance

None

None

None

Outcomes
evaluated

VAS pain (0-10); grip and
pinch strength (kg); PPT

VAS pain (0-100); lateral
pinch grip (kg); pulp
pinch grip (kg); radial and
palmar ab/adduction and
opposition (degrees)

VAS pain (0-10); DASH
(0-100); ROM (degrees);
grip and pinch

strength (Ibs)

Main results on pain N° of
and function reported
adverse

events

A reduction of pain was 0
observed in both groups

after 1 month. Grip

strength improved

significantly in both

groups at 6 months;

patients treated with HA

showed an improvement

of pinch strength and PPT

at 3 months, too

VAS pain improved in a 0
more significantly manner

in group Il at 2-3 weeks

and in group | at

26 weeks. At the end of
follow-up, a superiority of

HA was found for the
improvement of lateral

pinch strength, pulp pinch

strength and for radial
abduction/adduction and
opposition

There were no statistically 0
significant differences

among the three studied

groups for most of the

outcome measures at any

of the follow-up time

points

(Continued on following page)
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TABLE 2 | (Continued) Summary of studies investigating intra-articular injections of hyaluronic acid for the treatment of thumb-base osteoarthritis.

Authors,
publication
year

Monfort et al.
(2015)

Tenti et al.
(2017)

Bahadir et al.
(2009)

NCT00398866

Study
design

Single-
blind RCT

Retrospective
comparative
study

Single-
blind RCT

Three arms RCT

Sample
size
(pts)

88

100

40

200

Inclusion
criteria®

-Age > 18 years

-Clinical symptoms for
at least 90 days
requiring analgesics or
NSAIDs treatment

-Age between 45 and
75 years

-Clinical symptoms for
at least 3 months
-VAS pain >30 mm
and FIHOA > 6

-Eaton stage 2 or 3

-Unacceptable pain
despite modification of
activity and NSAIDs
-Failure/intolerance of
conservative therapy
with NSAIDs and/or

COX-2 inhibitors

Intervention Follow- Injection
up guidance
duration

(weeks)

Group I: 3 weekly injections of 24
500-1,000 kDa HA (suplasyn®) 5 mg/

0.5 cm®, MW 500-1,000 kDa

Group II: 3 weekly injections of

0.5 cm® of betamethasone disodium
phosphate 1.5 mg and

betamethasone acetate 1.5 mg

Yes, US-
guidance

Group I 2 injections performed 24 None
15 days apart of a 3.2% hybrid

formulation of HA (sinovial H-L®)

16 mg + 16 mg/1 ml; combination of

1,100-1,400 kDa MW and

80-100 kDa MW

Group II: 2 injections performed

15 days apart of triamcinolone

acetonide (kenacort®) 20 mg/0.5 m

Group I: 3 weekly injections of sodium 48 None
hyaluronate (ostenil®) 5 mg/0.5 mi

Group II: one injection of triamcinolone

acetonide (kenacort®) 20 mg/0.5 m

Group I: 2 weekly injections of 1 ml of 26 None
hylan GF-20 (synvisc®)

Group II: one injection of triamcinolone
(kenalog®) 40 mg/1 ml, followed by a
placebo injection of 1 ml 0.5%
bupivacaine after 1 week

Group lIl: Two weekly injections of 1 ml
of bupivicaine 0.5%

45

Outcomes
evaluated

VAS pain (0-10); FIHOA
(0-30); SF-36 PCS and
MCS (0-100)

VAS pain (0-100); FIHOA
(0-30); HAQ (0-3);
duration of morning
stiffness (minutes); SF-
36 PCS and MCS
(0-100)

VAS pain (0-10); pinch
strength (pound); grip
strength (pound);

DHI (0-90)

VAS pain (0-100); DASH
(0-100)

N° of
reported
adverse

events

Main results on pain
and function

VAS and FIHOA
significantly improved
trough follow-up without
significant differences
between groups. A sub-
analysis of patients with
FIHOA > 5 and VAS > 3 at
baseline showed a
significantly major
improvement of FIHOA
score in the HA group vs
steroid group at 12 and
24 weeks

Both therapies provided
effective pain relief and
functional improvement,
but the benefits achieved
were significantly superior
in group | vs group II, after
1 month and persisted
until 6 months. HA was
also associated to a
significant improvement of
morning stiffness, HAQ
and SF-36 PCS

VAS pain decreased 0
significantly vs baseline

over 12 months in group Il

and over 6 months in

group . Pinch strength

didn’t improve in any

group, while grip strength
increased significantly in

both. DHI improved

significantly only in group Il

Group I: 5

Group II: 5

Group I: 2

Group II: 4

Only partial results Group I: 0
reported
Group I1:0
Group Ill: 1

(Continued on following page)
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TABLE 2 | (Continued) Summary of studies investigating intra-articular injections of hyaluronic acid for the treatment of thumb-base osteoarthritis.

Authors,
publication
year

Roux et al.
(2007)

Figen Ayhan and
Ustlin (2009)

loppolo et al.
(2018)

Koh et al. (2019)

Study
design

Three arms RCT

RCT

RCT

Retrospective
comparative
study

Sample
size
(pts)

42

66 joints of
33 pts

58

74

Inclusion
criteria®

-VAS > 40 mm

-Failure of other
therapies
-Kellgren grade II-IV

-VAS > 40 mm

-Eaton grade 1-4

-Pain duration

>6 months

-Age >40 years
-VAS >4 mm
-Eaton grade 2 or 3

-Age > 40 years
-Failure to other
conservative
treatments

-Eaton grade 2 or 3
-Pain duration

>3 months

Intervention Follow- Injection
up guidance
duration
(weeks)

Group I: One injection of 1 ml of 12 Yes
sodium hyaluronate (sinovial®) (radioscopic
Group II: 2 weekly injections of 1 ml of control)
sodium hyaluronate (sinovial®)
Group Ill: 3 weekly injections of 1 ml of
sodium hyaluronate (sinovial®)
Group I: One injection of 1 ml of hylan 24 None
G-F 20 (synvisc®)
Group II: one injection of 1 ml of saline
solution
Group I: 3 weekly injections of 0.5 cm?® 24 Yes (US
HA (sinovial mini®) guidance)
Group II: 3 weekly sessions of ESWT
(2,400 pulses for each session with a
frequency of 4 Hz and an EFD of
0.09 mJ/mm?)
Group I: One injection of 0.5 ml of 24 Yes (US-
sodium hyaluronate mixed with 0.5 ml guidance)

of ketorolac 30 mg/ml
Group II: one injection of 0.5 ml of

sodium hyaluronate mixed with 0.5 ml
of saline

46

Outcomes
evaluated

VAS pain (0-100);
FIHOA (0-30)

VAS pain (0-100); FIHOA
(0-30); pinch
strength (Ibs)

VAS pain (0-10); DHI
(0-90); grip and pinch
strength (kg)

DASH (0-100); VNS for
pain (0-10)

N° of
reported
adverse

events

Main results on pain
and function

No significant differences NR
were found among the
groups over the study for
VAS and FIHOA. Intra-
groups analyses showed
significant improvement in
VAS and FIHOA in group Il
and lll, but not in group |.
Efficacy was evident after
1 month and persisted at
3 months
Statistically significant NR
improvements of VAS,
FIHOA and pinch strength
were observed in group |
at 24 weeks, while only
VAS decreased
temporarily in group Il at
6 weeks
A significant improvement 0
of VAS and DHI was
observed in both groups
over time, but a greater
average improvement
was detected in group Il at
24 weeks. A significant
increase in strength was
reported in both groups,
but it was superior in
group Il vs group | starting
immediately after the
treatment
The DASH and VNS
scores improved at 1, 3
and 6 months in both
groups, but the onset of
pain relief was more rapid/
at 1 month) in group | vs
group |l

(Continued on following page)
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TABLE 2 | (Continued) Summary of studies investigating intra-articular injections of hyaluronic acid for the treatment of thumb-base osteoarthritis.

Authors,
publication
year

Schumacher
et al. (2004)

Frizziero et al.
(2014)

Coaccioli et al.

(2006)

Salini et al.
(2009)

Mandl et al.
(2009)

Study
design

Open-label
study

Open-label
retrospective
study

Open-label
study

Open-label
study

Open-label
study

Sample
size
(pts)

58

43
(56 TMCJ
in total)

32

Inclusion
criteria®

-Pain and/or
tenderness at TMCJ

Not reported

-VAS spontaneous
pain >40 mm
-Provoked pain under
pressure >60 mm

-Kellgren grade II-1ll
-Symptoms duration >
1 month

-Kellgren grade II-IV

Intervention Follow-
up
duration
(weeks)
5 weekly injections of sodium 24
hyaluronate (hyalgan®) 10 mg/ml, MW
500-730 kDa
3 weekly injections of 0.8 ml of HA 24
10 mg/ml, MW 500-730 kDa
3 weekly injections of 0.5 ml of HA 7
One injection of 1 ml of 0.8% HA, MW 4
0.8-1.2 million dalton
3 weekly injections of 1 ml of hylan G-F 26

20 (synvisc®)

47

Injection
guidance

None

None

None

Yes (US
guidance)

None

Outcomes
evaluated

VAS pain (0-10);
tenderness (0-3);
crepitus (0-3); 5-
question non validated
hand function survey;
pinch strength (kg)

VAS pain (0-10) at rest
and on voluntary and
passive movements;
lateral pinch strength;
morning stiffness;
NSAIDs consumption
(pills/days/month)

VAS spontaneous pain
(0-100); VAS provoked
pain (0-100); grip
strength (mmHg); FIHOA
(0-30); NSAIDs/
analgesics

consumption (%)

VAS pain at rest (0-10);
VAS pain during
common activities
(0-10); NSAIDs
consumption (nr pts and
tablets/week); FIHOA
(0-30); grip strength (kg);
lateral and pulp pinch
strength (kg)

VAS pain (0-100); DASH
(0-100); opposition grip
strength (Ibs); overall pts
satisfaction

Main results on pain N° of
and function reported
adverse
events
Mean pain score at rest 2

decreased of 46% and

pain on use of 27% at

6 months vs baseline. No

other significant

improvement in the

evaluated parameters

were reported

At 1, 3and 6 months from 15
baseline, VAS pain at rest

and on movements

significantly improved, as

well as the duration of

morning stiffness and

NSAIDs consumption

Pain and FIHOA 0
significantly decreased at

the end of the study. A

reduction of symptomatic

drugs consumption was

also observed

Pain at rest and during 2
activities significantly

reduced after 1 month, as

well as FIHOA. A

significant decrease of

NSAIDs consumption was

also reported

VAS pain and DASH 4
significantly improved at
26 weeks, while grip
strength didn’t
significantly change. VAS
pain correlated with
patient satisfaction at
26 weeks
(Continued on following page)
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TABLE 2 | (Continued) Summary of studies investigating intra-articular injections of hyaluronic acid for the treatment of thumb-base osteoarthritis.

Authors, Study Sample

publication design size

year (pts)

Ingegnoli et al. Open-label 16

(2011) study (32 TMCJ
in total)

Di Sante et al. Open-label 31

(2011) study

Velasco et al. Open-label 35

(2017) study

Bartoloni et al. Open-label 12

(2019) study

Inclusion Intervention

criteria®

-VAS pain >40 mm
-Failure of prior
treatments (NSAIDs,
physical therapy,
splinting)

3 weekly injections of 0.5 ml of high
MW HA (hyalubrix®)

-VAS pain >4 cm
-DHI > 24

3 weekly injections of 1 ml of HA

-Age between 18 and
75 years

-Eaton grade 2 or 3
-Pain duration at
TMCJ >6 months
-VAS pain >4 cm in
the target hand and <4
in the controlateral
hand

One injection of 0.7-1 ml of NASHA
20 mg/ml (durolane®)

-VAS pain =40 mm Two injections, 15 days apart, of 1 ml

of hybrid HA (sinovial H-L®)

AAll studies included patients with diagnosis of TBOA according to the ACR criteria (Altman et al., 1990).
COX-2, cycloxigenase-2;, DASH, disabilities of the arm and shoulder; DHI, Duruéz hand index; EFD, energy flux density; ESWT, extracorporeal shock wave therapy; FIHOA, functional index for hand osteoarthritis; HA, hyaluronic acid; HAQ,
health assessment questionnaire; MCP, metacarpophalangeal; MW, molecular weight; NASHA, nonanimal hyaluronic acid; NR, not reported; NSAIDs, non steroidal anti-inflammatory drugs; PDS, power doppler signal; PPT, Purdue

Pegboard test; pts, patients; Q-DASH, quick-disabilities of the arm and shoulder; RCT, randomized controlled trial; ROM, range of motion; SF-36 PCS, short form-36 physical component summary; SF-36 MCS, short form-36 mental

component summary; TMCJ, trapezio-metacarpal joint; US, ultrasound; VAS, visual analogue scale; VINS, verbal numeric scale.

48

Follow- Injection
up guidance
duration
(weeks)
24 Yes (US
guidance)
24 Yes (US
guidance)
24 Yes
(fluoroscopy
guidance)
24 Yes (US
guidance)

Outcomes
evaluated

VAS pain (0-100); FIHOA
(0-30); synovial
hypertrophy and PDS
(0-3) assessed by US

VAS pain (0-10);
DHI (0-90)

VAS pain (0-10);
Q-DASH (0-100);
kapandji thumb
opposition test (0-10);
radial abduction
(degrees); MCP joint
flexion (degrees);
strength of fist and clamp
(kg); crepitus (%);
morning stiffness (%);
mobility difficulties (%)
VAS pain (0-100); DASH
(0-100)

Main results on pain
and function

VAS pain and FIHOA
score significantly
decreased after 2 weeks
and are maintained at
week 24. PDS significantly
decrease after 2 weeks,
but it was not maintained
at week 24. No significant
reduction of synovial
hypertrophy was reported
during the follow-up

A significant decrease of
VAS pain was detected
after 1 and 3 months, but
not at 6-months follow-
up. No significant
differences were found for
DHI at 1, 3 and 6 months
Mean VAS pain
decreased of 27.8% after
6 months vs baseline and
a reduction >25% was
already present after

1 month. All other
evaluated parameters,
excepted for strength of
fist significantly improved
at 6 months vs baseline

VAS pain significantly
decreased after 3 and

6 months- a significant
improvement of DASH
was reported at any
evaluation times (1, 3 and
6 months)

N° of
reported
adverse

events

0

‘e 1 nue |

SNUYLEB08}SO quiny] Joj Adelsy ] uoiosfu


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Tenti et al.

formulation of HA. As corticosteroid comparator, the Authors
chose triamcinolone acetonide in four cases, although with
different dosages, betamethasone disodium phosphate in two
works and methylprednisolone in the remaining one.
Injections courses ranged from a single injection to three
weekly injections. The length of follow-up was of 6 months for
all trials, except from one in which the follow-up lasted until
12 months. Image guidance was employed in only one study. The
only outcome parameter evaluated in all studies was pain by a
visual analogue scale (VAS). Functionality was assessed by a
variety of different tests.

Concerning the efficacy of the results, the RCT's by Stahl et al.
(Stahl et al., 2005) and Fuchs et al. (Fuchs et al., 2006) showed a
significant effect of both IA steroid and IA HA on pain relief
(VAS) and function improvement (assessed by grip strength in
the former study and by pinch grip and pulp pinch grip in the
latter). However, Stahl et al. (Stahl et al, 2005) observed a
significant improvement of the functional Purdue Pegboard
Test (PPT), which measures the fine hand function, only in
the HA group. Consistent with these results, Fuchs et al.
(Fuchs et al.,, 2006) found a superiority of HA over steroids in
all assessed parameters (VAS pain, grip power, and range of
motion) in the medium-term. The more recent 6-months, single-
blind, RCT by Heyworth et al. (Heyworth et al., 2008) reported no
statistically significant differences among the three studied
groups, of whom one was treated with two IA injections of
hylan, one with a single injection of normal saline (0.9%
sodium chloride) followed, after a week, by IA betamethasone,
and another one with two IA injections of normal saline;
however, a positive trend in hand function, assessed by
Disabilities of the Arm, Shoulder, and Hand (DASH) scores,
was observed in patients treated with HA. A positive trend in
hand function, measured by Functional Index for Hand
Osteoarthritis (FIHOA) score, was observed in patients treated
with TA HA [3 weekly injections of a formulation of HA with
molecular weight (MW) 500-1,000 kDa] also by Monfort et al.
(Monfort et al., 2015) in a 6-months single-blinded randomized
trial vs. betamethasone. These findings became particularly
evident and reached statistical significance when patients with
more severe symptoms (FIHOA score of at least five and VAS
score of 50 or more) were considered for analysis.

These encouraging data on the HA therapy in patients with
TBOA were recently confirmed by a 6-months retrospective
comparative study which assessed the efficacy of a new hybrid
formulation of HA vs. triamcinolone acetonide in 100 patients
(Tenti et al., 2017). The Authors found both IA therapies effective
in controlling pain (by VAS) and improving joint functionality
(by FIHOA), but the benefits achieved were significantly superior
in the HA group than in the steroid group after 1 month and until
the end of follow-up. Furthermore, the HA formulation studied
also resulted in an association with a significant decrease in the
duration of morning stiffness and with a significant improvement
of Health Assessment Questionnaire (HAQ) and physical
component summary (PCS)-SF-36.

Contrasting results were reported by Bahadir et al. (Bahadir
et al., 2009) in an RCT evaluating in the long-term 20 patients
treated with a single injection of 20 mg triamcinolone acetonide

Injection Therapy for Thumb Osteoarthritis

and 20 patients who received three weekly injections of 5 mg
sodium hyaluronate. Pain levels were significantly decreased in
both groups, but the beneficial effect persisted until 12 months
only in the steroid group; similarly, the improvement in hand
functionality, assessed by the Duruoz Hand Index (DHI), reached
statistical significance only in patients treated with triamcinolone.

Interestingly, the protocol of a new randomized multicenter
study, the RHIZ’ART trial, aimed to analyze, for the first time, the
possible synergistic effect of corticosteroids associated with HA,
compared to steroid alone, in TBOA patients, was published last
year (Cormier et al., 2019). The Authors would like to compare
VAS pain, Cochin score, grip strength and opposition force,
3 months after a single injection of 0.5ml of corticosteroid
and 0.5ml of physiological saline or 0.5ml of corticosteroid
and 0.5ml of HA and would like to continue the follow-up
until 12 months.

A phase three triple-blind (participants, care provider,
investigator) RCT comparing the safety and effectiveness of
hyaluronan (Hylan G-F20 injected once a week for two
consecutive weeks) to corticosteroids (triamcinolone, 40 mg
injected the first week, followed by a placebo injection of 1 ml
0.5% bupivacaine the second week) and local anesthetic
(Bupivicaine 0.5% 1 ml injected once a week for 2 weeks) in
relieving symptoms of TBOA has recently been completed
(Clinicaltrials.gov, NCT00398866). Unfortunately, only partial
results have been reported.

Hyaluronic Acid Versus Other IA Treatment

Comparators
Considering the lack of guidelines for the IA HA treatment
schedule, in 2007 Roux et al. (Roux et al., 2007) compared the
efficacy on pain and function of one, two, or three IA injections of
1 ml sodium hyaluronate, performed weekly under radioscopic
control in the carpometacarpal joint of 44 patients. No significant
differences were found among the three groups over the study
period (3 months) for VAS pain and FIHOA, while intra-groups
differences between baseline and the end of follow-up were
significant only for patients treated with two or three injections.

In a 6-months Turkish RCT conducted in 2009, IA HA was
compared to IA saline injection in 33 women with bilateral
TBOA; in particular, hands of the same patient were divided
to hylan G-F 20 injection and saline injection, randomly. The
Authors found a significant improvement of VAS pain, FIHOA,
and pinch strength at the 24™ week only in the hylan group, while
a short-term (at the sixth week) placebo analgesic effect was
described for the control group (Figen Ayhan and Ustiin, 2009).

In another RCT on 58 TBOA patients, three weekly IA
injections of 0.5cm’ HA were compared to ESWT performed
once a week for three consecutive weeks. Although a significant
improvement in VAS pain, DHI score and grip and pinch
strength was observed in both groups at 3 and 6 months, a
greater benefit was reported in the ESWT group for all the
assessed parameters (Ioppolo et al., 2018).

Finally, very recently, in a retrospective comparative study,
Koh et al. (Koh et al, 2019) treated 74 TBOA patients with
ultrasound-guided IA injection of 0.5 ml of sodium hyaluronate

Frontiers in Pharmacology | www.frontiersin.org

49

April 2021 | Volume 12 | Article 637904


http://Clinicaltrials.gov
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Tenti et al.

and 0.5 ml of ketorolac or 0.5 ml of sodium hyaluronate and
0.5 ml of saline. The DASH and verbal numeric scale (VNS) pain
scores improved at 1, 3, and 6 months post-injection in both
groups, but the pain reduction was significantly more rapid (at
1 month) after the injection of HA plus ketorolac compared to
HA alone, suggesting a possible role of this combined IA therapy
for a fast onset of analgesia.

Hyaluronic Acid in Open Label Trials

In the last two decades, a variety of papers investigating the
potential efficacy of different formulations of HA have been
published (Table 2).

In 2004 the open-label study by Schumacher et al
(Schumacher et al., 2004) provided preliminary evidence that a
cycle of five weekly injections of low MW (500-730 kDa) HA into
the trapezio-metacarpal joint of 16 TBOA patients, was effective
in reducing pain at 6 months follow-up, although a significant
effect on pinch strength could not be observed. The beneficial
effects of the same HA formulation have been subsequently
confirmed by a retrospective open study conducted by
Frizziero et al. (Frizziero et al, 2014). The Authors
demonstrated that 58 patients treated with three weekly IA
injections of low MW HA (500-730kDa) presented a
significant reduction of pain at rest and on voluntary or
passive movements of flexion, extension, abduction, and
rotation (on a 0-10mm VAS scale), of morning stiffness
duration and of NSAIDs consumption at any evaluation time
(1, 3, and 6 months); furthermore, a significant improvement of
radial and palmar ab-/adduction was registered at each follow-
up visit.

The use of IA HA for TBOA was encouraged also in two
different studies by Coaccioli et al. (Coaccioli et al., 2006) and
Salini et al. (Salini et al., 2009); however, both trials were limited
by a very short-term follow-up (1 month). In the former trial, 43
TBOA patients for a total of 56 trapezio-metacarpal joints were
treated with three weekly injections of 0.5 ml HA and experienced
a significant reduction of VAS pain, FIHOA score and NSAIDs/
analgesic consumption, other than a significant improvement of
grip strength after 1 month from the first injection (Coaccioli
et al.,, 2006). In the latter study, a small group of TBOA patients
(n = 18) received a single ultrasound-guided injection of a
formulation of HA with a MW of 0.8-1.2 million Dalton; a
significant decrease of pain at rest and during activities, as well as
of FIHOA score were reported at the end of 1 month follow-up,
together with a significant reduction of NSAIDs intake (Salini
et al., 2009).

Other HA formulations also resulted to be beneficial for
patients with TBOA in open label pilot trials. In an American
study on 32 patients, a cycle of three weekly injections of hylan
G-F 20 determined a significant improvement of VAS pain and
DASH score (Mandl et al, 2009). In 2011, Ingegnoli et al.
(Ingegnoli al, 2011) evaluated the effects of three
ultrasound-guided IA injections, performed 1 week apart, with
high MW HA in 32TB joints of 16 patients. The Authors
reported a significant clinical improvement, characterized by
VAS pain and FIHOA score decrease, 2 weeks after the
injections and this effect persisted until 6 months. At the same

et
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time, a significant reduction of power doppler signal was observed
at 2 weeks, suggesting a potential role of HA in reducing local
inflammation, although this result was not maintained at week
24. In the same year, an Italian trial assessed the efficacy of an
ultrasound-guided procedure for the treatment of TBOA with
HA. Thirty-one patients received three weekly injections of 1 ml
HA and experienced a statistically significant VAS reduction at 1
and 3 months after the end of the IA therapy, but not a 6-months
follow-up; no significant differences were described for DHI at
any evaluation times (Di Sante et al., 2011).

More recently, a 6-months, prospective, open-label study
investigated the effects of a single IA injection of nonanimal
hyaluronic acid (NASHA) into the trapezio-metacarpal joint of
35 TBOA patients. This HA formulation differs from the others
above mentioned for the presence of synthetic cross-linking
which creates a three-dimension gel network, responsible for
an increased viscosity and half-life. The Authors reported a
significant mean change from baseline in VAS pain score at
any evaluation times (month 1, 3, and 6) with a reduction of
27.8% at 6 months. Further, a significant improvement of
quickDASH, Kapandji thumb opposition test, radial abduction,
metacarpal flexion, and strength of clamp scores were observed at
the end of follow-up (Velasco et al., 2017). Finally, an open study
on a small sample of patients (n = 12) confirmed the positive
results of the above-mentioned study by Tenti et al. (Tenti et al.,
2017) on the use of an hybrid formulation of HA. Indeed, the
Authors reported a statistically significant reduction of VAS pain
after 3 and 6 months and a significant improvement of DASH
score at 1, 3, and 6 months (Bartoloni et al., 2019).

We did not report in this analysis the trial by Dauvissat et al.
(Dauvissat et al., 2018) on a single injection of mannitol-modified
cross-linked HA in patients with TBOA, because it evaluated only
the effects on pain and not on functionality, as determined by our
inclusion criteria.

Platelet-Rich Plasma Injections

PRP is an autologous blood product derived by centrifugation of
the whole blood and characterized by a high concentration of
platelets above the normal levels (Marx, 2001). Many protocols
for preparing PRP exist; one possibility is to include the
leukocyte-containing buffy coat obtaining the so-called
leukocyte-rich PRP, while another one is to exclude leukocytes
resulting in the so-called leukocyte-poor PRP which is the
standard PRP preparation for OA (Evans et al,, 2020). Its use
for the treatment of OA of large joints, particularly knee and hip
OA, has emerged since the first decade of twenty-first century.
The rationale of efficacy of this IA treatment lies on its ability to
reverse pro-inflammatory processes and to modify the
microenvironment inside the joint, restoring the articular
homeostasis (Ornetti et al., 2016). In depth, after PRP
injection, a subset of cytokines and growth factors, as vascular
endothelial growth factor (VEGF), epidermal growth factor
(EGF) insulin-like growth factor (IGF), platelet-derived growth
factor (PDGF), interleukin-1 receptor antagonist (IL-1RA),
soluble receptor of tumor necrosis factor-alpha (TNF-alpha)
transforming growth factor-beta (TGF-beta), and many others,
are released into the joint, through the degranulation of the
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TABLE 3 | Summary of studies investigating intra-articular injections of platelet-rich plasma for the treatment of thumb-base osteoarthritis.

Authors, Study Sample Intervention Follow- Injection Outcomes Results No of
publication design size up guidance evaluated reported
year (pts) duration adverse
(weeks) events
Loibl et al. (2016) Open 10 2 injections of 1-2 ml of 24 Yes VAS pain (0-10); VAS significantly 1
label PRP with a platelet (fluoroscopic DASH (0-100); improved at 6 months
study concentrations of 2.4 guidance) mayo wrist score vs baseline, as well as
higher vs baseline, (0-100); grip and mayo wrist score.
performed 4 weeks apart pinch strength (kg)  DASH and grip
strength were
unaffected. Pinch
strength significantly
declined at 6 months
Malahias et al. RCT 33 Group I: 2 injections of 2 ml 48 Yes (US VAS pain (0-100); After 12 months’ NR
(2018) of PRP with a platelet guidance) Q-DASH (0-100); follow-up, PRP
concentrations of 2.6 patient satisfaction treatment yielded
higher vs baseline, (yes/no) significantly better
performed 15 days apart results vs steroid in
Group II: 2 injections of terms of VAS pain,
125 mg/2 mi Q-DASH and patients’
methylprednisolone sodium satisfaction
succinate (solu medrol®)
and lidocaine hydrochloride
2%, performed 15 days
apart
Medina-Porqueres Case 1 3 weekly injections of 3 ml 48 None VAS pain (0-10), After 6 months, the 0
et al. (2019) report of PRP and 10% calcium grip and pinch patient reported an
chloride strength (kg); improvement of pain
kapandji opposition  and functional
score; Q-DASH disability. At
(0-100) 12 months, no
recurrences or
complications were
observed
NCT03196310, Three 150 Group I: PRP injection 48 NR VAS pain; DASH; No results posted No results
ongoing arms (estimated)  Group II: corticosteroid pinch strength posted
single- (kenalog) injection
blind Group Ill: Normal saline
RCT injection
NCT04218591, Double- 90 Group I: PRP injection 24 NR VAS pain (0-10); No results posted No results
ongoing blinded (estimated)  Group II: normal saline nelson thumb score posted
RCT injection (0-100); EQ-5D
(0-1); PRWHE
(0-100); DASH
(0-100); HADS
(

0-21); PCS (0-52);
ROM (degrees);
strength (kg)

DASH, disabilities of the arm and shoulder; EQ-5D, EuroQoL-5D; NR, not reported; HADS, hospital anxiety and depression score; PCS, pain catastrophizing score; PRP, platelet-rich
plasma; PRWHE, patient-rated wrist and hand evaluation; pts, patients; Q-DASH, quick-disabilities of the arm and shoulder; RCT, randomized controlled trial; ROM, range of motion; US,

ultrasound; VAS, visual analogue scale.

platelets a-granules. Globally, these mediators exert an anti-
catabolic and anti-inflammatory action, modulate the
metabolic functions of chondrocytes and subchondral bone
and stimulate fibroblasts to synthesize HA (Moussa et al., 2017).

Actually, only a very limited number of papers, often with a
very small sample size and a not controlled design, investigating
the possible efficacy of PRP in TBOA are published (Table 3).

The first one dates back to 2016 and analyzed the effect of two
IA injections of 1-2 ml of PRP, administered 4 weeks apart to a
small number of patients (n = 10). After 6 months of follow-up,

the Authors reported a significant improvement of VAS pain and
Mayo wrist score, while no differences vs. baseline were observed
for DASH score and grip strength (Loibl et al., 2016). These
results are supported by a RCT published in 2018 and assessed the
efficacy of two ultrasound-guided IA PRP injections, performed
2 weeks apart, in 16 patients compared to two ultrasound-guided
IA methylprednisolone and lidocaine injections at a 2-weeks
interval in 17 patients. The Authors demonstrated a significant
efficacy of PRP in improving pain (measured by VAS) and
function (assessed by quick-DASH) both in the mid-
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TABLE 4 | Summary of studies investigating intra-articular injections of mesenchymal-derived stem cell populations for the treatment of thumb-base osteoarthritis.

Authors,
publication
year

Centeno and
Freeman (2014)

Bohr et al. (2015)

Herold et al.
(2017)

Emne et al. (2018)

Haas et al.
(2020)

Study
design

Case series

Case report

Open label
study

Retrospective
comparative
study

Open label trial

Sample
size
(pts)

50

21

89 (99
T™CJ)

Intervention

Group I: One
injection of

0.3-1 ml of MSCs
formulation in
addition to a
platelet product
Group II: pts
interested in the
procedure, but not
treated

One injection of

1 ml cell-enriched
lipoaspirate

One injection of 1
cc of lipoaspirate

Group I: One
injection of 1.3 +
0.2 ml of
autologous fat
Group II: Lundborg
resection
arthroplasty

One injection of
1-2 ml of
autologous fat

Source
of MSCs

Bone
marrow
(from iliac
crest)

Adipose
tissue
(from
abdomen)

Adipose
tissue
(from
abdomen
and tights)

Adipose
tissue
(from low
abdomen)

Adipose
tissue
(from
abdomen)

Follow-up
duration
(weeks)

48

48

48

72

48

Injection
guidance

Yes
(fluoroscopy)

Yes (X-ray
control)

Yes
(radiographic
control)

None

None

Outcomes
evaluated

VAS pain (0-10);
strength (kg);
ROM (degrees)

Pain; DASH
(0-100)

VAS pain (0-10);
pinch strength
(bar); kapandii
test; DASH
(0-100)

VAS pain (0-10);
DASH (0-100);
grip strength
(kg); pinch
strength (kg);
patient
satisfaction
(0-10)

VAS pain; pinch
and grip
strength (kg);
MHQ (0-100)

Main
results
on pain
and
functionality

Positive
outcomes were
observed in pts
treated with
MSCs,
compared with
a reported
worsening
among the
controls

The patient
reported to be
free of pain after
5 weeks and
reported a
reduction of
DASH score at
12 months

All the evaluated
parameters
significantly
improved at all
evaluation times
until 48 weeks,
but in patients
with higher
degrees of OA
(eaton grade 3
or 4) the benefit
was lower than
in patients with
eaton grade 2
Both treatments
resulted
effective in
improving VAS
pain and DASH
without any
significant
differences
between groups
at one year
follow-up;
however, the
time until
complete
symptoms
resolution was
significantly
shorter for
group |

VAS pain and
MHQ
significantly
improved from 2
to 6 weeks,
respectively and
continued to
improve over
12 months

No of
reported
adverse

events

NR

Group I: 1

Group II: 1

(Continued on following page)
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TABLE 4 | (Continued) Summary of studies investigating intra-articular injections of mesenchymal-derived stem cell populations for the treatment of thumb-base

osteoarthritis.
Authors, Study Sample Intervention Source
publication design size of MSCs
year (pts)
NCT03166410, Open label 500 Injection of NR
ongoing study (estimated)  autologous

adipose-derived

stromal vascular

cellular fraction
NCT04455763, RCT 60 Group I: Injection of NR
ongoing (estimated)  autologous

adipose-derived
stromal vascular
cellular fraction in
association with
splinting

Group lI: splinting
alone

Follow-up Injection Outcomes Main No of
duration guidance evaluated results reported
(weeks) on pain adverse

and events
functionality
96 NR Pain, function No results No results
and stiffness posted posted
24 NR VAS pain No results No results
(0-100); PRWE  posted posted
(0-10); global
improvement;
grip and pinch
strength
(kg); MHQ

DASH, disabilities of the arm and shoulder; MHQ), Michigan hand outcomes questionnaire; MSCs, mesenchymal stem cells; NR, not reported; OA, osteoarthritis; PRWE, patient-rated
wrist evaluation; pts, patients; RCT, randomized controlled trial; ROM, range of motion; TMCJ, trapezio-metacarpal joint; VAS, visual analogue scale.

(3 months) and long-term (12 months) with a superior effect of
PRP compared to steroids at 12 months of follow-up (Malahias
et al., 2018). The beneficial effect of PRP in TBOA was supported
also by the case report by Medina-Porqueres et al. (Medina-
Porqueres et al., 2019). The Authors reported the clinical history
of a pianist affected by TBOA and treated with three weekly IA
PRP injections who experienced a significant improvement of
VAS pain, grip and pinch strength, and quick-DASH score after
6 months; at 12months follow-up no recurrences or
complications were identified.

There are two ongoing clinical trials with IA PRP for TBOA
registered in ClinicalTrials.gov. A single-blind (patients) study
with A injections of leukocyte depleted PRP vs. triamcinolone
acetonide and vs. placebo (normal saline) for TBOA started in
United States in September 2018 (NCT03196310); no results have
been reported yet.

Finally, a double-blind randomized trial is currently ongoing
in Sweden in patients with radiological Eaton class 1-3 of TBOA
comparing the efficacy of PRP vs. placebo (saline solution)
(NCT04218591).

New Emerging Intra-articular Therapies
New data are emerging about the possible use of IA injections
based on mesenchymal-derived stem cell populations for the
treatment of OA, due to their properties of providing mechanical
support into the joint and stimulating cartilage repair and
regeneration (Bosetti et al., 2016); however, the evidence for
TBOA is still very limited. In Table 4 is reported the
summary of the studies investigating such kind of IA
treatment in TBOA.

A case series on a small study population investigated the
efficacy of fluoroscopy-guided IA injections of autologous
mesenchymal stem cells, derived from bone marrow aspirate
of iliac crest, administered to six patients, and compared to four

participants who remained untreated. The Authors reported
positive encouraging results for both pain and function after
one year of follow-up, although they claimed caution for the
several limitations of the study (Centeno and Freeman, 2014).
Subsequently, Bohr et al. (Bohr et al., 2015) described the case of a
62-year old man, affected by TBOA, treated with cell-enriched
lipoaspirate arhroplasty, after abdominal liposuction, who
experienced pain relief after five weeks and a significant
improvement vs. baseline of DASH score after one year.
Herold et al. (Herold et al., 2017) confirmed the positive
results in their prospective open study, which included 50
TBOA patients treated with IA injection of processed
autologous fat. This therapy resulted beneficial in terms of
VAS score, DASH score, grip, and pinch strength at 12
months follow-up. However, a sub-groups analysis showed
significantly better outcomes in patients at Eaton stage 2,
while only partial or no improvement in stage 3 or 4.

More recently, Erne et al. (Erne et al, 2018) performed a
retrospective study aimed to compare the results of a surgical
technique of trapeziectomy with autologous fat injections. Twelve
patients underwent the Lundborg resection arthroplasty, while
nine patients received autologous fat injection, harvested from
their own abdomen. Both treatments resulted effective in
improving pain and function (measured by VAS and DASH
questionnaires, respectively) without any significant differences
between groups at one-year follow-up; however, autologous fat
injections seemed to determine a shorter time until symptoms
resolution and shorter operative time compared with Lundborg
arthroplasty.

Data on a wider cohort of TBOA patients (n = 99) treated with
autologous fat injection was derived from the most recent study
by Haas et al. (Haas et al., 2020). They reported that pain during
activities at 2 and 6 weeks as well as 3, 6, and 12 months was
significantly lower than at baseline. Furthermore, Michigan Hand
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Outcome Questionnaire (MHQ) scores were significantly higher
at 6 weeks, 3, 6, and 12 months.

Two open label studies are currently undergoing to evaluate
the safety and efficacy of injection therapy with autologous
stromal vascular fraction (SVF) derived from adipose tissue
(Clinicaltrials.gov, NCT03166410; NCT04455763). The SVF
exerts anti-inflammatory, immunosuppressive and
chondroprotective effects; due to its potential properties being
tried in treating patients with different OA localizations
(Pak et al., 2018).

Interestingly, still ongoing at the Cochin Hospital of Paris is an
RCT aimed to evaluate the possible efficacy of IA injections of
botulinum toxin A, associated with splinting, and compared to IA
injection of saline associated with splinting. The rationale for use
of botulinum toxin A in OA lies on its potential role in
suppressing the release of some mediators involved in
nociception (Gil et al., 2018).

Safety of Intra-articular Therapy

In general, IA therapy represents a valid and safe alternative in OA
patients with multiple comorbidities, for whom pharmacological
treatments often present a not favorable risk/benefit ratio or are
contraindicated. However, IA therapy is not free of several side
effects.

In particular, corticosteroids are known to be associated with
both local reactions, as skin atrophy or hypopigmentation, acute
corticosteroid-microcrystalline joint flare and hemarthrosis and
both systemic effects, including facial flush, hyperglycemia, blood
pressure increase, Tachon’s syndrome, vagal reaction and
hypersensitivity (Nguyen and Rannou, 2017). Furthermore, it
is noteworthy to report the potential chondrotoxicity of IA
steroids which still remains one of the more debated issues in
this field. Indeed, some in vitro and animal studies demonstrated
that corticosteroids can have an adverse effect on cartilage,
especially at high doses, probably due to its ability to modulate
cartilage proteins production and breakdown (Wernecke et al,
2015). From a clinical point of view, some trials showed a greater
cartilage volume loss in patients treated with IA steroids compared
to placebo (McAlindon et al,, 2017; Zeng et al., 2019).

In the trials on TBOA patients summarized in this review, the
adverse events related to IA steroids injections are not discussed
in depth and rarely reported. The side effects occurred in a
minority of patients and consisted mainly in temporary acute
local pain starting 1-6h after the injections and resolved
spontaneously after one or two days. Only one patient reported
mild skin atrophy and hypopigmentation (Day et al., 2004; Joshi,
2005; Khan et al., 2009; Jahangiri et al., 2014; Rocchi et al., 2018).

Intra-articular HA is usually recognized as a safe treatment
for OA; the incidence of adverse events in RCTs, especially on
knee OA, is rather low. The most frequent side effects consist
of mild transient local reactions, such as pain, swelling, flares,
and effusion at the site injection, while systemic events are
seldom reported. Furthermore, rare cases of acute
pseudoseptic reactions are observed in association with
avian high MW cross-linked HA (Nguyen and Rannou,
2017). Actually, there is no evidence of a direct influence of
the number of joint injections on the occurrence of side effects,

Injection Therapy for Thumb Osteoarthritis

while high MW and cross-linked formulations of HA were
more frequently associated to local reactions and post-
injection flares in comparison with intermediate or low
MW (Reichenbach et al., 2007; Nguyen and Rannou, 2017).

The analysis of the literature papers on IA HA therapy for
TBOA patients, confirmed what had already been demonstrated
for HA treatment safety in OA in general. Indeed, several trials
did not report any side effects after HA injections and others
documented only minor local adverse reactions consisting of pain
and/or swelling at the site injection, usually lasting a few hours
and were spontaneously resolved (Schumacher et al., 2004; Stahl
et al., 2005; Coaccioli et al., 2006; Fuchs et al., 2006; Roux et al.,
2007; Heyworth et al., 2008; Bahadir et al., 2009; Figen Ayhan and
Ustiin, 2009; Salini et al., 2009; Di Sante et al., 2011; Ingegnoli
et al., 2011; Frizziero et al., 2014; Monfort et al., 2015; Tenti et al.,
2017; Ioppolo et al., 2018; Bartoloni et al., 2019; Koh et al., 2019).
Only in two different studies evaluating high MW and cross-
linked HA formulations, local adverse events of moderate
intensity and needing ice, NSAIDs and/or selective
cyclooxygenase-2 inhibitors (COXIBs) for resolution were
recorded (Mandl et al., 2009; Velasco et al., 2017).

In 2007 Karalezli et al. (Karalezli et al., 2007) conducted a
prospective study on 16 TBOA patients to analyze pain and
tolerability of viscosupplementation therapy with HA. Patients
underwent a cycle of three weekly injections of 0.3 cm” sodium
hyaluronate: eight patients under fluoroscopy control (group
A) and the others without fluoroscopy control (group B). The
results confirmed the tolerability of IA HA therapy, but pain
and discomfort are frequent during the injection procedure
with a major degree of pain experienced by subjects from
group B.

Furthermore, the analysis of an American database containing
data of patients with TBOA, the Truven MarketScan® Databases,
revealed that both steroid both HA injections were associated
with early post-operative complications after surgical treatment
of TBOA. In particular, infectious complications were associated
with corticosteroids injections, while wound-healing complications
were found to be related mainly to IA HA therapy (Giladi et al,,
2018).

The current evidence suggests a comparable safety profile of
PRP to IA HA with self-limited post-injection pain and
swelling representing the most frequent reported adverse
events (Nguyen and Rannou, 2017). Unfortunately, there
are no data available about the tolerability of PRP injections
for TBOA.

The few studies on the IA therapy with mesenchymal-derived
stem cell populations did not show severe complications and
consisted mainly in persisting pain after the procedure injection.
In particular, Herold et al. (Herold et al, 2017) observed a
transient paraesthesia of branches of the superficial radial
nerve that completely resolved after 2 months in two patients,
while three patients underwent additional surgical treatment for
insufficient pain relief induced by the injection therapy. Also,
Haas et al. (Haas et al., 2020) reported that in 2% of the cases,
further operation was needed for persisting pain. Similarly, Erne
et al. (Erne et al,, 2018) found one patient who needed revision
surgery because of persisting pain.
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DISCUSSION

The present narrative review provides an updated and
comprehensive overview of the efficacy and safety of different
IA injection-based therapies currently employed for the
management of TBOA. Concerning IA steroids and HA, it
seems that IA HA may be useful in TBOA, especially in
improving functional capacity and IA corticosteroids in
reducing painful symptomatology (Trellu et al., 2015; Kroon
et al, 2016; Riley et al, 2019), but the current evidence
remains equivocal and inconclusive. Indeed, in agreement of
what has already been reported by some systematic reviews
and meta-analysis with a robust methodological quality, the
great heterogeneity among the trials published until now does
not deserve a definite conclusion about the efficacy of these
treatments and whether an injection-based therapy is more
effective than another one (Trellu et al., 2015; Kroon et al.,
2016; Riley et al., 2019). First of all, the studies differed for the
design, with only few RCT's or retrospective comparative studies;
in almost all cases, they were small single-center studies with a
very limited number of patients. The population analyzed was
heterogeneous, particularly for the severity of the radiological
grade, evaluated according to different criteria (Kellgren-
Lawrence or Eaton grade). Only twelve studies included a
specific symptom threshold for inclusion (e.g., VAS > 30 mm,
VAS > 40 mm, and FIHOA > 6) (Coaccioli et al., 2006; Fuchs
et al., 2006; Roux et al., 2007; Figen Ayhan and Ustiin, 2009; Di
Sante et al.,, 2011; Ingegnoli et al., 2011; Jahangiri et al., 2014;
Tenti et al., 2017; Velasco et al., 2017; Ioppolo et al., 2018;
Bartoloni et al., 2019). This factor is a potential source of bias
in interpreting the trials’ results, considering that including
participants with relatively low levels of symptoms could make
less likely that a clinical meaningful difference in outcomes could
be obtained. For these reasons, both Osteoarthritis Research
Society International (OARSI) and European Society for
Clinical and Economic Aspects of Osteoporosis, Osteoarthritis
and Musculoskeletal Diseases (ESCEO) recommendations for the
conduct of pharmacological clinical trials in hand OA
recommend a minimum cut-off for inclusion in terms of pain
and function (Kloppenburg et al., 2015a; Reginster et al., 2018).

Another important source of heterogeneity is represented
by different formulations of IA corticosteroids and HA tested
with  different injected volumes. Among steroids,
triamcinolone acetonide, methylprednisolone and
betamethasone are the most frequent used; there are no
evidence supporting the superiority of a formulation over
another one in TBOA, although in large joints OA,
triamcinolone acetonide seems to have a greater
effectiveness (Cushman et al., 2018). The HA preparations
explored in the above discussed trials included HA of different
MW (low, intermediate, and high), hylan, cross-linked HA and
hybrid formulations. Unfortunately, no data are available
about a possible difference in efficacy according to MW and
viscosity in TBOA. The number of injections was variable
ranging from one to three injections both for steroids and HA,
as well as the technique of IA injections. In this sense,
particularly debated was the accuracy of TBOA injections

Injection Therapy for Thumb Osteoarthritis

with and without imaging guidance, nowadays represented
essentially by ultrasound. Indeed, the consensus statement on
viscosupplementation (Henrotin et al., 2015) suggested to
inject the trapezio-metacarpal joint under fluoroscopy or
ultrasonography guidance and a recent United States
cadaveric study showed a 25% higher accuracy when
thumb-base joint was injected with ultrasound guidance
compared to no imaging control (To al,, 2017).
Conversely, other studies demonstrated success rates
comparable with those obtained under ultrasound-control
when the injections were performed by an experienced
physician based on palpation of landmarks (Helm et al,
2003; Mandl et al., 2006).

Furthermore, another important element of heterogeneity is
represented by a great variety of analyzed outcomes. Outcome
Measures in  Rheumatology = (OMERACT) consensus
recommended to evaluate in hand OA clinical trials pain,
functional capacity, joint activity, and patient global
assessment (Kloppenburg et al., 2015b). Few studies followed
these suggestions, and for hand functionality different scores were
often used, sometimes evaluating not only the hand, but the arm
in its globality; few papers investigated FIHOA, validated in hand
OA and considered a reliable measure of hand functionality
(Kloppenburg et al., 2015b).

Also, the times of follow-up are extremely variable, ranging
from 1 to 12months, contributing to make difficult the
comparison across the studies.

Another important point often poorly explored is represented
by the description of the concomitant pharmacological and non-
pharmacological therapy for TBOA. Indeed, in real-world
application, TBOA is managed not only with injections, but
with a multidisciplinary approach, so we think that more
detailed information, particularly on the concomitant use of
NSAIDs/analgesics and splint, can provide useful clinical
implications.

Concerning PRP and mesenchymal-derived stem cell
populations injections, the data are encouraging, but still too
limited for any kind of conclusion. In particular, the small
sample size of the analyzed studies makes it very difficult to
extrapolate the results to a large scale population. Furthermore, a
better understanding of the mechanism of actions of PRP and
mesenchymal-derived stem cell populations and a standardized
preparation method are needed to achieve a higher level of
evidence in this field. It is possible that in the future both
therapies can obtain a place in the management of TBOA,
mainly thanks to their properties of promoting healing cartilage
defects, stem cell proliferation and preventing chondrocytes and
extra-cellular matrix degradation (Bonetti et al., 2020).

The tolerability of all the discussed IA therapies were found to
be quite good. Local side effects are the most frequently reported
and consisted mainly of painful, moderate, local inflammatory
reactions at the injection site. Corticosteroids injections have the
disadvantages to potentially determine skin and/or ligaments
alterations, particularly in the case of repeated injections and
in diabetic subjects. However, the most serious risk for IA
injections remains septic arthritis which has not been
described in any of the above-presented studies.

et
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The current review of the scientific literature allowed us to find
out some important points which, in our opinion, deserve further
investigation. First of all, the discrepancy between the clinical
experience of several physicians with expertize in this field, and
the published recommendations from international scientific
societies has become more evident throughout the last few
years. This gap deriving from the literature evidence, which is
methodologically very poor, is likely to determine negative
implications, restricting patients’ access to this valuable
treatment option and accelerating the referrals to the surgery,
a more expensive strategy and without minor risks. In our
opinion, the only way to solve this discrepancy is to realize
well-designed and well-conducted controlled trials, preferably
double-blind RCT's or real-life studies on a large sample size
of patients. Further, there is a need for homogenous trials which
can follow the OARSI and ESCEO criteria for the conduct of
clinical studies in hand OA, not only in selecting patients, but also
in defining the most reliable pain and function outcomes
(Kloppenburg et al., 2015a; Reginster et al., 2018). The follow-
up should be performed in the long-term with results at 1 year.
The injection procedure should be standardized, as well as the
schedule of the injected agent. At this regard, we think that studies
of comparisons between the different IA therapies and placebo,
between different agents within the same class and between
different IA treatment belonging to various pharmaceutical
categories should be encouraged. Also comparing the
injection-based therapies with other conservative strategies
including oral pharmacological drugs, exercise, splint, different
kinds of physical therapies, as laser therapy or extracorporeal
shockwave therapy, should be very interesting. Finally, to
understand if some disease characteristics (e.g., radiological
grade) could be useful in helping clinicians in the choice of
the IA therapy, should be desirable.

The main limitation of this review lies in its narrative nature
with all the limitations inherent to a non-rigorous systematic
review. In particular, this paper did not identify the quality and
the strength of the discussed trials, and has not been built on a
robust methodology structure. Further limitations are those
intrinsic to the included papers which presented several
consistent methodological flaws, as the not randomized
controlled design.

CONCLUSION

The intra-articular injection of therapeutic agents is an attractive
strategy for the local treatment of TBOA, which takes a place
within the multidisciplinary approach for the management of
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Osteoarthritis (OA) is the leading cause of function loss and disability among the elderly,
with significant burden on the individual and society. It is a severe disease for its high
disability rates, morbidity, costs, and increased mortality. Multifactorial etiologies
contribute to the occurrence and development of OA. The heterogeneous condition
poses a challenge for the development of effective treatment for OA; however, emerging
treatments are promising to bring benefits for OA management in the future. This narrative
review will discuss recent developments of agents for the treatment of OA, including
potential disease-modifying osteoarthritis drugs (DMOADs) and novel therapeutics for pain
relief. This review will focus more on drugs that have been in clinical trials, as well as
attractive drugs with potential applications in preclinical research. In the past few years, it
has been realized that a complex interaction of multifactorial mechanisms is involved in the
pathophysiology of OA. The authors believe there is no miracle therapeutic strategy fitting
for all patients. OA phenotyping would be helpful for therapy selection. A variety of potential
therapeutics targeting inflammation mechanisms, cellular senescence, cartilage
metabolism, subchondral bone remodeling, and the peripheral nociceptive pathways
are expected to reshape the landscape of OA treatment over the next few years. Precise
randomized controlled trials (RCTs) are expected to identify the safety and efficacy of novel
therapies targeting specific mechanisms in OA patients with specific phenotypes.

Keywords: osteoarthritis, novel therapeutics, DMOADs, therapy selection, clinical prospect

INTRODUCTION

Osteoarthritis (OA) can be viewed as the structural and functional failure of the synovial joint organ
(Loeser et al., 2012). All tissues of the joint can be involved, including articular cartilage, subchondral
bone, and synovium (Felson, 2006). OA is the leading cause of function loss and disability among
elderly, which makes these patients suffer from chronic pain (Hunter and Bierma-Zeinstra, 2019).
Traditionally the management of OA has been constrained to symptom relieving (Arden et al., 2020);
the non-steroidal anti-inflammatory drugs (NSAIDs) or analgesics are most commonly applied to
OA for relieving pain, however, their side-effects often restrict their use (Bally et al., 2017; da Costa
et al., 2017; Fuggle et al., 2019; Leopoldino et al., 2019). In recent years, there has been substantial
progress made in understanding the pathogenesis of OA.

OA is a very complicated pathophysiologic process and is a result of interacting action of multiple
mechanisms. Mechanical overload, genetic alterations, sex hormone deficiency, aging, metabolic
imbalance and low-grade chronic inflammation all may contribute to the imbalance between
catabolism and anabolism of joint tissues, and lead to eventual joint damage in OA. The
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TABLE 1 | Major emerging drugs to control structural damage and relieve pain in OA clinical trials.

Type of drug

Route of
administration

Targeting inflammatory mechanisms

IL-1 inhibitors
Anakinra

AMG 108
Canakinumab
Gevokizumab

Lutikizumab
(ABT-981)

TNF-a inhibitors

Etanercept

Infliximab

Adalimumab

DMARDs
HCQ

MTX

Removing SnCs
UBX0101

Curcuma longa
extract

Intra-articular

Subcutaneous/Intra-
articular
Intra-articular

Subcutaneous

Subcutaneous

Subcutaneous

Intra-articular

Subcutaneous

Oral

Oral

Intra-articular

Oral

Targeting Cartilage Metabolism
Whnt pathway inhibitors

Lorecivivint
(SM04690)

Intra-articular

Cathepsin-K inhibitors

MIV-711

Oral

Major findings

Anakinra did not significantly improve symptoms in patients with
knee OA.

AMG 108 showed statistically insignificant but numerically
greater improvements in pain.

The clinical trial was completed, but the results have not been
published.

The clinical trials were completed, but the results have not been
published.

Lutikizumab was generally well tolerated in patients with knee
OA and elicited an anti-inflammatory response.

Lutikizumab did not improve pain or imaging outcomes in
erosive hand OA compared with placebo.

Lutikizumab was not an effective analgesic/anti-inflammatory
therapy in most patients with knee OA associated synovitis.

Subcutaneous injection of Etanercept for 24 weeks did not
relieve pain effectively in patients with erosive hand OA
compared with placebo.

Treatment with Infliximab can reduce the incidence of
secondary OA in proximal interphalangeal joints in patients with
active RA.

Infliximab was safe, and significantly improved pain symptoms

Adalimumab was not superior to placebo in relieving pain in
patients with erosive hand OA.

Adalimumab did not affect synovitis or BMLs in patients with
hand OA with MRI-detected synovitis.

Adalimumab significantly slowed the progression of joint
aggressive lesions in a subpopulation with palpable tissue
swelling of the interphalangeal joints.

HCQ did not relieve symptoms or delay structural damage.

MTX significantly reduced pain and improved synovitis in
patients with symptomatic knee OA.

MTX added to usual care demonstrated significant reduction in
knee OA pain at 6 months, and significant improvements in
WOMAC stiffness and function. No effect on synovitis

The clinical trial is ongoing

The clinical trials were completed, but the results have not been
published.

Curcuma longa extract was more effective than placebo for
knee pain but did not affect knee effusion-synovitis or cartilage
composition.

The clinical trial is ongoing

Lorecivivint 0.07 mg was superior to the placebo in improving
pain and function, and increased the JSW in patients with
knee OA.

Lorecivivint had no significant effects in knee OA patients, but
significantly relieved pain, improved joint function, and
increased JSW in a subgroup of patients (patients with unilateral
symptomatic knee OA and unilateral symptomatic knee OA
without extensive pain).

The clinical trial is ongoing

MIV-711 was not more effective than placebo for pain, but it
significantly reduced bone and cartilage progression with a
reassuring safety profile.

Emerging Agents of Osteoarthritis Treatment

Stage of development

Phase Il (knee OA)

Phase Il (knee OA)

Phase Il (knee OA)

Phase Il (erosive hand OA)
Phase Il (erosive hand OA)
Phase | (knee OA)

Phase lla (erosive

hand OA)
Phase lla (knee OA)

Exploratory observational
longitudinal study

Plot study (erosive
hand OA)
Phase Ill (erosive hand OA)

Phase Il (knee OA)

Phase | (knee OA)
Phase | (knee OA)
Phase Il (knee OA)
Phase Il (knee OA)

Phase Il (hip or knee pain)

Phase | (knee OA)

Phase lla (knee OA)

Phase Il (knee OA)

Phase lla (knee OA)

Clinical trials. gov
identifier

NCT00110916
NCT00110942
NCT01160822
NCT01683396
NCT01882491
NCT01668511

NCT02384538

NCT02087904
(ILL-USTRATE- K trail)

NTR1192 (EHOA trail)

NCT00597623
ACTRN12612000791831

(HUMOR ftrial)
EudraCT 2006-000925-71

ISRCTN91859104
(HERO trial)
NCT01927484

ISRCTN77854383
(PROMOTE trial)

NCT03815448

NCT03513016
NCT04229225
NCT04129944
ACTRN12618000080224

NCT04500210

NCT02095548

NCT02536833

NCT03928184

NCT02705625

(Continued on following page)
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TABLE 1 | (Continued) Major emerging drugs to control structural damage and relieve pain in OA clinical trials.

Type of drug

Route of
administration

MMP/ADAMTS inhibitors

AGG-523
M6495
Growth factors

Sprifermin
(rhFGF18)

GEC-TGF-1

Oral

Subcutaneous

Intra-articular

Intra-articular

Activating AMPK pathway

Metformin

Oral

Targeting the Subchondral Bone

Bisphosphonate
Zoledronic
Acid

Calcitonin
Salmon
calcitonin

Strontium

Ranelate

Teriparatide
Vitamin D

Intra-articular

Oral

Oral

Subcutaneous
Oral

Investigational Drugs to relieve pain

NGF inhibitors
Tanezumab

Fasinumab

Subcutaneous

Subcutaneous

Major findings

The clinical trials were completed, but the results have not been
published
The clinical trial was completed, but the results have not been
published.

Sprifermin appeared safe and well-tolerated, and it showed a
statistically significant dose-dependent effect in reducing the
loss of total and lateral femorotibial cartilage thickness and loss
of lateral radiographic JSW.

Sprifermin had a limited effect on pain improvement, but had a
statistically significant effect in reducing the loss of total
femorotibial cartilage thickness.

GEC-TGF-p1 significantly improved pain function and physical
ability.

GEC-TGF-p1 had beneficial effects on pain and functional
improvement in patients with OA, but had limited effects on
structural improvement.

Metformin may have a beneficial effect on long-term knee joint
outcomes in those with knee OA and obesity.

Zoledronic acid did not significantly reduce cartilage volume
loss, relieve pain, or improve BMLs.

Salmon calcitonin did not improve pain symptoms and JSW in
patients with symptomatic knee OA.

Strontium Ranelate significantly inhibited the narrowing of the
medial femoral joint space, relieved pain, and improved physical
function in patients with moderate to severe knee OA.

The clinical trial is ongoing.

Vitamin D supplementation, compared with placebo, did not
result in significant differences in change in MRI-measured tibial
cartilage volume or WOMAC knee pain score over 2 years, but
might have beneficial effects on physical function, foot pain,
depressive symptoms and effusion-synovitis.

Tanezumab was significantly better than the placebo in
improving pain and physical function, and PGA-OA.
Tanezumab statistically significantly improved pain, physical
function and PGA-OA in patients with moderate to severe OA
who had not responded to or could not tolerate standard-of-
care analgesics

Fasinumab significantly improved pain and function in patients
with OA, even in those who obtained little benefit from previous
analgesics

The clinical trials are ongoing

Triamcinolone acetonide sustained-release agent

Zilretta (FX006)

Intra-articular

Zilretta significantly reduced ADP-intensity compared with
saline-solution placebo. Zilretta significantly improved pain,
stiffness, physical function, and the quality of life compared with
both placebo and TAcs

Stage of development

Phase | (knee OA)
Phase | (knee OA)
Phase Ib (knee OA)

Phase | (knee OA)

Phase Il (knee OA)

Phase Il (knee OA)
Phase Il (knee OA)
Phase Il (knee OA)

Prospective cohort study
(knee OA)

Phase Il (Knee OA)

Phase Il (Knee OA)

Phase Il (Knee OA)

Phase Il (knee OA)
Phase Il (Knee OA)

Phase Il (hip or knee OA)

Phase Il (hip or knee OA)

Phase Ilb/lll (hip or
knee OA)

Phase Ill (hip or knee OA)

Phase Il (knee OA)

Clinical trials. gov
identifier

NCT00454298
NCT00427687
NCT03583346

NCT01033994

NCT01919164
(FO-RWARD trial)

NCT01221441

NCT01671072
NCT02072070

ACTRN12613000039785

NCT00486434
NCT00704847
ISRCTN41323372
(SEKOIA trial

NCT03072147
NCTO1176344

NCT02697773

NCT02709486

NCT02447276

NCT02683239
NCT03285646
NCT03161093
NCT03304379

NCT02357459

OA: osteoarthritis; RA: rheumatoid arthritis; BMLs: bone marrow lesions; DMARDs: disease-modifying antirheumatic drugs; HCQ: hydroxychloroquine; MTX: methotrexate; WOMAC:
Western Ontario and McMaster Universities Osteoarthritis Index; SnCs: senescent cells; JSW: joint space width; MMP: matrix metalloproteinase; ADAMTS: a disintegrin and

metalloproteinase with thrombospondin motifs; rhFGF18: recombinant human fibroblast growth factor 18; NGF: nerve growth factor; PGA-OA: patient’s Global assessment of OA; ADP:
average-daily-pain; TAcs: triamcinolone acetonide crystal suspensions.
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etiological heterogeneity causes a great difficulty on the
development of an effective treatment for OA. The
development of OA is a very complicated pathophysiologic
process and is a result of interaction of multiple mechanisms.
Mechanical overload, genetic alterations, sex hormone deficiency,
aging, metabolic imbalance and low-grade chronic inflammation
all may contribute to the imbalance between catabolism and
anabolism of joint tissues and lead to eventual joint damage in
OA (Chen D. et al, 2017; Oo et al, 2018). The etiological
heterogeneity causes a great difficulty on the development of
an effective treatment for OA. Epidemiological data support
significant associations between structural changes and long-
term outcome. However, the available therapeutic regimens of
OA are merely symptom-relieving drugs unable to modify the
progression of OA and to prevent long-term disability, and the
symptom-structure discordance is well-recognized in clinical
course of OA. Thus, the guidelines from the United States
Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) point out that the effective disease-
modifying osteoarthritis drugs (DMOADs) should be developed
(Reginster et al,, 2015; Oo et al., 2018). A DMOAD is expected a
drug that modifies the underlying OA pathophysiology, thereby
inhibiting structural damage to prevent or reduce long-term
disability and offer potential symptomatic relief (Latourte
et al., 2020). Currently, there are no US FDA- or EMA-
approved DMOADs. But emerging treatments targeting
inflammation, cartilage metabolism, and subchondral bone
remodeling, which may retard the structural progression and
induce disease remission, are promising to bring benefits to OA
management in the future.

This narrative review will discuss recent developments of
agents for the treatment of OA, including potential DMOADs
and novel therapeutics for pain relief (Table 1). This review will
focus more on drugs that have been in clinical trials, as well as
attractive drugs with potential applications in preclinical
research, to provide clinicians with recent advances in OA
pharmacological therapies.

INVESTIGATIONAL DRUGS TARGETING
INFLAMMATORY MECHANISMS

The inflammatory mediators can be detected in both synovial
fluid and serum in OA patients, indicating that inflammation
does play a significant role in the pathogenesis of OA (LeGrand
etal., 2001). OA is now seen as a low-grade inflammatory disease
compared to rheumatoid arthritis (RA) (Scanzello and Loeser,
2015). Recently, studies have revealed that the low-grade, chronic,
sterile inflammation associated with OA is closely related to
dysregulation of the immune system as aging (Millerand et al.,
2019). Anti-inflammatory therapeutics and treatment modalities
targeting senescence processes may be promising approaches to
attenuate disease progression of OA.

Interleukin (IL)-1 Inhibitors
IL-1 has an increased expression in cartilage, synovium, and
synovial fluid in OA patients (Sohn et al., 2012). It is an important

Emerging Agents of Osteoarthritis Treatment

proinflammatory cytokine and pain mediator resulting in pain
sensitization, bone resorption, and cartilage destruction. Thus,
IL-1 inhibitors may protect against structural changes in OA
(Miller et al., 2014; Schett et al., 2016). Cytokines of the IL-1
family members include IL-1a, IL-1B, and endogenous IL-1
receptor antagonist (IL-1Ra). The ideal treatment is to
effectively inhibit IL-la and IL-1B without interfering with
IL-1Ra.

1) Drugs targeting IL-1 receptor include human IL-1 receptor
antagonist Anakinra, and human IL-1 receptor type 1
(IL-1R1) monoclonal antibody AMG 108 produced by
genetic recombination technology. In two randomized,
double-blind, placebo-controlled studies, it was found
that subcutaneous (SC) or intravenous (IV) of AMG 108
and a single intra-articular (IA) injection of Anakinra
were well tolerated (Chevalier et al., 2009; Cohen et al.,
2011). Patients in the study received SC or IV injection of
AMG 108 every 4 weeks for 12 weeks, and the results
showed that patients who received AMG 108 showed
statistically insignificant but numerically greater
improvements in pain compared to placebo (Cohen
et al., 2011). Similarly, IA injection of Anakinra did
not significantly improve symptoms in patients with
knee OA (Chevalier et al., 2009). Neither of these
studies evaluated the effects on the joint structure.

2) Drugs targeting IL-1p include the humanized monoclonal
antibody Canakinumab and the IL-1p allosteric
modulating antibody Gevokizumab, which inhibit IL-1f
receptor activation by tightly binding IL-1p.
Canakinumab is considered as a disease-modifying
antitheumatic drug (DMARD), has been shown to
improve symptoms of juvenile idiopathic arthritis and
RA, and decrease cartilage destruction (Sota et al., 2018).
A recent preclinical study demonstrated that
Canakinumab had protective effects on human OA
chondrocytes in vitro (Cheleschi et al, 2015). In the
Canakinumab Anti-inflammatory Thrombosis Outcome
Study (CANTOS trial), it was observed that Canakinumab
reduced not only cardiovascular events but also the
incidence of total knee or hip replacement as a result of
OA (Chevalier and Eymard, 2019). A phase II study
(NCT01160822) on  the  safety, tolerability,
pharmacokinetics, and pain effects of a single IA
injection of Canakinumab in patients with knee OA
was completed, but the results have not been published.
Another phase II studies (NCT01683396; NCT01882491)
to test the safety and biologic activity of Gevokizumab, and
an open-label safety extension study of Gevokizumab
(NCT02293564) in patients with hand OA were
completed, but no published results are available.

3) Lutikizumab (formerly ABT-981) is a human dual variable
domain immunoglobulin (DVD-Ig), simultaneously
binding and inhibiting IL-la and IL-1p (Lacy et al,
2015). In a randomized placebo-controlled phase I
study, Lutikizumab was generally well tolerated in
patients with mild to moderate knee OA, and
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significantly reduced serum concentrations of matrix
metalloproteinase ~ (MMP)-1 and  high-sensitivity
C-reactive protein (hsCRP) (Wang S. X. et al,, 2017).
However, the results from two recent phase II clinical
studies to assess the efficacy of Lutikizumab in patients
with hand OA and knee OA were unsatisfactory
(Fleischmann et al., 2019; Kloppenburg et al., 2019). In
erosive hand OA, Lutikizumab was administrated
subcutaneously every 2 weeks for 26 weeks, but there
were no significant differences in pain score, and in
changes of X-ray or magnetic resonance imaging (MRI)
scores between Lutikizumab and placebo (Kloppenburg
et al, 2019). In knee OA with evidence of synovitis
(ILLUSTRATE-K trial), Lutikizumab was administrated
subcutaneously with three different doses (25, 100, and
200 mg) every 2 weeks for 50 weeks, the results showed
that only lutikizumab 100 mg was slightly superior to the
placebo in pain improvement at week 16 (Fleischmann
et al.,, 2019). Moreover, at weeks 26 and 52, there were no
significant differences between the lutikizumab and
placebo groups in MRI-detected synovitis, radiographic
medial and lateral joint space narrowing (JSN), and
cartilage thickness (Fleischmann et al, 2019). These
results suggest that IL-1 inhibition is not effective in
most patients with OA. Whether subgroups of OA
patients might have symptomatic or disease-modifying
benefits from IL-1 inhibition remains an open question.

Tumor Necrosis Factor-Alpha Inhibitors
TNF-a, a proinflammatory cytokine produced by synoviocytes
and chondrocytes in OA, plays a central role in the induction of
structural damage and pain modulation in OA. Besides, TNF-a
enhances the production of a series of other proinflammatory
cytokines (such as IL-6 and IL-8), stimulates the synthesis of
MMP and cyclooxygenase (COX), and increases NO production
(Orita et al., 2011). Preclinical studies suggested that anti-TNF-a
therapy might exert a protective effect on articular cartilage by
improving the structure of the subchondral bone and reducing
cartilage matrix degradation (Ma et al., 2015). Thus, inhibitors of
TNF-a might be considered as potential candidates for disease-
modifying therapy in OA.

(1) Etanercept is a recombinant human tumor necrosis
factor receptor type II antibody fusion protein. A study
investigated the effect of IA injection of Etanercept for
pain in moderate and severe knee OA. The results showed
that compared with the hyaluronic acid group, direct
injection of Etanercept into OA knee joints could
effectively relieve the pain symptoms in OA patients
(Ohtori et al., 2015). However, A recent randomized,
double-blind, placebo-controlled trial (EHOA trial)
found that the SC injection of Etanercept for 24 weeks
did not relieve pain effectively in patients with erosive
hand OA compared with placebo (Kloppenburg et al.,
2018). In subgroup analysis, joints treated with
Etanercept for 52 weeks showed more radiographic
remodeling and less MRI bone marrow lesions

Emerging Agents of Osteoarthritis Treatment

(BMLs), which was more pronounced in actively
inflamed joints at the baseline (Kloppenburg et al,
2018). In this study, Etanercept was observed to
reduce serum levels of MMP-3, an important mediator
of joint destruction (Kroon et al, 2020). Overall, this
study did not provide evidence for the use of Etanercept
to treat hand OA, but from a therapeutic strategy
targeting inflammation, the authors believed that
short-term treatment with TNF-a inhibitors during
disease flares could be considered.

Infliximab is a human/mouse chimeric monoclonal
antibody of immunoglobulin G (IgG) 1/k subtype
(composed of human IgGl constant region and
murine variable region). An exploratory observational
longitudinal study found that treatment with Infliximab
can reduce the incidence of secondary OA in proximal
interphalangeal joints in patients with active RA (Guler-
Yuksel et al., 2010). A pilot study investigated the efficacy
and tolerability of IA injection of Infliximab in erosive
hand OA (Fioravanti et al., 2009). The results showed that
IA injection of Infliximab was safe, and significantly
improved pain symptoms. Infliximab tended to reduce
radiological scores of anatomical lesions in the hand, but
the difference did not reach statistical significance. The
study suggested a possible symptom- and disease-
alleviating effect of Infliximab, but clinical trials are
still needed to elucidate the true effect of Infliximab
in OA.

Adalimumab is the first bioengineered fully human
monoclonal antibody that binds specifically to TNF and
neutralizes the biological function of TNF by blocking its
interaction with both Types 1 and 2 TNF receptors (TNF-
R1 and -R2). A 12-month, double-blind, randomized
controlled trial evaluated the efficacy and safety of
Adalimumab in controlling structural damage in
patients with erosive hand OA (Verbruggen et al,
2012). The tolerability and safety of Adalimumab in
patients with erosive hand OA were similar to those in
patients with other systemic rheumatic diseases.
Compared with placebo, Adalimumab did not halt the
progression of joint damage in overall patients, but it
significantly slowed the progression of joint aggressive
lesions in a subpopulation with palpable tissue swelling of
the interphalangeal joints. However, in two randomized
double-blind placebo-controlled trials, Adalimumab was
not superior to placebo in relieving pain in patients with
erosive hand OA (Chevalier et al., 2015; Aitken et al.,
2018), and one study (HUMOR trial) also indicated that
Adalimumab did not affect synovitis or BML in patients
with hand OA with MRI-detected synovitis (Aitken et al.,
2018).

DMARDs

With the increasing acceptance of the inflammatory phenotype of
OA, traditional DMARDs may have the potential to reduce pain
and slow structural degeneration in OA. Hydroxychloroquine
(HCQ) has been successfully used in the treatment of mild RA

2
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and other autoimmune diseases for many years (Ghouri and
Conaghan, 2019). A randomized trial during 24 weeks showed
that compared with placebo, HCQ was not effective in reducing
the symptoms of hand OA (Lee et al, 2018). Recently, a
randomized double-blind placebo-controlled trial (HERO trial)
with 12-month follow-up evaluated the efficacy of HCQ in hand
OA patients with moderate to severe pain, and the results showed
that HCQ did not relieve symptoms or delay structural damage
(Kingsbury et al., 2018).

Methotrexate (MTX) is a traditional DMARD for the
treatment of some autoimmune diseases such as RA. The
study (NCT01927484) reported that oral MTX significantly
relieved pain and reversed features of synovitis in patients
with symptomatic knee OA, which indicated MTX as an
option for the treatment of knee OA (Abou-Raya et al., 2018).
A pragmatic phase III RCT was completed (PROMOTE trial) to
determine whether oral MTX reduced pain and synovitis
associated with knee OA in 2019 (Kingsbury et al., 2015). The
results presented at Osteoarthritis Research Society International
(OARSI) Annual Congress showed that MTX significantly
reduced knee OA pain, and significantly improved Western
Ontario and McMaster Universities Osteoarthritis Index
(WOMACQ) scores for stiffness and function. However, MTX
did not change the synovial volume assessed by MRI in this study.
Meanwhile, a multicenter RCT study to investigate the effect of
oral MTX on pain and synovitis in patients with mid-to late-stage
knee OA (NCTO03815448) is ongoing (Zhu et al., 2020), and
further data are expected to come soon. Overall, more evidence is
needed to clearly define the role of MTX in OA treatment.

Targeting Senescent Cells

The innate immune activation caused by the dysregulation of the
immune system with aging is considered to play a crucial role in
the chronic inflammation of OA (Jeon et al,, 2018). Age-related
mitochondrial dysfunction and associated oxidative stress might
induce senescence in joint tissue cells (Coryell et al., 2020). The
accumulation of SnCs in joints causes the secretion of pro-
inflammatory  and  pro-catabolic ~ factors  (cytokines,
chemokines, MMPs), which is called a “senescence-associated
secretory phenotype” (SASP) (Childs et al., 2017; Millerand et al.,
2019). Direct targeting the SnCs provides a potential opportunity
to eliminate the source of OA disease (Childs et al., 2017; Jeon
et al,, 2017). UBX0101 is a small molecule lysosomal agent that
can reduce the expression of SASP factors and improve overall
joint function (Jeon et al., 2017). Currently, several randomized,
placebo-controlled clinical trials of UBX0101 are all completed in
2020 to evaluate the efficacy, safety, and tolerability of IA
injection of UBX0101 in knee OA patients (NCT03513016,
NCT04229225, and NCT04129944), and the results will be
released soon.

Curcuma Longa Extract

Curcuminoids, are the principal extracted from the CL root
(Family  Zingiberaceae), =~ which  comprise  curcumin,
demethoxycurcumin (DMC) and bisdemethoxycurcumin
(BDMC) (Cao et al.,, 2014). The curcumin is the main active
and effective ingredient. Curcumin is known to suppress
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oxidative stress and inflammation by scavenging active oxygen
and inhibiting nuclear factor-kappa B (NF-kf) pathway (Shen
and Ji, 2012; Wang J. et al,, 2017). A systematic review and meta-
analysis of RCT enrolled 797 patients with primarily knee OA
demonstrated that Curcuminoids had some beneficial effects on
knee pain and quality of life in patients with knee OA (Onakpoya
et al, 2017). Recently, a single-center, randomized, placebo-
controlled trial with 12-week follow-up evaluated the efficacy
of CL in patients with symptomatic knee OA and effusion-
synovitis, and the results showed that CL was superior to
placebo in relieving knee pain but did not affect the effusion-
synovitis volume or cartilage composition as assessed by MRI
(Wang et al., 2020). However, the follow-up time was relatively
short so that it might be insufficient to detect a change in the
cartilage- and synovium-specific outcomes in this study. Another
double-blind, randomized, parallel-group, phase III comparative
study (NCT04500210) of CL and placebo to patients with mild to
moderate OA of the knee and or hip is still recruiting. Further
researches with larger sample sizes are needed to assess the
clinical significance of CL in OA treatment.

INVESTIGATIONAL DRUGS TARGETING
CARTILAGE METABOLISM

The characteristic sign of OA is cartilage destruction, so emerging
drugs targeting the molecular mechanism of articular cartilage
should be an attractive therapeutic strategy for OA. The research
direction is mainly to delay cartilage destruction by anti-catabolic
agents and stimulate cartilage development and repair by
anabolic agents.

Whnt Signaling Pathway Inhibitors

The balance of Wnt pathway activity is integral for regulating the
differentiation of progenitor cells in the joint and maintaining
cartilage homeostasis (Lories et al., 2013; Thysen et al., 2015). In
OA, aberrant Wnt pathway activity leads to the differentiation of
progenitor cells into osteoblasts while chondrocyte development
is blocked, as well as the increased secretion of catabolic enzymes
and inflammation.

Preclinical studies demonstrated that Wnt pathway inhibitors
could delay the development of OA in animal models; however,
excessive inhibition, in turn, caused cartilage and bone
destruction. Thus, targeting the Wnt pathway and controlling
it within an optimal range is a potential therapeutic avenue
(Usami et al., 2016; Deshmukh et al., 2018).

Lorecivivint (formerly SM04690) is a small-molecule Wnt
pathway inhibitor and modulates the Wnt pathway by
inhibiting two intranuclear targets, intranuclear kinases CDC-
like kinase 2 (CLK2) and dual-specificity tyrosine
phosphorylation-regulated kinase 1 A (DYRK1A) (Deshmukh
et al, 2019). In a 24-week, randomized, placebo-controlled
phase I study, a single IA injection of Lorecivivint (0.03, 0.07,
or 0.23 mg) appeared safe and well-tolerated (Yazici et al., 2017).
Lorecivivint 0.07 mg was superior to the placebo in improving
WOMAC pain scores and function scores in patients with
moderate to severe knee OA, while the 0.07 mg dose group
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also showed an increase from baseline in radiographic joint space
width (JSW) (Yazici et al., 2017).

Recently, the results of a 52-week multicenter, randomized,
double-blind, placebo-controlled phase IIa study announced that
Lorecivivint treatment was not superior to placebo for improving
pain, joint function, and radiographic JSW in patients with
moderate to severe knee OA (Deshmukh et al., 2019), but in
subgroup patients with unilateral symptomatic knee OA or
unilateral symptomatic knee OA without extensive pain,
Lorecivivint 0.07 mg significantly relieved pain, improved joint
function, and increased JSW compared with placebo (Deshmulkh
et al., 2019). The study suggested that Lorecivivint might be
effective in OA patients with a certain phenotype.

Besides, a phase III clinical study (NCT03928184) has been
initiated in 2019 to assess the long-term efficacy and safety of
Lorecivivint in the treatment of knee OA, and Lorecivivint has the
potential to be an effective treatment for OA.

Cathepsin-K Inhibitors

Cathepsin-K is the predominant cysteine cathepsin in the
skeleton and it plays an important role in the resorption of
cartilage and bone (Dejica et al., 2008). Several observations
have demonstrated up-regulation of cathepsin K in OA
cartilage and inflamed synovial tissue (Salminen-Mankonen
et al, 2007). Cathepsin-K may be an attractive therapeutic
target for diseases with excessive bone resorption such as
osteoporosis and OA. Cathepsin K inhibitors have shown
structural protection and analgesic effects in animal models of
joint degeneration (Lindstrom et al., 2018a; Nwosu et al., 2018).

The results of phase II clinical study evaluating the efficacy and
safety of the Cathepsin-K inhibitor Balicatib in OP and OA
patients showed that it could improve bone mineral density in
OP patients, but it failed to decrease cartilage volume loss (CVL)
in patients with knee OA (Duong et al.,, 2016). Also, Balicatib
could lead to dose-related adverse effects-Morphea-like skin
reactions (Runger et al., 2012).

MIV-711 is a highly selective cathepsin K inhibitor that has
been shown in preclinical animal models of OA to reduce
cartilage lesions, reduce levels of biomarkers reflecting the
degradation of bone and cartilage [carboxy-terminal collagen
cross links (CTX)-I and CTX-II] and prevent subchondral
bone loss (Lindstrom et al., 2018a; Lindstrom et al., 2018b). A
recent randomized, double-blind, placebo-controlled phase Ila
study to assess the efficacy and safety of MIV-711 in symptomatic
patients with Kellgren-Lawrence (KL) grade 2 and 3 knee OA
(Conaghan et al, 2020). The results showed that oral
administration of MIV-711 (100 mg/d or 200mg/d) for
26 weeks had a significant protective effect on both bone and
cartilage structures, and significantly reduced the levels of CTX-I
and CTX-II, but failed to meet the primary study endpoint of
alleviating knee joint pain (Conaghan et al., 2020). MIV-711 has a
good safety profile, but its clinical efficacy remains to be validated
in longer-term and larger-scale clinical studies.

MMP/ADAMTS Inhibitors

Aggrecan and type II collagen are two main components of
articular cartilage, which are essential for maintaining the
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function and integrity of cartilage (Malfait and Tortorella,
2019). Aggrecan provides the compressibility of cartilage,
while collagen provides its elasticity. These macromolecules
are decomposed by proteolysis. MMPs and aggrecanase (a
disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS), mainly ADAMTS-4 and ADAMTS-5) are
demonstrated to have critical roles in the degradation of type
II collagen and aggrecan, respectively, and are considered as
potential targets for OA treatment.

(1) In preclinical trials, highly selective MMP-13 inhibitors

(such as ALS1-0635 and PF152) have shown advantages
in slowing the progression of OA (Piecha et al., 2010;
Schnute et al., 2010). However, the available data on the
role of MMP-13 inhibitors in OA treatment is limited,
and human clinical trials are still needed to observe the
efficacy of MMP-13 inhibitors as DMOAD:s.
At present, the investigational drugs targeting ADAMTS-
5/ADAMTS-4 include a chimeric murine/human
ADAMTS-5 monoclonal antibody-CRB0017, which
was reported to slow OA disease progression after IA
administration in animal models of OA (Chiusaroli et al.,
2013), and a humanized ADAMTS-5-selective
monoclonal antibody, GSK2394002, which was
reported to have structural modification and analgesic
effects in animal models of OA (Larkin et al., 2015; Miller
etal,, 2016). AGG-523, an orally small molecule inhibitor
of ADAMTS-4 and ADAMTS-5, was the first to enter the
human phase I study (NCT00454298 and
NCT00427687), but these trials were discontinued for
unknown reasons. M6495, a novel anti-ADAMTS-5
inhibiting ~ Nanobody, = showed  dose-dependent
protection against cartilage deterioration in ex vivo
cartilage cultures (Siebuhr et al., 2020). A phase Ib
(NCT03583346) clinical trial to assess safety,
tolerability, immunogenicity, pharmacokinetics, and
pharmacodynamics of SC injections of M6495 in knee
OA patients was completed in 2019, but the results have
not yet been published.

2

Growth Factors

Different from using anti-catabolic agents to delay the
progression of cartilage destruction, an alternative approach is
to stimulate the growth and repair of cartilage for the treatment of
OA. Several growth factors have been shown to stimulate cartilage
anabolism and promote cartilage repair in vitro and animal
models of OA. Growth factors may have potential therapeutic
effects on OA.

(1) Sprifermin is a recombinant human fibroblast growth
factor 18 (thFGF18) (Onuora, 2014), and preclinical data
had shown that Sprifermin bound to and activated
fibroblast growth factor receptor 3 (FGFR3) in
cartilage to promote chondrogenesis, cartilage matrix
formation, and cartilage repair in vivo and in vitro
(Moore et al., 2005; Gigout et al., 2017; Reker et al,
2017; Sennett et al.,, 2018). A randomized, double-blind,
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placebo-controlled phase I b proof-of-concept trial
evaluated the efficacy and safety of IA injection of
Sprifermin (10, 30, and 100ug) in patients with
symptomatic knee OA (Lohmander et al, 2014). The
results showed that Sprifermin appeared safe and well-
tolerated. Although Sprifermin was not superior to
placebo in reducing the loss of central medial
femorotibial compartment (cMFTC) cartilage thickness
and improving pain, it showed a statistically significant
dose-dependent effect in reducing the loss of total and
lateral femorotibial cartilage thickness and loss of lateral
radiographic JSW (Lohmander et al., 2014). Two post-
hoc analyses of this study demonstrated that Sprifermin
(100 pg) reduced cartilage loss, increased cartilage
thickness, and improved BMLs (Eckstein et al., 2015;
Roemer et al., 2016).

A 5-years, dose-finding, multicenter phase II clinical trial
(FORWARD trial), published in 2019, showed that IA
injection of 100pg Sprifermin every 6 or 12 months
significantly increased the total femorotibial joint cartilage
thickness in patients with symptomatic knee OA after 2 years,
and this effect was dose-dependent. Sprifermin had a limited
effect on pain improvement in this study (Hochberg et al., 2019).
Recently, two post-hoc exploratory analyses were carried out on
this study, and the results showed that sprifermin treatment could
significantly increase cartilage thickness and reduce cartilage loss,
making cartilage loss in patients with knee OA similar to that of
healthy subjects (Brett et al., 2020; Eckstein et al.,, 2020). The
above studies supported the conclusions that sprifermin modified
structural progression and could be a potential DMOAD.

(2) Transforming growth factor-p1 (TGF-f1) plays an important
role in the development and maturation of articular
cartilage and the phenotypic maintenance of
chondrocytes (Yang et al., 2001; Crane et al.,, 2016).
The expression of TGF-B1 in healthy cartilage is
significantly higher than that in OA cartilage;
however, it has been found that overexpression of
TGF-B1 leads to OA-like changes in the knee joint of
C57Bl/6 mice, including hyperplasia of the synovium
and osteophyte formation (Bakker et al., 2001).
Recently, Liu et al. demonstrated that TGF-p had
different effects on human OA mesenchymal stromal
cells (OA-MSC) and chondrocytes (OAC). While TGF-
B stimulated chondrogenesis in OAC, it induced
hypertrophy, mineralization, and MMP-13 in OA-MSC
(Liu et al., 2020).

SB-505124 is a TGF-P type I receptor inhibitor, and it was
found in vitro and in animal models of OA that TGF-f1
overexpression in osteoclasts was responsible for chondrocyte
apoptosis and cartilage degeneration in OA, and SB-505124 could
inhibit the degradation of articular cartilage (Zhang et al., 2018).

Tissue Gene-c (TG-C) is a cell-mediated gene therapy that
delivers allogeneic chondrocytes expressing TGF-p1 directly to
the damaged knee joint, consisting of irradiated allogeneic human
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chondrocytes that express TGF-B1 and normal allogeneic
human chondrocytes in a 1:3 ratio (GEC-TGF-f1) (Ha et al.,
2012). Two randomized, double-blind, placebo-controlled phase
II studies to evaluate the safety and efficacy of IA injection of
GEC-TGF-p1 in patients with knee OA (Cherian et al., 2015; Ha
et al., 2015). The results showed that most of the adverse events
were local reactions and did not require further treatment, and
only a small number of patients had allergic reactions but
recovered within 24 h. Moreover, compared with the placebo,
GEC-TGF-B1 could significantly improve pain and physical
function. However, neither of these studies evaluated the effect
of GEC-TGF-B1 on cartilage regeneration and OA imaging
changes. The results of a phase III trial (NCT02072070)
suggested that GEC-TGF-f1 had beneficial effects on pain and
functional improvement in patients with OA, but had limited
effects on structural improvement (Kim et al., 2018).

Metformin

Metformin is a safe and well-tolerated oral biguanide that
has been used as the first-line therapy for type 2 diabetes
for more than 50 years. Preclinical studies had shown
that Metformin could significantly attenuate articular cartilage
degeneration and relieve pain in the OA mouse model (Li H.
et al., 2020). Besides, it was found that the chondroprotective
effect of metformin was mediated by activation of adenosine
monophosphate-activated protein kinase (AMPK) signaling.
Metformin  could enhance @ AMPK expression and
phosphorylation in chondrocytes, and increase the production
of type II collagen and reduce the level of MMP-13 by activating
AMPK pathway (Li J. et al., 2020). A nationwide, retrospective,
matched-cohort study evaluated 968 patients with OA and
type 2 diabetes mellitus (T2DM) during 10 years of follow-up
and the results showed that OA patients with T2DM under
combination COX-2 inhibitors and Metformin therapy were
associated with lower joint replacement surgery rates than
COX-2 inhibitors only (Lu et al, 2018). Recently, a
prospective cohort study reported that metformin had a
beneficial effect on long-term knee outcomes in obese knee
OA patients, and metformin significantly reduced the loss of
medial knee cartilage volume (Wang et al, 2019). Currently,
randomized controlled trials are still needed to confirm these
findings and to determine whether metformin can be considered
as a potential disease-modifying drug for knee OA with or
without obese phenotype.

INVESTIGATIONAL DRUGS TARGETING
THE SUBCHONDRAL BONE

Increased subchondral bone resorption and bone turnover
contribute to the pathogenesis of OA (Karsdal et al., 2014).
Thus, the subchondral bone may be a potential target for
OA therapy. However, currently available agents targeting
the subchondral bone haven’t been approved for the
treatment of OA due to the inconsistent efficacy or safety
considerations, including Zoledronic Acid, Calcitonin, and
Strontium ranelate.
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Bisphosphonate

One small randomized clinical trial stated that intravenous
Zoledronic Acid was beneficial in improving pain and BMLs
in knee OA patients at 6 months (Vaysbrot et al., 2018). BMLs
detected by MRI represented areas of high bone turnover and
active bone remodeling, and bisphosphonates might be beneficial
for patients with high metabolic activity (Kuttapitiya et al., 2017).
However, recently, a 24-month multicenter, double-blind
placebo-controlled randomized clinical trial assessed the effects
of twice-yearly intravenous Zoledronic Acid for 24 months on
CVL in patients with symptomatic knee OA and BMLs (Cai et al.,
2020). The results showed that Zoledronic Acid did not
significantly reduce cartilage volume loss, relieve pain, or
improve BMLs. These findings did not support intravenous
Zoledronic Acid to treat knee OA. A randomized, double-
blind, parallel-group, multicenter, placebo-controlled, dose-
ranging study (EudraCT2018-002081-39) to assess the efficacy
and safety of IA injection of clodronate for knee OA is currently
ongoing, and no results are available.

Calcitonin

A combined reporting of two randomized, double-blind, multi-
center, placebo-controlled  trials (NCT00486434 and
NCT00704847) that included 1176 and 1030 patients,
respectively, showed that oral salmon calcitonin (sCT) for
24 months did not improve pain symptoms and joint space
width (JSW) measured by X-ray in patients with symptomatic
knee OA (Karsdal et al., 2015).

Strontium Ranelate

Strontium Ranelate is indicated for the treatment of
postmenopausal osteoporosis (Han et al, 2017). Preclinical
studies indicated that it reduced subchondral bone resorption
and stimulated cartilage matrix formation in vitro and in rat OA
model (Coulombe et al., 2004; Tat et al., 2011; Yu et al,, 2013). A
3-year multicenter, randomized, double-blind, placebo-
controlled Phase III clinical trial (SEKOIA trial) showed that
Strontium Ranelate significantly inhibited the narrowing of the
medial femoral joint space, relieved pain, and improved physical
function in patients with moderate to severe knee OA compared
with placebo (Reginster et al., 2013). A post hoc analysis of the
SEKOIA trial found that Strontium Ranelate was also
significantly associated with decreased MRI-assessed CVL and
BMLs (Pelletier et al., 2015). However, although Strontium
Ranelate has a significant protective effect on the joint
structure and clinically relevant improvement of symptoms of
knee OA, the use of Strontium Ranelate in OA is limited by its
cardiovascular  risk, particularly the side effects of
thromboembolism.

Teriparatide

Teriparatide is a recombinant human parathyroid hormone
(PTH), derived from the 1-34 amino acid fragment of human
PTH (Oo and Hunter, 2019). It promotes the proliferation and
survival of osteoblasts, which is a bone anabolic therapy for
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osteoporosis (Sampson et al., 2011). A preclinical study
showed that Teriparatide could decelerate cartilage
degeneration and induced cartilage matrix regeneration in
mice administered a meniscal/ligamentous knee injury (Macica
etal, 2011). Teriparatide may become a novel candidate therapy
for injury-induced OA. A phase II study (NCT03072147) to
assess the chondroregenerative efficacy and safety of
Teriparatide for knee OA is still ongoing, and the estimated
study completion date is in 2022.

Vitamin D

A prospective study determined that sunlight exposure and
serum 25(OH)D levels were both positively associated with
knee cartilage volume in older people, suggesting that vitamin
D is an important hormonal contributor to cartilage homeostasis
(Ding et al., 2009). Thus, Vitamin D supplementation potentially
prevented the progression of OA. However, A 2-year RCT
showed that Vitamin D supplementation at a dose sufficient to
elevate serum levels of 25-hydroxyvitamin D to >36 ng/ml did
not reduce knee pain or CVL in patients with symptomatic knee
OA (McAlindon et al., 2013). A multicenter randomized, double-
blind, placebo-controlled clinical trial (VIDEO trial) evaluated
the effects of vitamin D supplementation in patients with
symptomatic knee OA and low serum 25-hydroxyvitamin D
levels (Jin et al, 2016). The results showed that Vitamin D
supplementation did not prevent tibial cartilage loss or relieve
knee pain over 2 years, but improved physical function (Jin et al.,
2016) and reduced joint effusion synovitis (Wang X. et al., 2017).
Three post-hoc exploratory analysis were carried out on the
VIDEO trial. Vitamin D supplementation and maintaining
vitamin D sufficiency (25-hydroxyvitamin D > 50 nmol/L at
month 3 and 24) over 24 months might be benefificial for
depressive symptoms (Zheng et al, 2019) and foot pain
(assessed by manchester foot pain and disability index) (Tu
et al,, 2020) in patients with knee OA. Maintaining vitamin D
sufficiency significantly reduced tibial cartilage volume loss and
effusion-synovitis volume, and improved physical function
compared with those who did not (Zheng et al., 2017).

INVESTIGATIONAL DRUGS TO RELIEVE
PAIN

NSAIDs and opioid drugs are primary pharmacological
treatments for pain palliation in OA. But these medications
are unsuitable for long-term use because of side effects, and
their roles in pain control are limited (McAlindon and Bannuru,
2010; Zhang et al.,, 2010). Patients with OA continue to suffer
from inadequate pain relief. Thus, although the development of
drugs that can reverse the structural progression of joint damage
in OA is important, it is still necessary to consider the effect of
drugs against pain (Karsdal et al., 2016; Miller et al., 2018).
Besides, there is also an urgent need to develop new ideal
therapies, which are safe, simple, long-acting, and convenient
to treat the chronic pain associated with OA.
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Monoclonal Antibodies Neutralizing Nerve
Growth Factor

NGF is a neurotrophin that stimulates the growth of nociceptive
nerve fibers and the expression of nociceptive cell surface
receptors (Denk et al, 2017; Vincent, 2020). Almost all
structures in the joint are innervated with nociceptive nerve
fibers, and elevated NGF levels may be sources of refractory
knee pain in OA (Malfait and Schnitzer, 2013; Denk et al., 2017).
NGF is therefore an attractive target for novel analgesic agents.
Tanezumab, Fulranumab, and Fasinumab are monoclonal
antibodies that specifically target NGF and inhibit binding to
its receptors (Ghouri and Conaghan, 2019). Tanezumab is the
most widely studied and has completed pivotal phase III clinical
trials, and Fasinumab is in the midst of phase III clinical trials
(NCT02683239, NCT03285646, NCT03161093, and
NCT03304379), while Janssen has discontinued the clinical
development of Fulranumab, with no active trials being
underway (Cao et al., 2020). The US FDA recently has
granted fast-track certification (a process designed to facilitate
the development and expedite the review of new therapies to treat
serious conditions and fill unmet medical needs) for Tanezumab
for the treatment of chronic pain in patients with OA or chronic
low back pain, and Tanezumab is expected to be approved for
clinical use soon.

A meta-analysis of 10 randomized controlled trials enrolled
7,665 patients demonstrated that Tanezumab was superior to
placebo in pain relief and improvement in physical function and
patient’s global assessment (PGA) in knee and hip OA patients
(Chen J. et al., 2017). A phase IIb/III clinical trial assessed the
efficacy, tolerability, and joint safety of Fasinumab in patients
with hip and/or knee OA (Dakin et al., 2019). The results showed
that Fasinumab significantly improved pain and function in
patients with OA, even in those who obtained little benefit
from previous analgesics (Dakin et al., 2019). A phase III
clinical trial evaluated 696 patients with hip and/or knee OA
who had not responded to or were unable to receive standard
analgesics (Schnitzer et al., 2019). Patients received by 2 SC
injections of Tanezumab (2.5 mg administered at baseline and
week 8 or 2.5 mg administered at baseline and 5 mg at week 8) or
placebo at day 1 and week 8. The results showed that Tanezumab
was significantly better than the placebo in improving scores
assessing pain and physical function, and PGA-OA (Schnitzer
et al.,, 2019). Recently, another phase III clinical trial evaluated
849 patients with hip and/or knee OA who had not responded to
or could not tolerate standard-of-care analgesics. Patients
received SC Tanezumab 2.5mg or 5mg or placebo every
8 weeks (Berenbaum et al., 2020). The results showed that
Tanezumab 5mg statistically significantly improved pain,
physical function and PGA, and Tanezumab 2.5mg
significantly improved pain and physical function, but did not
improve PGA (Berenbaum et al., 2020).

It should be noted that anti-NGF treatment may lead to
treatment-related rapidly progressive OA (PROA) and
osteonecrosis (Hochberg, 2015). These serious joint-related
adverse events drove the FDA to place a partial clinical hold
on NGF antibodies. By reviewing the adverse events reported in
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clinical trials, it was found a dose-response relationship between
osteonecrosis and NGF antibodies, with the dose of Tanezumab
ranging from 2.5 to 10 mg and the dose of Fasinumab ranging
from 3 to 9 mg (Hochberg, 2015; Lane and Corr, 2017; Dakin
et al., 2019). Therefore, the maximum dose of Tanezumab was
reduced to 5mg after resuming the clinical trials in 2015.
Importantly, compared with Tanezumab monotherapy,
Tanezumab combined with NSAIDs treatment appeared to
increase the risk of RPOA (Hochberg et al., 2016). It seemed
that more joint replacements had been observed in patients
treated with Tanezumab, but most were personal choices and
not associated with adverse events (Schnitzer et al., 2019).

The anti-NGF treatment undoubtedly provides great potential
for improving the pain and function of patients with severely
symptomatic OA, but it carries the risk of aggravating the
structural progression of OA (Miller et al., 2017). Therefore, in
addition to using the lowest effective dose to mitigate the risk, it is
essential to identify the patient population most suitable for this
therapeutic approach. Jayabalan and Schnitzer believed that
individuals with preexisting joint abnormalities, such as
subchondral insufficiency fractures, who were at increased risk
for PROA when treated with anti-NGF, should not be considered
for the anti-NGF treatment. On the other hand, anti-NGF may be
a particularly useful drug for specific populations for whom
NSAIDs are contraindicated and/or not recommended
(Jayabalan and Schnitzer, 2017).

Intra-articular Corticosteroid

Triamcinolone Acetonide Sustained-Release Agent
Triamcinolone acetonide (TA) is an intra-articular corticosteroid
to relieve pain, but its magnitude of benefit rapidly wanes post-
injection for rapid systemic absorption (Kraus et al, 2018).
Zilretta (formerly FX006) is a novel type of extended-release
TA formulation in 75:25 poly microsphere, which is designed to
prolong TA residence in the joint compared with standard TA
crystal suspensions (T'Acs) (Conaghan et al., 2018a). A phase III,
multicenter, double-blind, randomized controlled trial compared
FX006 (32 mg), TAcs (40 mg), and saline placebo in 484 patients
with knee OA (Conaghan et al., 2018b). Although FX006 did not
significantly reduce the average-daily-pain (ADP)-intensity of
OA compared to TAcs at 12 weeks, it reached the primary
endpoint of a significant improvement in ADP-intensity
compared with placebo. In addition, FX006 significantly
improved Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) scores for pain, stiffness, and
physical function, and Knee Injury and Osteoarthritis Outcome
Score Quality of Life (KOOS-QOL) scores for the quality of life at
12 weeks compared with both placebo and TAcs (Conaghan et al.,
2018b). FX006 causes less blood glucose elevation compared to
standard TAcs in type 2 diabetic patients. For this reason, FX006
has been licensed by the FDA in October 2017 for the treatment
of OA-related knee pain.

IA Triamcinolone

A two-year, randomized, placebo-controlled, double-blind trial
(NCT01230424) compared Triamcinolone (40 mg), and saline
placebo in 140 patients with symptomatic knee OA. The results
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FIGURE 1 | Potential pharmacological therapies for osteoarthritis.
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showed that IA Triamcinolone every 3 months for 2 years
significantly increased CVL and did not improve knee pain
(McAlindon et al,, 2017). These findings do not support this
long-term treatment for patients with symptomatic knee OA.

EXPERT OPINION

OA is a chronic, painful and disabling arthritis with significant
burden on the individual and society. With the population aging
and obesity, the incidence of OA is increasing as a leading cause of
disability worldwide (Peat and Thomas, 2020). To date, no
effective drug is able to inhibit the structural damage or
reduce long-term disability, or relieve pain with an acceptable
benefit-to-risk profile in OA (Latourte et al., 2020). For these
reasons, the OARSI led an effort to submit a White Paper to the
FDA in support of the designation of OA as a serious disease in
2016. Actually, OA is a severe disease as RA for their similar
disability rates, morbidity, costs, and increased mortality rates
(Pincus et al,, 2019). In the past few years, it has been realized
that a complex interaction of multifactorial mechanisms is
involved in the pathophysiology of OA. The heterogeneous
condition of OA determines that there is no miracle
therapeutic strategy fitting for all patients. Also, this
heterogeneity may be the major cause for the failure of clinical
trials testing therapeutics intended for structure modification
or symptom relief in OA.

Various OA phenotypes and endotypes have been explored to
overcome this barrier (Deveza et al., 2019), such as synovial
inflammatory phenotype, osteoporotic phenotype, articular
cartilage degradation phenotype, metabolic phenotype and so
on. However, there are few clinical trials to stratify patients based
on these phenotype-guided approaches yet. OA phenotyping
would be helpful to therapy selection and expedite the

development of investigational tailored drugs directly toward
variable courses of OA. Metabolomic studies and innovative
machine learning approaches may greatly help to determine
the key variables to differentiate specific OA subgroups and
progression phenotypes (Carlson et al, 2019; Nelson et al,
2019). Nelson et al. observed that baseline variables as BMLs,
osteophytes, medial meniscal extrusion, and urine CTX-II were
useful to identify progression OA phenotypes at 48 months,
while WOMAC pain, lateral meniscal extrusion, and serum
N-terminal pro-peptide of collagen IIA (PIIANP) were
associated with non-progression phenotypes (Nelson et al,
2019). Establishing OA phenotypes and then setting up
distinctive outcome measures for each phenotype is a way to
organize more effective and stratified clinical trials in OA in
future (Roman-Blas et al., 2020). For example, the synovitis
features detected by MRI or ultrasound (US) have the
potential to become the useful outcome measures and could
be used in clinical trials of new drugs that target synovitis in
OA patients with inflammatory phenotype.

To identify the patient population with disease progression is
vital to appropriately power clinical trials. The OA patients in the
progressed periods are potentially more responsive to
interventions, and these patients might be recruited in
DMOAD trials to assess the efficacy of a new drug in the
future. Sensitive and valid biomarkers are expected to become
useful tools to predict OA progression and understand
mechanisms of progression (Roman-Blas et al, 2020). On the
other hand, OA may only be retarded at early to mid-stages
instead of established or advanced OA. To identify the patient
population in the early to mid-stages of the disease is also
important. Some studies have proposed using MRI or US for
the test of disease-modifying approaches and recruiting patients
with early diseases as defined on MRI or US in clinical trials
(Eckstein and Le Graverand, 2015; Wang et al., 2021).
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There is an unmet need for DMOADs. One approach to
develop such drugs is to use imaging-assessed joint structural
changes such as loss of cartilage volume/thickness, BMLs and
synovitis as primary endpoints. However, these endpoints have
not been formally accepted by drug administrations. Recently,
several authors from The United States Food and Drug
Administration proposed a composite endpoint such as “time
to total knee replacement (TKR) or severe pain or severely
impaired functioning” which can substantially reduce sample
size compared to the use of TKR alone (Kim et al., 2020). The
endpoints such as this based on direct measures of patients’
functions, feels or survive would be more clinically relevant for
development of OA drugs.

A variety of potential therapeutics targeting on inflammation,
cellular senescence, cartilage metabolism, subchondral bone
remodeling, and peripheral nociceptive pathway are expected
to reshape the landscape of OA treatment over the next few years
(Figure 1). The cartilage destruction is the main characteristic
sign of OA. Novel agents targeting articular cartilage molecular
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Reduction of Matrix Metallopeptidase
13 and Promotion of Chondrogenesis
by Zeel T in Primary Human
Osteoarthritic Chondrocytes

Christelle Sanchez'*, Kathrin Hemmer?, Natascha Krémmelbein?, Bernd Seilheimer?,
Jean-Emile Dubuc "3, Christophe Antoine* and Yves Henrotin "*°

"MusculoSKeletal Innovative Research Lab, University of Liege, Center for Interdisciplinary Research on Medicines, Liege,
Belgium, 2Heel GmbH, Baden-Baden, Germany, °Division of Orthopedics and Musculoskeletal Trauma, Cliniques Universitaires
de St Luc, Brussels, Belgium, “Artialis SA, Liége, Belgium, °Physical Therapy and Rehabilitation Department, Princess Paola
Hospital, Vivalia, Marche-en-Famenne, Belgium

Objectives: Zeel T (Ze14) is a multicomponent medicinal product. Initial preclinical data
suggested a preventive effect on cartilage degradation. Clinical observational studies
demonstrated that Ze14 reduced symptoms of osteoarthritis (OA), including stiffness and
pain. This study aimed to explore these effects further to better understand the mode of
action of Ze14 on human OA chondrocytes in vitro.

Methods: Primary chondrocytes were obtained from the knees of 19 OA patients and
cultured either as monolayers or in alginate beads. The cultures were treated with 20% or
10% (v/v) Zeld or placebo. For RNA-seq, reads were generated with lllumina
NextSeg5000 sequencer and aligned to the human reference genome (UCSC hg19).
Differential expression analysis between Ze14 and placebo was performed in R using the
DESeq?2 package. Protein quantification by ELISA was performed on selected genes from
the culture medium and/or the cellular fractions of primary human OA chondrocyte
cultures.

Results: In monolayer cultures, Ze14 20% (v/V) significantly modified the expression of 13
genes in OA chondrocytes by at least 10% with an adjusted p-value < 0.05: EGR1, FOS,
NR4A1, DUSP1, ZFP36, ZFP36L1, NFKBIZ, and CCN1 were upregulated and ATF7IP,
TXNIP, DEPP1, CLECSBA, and MMP13 were downregulated after 24 h Ze14 treatment.
Ze14 significantly increased (mean 2.3-fold after 24 h, p = 0.0444 and 72 h, p = 0.0239) the
CCN1 protein production in human OA chondrocytes. After 72h, Ze14 significantly
increased type Il collagen pro-peptide production by mean 27% (p = 0.0147). For
both time points CCN1 production by OA chondrocytes was correlated with aggrecan

Abbreviations: ADAMTS-4, a disintegrin and metalloproteinase with thrombospondin motifs 4; AP, alkaline phosphatase;
CM, cells with associated matrix; CYR61, cysteine-rich angiogenic inducer 61; DMEM, Dulbecco’s Modified Eagle’s Medium;
ECM, extracellular matrix; EGR, early growth response; FBS, fetal bovine serum; FDR, false discovery rate; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; IL, interleukin; LDH, lactate dehydrogenase; MMP, matrix metallopeptidase;
NGS, next-generation sequencing; OA, osteoarthritis; padj, p-value adjusted; RA, rheumatoid arthritis; RT-PCR, reverse
transcription-polymerase chain reaction; RIN, RNA integrity number; RNA, ribonucleic acid; ROS, reactive oxygen species; SD,
standard deviation; SE, standard error; TKR, total knee replacement; TNF, tumor necrosis factor.
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Transcriptome Analysis of Zeel T in Chondrocytes

(r=0.66, p = 0.0004) and type Il collagen pro-peptide (r = 0.64, p = 0.0008) production. In
alginate beads cultures, pro-MMP-13 was decreased by Ze14 from day 7-14 (from -16 to
-25%, p < 0.05) and from day 17-21 (-22%, p = 0.0331) in comparison to controls.

Conclusion: Ze14 significantly modified the expression of DUSP1, DEPP1, ZFP36/
ZFP36L1, and CLEC3A, which may reduce MMP13 expression and activation. Protein
analysis confirmed that Ze14 significantly reduced the production of pro-MMP-13. As
MMP-13 is involved in type Il collagen degradation, Ze14 may limit cartilage degradation.
Ze14 also promoted extracellular matrix formation arguably through CCN1 production, a
growth factor well correlated with type Il collagen and aggrecan production.

Keywords: osteoarthritis, cartilage, chondrogenesis, zeel T, MMP13, multitarget
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INTRODUCTION

Osteoarthritis is the most common form of arthritis, affecting
millions of people worldwide. It is a serious disorder primarily
affecting weight bearing joints characterized by cell stress and
extracellular matrix degradation initiated by micro- and macro-
injury that activates maladaptive repair responses, including
proinflammatory pathways of innate immunity. The disease
manifests first as a molecular dysregulation (abnormal joint
tissue metabolism) progressing to anatomical derangements
(characterized by cartilage degradation, bone remodeling,
osteophyte formation, joint inflammation, and loss of normal
joint function) (Kraus et al., 2015). It primarily affects the elderly
population. Due to an increasing number of OA patients, finding
a disease-modifying OA drug, defined as “a drug that inhibits
structural disease progression and also improves symptoms and/
or function” (Barr and Conaghan, 2013), remains an urgent
unmet need. Currently, despite the guidelines, first-line
treatment of OA in daily medical practice remains with
analgesics and anti-inflammatory drugs, although it is
recognized that the long-term use of these drugs is linked to
severe adverse effects (Bannuru et al, 2019). The
recommendations published by medical and scientific societies

are indeed unanimous: their use must be limited. Therefore, it is
essential to find alternative treatments to manage the symptoms
of patients with OA as well as to inhibit structural disease
progression (Geenen et al.,, 2018; Rausch Osthoff et al., 2018;
Bannuru et al, 2019). Due to the complexity of the disease,
multitarget treatments seem to be more suitable to target the
multiple pathological pathways associated with OA. Zeel T (Ze14)
is a multicomponent medicinal product composed of plant and
organ extracts. Clinical observational studies demonstrated that
Zel4 reduced symptoms of OA, including stiffness and pain, and
was generally well-tolerated with a good safety profile (Gottwald
and Weiser, 2000; Lesiak et al., 2001). Initial preclinical data
suggested a preventive effect of Zel4 on cartilage degradation
(Stancikova, 1999); however, Zel4’s mode of action is still poorly
understood. Due to its promising multitarget nature and the
lack of effective treatment options for OA patients, investigating
the mode of action of Zel4 in OA pathophysiology may
provide important insights explaining at least some effects
observed in the clinical studies with OA patients.

Recently, transcriptome analysis was used to investigate the
effects of natural or chemically produced molecules on
chondrocyte transcriptome in vitro (Gouze et al., 2006; James
et al, 2007; Comblain et al., 2016; Aury-Landas et al., 2017).
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Technologies like Next Generation Sequencing RNA-seq
generate an unbiased view of the transcriptome offering a
wider dynamic range, high sensitivity, and accurate results on
all genes expressed by cells (Wang et al., 2014; Liu et al., 2015; Li
et al., 2016).

This exploratory study aimed to investigate the mode of action
of Zel4 in OA by comparing the transcriptomic profile of human
OA chondrocytes treated with Zel4 or saline as control. The
transcriptomic profile of OA chondrocytes was determined from
primary cell cultures treated with Zel4 at two concentrations,
with or without the addition of IL-1P to activate inflammatory
pathways. Human primary cells retain the morphological and
functional characteristics of their tissue of origin. Thus, we chose
this primary OA cell model to reflect the pathological processes of
knee OA, also considering patient to patient variations. Affected
genes of the most relevant disease pathways were then confirmed
by protein analysis in additional chondrocyte cultures.

MATERIAL AND METHODS
Ethical Statement

Articular cartilage samples from 19 patients with knee OA were
obtained at the time of total knee joint replacement (TKR)
surgery. All participants have signed the informed patient
consent, and the protocol was approved by the ethical
committee of the Catholic University of Louvain
(B403201214793 amendment n2). All procedures followed the
ethical standards of the responsible committee on human
experimentation (institutional and national) and with the
Helsinki Declaration of 1975, revised in 2000. The
Supplementary File S1 gives an overview of the patients’
characteristics.

Study Medication

Zeel T (Zel4) injection solution was manufactured and bottled in
2.0 mL glass ampoules by Heel GmbH, Germany, according to
GMP standards. The study medication was packaged, shipped,
and labeled by Heel GmbH, Germany. The full composition of
Zel4 injection solution is provided in the Supplementary File 2.
Each 1.1 mL ampoule of the saline control contained 0.9%
sodium chloride for injection.

Study Design

The cartilage samples from the patients were divided into two
groups, one for sequencing and transcriptome generation, and
another for protein quantification by ELISA. The harvested tissue
was enzymatically digested and seeded in monolayer cultures or
suspended in alginate beads depending on the analysis.
Supplementary File 3 gives a detailed overview of the study
design and explains the distribution of tissue samples for the
primary cultures, number of treatment conditions including
controls, time points of sample collection for analyses, and
performed analyses. In short, for transcriptome analysis,
chondrocytes were treated with Zel4 or saline control with or
without the presence of IL-1P to induce the inflammatory state.
Two concentrations of Zel4, 10% (v/v) and 20% (v/v) were used.

Transcriptome Analysis of Zeel T in Chondrocytes

For protein analysis, chondrocytes were seeded as monolayers or
suspended in alginate beads to investigate chondrocyte
hypertrophy. Both cultures were treated with either 20% (v/v)
Zel4 or saline control in medium.

Sample Collection

Full-depth articular cartilage was excised and immersed in
Dulbecco’s Modified Eagle Medium (DMEM) (with phenol
red and 4.5g/L glucose) supplemented with N-(2-
hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES)
(10 mM), penicillin (100 U/mL) and streptomycin (0.1 mg/mL)
(all from Lonza, Belgium). After three washes, chondrocytes were
released from cartilage by sequential enzymatic digestions with
0.5 mg/mL hyaluronidase type IV S (Sigma-Aldrich, Belgium) for
30 min at 37°C, 1 mg/mL pronase E (Merck, Belgium) for 1h at
37°C and 0.5 mg/mL clostridial collagenase IA (Sigma-Aldrich,
Belgium) for 16-20 h at 37°C. The enzymatically isolated cells
were then filtered through a nylon mesh (70 pm), washed three
times and counted.

Chondrocyte Monolayer Culture

Chondrocytes were dispersed in a suspension of 0.1 x 10 cells/mL
in DMEM supplemented with 10% fetal bovine serum (Biowest,
France), 10mM HEPES, 100U/mL penicillin, 0.1 mg/mL
streptomycin, 2mM glutamine (Lonza, Belgium), 20 ug/mL
proline and 50 ug/mL ascorbic acid (Sigma-Aldrich, Belgium)
and seeded in 6-well plates at the density of 0.2 x 10° cells/well.
Chondrocytes were cultured in monolayer for 5-7 days until 95%
confluence. Only primary cultures were used to ensure the
stability of the chondrocyte phenotype. Chondrocytes were
then cultured 24h in DMEM supplemented with 1% fetal
bovine serum, 10 mM HEPES, 100 U/mL penicillin, 0.1 mg/mL
streptomycin, 2 mM glutamine, 20 ug/mL proline and 50 ug/mL
ascorbic acid. Afterward, the culture medium was replaced by
fresh culture medium containing either 20% (v/v) saline (control),
20% (v/v) Zeld or 10% (v/v) Zel4 (lower concentration was
achieved as follows: 8 parts medium: 1 part saline: 1 part Zel4;
corresponding to half of the Ze14 concentration, used only for the
transcriptomic study), with or without the addition of human IL-
1B 107" M (Roche, Belgium) (Comblain et al., 2016). Cells were
incubated for 24h (transcriptome analysis only) or 72h
(transcriptome and protein analysis). Each culture condition
was carried out in triplicates.

For transcriptome analysis, cells were scrapped after 24 h of
incubation, three wells were pooled, and ribonucleic acid (RNA)
extraction was performed using an RNeasy mini kit according to
the instructions of the manufacturer (Qiagen, Netherlands). Cell
lysates were stored frozen at —80°C until RNA extraction.

For LDH release assay, conditioned culture media was
collected after 24h of incubation and assayed immediately.
Cells were scraped and homogenized in 500 uL of Tris-HCI
buffer by ultrasonic dissociation for 20s at 4°C, to measure
total LDH content. Remaining conditioned culture media was
stored at —20°C until further analysis.

For protein analyses, conditioned culture media was collected
after 24 h and 72 h of incubation and was then stored at —20°C
until further analysis. Three wells were used per condition. Cells
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were trypsinized and homogenized in 500 uL of Tris-HCI buffer
by ultrasonic dissociation for 20 s at 4°C to measure total DNA
content after 24 h and 72 h of incubation.

Chondrocyte Alginate Beads Culture
Chondrocytes were suspended in alginate beads (as described
(Sanchez et al., 2002)) and cultured for 28 days in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS, 10 mM
HEPES, penicillin (100 U/mL) and streptomycin (100 pg/mL),
200 pg/mL glutamine, 50 pg/mL ascorbic acid, and 2 mM proline
to induce hypertrophy (Pesesse et al, 2013). Alginate beads
containing chondrocytes were placed in 24-well plates, nine
beads per well. Six wells were used per time point and
treatment: three wells per condition were used for the analyses
of the alkaline phosphatase activity and the protein pro-MMP-13
production, and three other wells for RNA extraction and type X
collagen gene expression.

Zel4 or saline control was added at 20% (v/v) in the culture
medium with every culture medium replacement (from day 0 to
day 24). The culture medium was changed twice a week.

At each time point (Day 3-7-14-17-21-24-28), cell culture was
stopped, and supernatant was collected and stored at —20°C for further
analysis. Additionally, supernatant was collected on day 10. The beads
of each well were rinsed in NaCl 0.9% and then dissolved in 1 mL of
0.1 M citrate for 10 min. The resulting suspension was centrifuged at
1200 rpm for 10 min. With this method, 2 fractions were collected: the
supernatant containing macromolecules that originated from further-
removed matrix (FRM) and pellet-containing cells with their
associated matrix (CM). These two fractions CM and FRM were
kept separately at —20°C until analysis. The supernatant from the FRM
was not used for the analyses. CM of 3 wells was homogenized in
500 pL of Tris-HCI buffer by ultrasonic dissociation for 20 s at 4°C to
measure total DNA content and alkaline phosphatase activity. The
CM of the remaining 3 wells were homogenized in Lysis buffer for
ribonucleic acid (RNA) extraction using RNeasy mini kit according to
the instructions of the manufacturer (Qiagen, Netherlands). Cell
lysates were stored frozen at —80°C until RNA extraction.

LDH Viability Test

Cell viability was estimated by quantifying the release of LDH into
the culture supernatant as previously described (Mathy-Hartert
et al., 2009). In brief, a sample of the supernatant or dilutions of
standard solution (LDH from rabbit muscle, from Roche, Belgium)
was mixed with Tris buffer (10 mM Tris-HCI (pH 8.5), 0.1% bovine
serum albumin) containing 800 mM lactate. Then, colorimetric
reagent, 1.6 mg/mL iodonitrotetrazolium chloride (Sigma-Aldrich,
Belgium), 4 mg/mL nicotinamide adenine dinucleotide (Roche
Diagnostics, Belgium), and 0.4 mg/mL phenazine methosulfate
(Sigma-Aldrich, Belgium), was added, and the solution was
discoloured red after 10 min of incubation at room temperature.
The percentage of cell death was obtained by comparing the LDH
release into the supernatant to the total LDH concentration (cell and
supernatant).

DNA Quantification

DNA content of all cell cultures was measured according to a
fluorometric method (Labarca and Paigen, 1980). In brief, 200 pL
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of 2 pg/mL Hoechst dye solution (Sigma Aldrich, Belgium)-in a
buffer containing 50 mM PO, and 2 M NaCl- was added to 50 pL of
sample. After 30 min incubation time in the dark, 356 nm excitation/
458 nm emission was read in a spectrophotometer. Placental DNA
(Sigma Aldrich, Belgium) was used for the standard curve.

RNA Extraction

Total RNA was extracted using an RNeasy mini kit (Qiagen,
Belgium) according to the instructions of the manufacturer.
The vyield of the extracted RNA was determined
spectrophotometrically by measuring the optical density at
260 nm. For transcriptome analysis, the purity and quality of
extracted RNA was further evaluated using an RNA Nano 6000
Bioanalyzer Agilent (Santa Clara, United States) according to the
manufacturer’s instructions. High-quality RNA with RNA quality
indicator scores (RIN) of >8 were used.

RNA-Seq and Differential Gene Expression

Analysis

One pg of RNA from each culture condition was used for this
analysis. Libraries were prepared with the Illumina Truseq
stranded mRNA sample prep kit according to the
manufacturer’s instructions. Based on poly(A) selection of
mRNAs, the coding strand information was kept. Sixty (60)
libraries were generated. Poly(A) plus RNA was enriched
using oligo (dT) beads followed by fragmentation and reverse
transcription. Afterward, the 5’ and 3’ ends of cDNA fragments
were prepared to ensure efficient ligation of “Y” adapters
containing a unique barcode and primer binding sites. Finally,
ligated cDNAs were PCR-amplified to be ready for cluster
generation and sequencing.

Sequencing was performed on Illumina NextSeq5000, Single-
Read 75 bp read length, high output mode 2017-2018 (Maximum
Reads per Run: 400 million clusters), 60 libraries per run, and
using 3 runs per library, generating around 20 M reads per sample
(Chaitankar et al., 2016). Denaturated NGS library fragments
were flowed across a flow cell and hybridized on a lawn of
complementary Illumina adapter oligos. Complementary
fragments were extended, amplified via bridge amplification
PCR and denaturated, resulting in clusters of identical single-
stranded library fragments. Fragments were primed and
sequenced utilizing reversible terminator nucleotides. Base
pairs were identified after laser excitation and fluorescence
detection.

Raw data was demultiplexed into individual libraries. After
filtering out reads mapping to rRNA, tRNA, mitochondrial RNA,
and other contaminants, (e.g. adapters, etc.) using bowtie2, reads
were aligned onto the human reference genome (UCSC hgl9
annotation) and quantified with Star to give the Counts file.
Quality control of sequencing reads was assessed with FASTQC
and quality control after mapping with Picard tools. Compilation
of tool metrics was performed with MultiQC.

Differential expression analysis was made in R (version 3.4.3
(2017-11-30), https://www.R-project.org/) using the DESeq2
package (1.18.1) and R code design = ~ Patient + Treatment.
Analysis was performed with treatment as contrast:
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o Saline control vs Zel4 20% (v/v)
e Saline control vs Zel4 10% (v/v)
e Saline control vs Zel4 20% (v/v), both with IL-1p
e Saline control vs Zel4 10% (v/v), both with IL-1p

Alternatively, the interaction “Patient:Treatment” was added
to the R code design to evaluate if the treatment effect varied from
patient to patient. False Discovery Rate of 0.05 was used to assess
the statistical significance.

Alkaline Phosphatase Activity

The enzymatic activity of alkaline phosphatase normalized to the
DNA content of the respective well was analyzed in the alginate
beads cultures according to the previously described method
(Sanchez et al, 2005). In brief, 50 uL of cell extract were
incubated with 100 uL of p-nitrophenylphosphate (liquid
p-NPP, ready to use, Sigma Aldrich, Belgium). In the presence
of ALP, p-NPP is transformed to p-nitrophenol and inorganic
phosphate. p-nitrophenol absorbance is measured at 405 nm,
after 10 min of incubation at 37°C. A standard preparation of
p-nitrophenol was used for calibration. Results were expressed in
nmoles of p-nitrophenol released per min and per ug of DNA.

Quantitative Real-Time RT-PCR Gene

Expression

Reverse transcription was executed by using sensiscript kit
according to the instructions of the manufacturer (Qiagen,
Belgium), and cDNA was kept at —20°C. Polymerase chain
reaction was performed by using the Rotor Gene (Qiagen,
Belgium)—SYBR premix Ex Taq (Takara, Belgium). The PCR
template source was either first-strand cDNA (10 ng) or purified
DNA standard. The PCR program comprised an initial
denaturation step at 95°C for 10s followed by 40 cycles of
denaturation at 95°C for 5s and then an annealing/extension
step at 60°C for 25 s. Followed by an ending melting step from
65°C to 96°C with a 1°C increase each second. The following primer
sequences were used to amplify the desired cDNA: Hypoxanthine-
guanine phosphoribosyltransferase forward 5'-TGTAATGAC
CAGTCAACAGGG-3' and reverse 5'-TGCCTGACCAAGGAA
AGC-3' and COL10A1 forward 5'-GGGAGTGCCATCATCG-3'
and reverse 5'-AGGGTGGGGTAGAGTT-3'. HPRT was used as
an internal standard and the ratio of genes to HPRT was calculated.
After HPRT normalization for COL10A1, relative expression was
calculated.

ELISA for CCN1, Pro-MMP-13, Aggrecan
and Type Il Collagen Pro-Peptide

Protein amount of aggrecan was assessed from the supernatant
and the cell pellet while the protein amount of type II collagen
pro-peptide, CCN1, and pro-MMP-13 was only measured from
the supernatant, by specific enzyme amplified sensitivity
immunoassays (Aggrecan: Diasource, Belgium PG EASIA
KAP1461, batch 1902-2260; CCN1: CYR61 R&Dsystems UK
DuoSet DY4055, batch P161032; collagenase 3 precursor -pro-
MMP-13-: R&Dsystems UK DuoSet DY913, batch P196342; type
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II collagen pro-peptide: R&Dsystems UK DuoSet DY7589-05,
batch P151876). Aggrecan, type II collagen pro-peptide, and
CCNI1 were assayed from chondrocytes in monolayer cultures,
and pro-MMP-13 was analyzed from chondrocytes of alginate
beads hypertrophic cultures. Protein content was normalized to
the DNA content.

Statistical Analysis

For the transcriptome analysis, DESeq2 Bioconductor package
was used for normalization, principal component analysis, and
differential gene expression. DESeq2 differential gene analysis
was based on the hypothesis that most genes were not
differentially expressed (Anders and Huber, 2010; Love et al,
2014). The method was based on the negative binomial
distribution model. Within the DESeq2 package, and with the
estimateSizeFactorsForMatrix function, scaling factors were
calculated for each run. After dividing gene counts by each
scaling factor, DESeq2 values were calculated as the total of
rescaled gene counts of all runs.

The amplitude of changes is represented either in the log2 Fold
Change format (classical representation from DESeq2, where “0”
means “no change,” “1” means “2-fold induction” and “-1
means “2-fold decrease”) or in Fold Change (where “1” means
“no change,” “2” means “2-fold induction” and “0.5” means “2-
fold decrease™).

Along with the standard p-value, an adjusted p-value (padj)
was calculated. The adjustment methods included the Bonferroni
correction (“bonferroni”) in which the p-values were multiplied
by the number of comparisons. Less conservative corrections
were also included by Holm (“holm”) (Holm, 1979), Hochberg
(“hochberg”) (Hochberg, 1988), Hommel (“hommel”) (Hommel,
1988), Benjamini and Hochberg (“BH” or its alias “fdr”)
(Benjamini and Hochberg, 1995), and Benjamini and Yekutieli
(“BY”) (Benjamini and Yekutieli, 2001), respectively. The “BH”
(aka “fdr”) and “BY” method of Benjamini, Hochberg, and
Yekutieli control the false discovery rate, the expected
proportion of false discoveries among the rejected hypotheses.

For the protein analyses, results were statistically analyzed
using GraphPad Prism 6.0. Before calculating the statistical
difference, a Kolmogorov-Smirnov normality test and a ROUT
outlier test were performed. For monolayer experiments, either a
ratio paired t-test, or a Wilcoxon matched-pairs signed-rank test
was used. For alginate beads experiments, paired one-way
ANOVA was used to compare Zel4 to saline control at each
time point. Furthermore, for cumulative pro-MMP-13
production, two-way ANOVA was used to evaluate the kinetic
effect of the treatment. For assessing the correlation between two
factors, Pearson’s test was used for normal data distribution, and
Spearman’s test was used non-normal distribution.

»

RESULTS

Cell Viability and RNA-Seq Database
Analysis

Cell viability was higher than 98% and was not affected by IL-1p
and/or Zel4 treatment, either at 10% or 20% (v/v)
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TABLE 1 | Differentially expressed genes in chondrocytes treated with Ze14 20% (v/v) compared to saline control using the DESeq2 R package designed for RNA-seq
differential gene expression paired-analysis. baseMean is the mean of normalized counts of all samples, normalizing for sequencing depth. padj: False Discovery Rate

(FDR) adjusted p-value (for details see material and method, statistics paragraph).

GeneName baseMean log2 Fold Fold Change p-value padj
Change
ATF7IP Activating transcription factor 7 interacting protein 1249 -0.1585 0.896 2.01E-05 0.0153
DEPP1 DEPP1, autophagy regulator 1649 -0.1792 0.883 2.71E-05 0.0189
CLEC3A C-type lectin domain family 3 member A 1132 -0.1902 0.877 7.14E-06 0.0108
CCN1 Cellular communication network factor 1 26,310 0.1845 1.136 4.81E-06 0.0087
DUSP1 Dual specificity phosphatase 1 738 0.2363 1.178 8.38E-05 0.0448
EGR1 Early growth response 1 1468 0.9481 1.929 1.93E-05 0.0153
FOS Fos proto-oncogene, AP-1 transcription factor subunit 188 0.9058 1.874 4.44E-05 0.0269
MMP13 Matrix metallopeptidase 13 566 -0.2924 0.817 2.73E-07 0.0008
NFKBIZ NFKB inhibitor zeta 685 0.2116 1.158 1.61E-05 0.0146
NR4A1 Nuclear receptor subfamily 4 group a member 1 201 0.5149 1.429 8.76E-06 0.0111
TXNIP Thioredoxin interacting protein 2047 -0.1696 0.889 2.29E-07 0.0008
ZFP36 ZFP36 ring finger protein 599 0.2327 1.175 4.24E-05 0.0269
ZFP36L1 ZFP36 ring finger protein like 1 4000 0.1950 1.145 1.67E-08 0.0002
(Supplementary File 4). RNA-seq experiments were performed  CCL5, IL-11, and CCL8. CXCLI12 and CXCL14 were

with a sequencing depth of 16.75 + 0.52 million copies of genes
per sample. IL-1p 10''M drastically modified the gene
expression pattern of human OA chondrocytes. Principal
component analysis (PCA) with regularized-logarithm
transformation showed that the large variance between the
samples was related to the IL-1p stimulation, explaining 86.9%
of the total variance (PC1) (Supplementary File 5). The database
was then split into basal and IL-1p-treated samples to continue
the analysis.

Ze14 Modulated the Expression of 13 Genes

Under Basal Conditions

Under basal conditions, chondrocytes expressed genes
representing a well-differentiated and mature chondrogenic
cell type as confirmed by the top-count genes, with a high
level of type II collagen (COL2A1-third-most counted, 6-times
more than COL1Al) and aggrecan (ACAN-eighth-most
counted) gene expression (Supplementary File 6).

According to the DESeq2 analysis and in basal condition,
Zel4 20% (v/v) significantly modified the expression of 13 genes
by at least + 10% of Fold Change with a padj <0.05 (Table 1;
Figure 1A, full results in Supplementary File 6). Ze14 10% (v/v)
failed to significantly modify gene expression.

The treatment dose-response of each patient sample is
illustrated in the Supplementary File 7A (upregulated DEGs)
and 7B (downregulated DEGs).

IL-1p Induced the Expression of
Proinflammatory Genes in Human OA
Chondrocytes

IL-1p  treatment induced a strong upregulation of
proinflammatory cytokines including chemokines. Top 12
cytokines produced by OA chondrocytes were in descending
order of expression: CXCL8 (~20.000-fold increase), IL-6,
CXCL1, CCL20, CXCL6, CCL2, CXCL3, CXCL2, CXCLS5,

downregulated by IL-1p. Complete results of differentially
expressed genes (DEGs) with IL-1p treatment are in
Supplementary File 8. In presence of IL-1p 107" M, Zel4 20%
(v/v) modified the expression of lipopolysaccharide binding
protein (LBP, +17%, padj = 0.0126) and E-selectin (SELE,
-11%, padj = 0.0252) (Figure 1B). Furthermore, Zel4 also
increased the expression of CCN1 (+12%, p = 0.0026) and
EGR1 (+46%, p = 0.0014) and reduced the expression of
two genes encoding key enzymes of the kynurenine pathway
of tryptophan degradation, kynureninase (KYNU, -16%,
p = 2.84*107) and indoleamine 2,3-dioxygenase 1 (IDOI,
~21% p = 5.96*107°) that had been upregulated by IL-1p (5.78
and 8.81 log2 Fold Change, respectively). Complete results are in
the Supplementary Files 7C and 9.

Ze14 Promoted Extracellular Matrix
Formation Through CCN1 Production

Cellular communication network factor 1 (CCN1), also known as
CYR61, is a growth factor-inducible immediate-early gene, induced
notably by TGF-B, shown to be important in chondrogenesis
(Chijiiwa et al,, 2015). The stimulating effect of Zel4 20% (v/v)
on CCNI1 production was confirmed by immunoassay. CCN1 was
assayed in the culture supernatant of six monolayer chondrocyte
cultures from six independent OA patients. Zel4 significantly
increased (2.3-fold + 1.2 after 24 h, p = 0.0444 and 2.3-fold + 1.0
after 72 h, p = 0.0239) the CCN1 protein production by human OA
chondrocytes (Figure 2A). Because CCNI1 inhibits the activity of
ADAMTS-4, an important enzyme involved in aggrecan
degradation, and has been shown to increase aggrecan and type
IT collagen synthesis in chondrocytes (Wong et al., 1997; Chijiiwa
et al, 2015), we also quantified the protein production of both
molecules in these cell cultures. After 72 h, Zel4 20% (v/v) slightly
but not significantly increased aggrecan production (14 + 19%, p =
0.1117, Figure 2B) and significantly increased type II collagen pro-
peptide production by 27 + 20% (p = 0.0147, Figure 2C). For both
time points, CCN1 production by OA chondrocytes was positively
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FIGURE 1 | Differentially expressed genes by Ze14 20% (v/v) with Fold Change >1.1 or <0.9, expressed as log2 Fold Change (mean + SE, n = 10). (A): without IL-1p

and significantly correlated with aggrecan (r = 0.66, p = 0.0004,
Figure 2D) and type II collagen pro-peptide (r = 0.64, p = 0.0008,
Figure 2E) production.

Ze14 Decreased the Production of
Pro-MMP-13 in a Hypertrophy-Independent

Pathway

RNA-seq revealed that Zel4 acts on matrix metallopeptidase 13 as
well as on several independent genes involved in MMP13 regulation
and activation (Figure 3A). MMP-13 is a major enzyme involved in
OA pathology: it is both a marker for hypertrophy in chondrocytes
and is known to function as an extracellular matrix-degrading

enzyme in OA joints (Li et al, 2017). To investigate MMP-13
production during hypertrophic chondrocyte differentiation, we
cultured primary OA chondrocytes for 28 days in the alginate
beads model in the presence of 10% FBS. We have previously
shown that articular chondrocytes become hypertrophic between
21 and 28 days of culture in these conditions (Pesesse et al., 2013;
Pesesse et al., 2014). Fresh Zel4 20% (v/v) was added to the culture
media twice a week during these 28 days.

In the alginate beads model, pro-MMP-13 production highly
increased between day 3 and day 14 and then decreased
independent of the treatment (Figure 4A). Interestingly, pro-
MMP-13 was significantly decreased in Zel4-treated cultures from
day 7-14 (from —16 to —25%, p < 0.05) and from day 17-21 (-22%,
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FIGURE 2 | Effect of Ze14 on CCN1, aggrecan and type Il collagen pro-peptide production by OA chondrocytes cultured as monolayer (1 = 6). Saline-treated cells
served as controls. Results are shown as mean + SD of the cultures (n = 6). Each dot represents individual culture means. Data were statistically analyzed using paired
t-test, correlations were analyzed using Pearson’s for aggrecan and Spearman’s for type Il collagen pro-peptide.

p = 0.0331) in comparison to saline-treated control cultures. The
cumulative pro-MMP-13 production over 28 days was significantly
lower in Zel4-treated chondrocyte cultures than in saline-treated
control cultures (p < 0.0001, Figure 4B).

To analyze the Zel4 effect on the terminal hypertrophy
differentiation, we investigated AP activity and type X collagen
gene expression. These markers of hypertrophy increased with
culture time, confirming that an induction of hypertrophy took
place in these experimental conditions (data not shown). Zel4
did not modify AP activity or COL10Al expression
(Supplementary File 10).

DISCUSSION

In this study, we aimed to identify molecular pathways in human
OA chondrocytes treated with Zel4. We used the latest NGS
technology to generate the transcriptome, capturing dynamic
changes in chondrocytes induced by the treatment, compared to
saline control. We extended our transcript-level analysis to the
protein level by directly measuring proteins with ELISA. Here we
demonstrate that Zel4 promotes extracellular matrix formation
arguably through CCN1 production and reduced pro-MMP-13,
which may limit cartilage degradation. These findings may
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FIGURE 3 | Effects of Ze14 20% (v/v) on pro-MMP-13 production by
chondrocytes in alginate beads culture. Saline-treated cells served as
controls. Results are shown as mean + SD of the cultures (n = 4). Data were
statistically analyzed using paired one-way ANOVA (A) or two-way
ANOVA (B).

explain some effects observed in the clinical studies with OA
patients.

Most of Zel4 DEGs were involved in MMP-13, also known as
collagenase 3, regulation pathways (Figure 4A), including expression
of MMPI13 itself. It is known that MMPI13 is significantly
overexpressed in the joints and articular cartilage in patients with
OA, and is a major proteinase involved in the degradation of type II
collagen, a key constituent of the extracellular matrix (Li et al., 2017).
Indeed, Zel4 modified DUSP1, DEPP1, ZFP36, ZFP36L1, and
CLEC3A, which are signaling factors regulating MMP13
expression and activation. Furthermore, long-term (28 days)
treatment with Zel4 significantly reduced the production of pro-
MMP-13, the inactive precursor of MMP-13. The data analysis
suggests that Zel4 potentially limits type II collagen degradation by
reducing MMP-13 production and could have a beneficial effect on
cartilage degradation.

Other notable results of this study are the stimulating effects of
Zel4 on type II collagen and CCN1 production in human OA
chondrocytes showing that Zel4 has proanabolic properties on
cartilage.

During chondrogenic differentiation, chondrocytes express a
mature chondrogenic phenotype (a set of characteristics specific to

Transcriptome Analysis of Zeel T in Chondrocytes

mature chondrocytes present in healthy cartilage). In adult
cartilage, it involves the synthesis of matrix components, mainly
type II collagen and aggrecan, two molecules characteristic of
cartilage extracellular matrix, without changing the cell number.
CCN1 is a growth factor-inducible immediate-early gene, directly
involved in chondrogenesis: in micromass culture, purified
recombinant CCN1 protein  promoted chondrogenesis
demonstrated by the expression of type II collagen, increased
[35S] sulfate incorporation, and larger alcian-blue staining of
cartilage nodules used to assess aggrecan. Aggrecan is the major
proteoglycan of the cartilage matrix. (Wong et al., 1997; Chijiiwa
et al, 2015). Furthermore, CCN1 inhibits the activity of
aggrecanase-1, also known as ADAMTS-4, an important

ZFP36
ZFP36L1 DUSPs DEPP1 CLEC3A
ERK1/2
l uPA
Elk-1
Plasmin Plasminogen
Pro- /
MMP-13
MMP-13 8<
Type Il collagen
Cartilage degradation l

ADAMTS-4

. g0 @ 2

Type Il collagen Aggrecan

Chondrogenesis 1

FIGURE 4 | (A): Mechanisms of action of Ze14 on MMP-13 production

by chondrocytes: Ze14 significantly modified the expression of DUSP1,
DEPP1, ZFP36, ZFP36L1 and CLEC3A, which are pathway mediators
involved in MMP13 expression and activation, and reduced the

production of pro-MMP-13. This may limit cartilage degradation. Upregulation
and downregulation by Ze14 are indicated in green and red color, respectively.
(B): Mechanisms of action of Ze14 on chondrogenesis: Ze14 has a
proanabolic effect on chondrocytes arguably through CCN1 production. Ze14
increased type Il collagen and CCN1 production. Green color indicate

upregulation by Ze14.
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enzyme involved in aggrecan degradation. Arguably, by increasing
CCN1, Zel4 could prevent aggrecan degradation and increase the
synthesis of type II collagen and aggrecan (proanabolic effect).
Interestingly, we found that type II collagen and aggrecan
production were correlated with CCN1 production, suggesting
that CCN1 could be a signaling factor involved in Zel4’s anabolic
effect on chondrocytes. The correlation between aggrecan and
CCNT1 has previously also been observed using alcian-blue staining
(Wong et al., 1997).

These results demonstrate that Ze14 increases cartilage matrix
formation in OA chondrocytes, arguably via CCN1, promoting
chondrogenesis (Figure 4B). That is an important finding since
chondrocytes lose their “healthy” chondrogenic properties and
change into hypertrophic, catabolic, or fibroblastic chondrocytes
as OA develops and progresses. However, in our in vitro
hypertrophy model, Zel4 failed to stop or delay the terminal
hypertrophic differentiation of chondrocytes. One reason could
be that activation of hypertrophic differentiation pathways in
chondrocytes obtained from our patients might have already been
too advanced. Using healthy chondrocytes from young donors
could reveal different outcomes. Furthermore, additional studies
are needed to investigate the effect of Zel4 on fibroblastic
chondrocytes.

Interestingly, Ze14 increased the expression of two key signaling
factors involved in chondrogenesis: Early Growth Response (EGR)
1 and FOS. SOX9 is upregulated through the induction of EGRI1,
EGR3 and FOS mRNA (Spaapen et al, 2013). SOX9 is the
transcription factor involved in chondrogenesis known to
increase the expression of type II collagen and aggrecan in
chondrocytes (Oh et al, 2010). Arguably, the upregulation of
EGR1 and FOS by Zel4 has a beneficial effect on
chondrogenesis and potentially leads to an increased anabolism.

Finally, we have observed that Zel4 may modulate the harmful
effect of IL-1PB on chondrocyte metabolism. IL-1B is considered as
one of the major proinflammatory mediators in OA. Besides, IL-1 is
a potent stimulatory and deleterious cytokine, and IL-1{ stimulation
of chondrocytes is the most widely used in vitro model in OA. In the
presence of IL-1 10™"" M, Zel4 20% (v/v) increased CCN1, LBP,
and EGRI1, and decreased expression of E-selectin and of two
enzymes of the kynurenine pathway of tryptophan degradation,
kynureninase and indoleamine 2,3-dioxygenase 1.

E-selectin is an adhesion molecule mediating the initial rolling
of leukocytes along the surface of the vascular endothelium before
firm adhesion and migration of the leukocytes occurs. It has been
reported that both P- and E-selectin are expressed on the vascular
endothelium of the synovium in rheumatoid arthritis (RA), and
high levels of soluble E-selectin are detectable in the synovial fluid
in RA. E-selectin plays an important role early in the development
of adjuvant-induced arthritis in the rat (Issekutz et al., 2001). In
our study, E-selectin was highly upregulated with IL-1f (12.6 log2
Fold Change) and was reduced by Zel4 treatment. Therefore, we
assume that the initial rolling and the subsequent recruitment of
leukocytes is inhibited in the presence of Zel4, leading to a
reduction of inflammation. To confirm the potential effect on
inflammation, further investigations would be necessary.

Another important effect of Ze14 during IL-1p-treatment was
observed on two enzymes of the kynurenine pathway of
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tryptophan degradation, kynureninase and indoleamine 2,3-
dioxygenase 1. These enzymes were highly upregulated with
IL-1p stimulation (5.78 and 8.81 log2 Fold Change,
respectively), and were decreased after Zel4 treatment (—16%
and -21%). Elevated tryptophan metabolism and kynurenine
levels have also been shown in primary synovial cell cultures in
response to elevated interferon-y, suggesting altered or increased
tryptophan metabolism in response to inflammatory cytokines
associated with arthritis (Malone et al., 1994). In this instance,
further understanding of the impact of disease progression on
tryptophan/kynurenine metabolism could benefit from further
analysis of this pathway in OA.

In conclusion, in primary OA chondrocyte cultures, Zel4
promoted extracellular matrix formation probably through
CCN1 production, a growth factor well-correlated with type II
collagen and aggrecan production. Zel4 also significantly modified
the expression of DUSP1, DEPP1, ZFP36, ZFP36L1, and CLEC3A,
which are pathway mediators involved in MMP13 expression and
activation. Long-term treatment with Ze14 significantly decreased
pro-MMP-13 production, which is the inactive precursor of the
metallopeptidase 13 involved in type II collagen degradation. For
confirmation whether the effect of Zel4 on pro-MMP-13 has
indeed an impact on type II collagen and cartilage matrix
degradation, further investigations would be necessary, such as
the analysis of protein activation (pro-MMP-13 to active MMP-
13), the determination of MMP-13 enzymatic activity, and the
analysis of type II collagen degradation biomarkers in vivo.

Our analyses show that Zel4 is a multitarget medication
reducing several characteristics of OA: it decreased pro-MMP-
13, potentially inhibiting catabolism, and demonstrated anabolic
properties probably driven by CCNI, leading to a global net
increase of chondrogenesis, characterized by a stimulation of type
IT collagen synthesis.
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Total flavonoids of Rhizoma drynariae (TFRD), a Chinese medicine, is widely used in the
treatment of fracture, bone defect, osteoporosis and other orthopedic diseases, and has
achieved good effects. Purpose of this trial was to explore efficacy of TFRD on bone graft’'s
mineralization and osteoblasts’ differentiation in Masquelet induced membrane technique
in rats. Forty male Sprague-Dawley rats were randomly divided into high dose group
(H-TFRD), middle dose group (M-TFRD), low dose group (L-TFRD) and control group
(control). The critical size bone defect model of rats was established with 10 rats in each
group. Polymethyl methacrylate (PMMA) spacer was implanted into the defect of right
femur in rats. After the formation of the induced membrane, autogenous bone was
implanted into the induced membrane. After 12 weeks of bone graft, bone tissues in
the area of bone graft were examined by X-ray, Micro-CT, hematoxylin-eosin (HE) and
Masson trichrome staining to evaluate the growth of the bone graft. The -catenin, c-myc,
COL1A1, BMP-2 and OPN in bone graft were quantitatively analyzed by Western blot and
Immunohistostaining. Osteoblasts were cultured in the medium containing TFRD. Cell
Counting Kit-8 (CCK-8) method, Alkaline phosphatase (ALP) and Alizarin Red S (ARS)
staining, Western blot, RT-PCR and other methods were used to detect the effects of
TFRD on the proliferation of osteoblasts and the regulation of Wnt/p-catenin signaling
pathway. In vivo experiments showed that the growth and mineralization of bone graft in
TFRD group was better. Moreover, the expression of Wnt/B-catenin and osteogenesis-
related proteins in bone tissue of TFRD group was more than that in other groups. In vitro
experiments indicated that osteoblasts proliferated faster, activity of ALP was higher,

Abbreviations: TFRD, Total flavonoids of Rhizome drynariae; TCF, T-cell factor; LEF, lymphoid enhancer factor; HE,
Hematoxylin-eosin; Dkk1, Recombinant Human Dickkopf-Related Protein 1; BMSC, bone marrow derived mesenchymal stem
cell; DMEM, dulbecco’s modified eagle medium; PBS, Phosphate-buffered saline; PMMA, Polymethyl methacrylate; BMD,
bone mineral density; ALP, alkaline phosphatase; ARS: Alizarin red S; COL1Al, collagen type I alpha 1; BMP-2, bone
morphogenetic protein 2; OPN, osteopontin.
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The TFRD on Bone Defect

number of mineralized nodules and proteins related to osteogenesis were more in TFRD
group. But blocking Wnt/B-catenin signaling pathway could limit these effects. Therefore,
TFRD could promote mineralization of bone graft and differentiation of osteoblasts in a
dose-dependent manner during growing period of the bone graft of induced membrane
technique, which is partly related to the activation of Wnt/p-catenin signaling pathway.

Keywords: total flavonoids of rhizoma drynariae, induced membrane, Wnt/g-catenin, bone defect, osteogenic efficacy

INTRODUCTION

Critical-sized defects (CSDs) refers to a bone defect that cannot be
healed naturally or treated with a standard cancellous bone graft
(Lasanianos et al., 2010). Generally, length of bone loss is more
than 2 to 2.5 times the diameter of the affected bone (Wiese and
Pape, 2010). It is usually caused by trauma, osteomyelitis and
bone tumor resection. Most of the traditional treatments are
Papineau bone grafting (Masquelet and Bégué, 2010),
vascularized free fibula graft (Osterman and Bora, 1984) and
Ilizarov technique (Aronson et al.,, 1989). Induced membrane
technique, also known as masquelet technique, is a new technique
for the reconstruction of large bone defects (Masquelet et al.,
2000), which mainly includes two steps. In the first step, the bone
segments involved by inflammation are thoroughly removed and
a fibrous membrane is induced around the bone defect by
implanting a Polymethyl methacrylate (PMMA) spacer. In the
second step, the induced membrane was opened after 6-8 weeks,
the spacer was removed, and autogenous bone was implanted
into the induced membrane. Because of its advantages of simple
operation, easy fixation and a wide range of indications, it has
been continuously concerned by scholars all over the world.
Although the successful rate of induced membrane technique
is high, it also has the problem of long healing time. Studies have
shown that the postoperative bone healing time of induced
membrane technique is from 3 to 94 months (Pelissier et al.,
2004).

Bone formation is a series of complex physiological and
pathological processes, including intramembranous ossification
and endochondral ossification. Previous studies have shown that
the bone formation function of osteoblasts and the bone
resorption function of osteoclasts play a key role in the
process of bone formation and remodeling (Raggatt and
Partridge, 2010; Chen et al., 2018a). Osteoblasts originate from
bone mesenchymal stem cells (BMSCs) and differentiate from
BMSCs under the action of osteoblast differentiation factor.
Osteoblasts are not only the main effector cells of mechanical
stress in bone tissue, but also the main functional cells of bone
formation responsible for the synthesis, secretion and
mineralization of bone matrix. Its differentiation and
proliferation mainly determines the bone mass. Therefore, the
regulation of osteoblasts has become an vital target to promote
bone formation.

Whnt/B-catenin signaling pathway is an important regulatory
mechanism involved in osteoblasts’ differentiation (Krishnan,
2006; Luyten et al., 2009; Milat and Ng, 2009), which is essential
for bone development, bone mass maintenance and bone

remodeling. When Wnt protein binds to specific frizzled
transmembrane receptors and the Low-density lipoprotein
receptor related protein (LRP, Lrp5/6) co-receptor on cell
surface, B-catenin is released in the cytoplasm and no protein
degradation occurs. The accumulated B-catenin is transferred to
the nucleus, where it binds to T-cell factor 4 (TCF-4) or
lymphoid enhancer factor 1 (LEF-1) to activate downstream
target genes such as c-myc, cyclinD, Runx2 transcription
(Canalis, 2013). CyclinD 1, p-catenin and c-myc are the main
functional molecules in Wnt/p-catenin. Dickkopfs (Dkks) bind
and sequester the Lrp5/6 and Krm1/2 membrane complex to
inhibit Wnt activity (Monroe et al., 2012). DKkI is a secretory
Whnt inhibitor with good specificity and is active in many tissues
(Pinzone et al., 2009). Data from different animal models have
confirmed that Dkk1 can inhibit Wnt signaling pathway and
thus inhibit bone formation. Anti-Dkk-1 neutralizing
antibodies against the epitopes necessary for LRP-5 and LRP-
6 binding to Dkk-1 increased bone mass in normal mice
(Glantschnig et al., 2020). The experimental model of
multiple myeloma showed that anti-Dkk-1 antibody
treatment reversed the inhibitory effect of Dkk-1 on
osteoblasts’ differentiation and bone formation, thus reducing
bone loss (Fulciniti et al., 2009).

Total flavonoids of Rhizoma Drynariae (TFRD) is an effective
ingredient extracted from the dried root of traditional Chinese
medicine Rhizoma Drynariae. Nowadays, TFRD has been
developed into a postmarketing Chinese medicine called
Qianggu capsule (drug approval number: 720030007, Qi-
Huang Pharmaceutical Co. Ltd., Beijing, China) (Sun et al,
2016). TFRD has been wildely used in many Asian countries
including China, Korea, and Japan for the treatment of diverse
orthopedic diseases such as fracture, osteoporosis, bone defects,
arthritis, etc., and has pharmacological activities to promote
osteogenesis, anti-inflammation and anti-oxidative damage
(Kuo et al,, 2014; Song et al, 2016; Yang et al, 2017; Chen
et al,, 2018b; Jiang et al,, 2018). Animal experiments showed that
TFRD could increase the number of bone trabeculae and bone
mineral density (BMD), improve the morphology of bone tissue,
promote new bone formation and increase biomechanical
strength in bone defect or osteoporotic rats, and no systemic
side effects such as infection were found (Wong et al., 2007; Guo
et al,, 2019). In addition, in vitro experiments showed that TFRD
could accelerate the differentiation and mineralization of
osteoblasts (Chen et al., 2011) and inhibit the bone resorption
of osteoclasts (Jeong et al, 2003). However, its specific
mechanism is not clear in terms of microstructure and cellular
and molecular biology.
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Idea of this trial was to explore effects of TFRD on
mineralization of bone graft and osteoblasts’ differentiation in
Masquelet induced membrane from the point of view of Wnt/
B-catenin signaling pathway. Moreover, it is also hoped to
provide experimental basis for TFRD on promoting bone
formation and mineralization of induced membrane technique,
shortening the treatment cycle of bone healing and improving the
quality of osteogenesis.

MATERIALS AND METHODS

Main Materials and Reagents

Total flavonoids of Rhizoma drynariae (TFRD) were purchased
from Beijing Qihuang Pharmaceutical Manufacturing Co., Ltd.
(National Medicine Permit No. Z20030007, number of production:
04080081, the content of TFRD >80%); 4% paraformaldehyde fix
solution (Guangzhou Dianzhong Trading Co., Ltd., China, batch
number: IS013); Penicillin Sodium for injection (Shandong Lukang
Co., Ltd, China, 1.6 million units per bottle, national
pharmaceutical standard H37020080); Polymethyl methacrylate
(PMMA, Heraeus Company of Germany, batch number:
90914791); Recombinant Human Dickkopf-Related Protein 1/
Dkkl(Absin Bioscience Inc., Shanghai, China abs0435);
Phosphate-buffered saline (PBS), dulbecco’s modified eagle
medium (DMEM)/high glucose, trypsin, fetal bovine serum
(FBS), Penicillin-Streptomycin, Cell Counting Kit-8 (CCK-8),
lipopoly saccharide (LPS), dimethyl lsulfoxide (DMSO) and
concanavalin A (ConA) were acquired from Beijing Suo Laibao
Technology Co., Ltd. (Beijing, China); Alizarin Red S Staining
Quantification Assay, Alkaline phosphatase staining solution, and
Alkaline phosphatase Assay Kit were acquired from Guangzhou
Haoma Biotechnology Co., Ltd. (Gunagzhou, China).

Experimental Animals and Groups

Forty healthy male Sprague-Dawley (SD) rats of 10-12 weeks old,
weighing 250-310 g (280.3 + 21.4 g), were selected and provided by
Guangdong Medical Experimental Animal Center. License No.:
SCXK (Yue) 2018-0002, Experimental Animal Certificate
No0.44007200064529. All the selected experimental animals were
raised in the SPF animal room of Guangzhou University of
traditional Chinese Medicine (the laboratory temperature was
22-24°C, the humidity was 60-70%, and the light and dark
cycle was 12h/12h), feeding feed was provided by the
Experimental Animal Center of Guangzhou University of
Chinese Medicine. The experiment was carried out one week
after feeding. According to the method of random number
table, the experimental animals were randomly divided into
four groups: high dose group (H-TFRD), middle dose group
(M-TERD), low dose group (L-TFRD) and control group, with
10 rats in each group. All protocols were approved by Institutional
Animal Care and Ethics Committee of Guangzhou University of
Chinese Medicine.

The Establishment of Animal Models
Surgical procedure was performed as described in earlier work by
Gouron et al., with slight modifications (Gouron et al., 2017).

The TFRD on Bone Defect

Before the experiment, the rats fasted for 12 h, and 40,000 U of
penicillin was injected intramuscularly to prevent infection.
Anesthesia was given intraperitoneally with 3% pentobarbital
(1.5 ml/kg). After the anesthesia took effect, the right hindlimb
was shaved to prepare the skin. The rats were taken from the left
recumbent position to expose the right hindlimb, sterilized and
covered with aseptic towels. The first stage operation: the skin and
fascia were cut longitudinally from the lateral greater trochanter
to the lateral condyle of the femur, and the subcutaneous muscles
were separated to expose the lateral side of the femur. Place a
custom six-hole plate on the anterolateral side of the femur. After
drilling, two cortical self-tapping screws were used to fix the plate
at the distal and proximal ends, and a wire saw was used to cut the
bone at the center of the femoral shaft, the length of which was
6 mm. The bone defect area was filled with a PMMA spacer of
6 mm length. After repeated washing with normal saline, the
incision was sutured layer by layer (Figure 1A). The second stage
operation: six weeks after the first stage operation, two caudal
vertebrae were taken from the middle or distal segment of the rat
tailbone and cut into particles for bone grafting. The skin,
subcutaneous tissue and induced membrane were cut
longitudinally along the incision of the first stage operation.
After removing the PMMA spacer, the prepared bone particles
were filled into the bone defect area (Figure 1B). Finally, the
induced membrane, fascia and skin were sutured.

Within 3 days after stage | and stage I, 40,000 u of penicillin
was injected intramuscularly every day to prevent infection.

Intervention Measures

TFRD was added to distilled water to make a certain
concentration of solution. The equivalent dose of TFRD was
calculated according to the body surface area. The rats in the high,
middle and low dose groups were given TFRD of 0.44, 0.22, and
0.11 g/kg/day respectively, and the rats in the control group were
given the same volume of normal saline. In the course of the
experiment, the weight was weighed every 2 weeks, and the dose
was adjusted in time according to the change of body weight.
From the second day after stage II surgery, the rats were
administered orally with TFRD until the bone samples were
collected after 12 weeks.

X-Ray, Micro-CT Analyses in Area of Bone
Graft

Three rats were taken from each group to analyse by X-ray of
femur after 12weeks of bone graft. The growth and
mineralization of bone graft, the bone resorption, loosening
or prolapse of steel plates and screws were observed. After
X-ray analysis, the rats were killed under excessive anesthesia,
the right femur was removed and put into the Micro-CT
sample tube for Micro-CT examination. After the
completion of the scan, the scanning results were analyzed
by CT-An software, and the area of bone graft was manually
selected to establish a three-dimensional region of interest and
analysis. Micro-CT parameters include Tissue Volume (TV),
Bone Volume (BV), Bone Volume Fraction (BV/TV), Bone
Surface Fraction (BS/BV), Structural Model Index (SMI),
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FIGURE 1 | TFRD accelerates the growth and mineralization of bone graft. (A) The yellow arrow in the picture refers to the 6 mm bone defect constructed in the
right femur of rats during the first stage operation. PMMA spacer was implanted in this area to induce formation of biofilm. (B) The yellow arrow refers to the area of bone
graft in the right femur of rats at the second stage operation. (C) X-ray was performed on the right femur of rats. Among them, the amount of callus and cortical bone
shaping in the H-TFRD and M-TFRD groups were more obvious than those in the L-TFRD and control groups. (D) was the result of Micro-CT cross-sectional
scanning of the bone graft in the right femur of rats. (E) was the results of three-dimensional reconstruction of the right femur of rats. (F) shows the histological and
structural characteristics of bone graft in the right femur of rats (magnification, x 200). The green boxes show the cartilage area, and other parts in pictueres show the

Trabecular Number (Tb.N), Trabecular Thickness (Tb.Th),
Trabecular Separation/Spacing (Tb.Sp), Connectivity Density
(Conn.D.). After the detection, the three-dimensional
reconstruction of the bone graft area of the femur was
carried out.

Histological Analysis

After X-ray and Micro-CT analysis, the bone tissues in the
induced membrane was cut and treated with decalcification,
dehydration and paraffin embedding, then the tissue slicer was
used for continuous slicing with a thickness of 5 um. After baking
at 68°C in a constant temperature baking machine, the bone tissue
sections were stained with Masson trichrome and hematoxylin-
eosin (HE) staining solution. After sealing, the osteogenic process
was observed and evaluated under Dbiological microscope
(Olympus, BX53, Japan).

Immunohistostaining

The paraffin sections of bone tissues were deparaffinized,
rehydrated, and then incubated in the citrate antigen retrieval
solution (Beijing Solarbio Science and Technology Co.Ltd,
C1031, China) for 5min. After quenching endogenous
peroxidase activity with 3% H,O, for 8 min, the slides were
incubated with anti-BMP-2 antibody (ab214821, Abcam,
United States, 1:100), anti-COL1A1l antibody (ab270993,
Abcam, United States, 1:100) and anti-OPN antibody
(ab228748, Abcam, United States, 1:100) at 4°C overnight. On
the next day, the slides were incubated at 37°C for 20 min with
goat anti-rabbit IgG (A32731, Invitrogen, United States, 1:500).
After 3,3'-diaminobenzidine (DAB) (Gene Tech Company Ltd.,
GK5007, China) staining, the slides were counterstained with
hematoxylin for 3 min at room temperature, dehydrated in a
series of 70-100% alcohol baths and cleared in a xylene bath. The
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slides were mounted with neutral balsam and observed using a
biological microscope (Olympus, BX53, Japan).

Extraction and Identification of Osteoblasts
Five suckling rats of SD rats were killed, soaked in 75% alcohol for
2 min, the calvaria was taken under strict sterile conditions, the
connective tissue attached to the bone surface was removed, PBS
was washed repeatedly until the bone tissue was whitened, the
bone tissue was cut to the size of 1 mm x 1 mm with scissors, the
phosphate buffer (PBS) was rinsed to the bone tissue whitening,
and the bone tissue fragments were placed in a centrifuge tube
and digested with 0.25% trypsin. After 30 min, trypsin was
discarded, 0.1% type II collagenase of 8 ml was added, digested
for 1h, the Supernatant fluid was collected and transferred to
another centrifugal tube, and centrifuged by 1000 r/min for
10 min 0.1% type Il collagenase was added to the centrifuge
tube containing bone tissue for 1h, and the Supernatant fluid
was collected and centrifuged to collect cells; added to the
prepared cell culture medium. The cells were inoculated in the
25 cm’ culture bottle at the concentration of 2 x 10* /ml and
cultured in incubator (37°C, 5% CO,). The adhesion and growth
of cells were observed every day. After the cells were pasted to the
bottom, they were digested and passaged with trypsin. The third
generation osteoblasts were used in the experiment. After the cells
adhered to the wall, the culture flasks containing primary
osteoblasts and passage osteoblasts were observed and
photographed under inverted fluorescence microscope.
Osteoblasts were identified by morphological observation and
ALP staining.

Preparation and Grouping of Culture

Medium

According to the composition of the medium, they were divided
into the following four groups: control group, Dkk1 group, TFRD
group and TFRD + DKkl group. Osteoblasts were cultured in
DMEM (high glucose) containing 10% volume of FBS and 1%
volume of Penicillin-Streptomycin. Besides, The culture medium
of TFRD group contained different doses of TFRD (0, 12.5, 25, 50,
100, and 200 ug/ml, respectively). The concentration of TFRD in
the TFRD + Dkk1 group was 100 ug/ml. In the Dkk1 group and
TFRD + Dkk1 group, the Recombinant Human Dickkopf-related
protein 1 (Dkk1) was added to each medium at a concentration of
0.4 pg/ml. The third generation of osteoblasts were cultured in
various pre-prepared media. In the process of osteoblasts culture,
the medium was changed every 2 days, and the growing status of
the cells was observed.

Analysis of the Proliferation Rate of

Osteoblasts

Proliferation of cells in each group was detected by Cell Counting
Kit-8 (CCK-8) method. Osteoblast suspension (100 pl/well) was
inoculated in 96-well culture plate and cultured in different
media. CCK eight solution was added to each well and
incubated in the incubator for 4h. The absorbance (O.D
value) at 450 nm was determined by enzyme labeling instrument.

The TFRD on Bone Defect

Analysis of Alkaline Phosphatase Activity

After 3, 6, 9, and 12 days of cell culture, the activity of ALP of
osteoblasts was measured by Para-nitrophenyl phosphate
(pNPP). The culture medium was removed, and 0.5% Triton
X-100 cell lysate (50 ul) was added at 4°C for 1 h. The 20 pl lysate
was taken on a 96-well plate and operated according to the
operation table of the Alkaline phosphatase Assay Kit. The
OD value was determined by enzyme labeling instrument at
405 nm wavelength. According to the OD value of the sample, the
activity value of ALP (U/L) was read on the ALP standard curve.

Alkaline Phosphatase and Alizarin Red S
Staining

After 6 and 21days of culture, the medium was removed.
Osteoblasts were washed with PBS and fixed with 4%
paraformaldehyde for 10 min. Using PBS to wash away 4%
paraformaldehyde and add ALP staining solution or 1%
alizarin red S solution for 20 min. Finally, the amount of ALP
or mineralized nodules was observed under the microscope.

Immunofluorescent Analysis

After the predetermined time of cells culture (3, 6, 9 days), culture
medium was quickly absorbed, and dish was washed with cold
PBS for 3 times. The cells were fixed with 4% paraformaldehyde
for 30 min and washed with PBS for 3 times. Adding 0.25%
Triton X100 to plate at 37°C for 10 min and washing plate for
3 times. After drying, adding sealed serum at 37°C for 30 min.
Then, cells were briefly washed with PBS and incubated with anti-
[-catenin antibody (ab32572, abcam, United States, 1:250) at 4°C
overnight. Then, the primary antibody was sucked out and
washed by PBS for 3 times. Under the condition of avoiding
light, the secondary antibody (goat anti-rabbit IgG, A32731,
Invitrogen, United States, 1:500) with FITC labeling was
added. After 1h, the nuclei of cells were stained with DAPI
for 10 min. The expression and localization of B-catenin were
observed under fluorescence microscope.

Protein Extraction and Western Blot

Analysis

The total proteins of bone tissues and osteoblasts was extracted,
and the protein content was measured by BCA assay kit. The
proteins were separated by 15% sodium dodecyl sulfate-
polyacrylamide  gel electrophoresis  (SDS-PAGE) and
transferred to the polyvinylidene fluoride (PVDF) membrane.
After the end of the film transfer, each blot were blocked with 5%
skim milk for 1h. Then the primary antibody was added and
incubated at 4°C overnight. After the incubation membrane was
washed, the secondary antibody was added. ECL kit was used for
photoluminescence development, and GAPDH (ab8245, abcam,
United States, 1:1,000) was used as the reference protein. The
grayscale values of each band were analyzed by Image] software.
The information of primary antibodies was listed as follows:
B-catenin (ab32572, abcam, United States, 1:5,000), TCF
(ab185736, abcam, United States, 1:1,000), LEF-1 (ab137872,
abcam, United States, 1:1,000), cyclinD (#2978, Cell Signaling
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TABLE 1 | Prime sequences for RT-PCR.

gene Primer sequence
p-catenin F: 5'-~AGGGCAATCCTGAGGAAGAAGA-3’
R: 6'-TGCGTGAAGGACTGGGAAAA-3'
TCF F: 5'-CGAGGAGGTCACATCAGTGG-3'
R: 5'-AGGGACAGCACCTCATCTGTA-3'
LEF-1 F: 5'-~ACACGGACAGCGACCTAATG-3'
R: 5'-CTGCGCTCTCCTTTAGCGTA-3'
cyclinD F: 5'-CCCACGATTTCATCGAACA-3'
R: 5'-GGGTGGGTTGGAAATGAAC-3'
c-myc F: 5'-ACTGCGGTCTCCTAAAGGTCG-3’
R: 5'-GACCTGGGGAAGCAGCAAC-3’
Runx2 F: 5'- CGGAATGCCTCTGCTGTTAT-3'
R: 5'- TTCCCGAGGTCCATCTACTG-3'
ACTB F: 5’-TCAGCAAGCAGGAGTACGATG-3’

R: 5'-GTGTAAAACGCAGCTCAGTAACA-3'

Technology, United States, 1:1,500), c-myc (ab32072, abcam,

Unites  States, 1:1,000), Runx2 (ab236639, abcam,
United States, 1:1,000), COL1A1 (ab270993, abcam,
United  States, 1:1,000), BMP-2 (ab214821, Abcam,

United States, 1:1,000), OPN (ab228748, abcam, United States,
1:1,000).

RNA Isolation and Real-time PCR

The total RNA in bone tissues and osteoblasts was extracted by
Trizol reagent (Invitrogen, Carlsbad, CA, United States) and
reverse transcribed into cDNA by PrimeScript RT reagent Kit
(Japan, RR037A). Then, the RT-PCR analysis was carried out
through using the Prime Script”RT reagent Kit SYBR (Takara,
DRR047A). ACTB was used as the reference gene. If the
amplification efficiency of target gene and reference gene is
close to 100%, 2" method was used for RT-PCR analysis.
If not, PFAFFL method is more appropriate (Bustin et al., 2009).
In this study, the amplification efficiency of all genes was close to
100%, so we used 27°““" method to analyze the relative
expression level. The primer sequence of B-catenin, TCF, LEF-
1, cyclinD, c-myc, Runx2 and ACTB was list in Table 1.

Statistical Analysis

All the data were analyzed by Stata 12.0 software, and the
metrological data such as P-catenin, TCF and LEF protein
content were expressed as means + standard deviation (SD).
After satisfying the normal distribution, the mean among the four
groups were compared by one-way ANOVA, p < 0.05 was
considered statistically significant.

RESULTS

TFRD Accelerates the Growing Rate of
Bone Graft

After 12 weeks of bone graft, new bone could be seen in the
femoral bone defect area of different doses of TFRD. In the
H-TFRD and M-TFRD groups, the continuous callus filled with
defects, the volume of callus was larger, and the cortical bone was
basically molded. In the L-TFRD and control groups, the volume

The TFRD on Bone Defect

of callus in the area of bone defect was small, only partially passed
through the area of bone defect, and the cortical bone had not
been completely molded. The above results showed that TFRD
could promote the growth and mineralization of bone graft in the
induced membrane, especially in the H-TFRD and M-TFRD
groups (Figure 1C).

TFRD Enhances Mineralization of Bone
Graft

The parameters of Micro-CT showed that the Bone Volume
Fraction (BV/TV), Trabecular Number (Tb.N), Trabecular
Thickness (Tb.Th), Connectivity Density (Conn.D.) in the
H-TFRD and M-TFRD groups were significantly higher than
those in the L-TFRD and control groups (p < 0.05). The Bone
Surface Fraction (BS/BV), Structural Model Index (SMI),
Trabecular Separation/Spacing (Tb.Sp) were smaller than those
in L-TFRD and control groups, and the difference was statistically
significant (p < 0.05). The above result suggested that TFRD could
promote the formation of bone trabeculae of the right femur of
rats 12 weeks after bone grafting (Table 2). Images of cross-
sectional scan and three-dimensional reconstruction of micro-CT
indicated that H-TFRD and M-TFRD groups had more bone
mass and better effects of mineralization, and bone defects in
L-TFRD and control groups had not been completely healed
(Figures 1D,E).

Histological and Structural Characteristics
of Bone Graft

According to the results of HE and Masson trichromatic staining
of bone tissues 12 weeks after bone graft in the femur of rats, the
cartilage and osteogenic area could be clearly seen in four groups,
which showed a typical process of endochondral ossification.
Among them, the osteogenic area in H-TFRD and M-TFRD
groups were larger than that in L-TFRD and control groups, and
the cortical bone was more fully molded. The L-TFRD and
control groups were still dominated by cartilage at this stage.
The results suggested that the TFRD could promote the process of
intrachondral bone formation in the induced membrane, and the
formation of bone at H-TFRD and M-TFRD groups was faster
and the effect was better (Figure 1F).

TFRD Promotes Expression of Wnt/
B-Catenin and Osteogenesis-Related

Proteins in Bone Graft

Whnt/p-catenin signaling pathway plays an crucial role in
promoting osteoblasts’ differentiation and bone shape
(Krishnan, 2006; Luyten et al., 2009; Milat and Ng, 2009). We
found that TFRD could significantly promotes the expression of
[-catenin and c-myc in bone tissues in a dose-dependent manner
(Figure 2). Furthermore, there are many proteins related to bone
formation in the process of osteoblast differentiation, such as
bone morphogenetic protein 2 (BMP-2), collagen type I alpha 1
(COL1A1l) and osteopontin (OPN). According to results of
Western blot of bone tissues, the average protein level of
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TABLE 2 | Comparison of the parameters of bone structure in the area of bone graft in each group. Each value was presented as the mean + SD. *p < 0.05 Vs. the control
group; *p < 0.05 Vs. the L-TFRD.

group n BV/TV/% BS/BV/% SMI Tb.N/mm™ Tb.Th/mm Th.Sp/mm Conn.D./1/mm?®
H-TFRD 3 27.85 + 1.33* 16.33 + 1.47* 153 + 0.52** 2.63 + 0.06"* 0.25 + 0.05** 0.25 + 0.04** 7.18 + 0.48*
M-TFRD 3 27.40 + 0.95*" 15.80 + 2.19** 1.47 + 0.59* 2,64 + 0.42+" 0.28 + 0.03*" 0.27 + 0.03*" 7.29 + 0.73*
L-TFRD 3 16.00 + 2.48 21.65 + 1.71 2.71 + 0.39 1.59 + 0.30 0.13 + 0.02 0.46 + 0.05 3.33 +0.85
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FIGURE 2 | TFRD promotes expression of Wnt/B-catenin and osteogenesis-related proteins in the bone graft. (A) is the Western Blot band of g-catenin, c-myc,
BMP-2, COL1A1 and OPN respectively. (B-F) is the gray value of B-catenin, c-myc, BMP-2, COL1A1 and OPN. Each value was presented as the mean + SD. “p<
0.001, "p < 0.01, *p < 0.05 vs. the control group; **p < 0.001, #p < 0.01, *p < 0.05 vs. the L-TFRD group. (G) Immunohistostaining was performed to evaluate the
protein level of BMP-2, COL1A1 and OPN in bone graft area (magnification, x 200). The intensity and area of three osteogenesis-related proteins in the H-TFRD and
M-TFRD groups were higher than those in the L-TFRD and control groups.
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FIGURE 3 | TFRD promotes proliferation and mineralization of osteoblast by Wnt/B-catenin signaling pathway. (A) is the effect of different concentrations of TFRD

on the proliferation of osteoblasts in different periods. ***p < 0.001, **p < 0.01vs. 0, 12.5, 25, 50 ug/ml. (B) is the effect of different concentrations of TFRD on the activity
of ALP of osteoblasts in different periods. **p < 0.01, *p < 0.05 vs. 0, 12.5, 25, and 50 ug/ml. (c) is trend and comparison proliferation of osteoblasts in different groups.
(D) is activity of ALP of osteoblasts in different groups. (E,F) The ALP and ARS staining of osteoblasts was performed (magnification, x100). (G) Quantitative
determination of ALP activity and the production of mineralized nodules. (C-G) N = 3/group. Each value was presented as the mean + SD. **p < 0.001, **p < 0.01, *p <
0.05 vs. the control group; **#p < 0.001, *p < 0.01 vs. the TFRD group.

BMP-2, COL1A1 and OPN in the H-TFRD and M-TFRD groups ~ confirmed that the proliferation rate and activity of ALP from
was higher than that in the L-TFRD group and control groups (p  osteoblasts were significantly enhanced in a dose-dependent
< 0001 or p < 0.01) (Figure 2). The result of manner after TFRD treatment, and the proliferative rate and
immunohistochemical staining also showed that the positive  activity of ALP were the highest when the dose of TFRD was
expression level of BMP-2, COL1A1 and OPN in the H-TFRD 100 pg/ml (Figures 3A,B). Thus, the optimal concentration of
and M-TFRD groups were also significantly higher than thosein =~ TFRD was 100 pg/ml. The follow-up experiments were carried
the L-TFRD group and control groups (Figure 2G),which was  out with the culture medium containing TFRD of 100 pg/ml.
consistent with the result of Western Blot. Therefore, we

speculated that TFRD may promote osteoblasts’ differentiation . .
and expression of osteogenesis-related proteins partly by TFRD Promotes the Proliferation of

activating  Wnt/p-catenin signaling pathway, then promote Osteoblasts by Wnt/ﬁ-catenin Signaling
bone healing in induced membrane. Pathway
On the whole, the proliferation of osteoblasts in different groups

had rtain rule: during 6 days, osteoblasts’ proliferati
TFRD Increases the Number of Osteoblasts 2 ° ©7 o€ (0Vn8 5 cays, oscopass proeraion
increased gradually. The proliferation of osteoblasts entered

and the Activity of ALP in a Dose-dependent ;. plateau on the 6th to 9th day, then decreased. On the 3rd

Manner day, 6th day and 9th day, there were significant differences in the
In order to determine the effect of the concentration of TFRD on  increment rate of osteoblasts. The sequence of osteoblasts’
the proliferation of osteoblasts, we used different concentrations  increment rate of each group was as follows: TFRD > control
of TFRD to culture osteoblasts in vitro. The in vitro results > TFRD + Dkkl > Dkk1 (Figure 3C). Because Dkk1 is a specific
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inhibitor of Wnt/B-catenin signalinging pathway, and the
increment rate of osteoblasts in TFRD + Dkkl group was
lower than that in TFRD group, the effect that TFRD
promoted the proliferation of osteoblasts should be related to
the activation of Wnt/B-catenin signaling pathway.

TFRD Increases the Activity and Amount of
ALP of Osteoblasts by Wnt/p-catenin
Signaling Pathway

The activity of ALP of osteoblasts in each group also suggested a
certain rule: the ALP activity of osteoblasts showed an upward
trend during 9 days of cells culture, especially within 3-6 days.
From 9 to 12 days, the activity of ALP tended to a downward
trend. In our detected time, the activity value of osteoblasts was in
the following order: TFRD > control > TFRD + Dkkl > Dkkl,
and the difference was statistically significant (Figure 3D). In
order to further analyze the amount of ALP expression in each
group, we performed ALP staining after 6 days of osteoblasts
culture. The positive region of ALP showed grayish-brown flake
deposition in the cytoplasm. The positive region of ALP was the
most in the TFRD group, followed by the control group and the
TFRD + Dkk1 group, the Dkk1 group was the least (Figure 3E).
TFRD could increase the activity and amount of ALP in
osteoblasts, but Dkkl decrease the expression of ALP in
osteoblasts.

TFRD Promotes the Maturation of

Osteoblasts

The formation of mineralized nodules is one of the important
signs in the process of osteoblasts’ maturation. According to the
results of ARS staining of osteoblasts, deep red mineralized
nodules were observed in all groups of osteoblasts after
21 days of cell culture, and there were significant differences
in the number of mineralized nodules of different groups. Among
them, the number of mineralized nodules in the TFRD group was
the most, followed by the control and TFRD + Dkk1 group, and
the number of mineralized nodules in the Dkkl group was the
least (Figures 3F,G). The results showed that TFRD could
promote the maturation of osteoblasts by activating Wnt/
B-catenin signaling pathway.

TFRD Upregulates Wnt/p-catenin Signaling

Pathway on Osteoblasts

According to the results of Western blot, there were significant
differences in the expression of B-catenin, TCF, LEF, cyclin D,
c-myc and Runx2 of different groups after 6 days of cells culture.
The average expression of signaling pathway-related proteins in
the TFRD group was higher than that in the control and TFRD +
DKkl group, indicating that TFRD could promote the activation
of Wnt/B-catenin signaling pathway in osteoblasts, but the effect
of up-regulation can be contained by Dkk1. At the same time, the
control group was higher than the Dkkl group (Figure 4),
demonstrating that Dkkl had a definite blocking effect on
Wnt/B-catenin signaling pathway. In addition, RT-PCR results

The TFRD on Bone Defect

showed that there were significant differences in the relative
mRNA expressions of PB-catenin, TCF, LEF, cyclinD, c-myc
and Runx2 among different groups. The relative expression of
mRNA related to Wnt/B-catenin signaling pathway on
osteoblasts was generally consistent with the results of
Western blot (Figure 5).

TFRD Upregulates Wnt/p-Catenin Signaling

Pathway during Different Periods

In order to dynamically observe the regulatory effect of TFRD
on Wnt/B-catenin signaling pathway, the expression of
B-catenin protein in different periods was detected by
immunofluorescence. The B-catenin was observed in all
groups after 3, 6, and 9 days of osteoblasts culture, and was
positive in cell membrane, cytoplasm and nucleus, showing
high-intensity green fluorescence. The expression region of
B-catenin gradually increased with the extension of time.
Generally speaking, the fluorescence intensity of P-catenin
was more obvious on the 9th day, and was weaker on the
3rd day and 6th day. From the comparison among the groups,
the most positive areas of fluorescence signal were found in the
TFRD group, followed by the control group. The expression of
B-catenin in TFRD + DKkk1 group and Dkk1 group was the least
at different stages (Figures 6A-C). These results suggested that
TFRD could continuously upregulate Wnt/B-catenin signaling
pathway.

TFRD Promotes Expression of
Osteogenesis-Related Proteins

There are many proteins related to bone formation in the process
of osteoblast differentiation, such as collagen type I alpha 1
(COL1Al), bone morphogenetic protein 2 (BMP-2) and
osteopontin (OPN). We found that TFRD  significantly
increased the expression of the three osteogenic marker
proteins vs. the control group. With the intervention of dkkl,
the expression of three osteogenic proteins significantly decreased
(Figure 6D). It proved that TFRD may promote the secretion of
osteogenesis-related proteins partly by activating Wnt/p-catenin
signaling pathway on osteoblasts, then plays the role of
osteogenesis.

DISCUSSION

Although Masquelet technique has achieved a high successful rate
in clinical practices, the composition and characteristics of
induced membrane and mechanism of its bone healing are not
clear. According to the diamond concept of bone healing
(Giannoudis et al., 2007; Giannoudis et al,, 2008), including
osteoblasts, bone conduction scaffolds, blood vessels,
osteogenic factors, and the stable mechanical environment,
osteoblasts are essential for the growth and mineralization of
bone. It is well known that bone formation of osteoblasts and
bone resorption of osteoclasts play a key role in the process of
bone formation and remodeling. In the process of bone
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formation, osteoblasts go through four stages: osteoblast
proliferation, extracellular matrix maturation, extracellular
matrix mineralization and osteoblast apoptosis. Therefore,
promoting the proliferation, differentiation and mineralization
of osteoblasts and increasing the secretion of osteogenesis-related

proteins have become one of the studying idea to accelerate the
speed of bone healing in induced membrane.

TFRD promoting bone formation has become a unique
method for the treatment of fracture and osteoporosis (Qian,
2015), but the specific mechanism is not clear. An in vivo trail
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FIGURE 6 | Effect of TFRD on the expression of B-catenin and osteogenic-associated proteins in osteoblasts. (A-C) Detection of B-catenin fluorescence in different
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0.05 vs. the TFRD group (magnification, x 200). (D) The relative protein levels of COL1A1, BMP-2 and OPN were detected by Western blot. (E-G) Semi quantitative
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indicated that TFRD could increase BMD, mechanical strength,
Bone Volume (BV), Bone Volume Fraction (BV/TV), Trabecular
Number (Tb.N), Trabecular Thickness (Tb.Th) and decreased
Trabecular Separation (Tb.Sp) in osteoporotic rats (Song et al.,
2017). Yao et al. found that after taking TFRD, chickens with
Tibial dyschondroplasia (TD) recovered their walking ability
earlier, repair and arrangement of chondrocytes were more
regular, the vascular invasion of cartilage area was earlier, and
the expression level of BMP-2 and Runx2 were higher (Yao et al,
2018). Both BMP-2 and Runx2 are essential regulatory genes for
bone formation and differentiation (Chenard et al., 2012;
Nishimura et al., 2012). Most of these trails focus on the effect
of TFRD on improving fracture and osteoporosis, but there are
few reports on promoting the growth of bone graft after
secondary operation of masquelet technique. Our results
pointed that remodeling ability of the bone graft in TFRD
group was better than that in control group in terms of
histology and imaging results.

Studies have shown that bone formation is related to the
activation of osteogenesis-related signaling pathways in
BMSCs and osteoblasts, including Wnt/B-catenin signaling
pathway, MAPK signaling pathway, Smad signaling pathway
and so on (Heo et al.,, 2018). Among these signaling pathways,
the most important pathway is Wnt/B-catenin signaling
pathway (Huang et al., 2014). With the activation of Wnt/
B-catenin signaling pathway on osteoblasts, osteoblasts enter
the mitotic phase. At this stage, the differentiation and
proliferation of osteoblasts is accelerated, the synthesis of
ALP is increased, and calcification is initiated, thus
promoting bone formation. The content of ALP in cells
represents the degree and state of cell differentiation and is
an early specific marker of extracellular matrix maturation
(Nguyen et al., 2003). The local use of B-catenin enhancer can
promote the proliferation and differentiation of osteoblasts,
and then promotes new bone formation (Liu et al., 2010). In a
experiment of transgenic mice, it was found that the expression
level of p-catenin was directly related to bone formation, and
the loss of B-catenin expression directly led to the decrease of
osteoblast differentiation and the disturbance of bone
formation (Huang et al., 2014). In the Wnt/p-catenin
signaling pathway, Dkkl is one of the vital antagonists,
which can specifically inhibit the classical Wnt signaling
pathway (Kawano and Kypta, 2003). In vitro experiments
have confirmed that TFRD can induce the proliferation and
differentiation of BMSCs and osteoblasts and inhibit the early
apoptosis of osteoblasts (Zhang et al., 2009; Guo et al., 2012).
In order to further confirm the specific mechanism of TFRD on
osteoblasts, we cultured osteoblasts in vitro. The results
suggested that TFRD could promote the proliferation and
ALP activity of osteoblasts in a dose-dependent manner.
After the intervention of the best dose of TFRD (100 ug/
ml), the proliferation rate, the activity of ALP and the
number of mineralized nodules of osteoblasts in the TFRD
group were significantly higher than those in the control
group, indicating that TFRD could significantly promote the
proliferation and mineralization of osteoblasts. However, this
promoting effect of TFRD can be specifically blocked by Dkk1,

The TFRD on Bone Defect

implicating that the reason that TFRD promotes osteoblasts’
proliferation and mineralization should be related to the up-
regulation of Wnt/B-catenin signaling pathway. In addition,
the osteoblasts’ increment rate and the expression of pathway
protein in the TFRD + Dkk1 group were still higher than those
in the Dkkl group, suggesting that TFRD could reverse the
inhibitory effect of Dkk1l on Wnt/p-catenin signaling pathway
to some extent.

Moreover, we also explored expression of osteogenic-related
proteins, including COL1A1, BMP-2 and OPN, induced by TFRD.
COLI1AL1 is responsible for the synthesis of type 1 collagen, thus
ensuring that bones and cartilage are resistant to tension, shear
and compression (Palomo et al, 2017). Abnormal collagen
production can lead to bone-related diseases, such as Paget
disease and osteoporosis (Li et al, 2019). BMP-2 is highly
involved in inducing mesenchymal cells to differentiate into
osteoblasts and promoting osteoblasts to produce bone matrix
(Susperregui et al, 2008). OPN can stimulate osteoblasts’
adhesion, proliferation and calcification, and mediate the
changes of bone metabolism caused by mechanical stress
(Chatakun et al., 2014). Our experimental results in vitro and
in vivo presented that the expression of these proteins in TFRD
group was increased significantly with the increase of TFRD dose.
After the intervention of Dkk1, the expression of three proteins
decreased, which further confirmed that TFRD promoted the
expression of osteogenic-related proteins on osteoblasts by
activating Wnt/B-catenin signaling pathway.

Wnt/B-catenin signaling has become an essential pathway for
regulating bone formation and bone resorption. However, it is
well-known that the aberrant activation of Wnt/B-catenin
pathway is the basis of progression of various types of
malignant tumors, including colorectal cancer, liver cancer,
gastric cancer, lung cancer, breast cancer and so on (Zhao
et al,, 2018; Zhao et al., 2020; Jiang et al.,, 2021; Liu et al., 2021;
Zheng et al,, 2021). TFRD could up-regulate the Wnt/p-catenin
signaling pathway, which may potentially aggravate the
development of cancers in patients or animals in theory. The
failure to verify the safety of TFRD in animals with cancer is one of
the limitations of this study. However, we believe that the side
effects of medicine, including carcinogenicity, gastrointestinal
toxicity, hepatorenal toxicity and so on, are related to
population, dose, mode of administration, time and other
factors. In the course of this study, two weeks after Masquelet
surgery, there were no significant changes in spirit, diet, activity,
body weight and skin of these rats. At the end of the experiment,
the chest, abdomen, limbs and other parts of the rats did not touch
abnormal masses and tumors. In the range of dose and time of our
study, TFRD was relatively safe for non-cancer rats. According to
the current reports, after TFRD acted on the rat models of bone
defect, fracture, osteoporosis and osteonecrosis of femoral head,
no carcinogenic and other adverse reactions were found (Song
etal., 2016; Song et al., 2017; Yao et al., 2018; Guo et al., 2019; Shen
et al., 2020; Lv et al., 2021). The doses of administration in these
articles can be summarized as 75-440mg/kg/d (oral
administration) and 20 mg/kg/day (intraperitoneal injection),
respectively. Moreover, the mechanism of tumors’
progression is very complex, which is not only one
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mechanism of aberrant activation of Wnt/p-catenin signaling
pathway. TFRD may also up-regulate other protective pathways
that inhibit cancers, thus inhibiting the development of cancers.
Therefore, whether TFRD has side effects such as aggravating the
progression of cancers remains to be determined.

CONCLUSION

TFRD could promote the growth and mineralization of bone
graft in the induced membrane, which is related to the fact that

TFRD  should promote osteoblasts’  differentiation,
mineralization and expression of osteogenesis-related
proteins partly by activating Wnt/B-catenin signaling

pathway. However, whether TFRD also upregulates other
signaling pathways, whether there is a synergistic effect
between these signaling pathways, and side effects of TFRD
is the direction of our follow-up studies.
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A Corrigendum on

Total Flavonoids of Rhizoma Drynariae Promotes Differentiation of Osteoblasts and Growth of
Bone Graft in Induced Membrane Partly by Activating Wnt/B-Catenin Signaling Pathway

by LiS., Zhou H., Hu C., Yang]., Ye ., Zhou Y., Li Z., Chen L. and Zhou Q. (2021). Front. Pharmacol.
12:675470. doi: 10.3389/fphar.2021.675470

In the original article, there was a mistake in Figures 1E, 4A as published. The carelessness in
combining the images caused the repetition of the images (Figure 1E H-TFRD and L-TFRD; Figure
4A cyclinD and Figure 6D COL1A1).The corrected Figures 1, 4 appear below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

Copyright © 2021 Li, Zhou, Hu, Yang, Ye, Zhou, Li, Chen and Zhou. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
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FIGURE 1 | TFRD accelerates the growth and mineralization of bone graft. (A) The yellow arrow in the picture refers to the 6 mm bone defect constructed in the

right femur of rats during the first stage operation. PMMA spacer was implanted in this area to induce formation of biofilm. (B) The yellow arrow refers to the area of bone
graft in the right femur of rats at the second stage operation. (C) X-ray was performed on the right femur of rats. Among them, the amount of callus and cortical bone
shaping in the H-TFRD and M-TFRD groups were more obvious than those in the L-TFRD and control groups. (D) was the result of Micro-CT cross-sectional
scanning of the bone graft in the right femur of rats. (E) was the results of three-dimensional reconstruction of the right femur of rats. (F) shows the histological and
structural characteristics of bone graft in the right femur of rats (magnification, x200). The green boxes show the cartilage area, and other parts in pictueres show the
osteogenic area.
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FIGURE 4 | Effect of TFRD on proteins related to Wnt/B-catenin signaling pathway in osteoblasts. (A) The relative protein expression levels of -catenin, TCF, LEF,
cyclinD, c-myc, and Runx2 were detected by Western blot. (B-G) Semi-quantitative analysis of protein expression. N = 3/group. Each value was presented as the

mean + SD. **p < 0.001, *p < 0.01, *p < 0.05 vs. the control group;

###

o

< 0.001, *p < 0.05 vs. the TFRD group.
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INTRODUCTION

Although hypotheses have been proposed, the exact pathophysiological mechanisms of osteoarthritis
(OA) still remain unknown. Evidence suggests that immunological events, immune-neuroendocrine
dysregulation and the presence of low-grade local and systemic inflammation play a key role in the
pathogenesis and progression of this disease (Scanzello et al., 2015; Galvez et al., 2017; Chow et al.,
2020; Woodell-May et al., 2020). Traditional therapies for OA focus on minimizing the symptoms,
but not cure the arthritis. If none of these measures are effective, surgery is the next option. However,
any medical or surgical treatment can have severe side effects. Balneotherapy is a common practice
for the treatment and rehabilitation of OA patients whose role in modern medicine needs to be better
defined. Studies have demonstrated that the beneficial effects of balneotherapy are mediated by
regulation of inflammatory cells and mediators (Galvez et al., 2018). This article aims to provide a
standpoint on the possible involvement of immune system in these processes, and why it should be
considered a target for therapy in such instances, based on published literature. Furthermore, we
propose that the balneotherapy effectiveness in this context be better examined in future studies, in
order to expand its employment alone or as a complement to other treatments in the OA
management.

IMMUNOLOGICAL EVENTS IN OA

It is increasingly recognized that immune cells and their molecular mediators play a part in OA
development. Enhanced leukocyte infiltration in the synovium and the presence of activate
macrophages (M1) in synovial fluid (SF) have been identified in OA patients (Deligne et al,
2015; Kraus et al., 2016; Liu et al., 2018). Concomitantly, pro-inflammatory cytokines are produced
locally by infiltrating and resident cells in early and end-stage of OA, independently or on
collaboration with other mediators (Goldring et al., 2011; Punzi et al.,, 2016).

The main triggering of these events seems to be the activation of innate immunity by damage-
associated molecular patterns, including extracellular matrix fragments, high mobility box 1, uric
acid, complement system, S100 proteins, and heat shock proteins (HSPs) that are released into the
joint after trauma or age-related processes (Gobezie et al., 2007; Scanzello et al., 2008; Ke et al., 2015).
These molecules, generated in part by oxidative stress, are able to bind in synovial cells pathogen-
recognition receptors, such as toll-like receptors, the receptor for advanced glycation end products
and the NLRP3 inflammasome, and induce pro-inflammatory mediators production (Kim et al.,
2006; Steenvoorden et al., 2006; McAllister et al., 2018). Indeed, the levels of several inflammatory
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cytokines, such as IL-1f and IL-6, are higher in serum from OA
compared to healthy subjects (Sohn et al., 2012); whereas elevated
IL-6, IL-8 and CCL2 were found in OA SF (Kaneko et al., 2000; Li
et al., 2015; Oliviero et al., 2020). Increased IL-1p, IL-6, TNF-a
and IL-8 concentrations are also detected in synovial tissues and
articular cartilage of OA patients (Ma et al., 2015; Ni et al., 2015;
Bohm et al., 2016).

Moreover, high concentrations of cytokines could be secreted
from senescent cells, which accumulate in the synovium and in
cartilage surface, thus predisposing the joint to OA development
(Jeon et al., 2017).

In turn, these inflammatory factors, carried by the SF, can
activate chondrocytes to produce metalloproteinases (MMPs)
which result in further cartilage damage (Nefla et al, 2016).
The activation of NF-kB, PI3K/AKT/mTOR, and Wnt/p-Catenin
signaling pathways seems to play a key role in these processes
(Rigoglou et al., 2013; Zhou et al., 2017; Sun et al,, 2020).

Concomitantly, the upregulation of other factors, such as
inducible nitric oxide synthase, nitric oxide (NO),

cyclooxygenase-2, prostaglandin E2 (PGE2), A Disintegrin
And  Metalloproteinase ~ with ~ Thrombospondin  motif
(ADAMTS)-5, ADAMTS-4, VEGF, TGF-p and Nerve Growth
factor (NGF) exert their effect influencing the OA progression
(Chow et al., 2020).

Finally, microRNA can be involved in OA processes by
activating different signaling pathways, and thus promoting
inflammatory factor release (Wu et al., 2019).

CURRENT AND FUTURE
PHARMACEUTICAL THERAPY FOR OA

Current pharmacological treatments for OA are focused on
relieving symptoms and improving functional status.
Paracetamol and nonsteroidal anti-inflammatory drugs
(NSAIDs) are the first line medication choices for pain
management, but their long-term use is associated with side
effects.
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Other common options include intra-articular corticosteroid
or hyaluronic acid (HA) injections. Both treatments are effective
at reducing pain in OA patients. However, intra-articular
corticosteroid injections have shown a short duration of
action, resulting in the need for repeated administration,
which can lead to local and systemic side effects (Raynauld
et al, 2003). The durability of pain reduction has been
demonstrated longer after intra-articular HA injection when
compared to corticosteroids (Colen et al.,, 2010). Nevertheless,
due to the heterogeneity of approach, further studies should be
conducted to confirm this hypothesis.

Therefore, new treatments are required to prevent OA
structural changes and progression. Molecules involved in the
OA pathophysiological processes, especially in immunological
events, could be an interesting candidate as therapeutic target. In
this context, several drugs have demonstrated disease-modifying
OA effects in preclinical and clinical studies (Figure 1).

Cytokine inhibitors represent a putative class of these agents.
As IL-1P is thought to play a key role in OA development, and
intra-articular injection of IL-1 receptor antagonist (IL1-Ra) has
demonstrated to improve KOOS (Knee Injury and Osteoarthritis
Outcome Score) in patients with anterior cruciate ligament (ACL)
tear (Krauss et al., 2012), particular attention has focused on this
cytokine. However, a randomized, controlled study evaluating the
clinical response, safety, and tolerability of a single intra-articular
injection of IL-1Ra in patients with knee OA, revealed no
improvements in symptoms when compared with placebo
(Chevalier et al, 2009). Results from a phase I trial
investigating the adenovirus-mediated IL-1Ra gene transfer in
knee OA are pending (Latourte et al., 2020).

TNF inhibition has also been investigated using IgG
monoclonal antibodies (infliximab or adalimumab) or
circulating receptor fusion protein (etanercept). Treatment
with anti-TNF-a blockers has demonstrated a decrease in
disease progression but not in symptoms in patients with
hand OA (Verbruggen et al., 2012; Kloppenburg et al., 2018;
Loef et al., 2018).

Other ongoing studies are evaluating inhibition of pro-
inflammatory cytokines (IL-6, CCL17 and IL-36), or intra-
articular effects of anti-inflammatory cytokines (IFN-f and IL-
10) (Latourte et al., 2020).

Intra-articular release of TGF-B1 by retrovirally transduced
human chondrocytes has also demonstrated good results, with
improvement in cartilage damage and symptoms in patients with
knee OA (Ha et al., 2012; Guermazi et al., 2017; Kim et al., 2018;
Lee et al., 2019).

Matrix-degrading enzyme inhibition may be another
attractive approach to attenuate cartilage damage, even though
musculoskeletal toxicity has been observed after PG-116800
administration to patients with knee OA (Krzeski et al., 2007).
Promising results may be obtained through aggrecanase
inhibition. Indeed, ADAMTS-5 small molecules inhibitors or
neutralizing antibodies have shown protective effects on
cartilage and safety profile in vivo and in clinical studies
(Malfait et al., 2019).

Similar effects were observed after intra-articular treatment
with UBX0101, a senolytic drug capable of removing senescent

Immunological Therapeutic Options for Osteoarthritis

cells accumulated in the joint (Jeon et al., 2017). In addition, less
cartilage loss accompanied by bone remodeling reduction was
found after administration of MIV-711, a cathepsin K inhibitor
(Lindstrom et al., 2018; Conaghan et al., 2019). Analogous could
be confirmed for bisphosphonates in early OA (Lane, 2018).

A chondroprotective activity, with signs of cartilage repair
after injury has been also reported after intra-articular injection of
adipose-derived stem cells in experimental OA (ter Huurne et al.,
2012), but results obtained from clinical trials were not
convincing (Pers et al, 2016; Emadedin et al., 2018; Freitag
et al, 2019; Kim et al., 2019; Lee et al., 2019). Evaluations on
emerging drugs promoting chondrogenesis, such as kartogenin
and sprifermin, are ongoing (Eckstein et al., 2020; Johnson et al.,
2020).

Studies on new therapies targeting signaling have identified a
small-molecule Wnt pathway inhibitor, lorecivivint, as a potential
disease-modifying OA drug (DMOAD). Administration of this
agent facilitated cartilage regeneration in a rodent acute OA model
(Deshmukh et al., 2018), and improved pain and function, with
good safety and tolerability, in subjects with unilateral
symptomatic knee OA (Yazici et al., 2017; Yazici et al., 2020).

Other interesting strategies to reduce pain have been observed
using anti-NGF antibodies, such as tanezumab and fasinumab,
even though increased risk of rapidly progressive OA was
observed after patient treatment (Lane et al., 2010; Hochberg
etal., 2016; Dakin et al., 2019; Berenbaum et al., 2020). The use of
high-affinity NGF receptor (TrkA) inhibitors could be a viable
alternative to avoid side effects (Krupka et al, 2019). New
treatments targeting pain include inhibition of vascular
adhesion protein-1 (VAP-1), an amine oxidase that increases
in OA cartilage. The results of a Phase II clinical trial on a VAP-1
antagonist have not yet been published (Vakal et al., 2020).

Finally, platelet-rich plasma has been recently considered as innate
immune response modulator, even though administration protocols
and OA phenotypes target have to be refined (Andia et al,, 2021).

Despite a number of potential DMOAD molecules have been
identified, currently there are no approved drugs, and further
studies are needed in this area.

BALNEOTHERAPY ON OA

Besides pharmacological treatment, non-pharmacological
interventions play a significant role in the OA prevention and
treatment. Balneotherapy is one of the most common non-
pharmacological approach for musculoskeletal complaints and
rheumatic diseases that has demonstrated benefit for disease
symptoms, and has been recently recommended by OARSI
guidelines as a strategy for patients with multi-joint OA and
comorbidities (Masiero, 2008; McAlindon et al., 2014; Cozzi et al.,
2018; Masiero et al., 2018). Although the biological mechanisms
underlying balneotherapy are not completely understood, it has
been reported that it exerts some beneficial effects on the immune
system due likely to its chemical, thermal and mechanical
properties (Fioravanti et al., 2011; Tenti et al., 2015) (Figure 1).

In vitro researches have highlighted the immunomodulatory
properties of mineral waters using animal or human OA cell
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cultures, or experimental models able to reproduce OA
conditions in articular tissues. Treatment with H2S donors
have showed anti-inflammatory and anti-oxidant activities
limiting the MAPK/ERK and NF-kB pathway activation and
reducing the production of several factors implicated in OA,
including IL-6, IL-8, NO, PGE2 and MMP-13 (Kloesch et al.,
2011; Burguera et al., 2014; Cheleschi et al., 2020). However,
the applicability of cell culture models in this context remains a
subject of debate since, under non-experimental conditions,
the joint cells are never in direct contact with thermal water.
The use of animal models may be more appropriate to identify
the mechanisms involved, but so far only four studies have
been conducted. In experimental OA murine models,
balneotherapy decreased the levels of pro-inflammatory
mediators in articular tissues, and systemic IL-1B and NO
(Caraglia et al., 2005; Tékus et al.,, 2018; Kim et al., 2020;
Vaamonde-Garcia et al., 2020).

Also the number of studies in patients is limited: currently
only three active projects are listed in clinical trial registry
(ClinicalTrials.gov, 2020). However these confirm preclinical
evaluations. Indeed, decreased serum levels of pro-
inflammatory mediators (PGE2, leukotriene B4, IL-1B, TNF-a,
IL-8, IL-6, and eHsp72) and expression of microRNA related to
cartilage degradation were observed after mud pack treatments in
OA patients (Bellometti et al., 1998; Giannitti et al., 2017; Ortega
et al., 2017; Maccarone et al., 2020). Interestingly, balneotherapy
increased circulating cortisol concentration that enhanced
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CONCLUSION
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Selonsertib Alleviates the Progression
of Rat Osteoarthritis: An in vitro and in
vivo Study

Jiyuan Yan'?, Yingchi Zhang®, Gaohong Sheng?, Bowei Ni?, Yifan Xiao*, Shanxi Wang?,
Tiangi Wang?, Yongzhuang Ma®, Huaixi Wang®, Hua Wu?* and Chang Tu'*

" Department of Orthopedics, Renmin Hospital of Wuhan University, Wuhan, China, ZDepan‘ment of Orthopedics, Tongji Hospital,
Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, ®Department of Traumatology, Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, “Department of Pathology and
Pathophysiology, Medical College, Jianghan University, Wuhan, China, °Department of Orthopedics, Shanxi Bethune Hospital,
Taiyuan, China, ®Department of Spine and Spinal Cord Surgery, Henan Provincial People’s Hospital, People’s Hospital of
Zhengzhou University, Zhengzhou, China

Osteoarthritis (OA) is a prevalent degenerative joint disease. Its development is highly
associated with inflammatory response and apoptosis in chondrocytes. Selonsertib (Ser),
the inhibitor of Apoptosis Signal-regulated kinase-1 (ASK1), has exhibited multiple
therapeutic effects in several diseases. However, the exact role of Ser in OA remains
unclear. Herein, we investigated the anti-arthritic effects as well as the potential mechanism
of Ser on rat OA. Our results showed that Ser could markedly prevent the IL-1p-induced
inflammatory reaction, cartilage degradation and cell apoptosis in rat chondrocytes.
Meanwhile, the ASK1/P38/JNK and NFxB pathways were involved in the protective
roles of Ser. Furthermore, intra-articular injection of Ser could significantly alleviate the
surgery induced cartilage damage in rat OA model. In conclusion, our work provided
insights into the therapeutic potential of Ser in OA, indicating that Ser might serve as a new
avenue in OA treatment.

Keywords: selonsertib, osteoarthritis, apotosis, ASK1, p38, JNK, NFxB

INTRODUCTION

Osteoarthritis (OA), featured with joint pain, stiffness and dysfunction, is the most frequently seen
degenerative arthritis in the elderly (Glyn-Jones et al., 2015). Over the past decades, the prevalence of
OA continues to rise globally. It is the leading cause of chronic pain and impaired physical mobility
in aged population (Losina et al., 2013; Saberi Hosnijeh et al., 2019). Until now, most therapeutic
strategies targeting OA work on the symptoms relief rather than disease progression reversal.
Therefore, joint replacement surgery is the only choice for patients in end-stage OA (Bellamy et al.,
2006). This undoubtedly brings huge burden to the society and individuals.

Despite OA is a complex process which pathogenesis involves aging, mechanical injury,
inflammatory response and metabolic dysfunction, inflammation plays a critical role in OA

Yan J, Zhang Y, Sheng G, Ni B, Xiao Y,
Wang S, Wang T, Ma Y, Wang H, Wu H
and Tu C (2021) Selonsertib Alleviates
the Progression of Rat Osteoarthritis:
An in vitro and in vivo Study.

Front. Pharmacol. 12:687033.

doi: 10.3389/fphar.2021.687033

course (Hunter and Bierma-Zeinstra, 2019). Reportedly, local inflammatory stimulation and
cartilage metabolism disorders contribute to the progression of OA (de Lange-Brokaar et al,
2012; van den Bosch, 2021). Accumulating evidence has showed that excessive pro-inflammatory
cytokine, especially interleukin-1p (IL-1B) was detected in the synovial fluid from OA patients
(Kellesarian et al., 2016). Previous study confirmed that IL-1p treatment could increase the
expression of metallo-proteinases (MMPs) and aggrecanase-2 (ADAMTS5) in chondrocytes,
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thus resulting in the cartilage matrix damage (Tu et al., 2019b).
Meanwhile, elevated dose of IL-1B could trigger the severer
inflammatory reaction due to overproduction of inflammatory
mediators such as inducible nitric oxide synthase (iNOS) and
cyclooxygenase2 (COX2) (Tu et al, 2019a). Programmed cell
death apoptosis plays important roles in maintaining cartilage
homeostasis (Carames et al., 2015). Excessive apoptosis due to
local inflammatory microenvironment is a great challenge in OA
therapy (Dai et al., 2018). It is proved that IL-1p could markedly
induce the mitochondrial dysfunction-related apoptosis in
chondrocytes (Wang et al., 2020). Moreover, oral gavage of
apoptosis inhibitors administration could effectively alleviate
the cartilage damage in mice OA model (Wang et al., 2019).
Therefore, regents against IL-13 may provide breakthrough in
OA therapy.

Selonsertib (Ser), a selective inhibitor of Apoptosis Signal-
regulated kinase-1 (ASK1), has earned its reputation for its anti-
inflammatory and anti-apoptotic properties in nonalcoholic
steatohepatitis therapy (Loomba et al., 2018). In addition, it is
reported that Ser could effectively slow diabetic kidney disease
progression (Chertow et al, 2019; Cuarental et al, 2019).
However, the detailed role of Ser in OA treatment remains to
explore. Previous study reported that Ser could block ASK1/
MAPK pathway in hepatic stellate cells and down-regulate ASK1-
JNK-DRP1 pathway in macrophage, suggesting the possible
mechanism of its action (Yoon et al.,, 2020; Lou et al.,, 2021).
In this study, we aim to elucidate the therapeutic effects and
molecular mechanisms of Ser in OA. We expect to excavate
promising strategies in OA treatment.

MATERIALS AND METHODS
Ethics Approval

This study was performed in strict accordance with the
Guidelines of Animal Care and Use Committee for Teaching
and Research, Tongji Medical College, Huazhong University of
Science and Technology. All experimental protocols were
confirmed by the Institutional Animal Care and Use
Committee, Tongji Medical College, Huazhong University of
Science and Technology. All efforts were conducted to
minimize animal suffering.

Regents

Selonsertib (purity: 99.4%) was purchased from Selleck
Chemicals (United States). DMSO was used to dissolve
selonsertib, and equal volume of DMSO was added to all
experiment groups. Dulbecco’s modified Eagle’s medium F12
(DMEM/F12) and Fetal bovine serum (FBS) were procured from
Gibco (NY, United States). Recombinant rat IL-1p was acquired
from R&D systems (MN, United States). Antibodies specific for
P-P65 (#¥3003), COX2 (#12882), P-ASK1 (#3764), ASK1 (#8662),
P-P38 (#4511), P38 (#8690), P-JNK (#9255), JNK (#9258),

P-IxBa (#5209) were purchased from Cell Signaling
Technology (MA, United States). Antibodies against
C-caspase3  (#PB0183) MMP3  (#BM4074), ADAMTS5

(#BA3020), GAPDH (#BM3876), B-ACTIN (#BMO0627) were

Selonsertib Alleviates Osteoarthritis

obtained from Boster (Wuhan, China). Antibodies specific for
P65 (#10745-1-AP), P53 (#60283-2-Ig), Collagen Il (#15943-1-
AP), Bcl-XL (#10783-1-AP), BAX (#50599-2-Ig) were purchased
from Proteintech Group (Wuhan, China). Antibody against
C-caspase 9 (#A0281) was procured from ABclonal (Wuhan,
China). Antibody against MMP13 (ab84594) was obtained from
Abcam (MA, United States). Antibody against iNOS (#sc-7271)
was purchased from Santa Cruz Biotechnology (CA,
United States).

Chondrocytes Isolation and Culture

Primary rat chondrocytes were isolated from 1-week old Sprague-
Dawley (SD) male rat as described before (Ma et al., 2019).
Concisely, cartilage was obtained from the bilateral knee joints
and minced into small pieces. Then the pieces were firstly
digested with 0.25% trypsin for 30 min at room temperature.
Subsequently, 0.25% collagenase || was added to fully digest the
cartilage fragments overnight. Afterwards, the cell suspension
was collected and centrifuged at a speed of 1,500 rpm. The
precipitated cell pallet was taken after centrifugation. Finally,
cells were cultured in DMEM/F12 containing 10% FBS and 1%
penicillin/streptomycin solution. Chondrocytes at passage two or
three were used in subsequent experiment.

Cell Viability

Effects of Ser on rat chondrocyte viability were detected with a
Cell Counting Kit-8 (CCK-8) assay. Briefly, cells were seeded into
96-well plates at a density of 10,000 cells/well. After adhesion,
cells were treated with various doses of Ser (0, 5, 10, 25, 50 uM)
alone or in combination with IL-1f (10 ng/ml) for 24 h. Then,
cells in each well were treated with 10 uL. CCK-8 solutions and
incubated for 1h in dark. After incubation, the absorbance of
each well was measured at 450 nm using a microplate reader (Bio-
Rad, CA, United States).

Western Blotting

Chodrocytes were seeded onto 6-well plates at a density of 2 x 10
cells/well for further research. Cells were washed with phosphate
buffered saline (PBS) twice and lysed in RIPA solutions
supplemented with 1% protease/phosphatase inhibitor cocktail.
Then, a bicinchoninic acid (BCA) kit was used to determine the
protein concentration. Subsequently, each amount of protein
samples (30 ug) were separated on 8-12% SDS-PAGE gels,
transferred onto PVDF membranes and blocked in 5% BSA
for 1h at 37°C. Afterwards, the membranes were incubated
with the corresponding primary antibodies at 4°C overnight.
After washing with TBST, the membranes were next incubated
with indicated secondary antibodies for 1 h at room temperature.
Finally, the bounded protein was visualized using enhanced ECL
kit. All bands were photographed using a Bio-Rad scanner system
and quantified with the Image-J software.

Measurement of Cell Apoptosis

Cells were seeded onto 6-well plates at a density of 2 x 10° cells/
well for futher research. An Annexin V-FITC/PI Apoptosis
Detection kit (Beyotime, China) was introduced to measure
the chondrocytes apoptosis. According to the manufacturer’s
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FIGURE 1 | Effects of Ser on Cell Viability. (A) Chemical structure of Ser. (B) Rat chondrocytes were treated with different concentrations of Ser in the absence or
(C) presence of IL-1p (10 ng/ml) for 24 h. Cell viability was evaluated using CCK-8 assay. NS indicated no significance.
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FIGURE 2 | Ser attenuates IL-1p-induced inflammatory responses and cartilage matrix degradation in chondrocytes. Chondrocytes were treated with Ser (25 uM)
inthe absence or presence of IL-1p (10 ng/ml) for 24 h. (A) Western blot and (B) quantitative analysis of INOS and COX2. (C) Western blot and (D) quantitative analysis of
collagen I, MMP3 and ADAMTS5. GAPDH and B-ACTIN were used as the external control respectively. “p < 0.05,"p < 0.01, n = 3.
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PBS twice. Then, cells were resuspended in binding buffer and ~ Chondrocytes were seeded into 24 well plates for P65
transferred to centrifuge tubes. Subsequently, cells were stained ~ immunofluorescence staining at a density of 10,000 cells/
with Annexin V-FITC/PI for 15min in dark. The apoptotic ~ well. After reaching 50% confluence, cells were treated with
chondrocytes were analyzed with a FACScan flow cytometer 10 ng/ml IL-1f alone or in combination of 25 uM Ser. Then,
(United States). The sum of Annexin V+/PI+ and Annexin cells were fixed with 4% paraformaldehyde for 15 min and
V+/PI- chondrocytes were considered as apoptotic cells. washed with PBS three times. Subsequently, cells were
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FIGURE 5 | Ser blocks the activation of NFkB pathway in IL-1p-treated chondrocyte. Cells were exposed to L-1p (10 ng/ml) with or without 25 uM Ser for 30 min.
(A) Western blot and (B) quantitative analysis of P-P65 and P-IkBa. P65 and GAPDH were used as the loading control respectively. (C) P65 nuclear translocation was
detected using immunofluorescence. (D) Quantitative analysis of P65 nuclear location ratio of each group. “p < 0.05, *p < 0.01, n = 3.
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permeabilized by 0.2% Triton X-100 for 10 min and blocked by
5% BSA for 1h. Next, the chondrocytes were incubated with
antibody against P65 at 4°C overnight. Afterwards, cells were
washed with PBS and incubated with Cy3-conjugated
secondary antibody for 1h at room temperature in dark.
Finally, cells were mounted with DAPI for 10 min and

observed using a fluoresecence microscope (Evos FL auto,
United States).

Animal Osteoarthritis Model
Eighteen male 2-month-old SD rats were supplied from the
Laboratory Animal Center of Tongji Hospital. Anterior
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FIGURE 6 | Ser prevents cartilage damage in rat OA model. (A) H&E and Safranin-O-Fast green staining of cartilage samples from each group 8 weeks post sugery.
(B) OARIS scores of each group. (C) Immunohistochemical staining and (D) quantitative of COX2, MMP13, collagen Il and C-caspase3 in the cartilage samples from
each group. “p < 0.05, “p < 0.01.

cruciate ligament transection (ACL-T) and partial medial
meniscus removal was performed on the right knee to built
OA model as reported previously (Chu et al, 2013). All
animals were randomly divided into sham, Ser and OA
groups. For sham group (n = 6), rats accepted sham operation
without ACL-T or medical meniscus removal. For Ser group (n =
6), rats accepted surgery and intra-articular injection of 25 uM Ser
once a week. For OA group (n = 6). Rats accepted surgery and
intra-articular injection of equal volume of sterile saline once a
week. All animals were sacrificed at 2 months post surgery. The
knee joints samples were fixed in 4% paraformaldehyde for next
analysis.

Histological Assessment

Fixed joints were decalcidied using 10% EDTA solution for
2 weeks, embedded in paraffin and cut into 5pm thickness
sections coronally. Then sections were stained with Safranin-
O-Fast green and H&E. The Osteoarthritis Research Society
International (OARST) grading system was introduced to

assess the OA changes in a blinded
Immunohistological staining was further conduted using
antibodies specific for COX2, MMPI13, Collagen Il, and
Cleaved-caspase 3.

manner.

Statistical Analysis

Values are expressed as mean + standard deviation (SD). All of
the data analysis were performed using one-way analysis of
variance (ANOVA) followed by a Turkey’s post hoc test.
p-values © 0.05 were considered statistically significant. All
in vitro experiments were conducted at least in triplicate.

RESULTS
Effects of Ser on Cell Viability

The cytotoxic effects of different doses of Ser with or without IL-
1B (10 ng/ml) on cultured rat chondrocytes were determined via
CCK-8 assay. As shown in Figure 1, Ser (concentrations of 5, 10,
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25, 50 uM) alone or Ser (concentrations of 5, 10, 25 uM)
combined with 10ng/ml IL-1p had no toxic effects on
cultured cells. Ser at the dose of 25uM was used in
subsequent study.

Ser Attenuates IL-1p-Induced Inflammatory
Responses and Cartilage Matrix

Degradation in Chondrocytes

To investigate whether Ser could ameliorate inflammatory
responses and cartilage matrix degradation induced by IL-1p,
western blotting was conducted. As shown in Figures 2A,B,
administration of 25uM Ser could notably attenuate the
overexpression of INOS and COX2 induced by IL-1B
treatment in cultured chondrocytes. Moreover, as shown in
Figures 2C,D, administration of IL-1f significantly induce the
upregulation of MMP13, ADMTS5 and the downregulation of
collagen Il. However, 25 uM Ser treatment could partly reverse
this change.

Ser Ameliorates IL-1p-Induced Apoptosis in
Chondrocyte

Apoptosis acts as an important role in maintaining cartilage
homeostasis. To observe the effects of Ser on cultured
chondrocyte apoptosis induced by IL-1B, we first detected
apoptosis related proteins using western blotting. As shown in
Figures 3A,B, Ser (25 uM) could effectively reverse the elevated
ratio of BAX/Bcl-XL induced by IL-1p. Besides, 25 uM Ser could
attenuate the IL-1B-induced upregulation of P53, C-caspase9 and
C-caspase3 (Figures 3C,D). The Annexin V-FITC/PI Apoptosis
Detection kit was performed to measure apoptosis levels in
cultured chondrocytes. As exhibited in Figures 3EF,
administration of Ser caused a notable decrease of apoptotic
cells induced by IL-1f.

Effects of Ser on IL-1p3-Induced ASK1/P38/

JNK Pathway Activation in Chondrocytes
ASK1/P38/JNK pathways play important roles in modulating cell
proliferation and inflammation response. In present study, we
investigated the exact role of Ser on IL-1B-induced ASK1/P38/
JNK pathway activation in cultured chondrocytes. As shown in
Figure 4 A, B, 25uM Ser could significantly block the
phosphorylation of ASK1/P38/JNK in IL-1P-treated rat
chondrocytes.

Effects of Ser on IL-1p3-Induced NF«xB

Pathway Activation in Chondrocytes

NFkB pathway is highly involved in the progression of OA. In
present study, western blotting was performed to detect the
activation of NFxB P65, IkBa and
staining was employed to evaluate P65 nuclear translocation.
As shown in Figures 5A,B, IL-1f (10 ng/ml) could dramatically
induce the phosphorylation of P65 and IkBa in cultured
chondrocytes, while Ser could partly reverse this change.

immunofluorescence

Selonsertib Alleviates Osteoarthritis

Furthermore, 25uM Ser could notably inhibit the IL-1pB-
induced P65 nuclear translocation in cultured rat
chondrocytes (Figures 5C,D).

Ser Prevents Cartilage Damage in Rat

Osteoarthritis Model

To manifest the effects of Ser on the pathogenesis of rat OA in
vivo, we established rat OA model via anterior cruciate ligament
transection and partial medial meniscus removal. As shown in
Figure 6A, extensive cartilage erosions, proteoglycan loss and
chondrocytes disorganization were observed in OA group, while
cartilage in Ser group exhibited a smoother and more intact
structure. Moreover, a lower OARSI score was seen in Ser group
compared to OA group (Figure 6B). The immunohistochemistry
staining analysis indicated the consistent trend with the vitro
study (Figures 6C,D). Intra-articular injection of 25uM Ser
could markedly attenuate inflammatory reaction, cartilage
matrix degradation and chondrocyte apoptosis in vivo.

DISCUSSION

Osteoarthritis (OA) is a degenerative joint disorder with high
incidence in the elderly. Due to shortage of effective treatments
for revsersing the progression of OA, symptomatic relief such as
killing pain is routinely provided for early stage patient (Mandl,
2019). Recently, selonsertib (Ser), a selective inhibitor of Apoptosis
Signal-regulated kinase-1 (ASK1), has attracted wide close attention
for its anti-apoptosis and anti-inflammation effects in nonalcoholic
steatohepatitis (NASH) treatment (Younossi et al., 2018). In present
study, we firstly report the therapeutic potential and related
molecular mechanisms of Ser in rat OA.

IL-1B is a key pro-inflammatroy cytokine involved in the
pathogenesis of OA (Kapoor et al, 2011). Massive IL-1p is
secreted in the joint of OA patients (Kellesarian et al., 2016).
Large amount of evidence suggested that IL-1p could induce
severe inflammatory reaction and cartilage matrix degradation in
OA (Tu et al., 2019a; Jenei-Lanzl et al., 2019). Moreover, in vitro, IL-
1P exhibited the strongest reaction effects in rat chondrocytes at a
dose of 10 ng/ml (Wang et al., 2018). Therefore, IL-1p treatment
(10 ng/ml) was introduced as a stimulus in our vitro study. Our data
revealed that Ser could antagonize IL-1B induced production of
inflammatory mediators including INOS and COX2. Besides, the IL-
1B induced downregulation of collagen |l and upregulation of
MMP13 and ADAMTS5 were also blocked by Ser. Summarily,
we have proved the anti-inflammatory as well as the anti-
degenerative effects of Ser on IL-1p-treated rat chodrocytes.

Apoptosis plays a crucial role in pathogenesis of OA. Elevated level
of apoptosis results in the compromising of chondrocyte surval and
function (Hwang and Kim, 2015). Previous study confirmed that
apoptosis was promoted by caspases, which was regulated by Bcl-2
family (Boise et al,, 1995). In the Bcl-2 family, Bcl-XL represents the
anti-apoptotic subfamily while BAX represents the pro-apoptotic one
(Elmore, 2007). Activated P53 transcriptionally promotes the
apoptosis, and acts as a key regulator in this process (Hafner et al,
2019). In this study, we showed that Ser could effectively reduce the
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amount of apoptotic chondrocytes induced by IL-1B. Moreover, Ser
had been shown to alleviate the IL-1P-induced increase of P53,
C-caspase9, C-caspase3 and BAX/Bcl-XL ratio. Taken together, the
vitro anti-apoptotic effects of Ser on rat OA was confirmed.

Attempts to prevent P38 or JNK mediated disorders using specific
inhibitors of P38 or JNK have been proved unsuccessful. ASK1, the
upstream regulator of P38 and JNK, has been proposed as the
promising drug target in multiple inflammatory diseases including
OA (Ogier et al,, 2020). As a selective inhibitor of ASK1, Ser might
work via regulating ASK1/P38/[NK pathways in OA. Besides,
activation of NFkB is ubiquitous in OA progression.
Proinflmmatory ~ cytokines like IL-1B could trigger the
phosphorylation of IxBa, thus contributing to the production of
inflammatory factors and metallo-proteinases (MMPs) in OA
(Baldwin, 2001; Roman-Blas and Jimenez, 2006). Therefore, in our
study, we focused on these two pathways. Our work showed Ser could
significantly block the activation of ASK1/P38/JNK and NF«B signal
pathways induced by IL-1P in rat chondrocytes. The observations
partly mimic results of Yoon et al. study, which demonstrated that
selonsertib alleviates liver fibrosis via blocking ASK1/MAPK pathway
in hepatic stellate cells (Yoon et al, 2020). Collectively, the two
pathways were involved in the protective roles of Ser in OA. To
illustrate the therapeutic potential of Ser in OA, vitro testing is far
from enough. We further built rat OA model and assessed the
protective effects of Ser in vivo. Data proved intra-articular
injection of Ser could effectively alleviate the progression of rat OA.

Some limitations should be pointed out. OA is a complex
disease caused by mutilple pathological factors (Hunter and
Bierma-Zeinstra, 2019). We mainly focused on the role of Ser
on the inflammation during OA in this study, and the effects of Ser
on other pathological changes in OA remains further investigation.
Besides, it has been reported that Ser failed in the phase III stellar
clinical trials (Harrison et al., 2020). Although the pathogenesis of
OA and NASH is quite different and the protective effects of Ser on
rat OA is promising, it is necessary to assess the safety and efficacy
of Ser in lager animals and human OA model. Moreover, in this
study, we failed to conduct the serological test and observe the
subchondral bone change. Furthermore, the direct target of Ser in
OA remains unknown. In view of the achievement we have
completed, further exploration is needed.

CONCLUSION

In conlusion, we are the first to report the anti-inflammatroy, anti-
degenerative and anti-apoptotic effects of Ser in rat OA. We also
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Knee osteoarthritis (KOA) is a chronic progressive disease that can cause pain, functional
impairment, and ultimately disability. A novel and promising therapeutic approach to KOA
is the so-called regenerative medicine, a set of procedures designed to harness tissue
regenerative capacity and optimize functional recovery. Increasing evidence points out that
platelet-rich plasma (PRP) intra-articular injections can decrease pain and improve
functional abilities in KOA patients. In the present case reports, we analyze two
patients who were treated with PRP injections coupled with a posttreatment home-
based rehabilitation program. The two patients were selected to represent two different
populations: patient 1 was an 85-year-old with severe impairment of functional abilities,
while patient 2 was a younger (59 years old) and more active patient. The protocol
consisted in a series of exercise to be performed at home, during the five days
following PRP injection for two consecutive weeks (10 days in total). The exercises
were designed to reduce the inflammation after the injection, enhance the
proprioceptive control of the treated lower limb, and strengthen hip and knee flexors
and extensors, mainly by isometric work. Results were evaluated at two time points: before
and 2 months after the first PRP injection. The outcomes considered were as follows:
visual analog scale for pain, EuroQol 5 dimensions questionnaire, Tegner Activity Scale for
functioning, and Knee Injury and Osteoarthritis Outcome Score (KOOS). Both patients did
not report any side effects from the treatment. Improvement in patient 1 was drastic at the
two months follow-up as far as pain and functional abilities are concerned. Patient 2’s
improvement was less evident, probably due to the higher starting point in both pain and
functionality. Overall, the developed program seemed safe and was tolerated by the
patients analyzed in the study, who performed it with good compliance.

Keywords: knee OA, exercise, physiotherapy, functionality, platelet-rich plasma
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INTRODUCTION

Osteoarthritis (OA) is a chronic progressive disease that mainly
affects the articular cartilage, causing pain, stiffness, and
limitation of articular range of motion (ROM) (Haq et al,
2003). It consists of degeneration of the cartilage, which can
also extend to the other tissues forming the joint, including
synovial membrane and subchondral bone (Man and
Mologhianu, 2014). While OA can affect every human joint,
the knee is one of the most involved (knee osteoarthritis, KOA).
Alone, it accounts for 83% of the total osteoarthritis burden (Vos
et al,, 2012). OA is significant in terms of epidemiologic, clinical,
and socioeconomic features; it involves about 250 million
individuals all over the world (Hunter et al., 2011), and about
14 million people in the United States suffer from symptomatic
KOA (Deshpande et al., 2016), with an increasing trend in the last
25 years (Spitaels et al., 2020). KOA especially involves older
adults; it occurs in 13% of people after age 60 years, with a high
risk of mobility restriction (Hunter et al., 2011).

Multiple therapeutic approaches are currently available for
KOA, including pharmacological treatments, rehabilitation
(Kolasinski et al., 2020), and surgical solutions such as
unicompartmental or total knee replacement (Kennedy et al,
2020). A widely used approach includes intra-articular injections,
particularly with hyaluronic acid (HA), because of its relative
security profile and effectiveness (Xing et al., 2016). An emerging
therapeutic option is the so-called regenerative medicine, that is, a
set of procedures designed to harness tissue regenerative capacity
and optimize functional recovery after injury or during diseases.
Regenerative medicine procedures are applied in several medical
and surgical branches, like dentistry, dermatology, spine and
orthopedic surgery, and rehabilitation medicine. The goal of
regenerative medicine is to restore tissue homeostasis mainly
by regulating anti-inflammatory processes that are responsible
for most of the patients’ symptoms (Ambrosio and Rando, 2018).

In particular, blood-derived products are among the most used
therapeutic options in regenerative medicine because of their
efficacy together with ease of preparation and use. They consist of
fluid phase plasma, with platelets, white cells, and red cells
suspended in different concentrations, depending on the
specific preparation protocol and indication of use (DeLong
et al., 2012). Platelet-rich plasma (PRP) is the most common
term used to indicate a wide category of blood-derived products
containing hyperphysiological concentration of growth factors,
cytokines, and bioactive factors stored in platelet o-granules
(Nguyen et al., 2011; Flaumenhaft and Koseoglu, 2017).

The rationale of PRP use in patients with KOA is the high and
easily accessible content of these critical growth factors and other
signaling molecules, which are involved in both healing processes
and immune- and inflammatory modulation, therefore
potentially leading to the restoration of joint tissue
homeostasis (Cole et al., 2010; Woodell-May et al., 2021).
Nevertheless, the term PRP indicates a wide diversity of
products, differing in preparation, composition, and
application protocols. The main differences that also affect the
classification of blood-derived products are platelet concentration
(range 1.5-9 times above baseline) and leukocyte concentration,

Rehabilitation After Knee PRP Injections

calling the products with low white blood cell (WBC)
concentrations leukocyte-poor platelet-rich plasma (LP-PRP)
and those with higher WBC concentrations as leukocyte-rich
platelet-rich plasma (LR-PRP). Among them, plasma rich in
growth factors (PRGF) is an autologous blood-derived product
with a standardized composition and dosage. It is characterized
by moderated platelet concentration (2-2.5 times compared with
peripheral blood) and no WBCs. PRGF must be activated before
being injected with calcium chloride to release all the growth
factors.

An important classification distinguishes between leukocyte-
rich PRP (LR-PRP) and leukocyte-poor PRP (LP-PRP)
preparations, depending on a higher or lower concentration of
leukocytes (neutrophils particularly) from the baseline (Le et al.,
2018). LR-PRP could be able to increase inflammatory response:
Dragoo et al. observed a clinical inflammatory pattern (peak in 5
day, resolution after 2 weeks) and an increased release of MMP-3,
MMP-13, IL-1b, IL-6, and TNF-a in rabbits treated with LR-PRP
injections in patellar tendon (Dragoo et al., 2012). On the other
hand, Yan et al. described a lower inflammatory response in terms
of clinical symptoms and released inflammatory cytokines in LP-
PRP intra-tendon injections in rabbit, associated to a relative
better regenerative process (Yan et al., 2017). Although clinical
practice is oriented in using poor formulations of leukocytes,
more studies in humans are needed for a definitive choice (Lana
et al., 2019).

There is increasing evidence on the efficacy of intra-articular
injections of blood-derived products in patients with KOA in
terms of pain reduction and improvement of function and
activities of daily living (Shen et al, 2017; Hohmann et al,
2020). Rehabilitation seems to be among the best option for
KOA patients. Fransen et al. described the effects of individually
supervised or class exercise programs of muscle strengthening,
functional training, and aerobic fitness. They found reduced
knee pain and a relative improvement in physical function up to
6 months after the end of treatment (Fransen et al., 2015).
Hurley et al. highlighted the positive role of land- or water-
based exercise programs on pain (an absolute reduction of 6%),
function (reduction of Western Ontario and McMaster
Universities Osteoarthritis—WOMAC Index, from 49.9 to
44.3%), and health-related quality of life (improvement of
36-item Short Form—SF-36, by 7.9%) (Hurley et al., 2018).
An interesting perspective in KOA treatment is the
combination of HA intra-articular injections and
rehabilitation. Block and Miller proposed an eight-week
exercise program of low-impact aerobics and muscle
flexibility exercises, joint mobilization, and physical therapy
modalities after HA injection for symptomatic KOA patients.
The authors observed increased WOMAC scores in the pain,
functional, and stiffness domains in 79, 75, and 76% of patients,
respectively (Block and Miller, 2013).

Currently, we are not aware of validated guidelines or trials on
the association of a rehabilitation exercise-based program with
PRP intra-articular injection for pain, function, and quality of life
on human patients with KOA. Therefore, these case reports aim
to check the feasibility and safety of a rehabilitation program
following PRP intra-articular injection.
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SUGGESTED POSTTREATMENT AND
REHABILITATION PROGRAM

During the first 48 h after PRP (PRGF) injection, activities of
daily living were allowed. In case of pain, 1,000 mg
acetaminophen were prescribed for max three times a day,
and the local application of ice for 20 min, three times a day.
Instructions were given both orally and in written on a pamphlet
by the clinician performing the injection (Appendix n.1).

The rehabilitation program was designed to work in synergy
with the injection. It aimed to reduce the inflammation after the
injection, enhance the proprioceptive control of the treated lower
limb, and strengthen hip and knee flexors and extensors, mainly
by isometric work. The program included three exercises, which
are as follows:

— Isometric co-contractions of quadriceps and hamstrings in
the supine position, maintaining knee extended: 5
repetitions lasting 10 s for three series, twice a day.

— Straight leg raises (SLR) in the supine position: 10 repetitions
for three series, twice a day.

— “Alphabet,” in the supine position, maintaining hip flexed at
about 45° and knee extended. In this exercise, the patient has
to "draw" with his foot some letters of the alphabet,
maintaining the lower limb’s described position: ten
letters for three series, twice a day.

After an accurate explanation, both patients performed the
program during the 5days following PRP injection for two
consecutive weeks (10 days in total). We recommended not
practicing sports for the entire duration of the rehabilitation
program.

CASE REPORTS

We tested the program on two consecutive female patients
recruited at RE.GA.IN (Regenerative Galeazzi Institute) Centre
of IRCCS Galeazzi, Milan, Italy, between January and March
2020. The following case report adheres to the CARE (CAse
REporting) structure and reporting guidelines (Gagnier et al.,
2013).

Case 1

A woman, 85 years old, with a BMI of 28.1, presented a diagnosis
of left KOA, with pain onset around six months before. She had
no knee traumas in the last year. She was a nonsmoker with
hypertension and hypercholesterolemia, in treatment with
NSAIDs, pain killers (including acetaminophen and opioid
drugs), antithrombotics/antiplatelets, anticholesteremic agents,

proton-pump inhibitors, and vitamin D plus calcium
supplements. She already underwent a complete KOA
rehabilitation ~ program, intra-articular  injections  of

corticosteroids and hyaluronic acid with no results.

The PRGF-Endoret® was prepared using the method
described by Sanchez et al. (Sianchez et al, 2012) and
administered twice intra-articularly one week apart accordingly

Rehabilitation After Knee PRP Injections

to our personal protocol. Before each injection, the patients
underwent a venous blood withdrawal of 18 ml, which was put
into two extraction tubes containing the 3.8% sodium citrate
anticoagulant. The blood was centrifuged at 2000 rpm (580 g) for
8 min in a BTT Biotechnology Institute system centrifuge at room
temperature. After the centrifugation, the 2 ml of PRGF between
the red series and the "buffy coat," the layer rich in leukocytes, was
extracted by mechanical pipetting of each tube. The 2 ml of PRGF
were injected into a single tube (4 ml in total). Before a knee intra-
articular injection, 400 uL of calcium chloride were added for
activation. Every step was conducted respecting strictly sterile
conditions.

The outcome measures were as follows: visual analog scale
(VAS) for pain (0-10, with 0 no pain and 10 maximum pain
perceivable) (Wewers and Lowe, 1990); EuroQol 5 dimensions
(EQ-5D) questionnaire, a standardized instrument that studies
the quality of life (QoL) (van Reenen et al., 2020) of patients
rating 5 dimensions (mobility, self-care, usual activities, pain, and
anxiety/depression) with 3 possible levels of problems (1: none, 2:
mild to moderate, and 3: severe); the Tegner Activity Scale for
functioning (Tegner and Lysholm, 1985; Collins et al., 2011), a
scale that ranges from 0, that means sick leave or disability, to 10,
participation in national or international competitive sport; and
Knee Injury and Osteoarthritis Outcome Score (KOOS) for
evaluating function and ability to perform activities of daily
living (ADL) (Roos et al,, 1998; Collins et al., 2011), a test
with 5 subscales (pain, symptoms, activities of daily living,
function in sports and play, and knee-related quality of life)
scored from 0 to 100, where 0 means bigger issues and 100 no
issues. Starting from the raw values of EQ-5D, we calculated the
utility value needed to estimate quality-adjusted life-years
(QALYs), using the country-specific correction proposed by
Scalone et al. (Scalone et al., 2013). The utility value can range
from 0.00 (death) to 1.00 (perfect health). We evaluated all the
outcomes at two different time points: before (T0) and two
months after the first PRP injection (T1).

The pain-related score showed improvement, in terms of VAS,
EQ VAS, the pain-related domain of EQ-5D, and the KOOS pain
domain (Table 1). The Tegner Activity score 1) did not change
after the treatment time, whereas KOOS passed from 6.6 to 60.1
points, with bigger changes in the ADL domain (from 5.88 to
60.29) and sport domain (from 0 to 80). The utility values
calculated from EQ-5D scores were 0.55 at TO and 0.77 at T1
(Table 2).

Case 2

A woman, 59 years old, with a BMI of 20.3, presented a diagnosed
with right KOA, lasting for over a year before PRP injection. She
had no knee traumas in the last year. She reported recent smoking
cessation, hypertension, and consumption of antithrombotic/
antiplatelet drugs and vitamin D plus calcium supplements.
She previously received intra-articular injections of hyaluronic
acid for the same knee with no results. She received two intra-
articular injections of PRGF-Endoret® one week apart, following
the same procedure as reported for patient 1. Likewise patient 1,
she was evaluated by using VAS, EQ-5D, Tegner Activity Scale,
and KOOS-ADL.

Frontiers in Pharmacology | www.frontiersin.org

122

August 2021 | Volume 12 | Article 718060


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Negrini et al.

Rehabilitation After Knee PRP Injections

TABLE 1 | Results of VAS for pain, EQ-5D, Tegner Scale at TO (before injection) and T1 (two months after the first PRP injection).

PRP type VAS VAS EQ-5D
TO T T0
Patient 1 PRGF- 10 8 22,231
Endoret
Patient 2 PRGF- 4.2 4.2 11,122
Endoret
TABLE 2 | Results of the KOOS score and its domains at TO and T1.
KOOS Activity Scale
TOT Pain Symptoms Function Sports Q.O.L
TO TO T0 TO TO T0
Patient 1 6.55 2.77 17.86 5.88 0 6.25
Patient2 7976 86.11 75 92.65 60 43.75
T1 T1 T1 T1 T1 T1
Patient 1 60.12  55.55 75 60.29 80 18.75
Patient2 8095 88.88 64.28 97.06 70 37.5

All the pain-related scores did not change during the follow-
up, with persisting mild-to-severe symptoms (Table 1).
Concerning outcomes related to function and activity, Tegner
showed a decrease, whereas KOOS remained stable. The utility
value calculated from EQ-5D was 0.85 at both TO and T1.

DISCUSSION

Injections of blood-derived products are a widely diffused
treatment for KOA, and increasing evidence shows their safety
and efficacy (Shen et al., 2017; Hohmann et al., 2020; Nie et al.,
2021). However, while they can often improve symptoms, in
many cases, pain, functional impairment, and reduced quality of
life persist even after the injections. For these reasons, introducing
this treatment into an overall rehabilitation approach whose
efficacy has already been shown could improve the patient
outcomes. In this perspective, blood-derived products would
be a facilitator of patients’ recovery and find a better role in
supporting more active treatments. While rehabilitation, mainly
including therapeutic exercises, is considered an optimal ally for
the conservative KOA treatment (Fransen et al., 2015), there is no
current evidence that intra-articular injections of blood-derived
products could enhance a specific exercise program’s efficacy. It
has not yet been defined which kind of exercises could be
proposed safely after injections of blood-derived products.
However, it is reasonable that an exercise program specifically
tailored for these kinds of treatment could enhance their effect on
pain and functional impairment in KOA patients. In our study,
we propose a new treatment with the ambition to be adjuvant to
PRGF injections and potentially even be synergic to it. We
developed the program with two essential concepts in our
mind: feasibility and safety. During the COVID-19 pandemic,
hospitals should be visited as little as possible, and the home-
based rehabilitation program is safer (DE Sire et al, 2021).

EQ-5D EQ VAS EQ VAS Tegner Tegner
T TO T TO T

22,221 20 70 1 1

11,122 53 61 4 2

Furthermore, many of our KOA patients (like patient 2 of our
study) are young and active, and often do not have the time to go
to the hospital. For these reasons, a 15- to 20-min home-based
program performed twice a day seemed the right solution to
maintain patients’ compliance while ensuring a valid number of
repetitions. An article described the results of 4 patients
undergoing StroMed and PRP injections and participating in a
four-month rehabilitative program, including many outpatient
sessions (Gibbs et al., 2015). After the program, patients’ pain and
functional abilities improved; however, a 4-month outpatient
rehabilitative program is not always feasible, especially in the
current sanitary and socioeconomic situation, and different
strategies should be considered. During the testing of our
program, we realized that incorporating concepts of
telemedicine and tele-rehabilitation could probably maintain
the safety and feasibility of the program while possibly
improving compliance and efficacy. Future studies should
explore the potential of telemedicine, especially in young,
active patients. The exercises prescribed were carefully chosen
to be easy and feasible while maintaining efficacy. All the
exercises should be executed while lying supine, eliminating
the risk of falling. Isometric exercises do not need wide spaces
to be performed, and they have been found beneficial in patients
suffering from KOA (Anwer and Alghadir, 2014). While exercise
#1 focuses mainly on strength, exercises #2 and #3 are designed to
work also on proprioception and control of the affected limb,
which is crucial for pain control in KOA (Jeong et al., 2019).
Another important concept that led to the choice of these exercise
was the possibility of a synergic effect with intra-articular
injections. Actually, while PRGF injections could lead
eventually to a partial restoration of damaged tissues, they
cannot act directly on functional capabilities, an aspect of
crucial important in osteoarthritis treatment. Improvement of
tissues can theoretically enhance the improvement of functional
capabilities due to the prescribed exercises. On the other hand,
improvement of functional capabilities can potentially enhance
tissue regeneration providing more physiological biomechanical
stimuli (e.g., correct biomechanical load) (Bokaeian et al., 2021),
thus creating a “virtuous circle.”

Due to the limited sample size, we can only evaluate the
feasibility and safety of the program. However, the treatment of
the two patients obtained the results we expected. The patients
did not report any side effects due to the exercise program. The
two cases studied were carefully selected in order to represent two
different populations that can benefit from adding a short
exercise program to PRP injections. While both patients
suffered from KOA, patient 1 is an 85-year-old with severe
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KOA and reduced functional capabilities, as underlined by a
baseline total KOOS score of 6.55, with a function sub-score of
5.88. On the other hand, patient 2 is a 59-year-old with better
baseline functional performance with a total KOOS score of 60.12
and a function sub-score of 60.29. Indeed, the two patients
represent two different populations that can potentially have
different responses to therapy as well as different expectations.
The difference in the results reflects the difference in baseline
condition. Patient 1 dramatically improved at T2 in almost every
outcome. It is interesting to notice that KOOS improved
significantly. While exercises are often beneficial in KOA also
for pain relief, especially in the long run, they are inherently
linked to improving strength and proprioception needed to
improve function and independence on ADL. Patient 2
showed less improvement. However, outcomes manifested a
ceiling effect due to the relatively good clinical condition
pretreatment. Furthermore, we prescribed the same set of
exercises for both patients. However, the two patients had very
different clinical conditions. It is possible that the intensity and
degree of difficulty of exercises were enough to warrant a
bettering in condition in a less performing patient such as
patient 1, but were not enough for patient 2. Indeed, for
future studies including young and active patients, functional
tests with no ceiling effect, such as 6-minute walking test, 2-
minute step-test, and 10-m walking test at maximum speed,
should be implemented. Furthermore, exercise intensity should
be tailored on functional capabilities of the individual patient.
Our study limitation is represented by the short follow-up.
Unfortunately, the patients were treated right before the first
pandemic lockdown in our country, and it was impossible to
reach them out for longer time points. Certainly, future patients
will have to be monitored at least until 12 months from the treatment.
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Background: The driving force behind osteoarthritis (OA) pathogenesis is an anabolic-
catabolic (a/c) imbalance. Melatonin (MT) is a key player in maintaining a/c stability and
mitigates OA pathogenesis, but mechanisms underlying its effects remain poorly
understood.

Objectives: We performed a systematic review analyzing the experimental data that
support the clinical applicability of MT in the treatment of OA pathogenesis, placing
particular emphasis on the regulation of circadian rhythms and a/c balance.

Methods: Major electronic databases and grey literature were used to identify related
original articles. Methodological quality of all selected studies was evaluated using the
SYRCLE risk of bias tool. Pooled mean differences (MDs)/standardized mean differences
(SMDs) with 95% confidence intervals (Cls) were calculated to estimate the effect size.

Results: Eleven trials were included in this systematic review. Compared with the control
group, MT significantly decreased the levels of interleukin-1p (IL-1p; SMD = —-5.45; 95% Cl
[-6.78, —4.12]; p < 0.00001, and histological grading scale (SMD = -3.46; 95% Cl, [-5.24,
—1.68]; p < 0.0001). MT significantly increased the transforming growth factor-p1 (TGF-p1;
SMD =1.17; 95% CI [0.31, 2.03]; p < 0.0007). Furthermore, core circadian clock genes
Per2 and CryT mRNA levels were regulated by MT treatment in OA progression.

Conclusion: MT may maintain a/c balance and regulate circadian rhythms during OA
development. MT could be used in as adjunct with other interventions to manage pain and
OA severity.

Keywords: melatonin, osteoarthritis, anabolic, catabolic, circadian rhythms, systematic review, meta-analysis
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INTRODUCTION

Osteoarthritis (OA) a commonly diagnosed degenerative joint
disease predominantly characterized by progressive degradation
of cartilage components, eventually escalating to structural
damage and functional failure of the cartilage (Pap and Korb-
Pap, 2015; Loeser et al., 2016; Chen et al., 2017). Knee OA (KOA)
accounts for about 80% of the burden of OA globally (Global
Burden of Disease Study, 2016). In 2020, there were almost
654.1 million individuals (=40 years) with KOA worldwide
(Cui et al, 2020). Aging has always been considered a
significant etiological factor for OA (Rahmati et al., 2017),
however, the underlying mechanism between age and OA
pathogenesis is still not completely understood. Aging
contributes to the disruption of anabolic and catabolic cell
signaling, leading eventually to osteoarthritic cartilage
destruction (Lotz and Loeser, 2012; Loeser, 2017).
Understanding the aging process responsible for metabolic
dysregulation is critical to identifying and developing effective
drugs to treat the pathobiological symptoms of OA. In addition,
despite significant efforts over the past several decades to develop
KOA therapies, only controversial analgesics (gastrointestinal
complications and cardiovascular adverse events) are widely
used to treat OA (Pelletier et al,, 2016). Hence, targeting a/c
balance during aging may provide a novel strategy to prevent/
treat cartilage damage in OA.

Imbalance between catabolic and anabolic factors accelerates
catabolic activity as a result chondrocytes (major regulators of
matrix anabolism-catabolism) completely fail to compensate for
the depletion of extracellular matrix (ECM) molecules (Kim et al.,
2014; Nummenmaa et al., 2015; Kang et al., 2019). The catabolic
phenotype is regulated by several proinflammatory cytokines,
including interleukin (IL)-1B, tumor necrosis factor a (TNF-a),
and IL-6 (Mueller and Tuan, 2011). IL-1f, a well-known marker
for OA progression found in synovial fluid and expressed by both
synovial tissue and chondrocytes in osteoarthritic joints
(Melchiorri et al., 1998; Mueller and Tuan, 2011). IL-IB
triggers the matrix-degrading enzymes such as matrix
metalloproteinase (MMP)-13 and suppresses the production of
ECM proteins such as collagen type II by chondrocytes
(Mobasheri et al.,, 2017; Wang et al., 2019). Likewise, TNF-a
synergistically increases MMPs and reduces ECM proteins
(Nambi, 2021). On the other hand, the anabolic phenotype is
maintained by a number of growth factors, including
transforming growth factor-pl1 (TGF-B1), bone morphogenetic
protein-2 (BMP-2), and fibroblast growth factors (FGF) (Mueller
and Tuan, 2011). TGF-B1 involved in synthesis of collagen type II
and downregulates MMPs (Li et al., 2016; Hwang et al., 2020),
thereby  counteracting IL-1B-mediated cartilage matrix
degradation. Interestingly, TGF-Pl1 gradually declines with
aging (van der Kraan, 2017), which may be responsible for
cartilage damage in aged cartilage. Recent evidence
demonstrated that the misalignment of circadian rhythms is
associated with a/c imbalance in various animal models
(Gossan et al., 2015; Kc et al.,, 2015; Hossain et al., 2019).
Recent work by Kc et al. (Kc et al, 2015) has shown that
chronic disruption of circadian rhythms (weekly 12-h phase

Melatonin, Anti-Arthritic Effect in Osteoarthritis

shift in the light-dark cycle for 22weeks) induced OA
pathology, including upregulation of matrix-degrading
enzymes and downregulation of anabolic mediators in the
mouse knee joint. Furthermore, the circadian core clock
transcription factor Bmall (brain and muscle ARNT-like 1)
was downregulated both in human OA and aged mouse
cartilage and contributes to disruption in cartilage homeostasis
(Dudek et al, 2016). Contrastly, overexpression of Bmall
equilibrated the metabolic imbalance of chondrocytes (Yang
et al, 2016). Therefore, targeting a/c homeostasis and
regulating circadian rhythms by the same candidate drug
would be an interesting approach for the treatment of OA.
Melatonin (MT) is a pineal hormone secreted in all vertebrates,
including humans, exhibiting anti-oxidant (Sumsuzzman et al,
2020), anti-inflammatory (Ling et al, 2020), and anti-aging
(Sumsuzzman et al, 2021a) functions. Endogenous MT levels
are inversely proportional to age (Sumsuzzman et al, 2021b)
and serum MT declines in OA patients (Oskoii et al., 2020).
Additionally, circadian synchronization of MT is dysregulated
with advancing age and it closely related to OA etiology
(Jahanban-Esfahlan et al., 2018). Several studies showed that
MT can protect chondrocyte growth and promote the
expression of cartilage-related genes, which may be related to its
anti-inflammatory and anti-oxidative stress effects (Pei et al., 2009;
Liu et al,, 2014). Although MT shows some progress in mitigating
OA pathogenesis, many mechanisms underlying its effects remain
poorly understood (Hong et al., 2014), and evidence synthesis is
needed to justify the specific role of MT in cartilage homeostasis.
Furthermore, MT exerts beneficial effects with other interventions,
including antiosteoporotic agents, betamethasone, and exercise
(Huang et al, 2010b; Hong et al, 2014; Paulino Silva et al,
2021). In OA animal models, however, these combined
intervention strategies aimed at a/c homeostasis have not yet
been systemically reviewed. Therefore, conducted a
systematic review and meta-analysis aimed at analyzing the
experimental data supporting the clinical applicability of MT in
the treatment of OA pathogenesis, with particular emphasis on the
regulation of circadian rhythms and anabolic-catabolic balance.

we

MATERIALS AND METHODS
Search Strategy

We performed a comprehensive literature search using major
electronic databases, including PubMed, Embase, and China
National Knowledge Infrastructure (CNKI) as well as grey
literature sources, including Worldcat and Mednar. We
identified peer-reviewed studies published up until April 2021
that focused on assessing the impact of exogenous MT in animal
models of OA. Furthermore, the reference lists of the included
studies and of relevant reviews were examined for additional
relevant trials. To obtain animal studies, animal search filters in
PubMed and Embase were utilized (Hooijmans et al., 2010; de
Vries et al, 2011). The in-depth search strategy performed in
PubMed and Embase electronic databases are given in
Supplementary Table S1. No limits (e.g., on language or
publication date) were used.
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Inclusion Criteria
The inclusion criteria for the selected studies were as follows: 1)

the subjects were laboratory animals of any age, sex, or strain used
as OA models; 2) the interventions encompassed any type of MT
treatment or MT combined with other interventions that was
compared with a placebo control, 3) the control intervention
consisted of saline, dimethyl sulfoxide, or another vehicle. In
addition, the following study outcomes were required for
inclusion in the analysis. 1) Primary outcomes: catabolic
(i.e, IL-1B, IL-6, TNF-a, MMP-13, ADAMTS-4; a disintegrin
and metalloproteinase with thrombospondin motifs-4). and
anabolic factors (i.e, TGF-pl, BMP-2, FGF, SOX-9;
transcription factor SOX-9, COL2A1; Collagen type II al)
were chosen as the dependent variables to measure the effects
of MT in animal models of OA. 2) Secondary outcomes: the
effects of MT on circadian regulation and histological scoring in
an animal model of OA.

Exclusion Criteria

The following exclusion criteria were applied for study selection
as shown in Supplementary Table S2: 1) all clinical case reports
and studies that were solely In vitro, 2) not original studies (e.g.,
editorial or literature review), 3) studies using genetically
modified animals, and 4) if used interventions other than MT,
studies were excluded.

Study Selection

After the removal of duplicates, all unique trials were imported
into a Rayyan-a web application to allocate the references
randomly (Ouzzani et al, 2016). Then, two of the authors
individually screened the titles and abstracts to select relevant
studies from the randomly allocated references. Finally, the full-
texts of the selected articles were evaluated to identify the trials
that fulfilled our eligibility criteria. Any disagreement concerning
study selection was settled by consultation with the third author.
It should be noted that we did not screen for the presence or
absence of specific outcome measures during this phase, because
often not all outcome measures were described in the abstract.

Data Extraction

Two authors (DS and ZK) individually extracted the data from
each of the included studies. Information related to the authors,
publication year, species, age, weight, sample size, animal model,
intervention (dose, frequency, and route of administration), and
outcome measures were extracted. In studies with multiple arms,
only data from the control, MT, MT combined with other
intervention groups were considered in this study. If the
published outcome data were incomplete, we attempted
contacting the authors of the study to obtain the original data.
A reminder was sent by email to those who had not responded
within 2 weeks. If efforts to achieve the original data failed, the
article was eliminated from the meta-analysis. If the data were
presented graphically only, GetData Graph Digitizer was
employed to extract numerical data from graphs or figures
(Sumsuzzman et al., 2021a).

Melatonin, Anti-Arthritic Effect in Osteoarthritis

Assessment of Methodological Quality
The risk of bias (RoB) in the included articles was evaluated by

two independent reviewers (DS and JC) using the SYRCLE RoB
tool (Hooijmans et al., 2014). Based on the Cochrane RoB tool
(Higgins et al., 2011), the RoB tool was developed to evaluate the
aspects of bias specifically seen in animal intervention studies.
The tool contains 10 items related to six types of bias (selection,
performance, detection, attrition, reporting, and other bias). The
scores “yes”, “no”, and “unsure” indicate a low, high, and unclear
RoB, respectively.

Data Analysis

The experimental and control group data from the included
studies were extracted and inputted into the Review Manager
Software (ver. 5.3, The Nordic Cochrane Centre, Copenhagen,
Denmark). The meta-analysis was executed when a minimum of
two studies were analogous and when these studies provided
relevant data (Sumsuzzman et al, 2021a). In the effect size
analysis, the mean difference (MD) was used when the
outcome measure of all studies employed the same scale,
whereas the standardized mean difference (SMD) was used
when the studies assessed the same outcome but measured it
in different ways (Sumsuzzman et al., 2021a). For both strategies,
95% confidence intervals (CIs) were calculated. The Cochrane Q
and I* tests were utilized to assess heterogeneity among the
studies; p < 0.10 in the Cochrane Q test and I* > 50% were
considered to indicate the presence of heterogeneity among the
included studies. The fixed-effects model was used for the meta-
analysis when statistical heterogeneity had been found lower (I* =
< 50%), and the random-effects model was applied when
statistical heterogeneity had been found higher (I*> = > 50%)
(DerSimonian and Laird, 1986). Post-hoc sub-group analysis was
performed to investigate the sources of heterogeneity based on
wider versus narrow confidence intervals. Subgroup analyses
were performed only when subgroups contained at least two
independent comparisons. When at least three studies were
included, a leave-one-out sensitivity analysis was performed to
validate our findings and assess potential sources of heterogeneity
(Patsopoulos et al., 2008). Publication bias was analyzed when
one outcome variable was associated with at least 10 studies in the
meta-analysis, since with <10 studies the power of the tests is too
low (Sumsuzzman et al., 2020).

RESULTS

Study Search and Selection

A total of 233 trials (Pubmed = 70, Embase = 122, CNKI = 9, and
grey literature databases = 32) were retrieved from the electronic
database search. After the removal of duplicates, a total of 155
studies remained, 136 of which were excluded because the titles
and abstracts did not meet the eligibility criteria. The remaining
19 studies were selected for full-text analysis, and of these, 11
studies fulfilled our eligibility criteria and were selected for review
(Figure 1).
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FIGURE 1 | Flow diagram of the systematic review and literature search results of the meta-analysis.

Study Characteristics

The characteristics of all included studies are reported in Table 1.
Three different animal species were used: rats in nine studies
(Huang et al., 2010a, 2010b, 2010c; Hong et al., 2014, 2017; Jiang,
2014; Guo et al., 2017; Savtekin et al., 2018; Paulino Silva et al,,
2021), mice in one study (Zhang et al., 2019), and rabbits in one
study (Lim et al., 2012). In addition, the OA models were created
using different methods: collagenase injection in two studies
(Hong et al, 2014, 2017), anterior cruciate ligament
transection surgery in two (Guo et al, 2017; Paulino Silva
et al.,, 2021), partial medial meniscectomy surgery in one (Lim
et al., 2012), intra-articular injection of zymosan in one (Savtekin
etal,, 2018), destabilization of the medial meniscus in one (Zhang
et al, 2019), and injection of papain solution in four studies
(Huang et al, 2010a, 2010b, 2010c; Jiang, 2014). MT was
administered via three different routes: subcutaneously in
three studies (Hong et al, 2014, 2017; Paulino Silva et al,
2021), intraperitoneally in one (Guo et al., 2017), and intra-
articularly in seven (Huang et al., 2010a, 2010b, 2010c¢; Lim et al.,
2012; Jiang, 2014; Savtekin et al., 2018; Zhang et al., 2019). The
data collection period in all studies ranged from 3 to 7 weeks.

Risk of Bias and Quality of Reporting

The abridged RoB assessment is presented in Figure 2A, and the
individual RoB scores of each study are presented in Figure 2B. In
all studies, although the animals were randomly allocated,
insufficient details regarding the allocation procedure were
reported. Baseline characteristics, including sex, age, and

weight, were adequately described. Random housing, blinding
of caregivers, investigators, and random outcome assessment
were partially described in all studies. However, blinding of
the outcome assessment showed a high risk of detection bias
in nearly all studies. All animals were included in the analyses of
all studies. Of the 11 studies, five did not use selective outcome
reporting providing sufficient details of the pre-defined outcomes
(Lim et al., 2012; Hong et al., 2014, 2017; Guo et al., 2017; Paulino
Silva et al., 2021), and remaining six out of three studies had an
unclear rating (Huang et al., 2010¢; Jiang, 2014; Zhang et al,
2019), and three studies high risk of reporting bias owing to not
explicitly reported ethical approval (Huang et al., 2010a, 2010b;
Savtekin et al.,, 2018).

Meta-Analysis

Anticatabolic Effect of Melatonin on Osteoarthritis
The inhibitory effect of MT on the level of IL-1f over a 3-4-week
period was evaluated in three studies (Huang et al., 2010c; Jiang,
2014; Guo et al., 2017). Of these, left cartilage of femoral condyle
IL-1P level was measured from two studies (Huang et al., 2010c;
Jiang, 2014), one study (Guo et al., 2017) from synovial fluid. For
the meta-analysis, biochemical outcomes were pooled and
analyzed using a fixed-effect model (Figure 3A). The analysis
showed that MT significantly reduced the IL-1f level compared
with the control (SMD = —5.45; 95% CI [-6.78, —4.12]; I* = 28%,
p < 0.00001). Similarly, anticatabolic effects of MT on the level of
TNF-a over a 3-4-week period was evaluated in three studies
(Hong et al.,, 2014, 2017; Guo et al., 2017). Of these, serum TNF-a
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TABLE 1 | Characteristics of the included studies.
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Author (Year) Animal Characteristics Study Characteristics Intervention Characteristics Outcomes
Species Age Weight Model Exp. Con. Dose (ROA) Frequency
(Sex) (wks) (gm) (n) (n)
Paulino Silva Rat (Male) 9-12 250-320 ACLT 6 6 200 pg/ Once/daily for H&E stain
et al. (2021) 100g (s.c) 4 weeks
Zhang et al. Mice (Male) 9 NR DMM surgery 10 10 10 mg/ twice/wk for Histological grading: OARSI
(2019) mL (i.a) 4 weeks scores
Savtekin et al. Rat (Both) NR 200-250 Zymosan injection 8 8 10 mg/kg (.a) Once? Catabolic factor: COX-1,
(2018) COX-2
Guoetal. (2017)  Rat (Male) 9-10 NR ACLT 6 6 10 mg/ 3 weeks Catabolic factor: TNF-qa, IL-16,
mL (i.p) MMP-13
Hong et al. Rat (Male) 8 NR Collagenase 8 8 10 mg/kg twice/daily for 1. Anabolic factor: TGF-p1,
(2017) injection (s.c) 4 weeks SOX-9, and COL2A1
2. Catabolic factor: TNF-a,
MMP-13, VEGF
3. Circadian gene: Bmal1, Per2
and Cry1
Hong et al. Rat (Male) 8 250-285 Collagenase 5 5 10 mg/kg twice/daily for 1. Anabolic factor: TGF-p1
(2014) injection (s.c) 4 weeks 2. Catabolic factor: TNF-a, IL-
6, MMP-13, ADAMTS-4
Jiang (2014) Rat (Male) 4 130-150 Papain solution 10 10 20 mg/ Four/wk for 1. Histological grading: Mankin
injection mL (i.a) 4 weeks grading score
2. Catabolic factor: IL-1p
3. Anabolic factor: bFGF
4. Serum melatonin level
Lim et al. (2012)  Rabbit 24-18 2000-3,000 PMM surgery 5 5 20 mg/kg (i.a)  Once/wk for 1. Histological grading: Mankin
(Female) 4 weeks grading score
Huang et al. Rat (Male) 4 120-150 Papain solution 10 10 20 mg/ Four/wk for 1. Histological grading: Mankin
(2010a) injection mL (i.a) 4 weeks grading score
2. Anabolic factor: TGF-p1
3. Serum melatonin level
Huang et al. Rat (Male) 4 120-150 Papain solution 10 10 20 mg/ Four/wk for 1. Histological grading: Mankin
(2010b) injection mL (i.a) 4 weeks grading score
2. Anabolic factor: BMP-2
3. Catabolic factor: IL-1f
Huang et al. Rat (Male) 4 120-150 Papain solution 10 10 20 mg/ Four/wk for 1. Histological grading: Mankin
(2010c) injection mL (i.a) 4 weeks grading score

Zintervention has given prior to sacrificing.

2. Serum melatonin level

Exp, experimental; Con, control; n, sample size; ROA, route of administration; wks, weeks; NR, not reported; ACLT, anterior cruciate ligament transection; DMM, destabilization of the
medial meniscus; OARSI, osteoarthritis research society international; i. a, intra-articular; COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2; TNF-«, tumor necrosis factor-a; IL-1p,
interleukin-18; i. p, intraperitoneal; MMP-13, matrix metalloproteinase-13; IL-6, interleukin-6; s. ¢, subcutaneous; TGF-B1, transforming growth factor-p1; COL2A1, Collagen type II-
alphatl; PMM, partial medial meniscectomy; ADAMTS-4, A disintegrin and metalloproteinase with thrombospondin motifs four; bFGF, basic fibroblast growth factor; BMP-2, bone

morphogenetic protein-2.

level was measured from two studies (Hong et al., 2014, 2017),
one study (Guo et al.,, 2017) from synovial fluid. For the meta-
analysis, biochemical outcomes were pooled and analyzed using a
random-effects model (Figure 3B). The analysis showed that MT
significantly reduced the TNF-a level compared with the control
(MD = —71.63; 95% CI [~127.20, —16.05]; I> = 99%, p = 0.01).
Finally, the inhibitory effect of MT on the MMP-13 level in
articular cartilage was evaluated in three studies (Hong et al,
2014, 2017; Guo et al., 2017). For the meta-analysis, biochemical

outcomes were pooled and analyzed using a random-effect model
(Figure 3C). The analysis showed that MT significantly reduced
the MMP-13 level compared with the control (SMD = —5.08; 95%
CI [-9.82 to —0.34]; I* = 90%, p = 0.04).

Pro-anabolic Effect of Melatonin on Osteoarthritis

The anabolic effect of MT on the level of TGF-P1 was evaluated in
cartilage tissue from two studies (Hong et al., 2014, 2017). For the
meta-analysis, biochemical outcomes were pooled and analyzed
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using a fixed-effect model (Figure 4). The analysis showed that
MT significantly increased the TGF-p1 expression compared with
the control (SMD = 1.17; 95% CI [0.31, 2.03]; I* = 0%, p < 0.0007).

Effect of Melatonin on Histological Grading Score
The effect of MT on the histological score was evaluated in five
studies (Huang et al., 2010a, 2010c¢; Lim et al., 2012; Jiang, 2014;
Zhang et al., 2019). For the meta-analysis, histological outcomes
were pooled and analyzed using a random-effects model
(Figure 5). The analysis showed that MT significantly reduced
the histological scoring compared with the control (SMD = -3.46;
95% CI [-5.24, —1.68]; I* = 84%, p < 0.0001).

Serum Melatonin Levels in Osteoarthritis

The serum MT levels in OA and sham control groups were
measured at two time points (night = 2AM, day = 2PM) in three
studies (Huang et al., 2010a, 2010b; Jiang, 2014). For the meta-
analysis, serum MT level was pooled and analyzed using a
random-effects model. The analysis showed that serum MT
level significantly reduced in OA animals compared with the
sham control at mid-night (SMD = -150.63; 95% CI [-186.64,
-132.62,]; = 61%, p < 0.00001, Figure 6A). Likewise, serum MT
concentration declined in OA animals at day time (SMD =
-16.91; 95% CI [-23.57, —10.25]; I* = 55%, p < 0.00001,
Figure 6B).

Subgroup Analysis

Subgroup analysis was performed to investigate heterogeneity
among the studies. With regard to histological grading score,
we found considerable heterogeneity (I> = 84%). Thus, we
performed post-hoc subgroup analysis based on wider-CI
versus narrow-CI. The test for subgroup differences
indicated a statistically significant subgroup effect (p <
0.00001), implying that wider-CI subgroup relatively
produced a larger effect size than the narrow-CI subgroup.
Importantly, there is no heterogeneity between the trials
within each of these subgroups (wider-CI: I* = 0%; narrow-
CIL: I = 0%) (Figure 7).

Sensitivity Analysis

Sensitivity analysis by excluding individual studies revealed that
the IL-1p (Supplementary Table S3), and TNF-a
(Supplementary Table S4), MMP-13 (Supplementary Table
$5), and histological grading score (Supplementary Table S6)
results were not modified when compared to the overall effect and
their heterogeneity, indicating that our results were robust and
that similar results could be obtained after excluding any of the
included studies. The sensitivity analysis based on serum MT
level both time points indicated that heterogeneity decreased (I* =
0%) when reference (Huang et al., 2010b) was excluded; the
adjusted effect size were MD = -159.67; 95% CI [-173.73,

Frontiers in Pharmacology | www.frontiersin.org

131

September 2021 | Volume 12 | Article 714974


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sumsuzzman et al.

Melatonin, Anti-Arthritic Effect in Osteoarthritis

A
Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Jiang_2014 484.03 26.61 10 686.66 32.78 10  30.4% -6.50 [-8.91, -4.09] — &
Huang_2010b 496.62 26.18 10 684.84 32.73 10 34.1% -6.08 [-8.36, -3.80] —
Guo_2017 76.43 12.74 6 142.67 17.84 6 355% -3.94 [-6.18, -1.71] —
Total (95% Cl) 26 26 100.0%  -5.45[-6.78, -4.12] -
Heterogeneity: Chi2 = 2.77, df = 2 (P = 0.25); 1> = 28% = 1 5 5 > 5 1=0
Test for overall effect: Z = 8.03 (P < 0.00001) Favours [experimental] Favours [control]
B
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
Guo_2017 163.05 20.28 6 323.57 38.22 6 30.7% -160.52 [-195.14, -125.90] —
Hong_2017 105.6 9.6 8 168 4.8 8 34.6% -62.40 [-69.84, -54.96] =
Hong_2014 58.28 3.43 5 6057 457 5 34.7% -2.29[-7.30, 2.72] L
Total (95% Cl) 19 19 100.0% -71.63 [-127.20, -16.05] ‘
Heterogeneity: Tau? = 2308.99; Chi2 = 234.10, df = 2 (P < 0.00001); I2 = 99% _250 - 1=00 s 7 60 250
Test for overall effect: Z = 2.53 (P = 0.01) Favours [experimental] Favours [control]
C
Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Hong_2017 1.99 0.04 8 3.2 0.15 8 29.1% -10.42[-14.69, -6.15] —
Guo_2017 5.03 0.98 6 11.94 1.58 6 34.1% -4.85[-7.48, -2.23] ——
Hong_2014 8.41 0.39 5 878 0.2 5 36.9% -1.08 [-2.46, 0.30] -
Total (95% Cl) 19 19 100.0% -5.08 [-9.82, -0.34] <
Heterogeneity: Tau? = 15.34; Chi2 = 20.36, df = 2 (P < 0.0001); 1> = 90% -2=O _1‘0 0 1’0 2=0
Test for overall effect: Z = 2.10 (P = 0.04) Favours [experimental] Favours [control]

FIGURE 3| Forest plot showing the effects of MT on IL-1B, TNF-a, and MMP-13 levels. (A) IL-18 (B) TNF-a, and (C) MMP-13 levels. The unit for TNF-a is pg/ml. MT,
melatonin; IL-1p, interleukin-1f; TNF-a, tumor necrosis factor-a; MMP-13, matrix metalloproteinase-13; ClI, confidence interval.

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Hong_2014 1.03 0.02 5 0.98 0.07 5 41.5% 0.88 [-0.46, 2.21] T
Hong_2017 0.92 0.08 8 0.81 0.07 8 585% 1.38[0.26, 2.51] i
Total (95% CI) 13 13 100.0% 1.17 [0.31, 2.03] <&
Heterogeneity: Chiz = 0.32, df = 1 (P = 0.57); 12 = 0% t t t t
Test Il effect: Z = 2.67 (P = 0.007 & = o 2 0
est for overall effect: Z = 2.67 (P = 0.007) Favours [experimental] Favours [control]

FIGURE 4 | Forest plot showing the effects of MT on TGF-B1 levels. MT, melatonin
variable.

; TGF-B1, transforming growth factor-p1; Cl, confidence interval; IV, independent

—-145.62] and MD = -20.20; 95% CI [-25.78, —14.62] at2 AM and
2 PM, respectively (Supplementary Table S7, S8).

Systematic Review

Effects of Melatonin on Others Anabolic-Catabolic
Factors

Inflammatory cytokines, including IL-6, appear at higher
concentrations in the OA joint and are the major contributors
of altered chondrocyte function and cartilage degeneration (Hong
et al,, 2014). Our group has previously shown that serum IL-6
concentration was higher in collagenase-induced OA rats

compared with control, and MT treatment significantly
attenuated IL-6 level (p < 0.05) (Hong et al., 2014). Increased
vascular endothelial growth factor (VEGF) levels are involved in
OA-specific pathologies such as cartilage damage, osteophyte
formation, and pain (Hamilton et al, 2016). Recently, Hong
et al.(Hong et al,, 2017) demonstrated that treatment with MT
notably decreased VEGF level in an OA animal model when
compared with a vehicle-treated group (p < 0.05). Aggrecanase-1
(ADAMTS-4) inhibitors are considered to have potential
therapeutic strategy in the treatment of OA as their expression
is elevated during OA progression and they are responsible for
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Lim_2012 3.24 0.49 5 623 06 5 14.6% -4.93 [-7.97, -1.89] — &
Huang_2010b 35 03 10 72 08 10 18.3% -5.87 [-8.08, -3.66] —
Huang_2010a 6.9 0.57 10 10.8 0.92 10 19.8% -4.88 [-6.78, -2.98] — &
Jiang_2014 6 0.82 10 7.3 0.68 10 23.5% -1.65 [-2.70, -0.61] -
Zhang_2019 357 24 10 6.88 2.49 10 23.7% -1.30 [-2.28, -0.31] -
Total (95% Cl) 45 45 100.0% -3.46 [-5.24, -1.68] D
Heterogeneity: Tau? = 3.21; Chi? = 25.40, df = 4 (P < 0.0001); I* = 84% P 5 S 5 30
Test for overall effect: Z = 3.82 (P = 0.0001) Favours [experimental] Favours [control]

SD, standard deviation; IV, independent variable.

FIGURE 5 | Forest plot showing that MT treatment improved the histological score in OA models. Mankin grading score was used to assess the histological score
almost all studies, except Zhang et al. (OARSI scores). OA, osteoarthritis; OARSI, osteoarthritis research society international; I, heterogeneity; Cl, confidence interval;

A
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Huang_2010a 61.04 3.64 10 223.7 36.17 10 29.4% -162.66 [-185.19, -140.13] =
Huang_2010c 88.98 2.85 10 222.45 28.87 10 35.3% -133.47 [-151.45, -115.49] —
Jiang_2014 60.9 2.85 10 218.67 28.87 10 35.3% -157.77 [-175.75, -139.79] =
Total (95% CI) 30 30 100.0% -150.63 [-168.64, -132.62] L
Heterogeneity: Tau? = 154.93; Chi2 = 5.17, df = 2 (P = 0.08); I = 61% ; : g ’
e -200 -100 0 100 200
Test for overall effect: Z = 16.40 (P < 0.00001) Favours [Osteoarthritis] Favours [Sham]
B
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Huang_2010a 5241 7.09 10 7429 1212 10 29.7% -21.88[-30.58, -13.18] —
Huang_2010c 61.44 597 10 72.03 10.08 10 35.1% -10.59[-17.85, -3.33] -
Jiang_2014 53.03 5.97 10 72.06 10.08 10 35.1% -19.03[-26.29, -11.77] —
Total (95% Cl) 30 30 100.0% -16.91 [-23.57, -10.25] <
ity 2l . Chiz = = = - |2 = 559 I + + {
_I:etizl;ogeneltylAlT?fu : ;9_.145,9;)1 <gggbgf1 2 (P=0.11); I?=55% 100 50 50 100
est for overall effect: 2 =4.98 (P < 0. ) Favours [Osteoarthritis] Favours [Sham]

variable.

FIGURE 6 | Forest plot showing that serum MT levels. (A) 2 AM, and (B) 2 PM. The unit for MT is pg/ml. MT, melatonin; Cl, confidence interval, IV, independent

cartilage damage (Verma et al, 2016). Our colleagues also
previously disclosed that ADAMTS-4 level 1.5 times higher in
the collagenase-induced OA group than the control group,
whereas MT treatment markedly attenuated ADAMTS-4 (p <
0.05) (Hong et al., 2014). In the past, it has been shown that the
COX-2 enzyme plays a significant role in the development of OA
pathogenesis. Savtekin et al. (Savtekin et al., 2018) corroborated
with this finding and reported that MT treatment blocked the
COX-2 enzymatic activity in the zymosan-induced OA animal
model. However, MT treatment was not showed statistically
significant in reducing of COX-1 level (Savtekin et al., 2018).
In OA, mRNA expression of many anabolic factors such as
SOX-9, and COL2A1 gradually decreased, leading to cartilage
damage (Zhong et al., 2016). Interestingly, Hong et al. (Hong
et al.,, 2017) reported that MT treatment suppressed SOX-9, and
COL2A1 mRNA expression in collagenase-induced OA cartilage
compared with control. Conflicting evidence from the same

group of investigators show that MT may exert it’s protective
effects against OA by increasing COL2A1 protein synthesis
(Hong et al.,, 2014). Upregulation of anabolic factors, including
BMP-2 and basic fibroblast growth factor (bFGF) are also
associated with cartilage repair in the pathological features of
OA (Li et al, 2013; Chang et al, 2015) and previous studies
reported that MT treatment significantly elevated BMP-2 and
bFGF in OA rats (Huang et al., 2010c¢; Jiang, 2014).

Melatonin Combined With Other Interventions

The anti-arthritic effects of MT combined with strontium
ranelate, 5-Methoxytryptophol, exercise, and betamethasone
interventions were evaluated on the articular cartilage of OA
in rats. Savtekin et al. (Savtekin et al., 2018) reported that MT
combined with 5-Methoxytryptophol notably downregulated
COX-2 when compared with MT alone (p < 0.001). Although
MT in combination with exercise reduced the level of catabolic
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Wider confidence interval
Huang_2010a 6.9 0.57 10 10.8 0.92 10 19.8% -4.88 [-6.78, -2.98] —
Huang_2010b 35 03 10 72 08 10 18.3% -5.87 [-8.08, -3.66] -
Lim_2012 3.24 049 5 6.23 06 5 14.6% -4.93 [-7.97, -1.89] .
Subtotal (95% CI) 25 25 52.8% -5.23 [-6.53, -3.93] L 2
Heterogeneity: Tau? = 0.00; Chi* = 0.48, df =2 (P = 0.78); I> = 0%
Test for overall effect: Z = 7.87 (P < 0.00001)
2.1.2 Narrow confidence interval
Jiang_2014 6 0.82 10 7.3 0.68 10 23.5% -1.65[-2.70, -0.61] G
Zhang_2019 357 24 10 6.88 249 10 23.7% -1.30 [-2.28, -0.31] =
Subtotal (95% CI) 20 20 47.2% -1.46 [-2.18, -0.75] <&
Heterogeneity: Tau? = 0.00; Chi? = 0.24, df = 1 (P = 0.63); I = 0%
Test for overall effect: Z = 4.00 (P < 0.0001)
Total (95% Cl) 45 45 100.0% -3.46 [-5.24, -1.68] -
Heterogeneity: Tau? = 3.21; Chi? = 25.40, df = 4 (P < 0.0001); I = 84% B 1 5 5 53 f 1=0
Test for overall effec;t: Z=382 (Pl= 0.0001) Favours [experimental] Favours [control]
Test for subaroup differences: Chi? = 24.67, df = 1 (P < 0.00001), I> = 95.9%

FIGURE 7 | Subgroup analysis of histological score stratified according to the wide 95% Cl versus narrow 95% Cl. The test for subgroup differences showed a
statistically significant subgroup effect (p < 0.00001), indicating that the wide 95% CI subgroup produced larger effects. Furthermore, there is no heterogeneity between
the trials within each of these subgroups (wider-Cl: 12 = 0%; narrow-Cl: I = 0%). Cl, confidence interval; SD, standard deviation; IV, independent variable.

enzymes such as MMP-13, catabolic cytokines including TNF-
alpha and IL-6 were present significantly higher levels (Hong
et al, 2014). Besides, there was a significant difference in
histological grading score between MT plus betamethasone
and control groups (p < 0.05) (Huang et al, 2010b). Silva
et al. (Paulino Silva et al., 2021) reported administration of the
MT  combined with strontium ranelate presented
chondroprotective effects.

Modulatory Effects of Melatonin in Circadian Rhythms
The relationship between circadian misalignment and increase in
catabolic activities commonly appear during aging, which may
contribute to increasing OA susceptibility (Gossan et al., 2015).
Hong et al. reported that several catabolic factors, including
MMP-13, and VEGF were upregulated in OA cartilage when
the core circadian clock components such as Per2 (period
circadian regulator 2) and Cryl (Cryl cryptochrome circadian
regulator 1) genes were decreased (Hong et al., 2017). In contrast,
MT treatment not only reduced the catabolic factors in cartilage
tissue but also upregulated Per2 and mRNA levels than the
vehicle-treated group (Hong et al, 2017). However, the
expression of Bmall was unchanged with the MT-treated
group (Hong et al., 2017).

DISCUSSION

Preclinical trials are typically mandatory for developing and
evaluating an intervention prior to performing clinical trials in
humans. In addition, systematic reviews are crucial for translating
the results from preclinical to clinical trials (Lemon and Dunnett,
2005). The principal aim of this work was to provide evidence for
the therapeutic potential of MT in OA pathogenesis by the
maintenance of a/c homeostasis and modulation of circadian

rhythms. To our best knowledge, this is the first systematic review
and meta-analysis concerning the effects of MT on a/c balance
and modulation of circadian rhythms in OA. Our results suggest
that MT treatment increases TGF-B1 (anabolic factor), reduces
catabolic factors (IL-1P, TNF-a, and MMP-13), and reduces
histological grading score in OA animals. Furthermore, serum
MT level significantly declined in osteoarthritic animals than the
sham control group both at midnight and middle of the day.
Additionally, others anabolic factors (SOX-9, COL2A1, BMP-2,
and bFGF) and catabolic factors (IL-6, VEGF, ADAMTS-4, and
COX-2), combined effects of MT, and modulatory effects of MT
in circadian rhythms were systematically reviewed in the OA
animal models.

Accumulating  evidence  indicates  that  several
proinflammatory cytokines, including IL-1p, TNF-a, and IL-6,
trigger catabolic OA development (Mueller and Tuan, 2011).
Particularly, IL-1p plays a critical role in OA and is responsible
for the further induction of various catabolic enzymes, and
inflammatory mediators (Jia et al., 2017). Studies showed that
elevated IL-1p was observed in both synovial fluid and cartilage of
OA patients (Melchiorri et al.,, 1998). In this study, our results
showed that MT significantly inhibited the level of IL-1f. In
addition, MMP-13, and TNF-a production were also inhibited by
MT treatment. The results suggested that MT may protect OA by
inhibiting proinflammatory cytokines and catabolic enzymes.
These results are consistent with the findings of Guo et al
(2017), who found that MT treatment could inhibit IL-1,
TNFa and suppress MMP-13 in OA (Guo et al, 2017).
However, data related to TNF-a must be interpreted
cautiously because there was substantial heterogeneity (I* =
99%) and very wide (95%) CI. One possible explanation for
these high degrees of heterogeneity and wider 95% CI is that MT
may exert consistently better protective effects in OA
pathogenesis where pathogenesis is strongly associated with
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FIGURE 8 | Protective effects of MT during OA pathogenesis. MT, melatonin; OA, osteoarthritis; IL-1p, interleukin-1p; TNF-a, tumor necrosis factor-a; MMP-13,
matrix metalloproteinase-13; TGF-p1, transforming growth factor-p1; FGF, fibroblast growth factors; BMP-2, bone morphogenetic protein-2.

circadian disruption. For example, Guo et al. (Guo et al., 2015)
has shown that exposure to IL-1p severely altered circadian clock
gene expression in cartilage, but TNF-a did not have this type of
association. Furthermore, others catabolic factors such as IL-6,
VEGF, and ADAMTS-4 have been identified as critical players in
the pathogenesis and progression of OA (Mueller and Tuan,
2011; Hamilton et al., 2016; Verma et al., 2016), which are also
attenuated by MT treatment (Hong et al., 2014, 2017). Our
systematic review has reported that MT treatment suppressed
COX-2 enzymatic activity in an OA animal model, although the
COX-1 level remains unchanged (Savtekin et al., 2018). Previous
work demonstrates that COX-2, but not COX-1 induced by
catabolic mediators and COX-2 inhibitor showed the most
beneficial effects against articular tissue inflammation, whereas
COX-1 inhibitor produced unwanted gastrointestinal side effects
(Hawkey, 1999; Martel-Pelletier et al., 2003). Hence, MT can be
the drug of choice to manage OA pain due to most nonsteroidal
anti-inflammatory drugs (NSAIDs) have well-known adverse
effects (affecting the gastric mucosa, renal system,
cardiovascular system, hepatic system, and hematologic system
(Ghlichloo and Gerriets, 2021)).

In the present study, we found that MT might have a protective
effect against OA pathogenesis through the upregulation of TGF-
B1. Likewise, BMP-2, and bFGF are also unregulated by MT
treatment and shown beneficial effects in OA. These findings
may be associated with significant reduction of several catabolic
factors and regulation of circadian rhythm pathway. Recent studies
also support our idea that elevated expression of catabolic cytokines
and disruption of circadian core clock genes are responsible for
altered anabolic signaling that eventually promotes OA
pathogenesis (Akagi et al., 2017; Hong et al., 2017; Tang et al.,
2017; Fuetal., 2019; Hu et al., 2020). In addition, our meta-analysis
demonstrated that the serum MT level was notably decreased in
OA animals both mid-night (2AM) and middle of the day (2PM).
The results further strengthen our hypothesis that targeting a/c
homeostasis and regulating circadian rhythms by MT would be a

promising approach for the treatment of OA. Even though Hong
et al. (Hong et al, 2017) reported that Per2 and Cryl were
upregulated by MT treatment in OA cartilage, the Bmall
expression pattern remains unchanged. Interestingly, Fu et al.
(2019) (Fu et al, 2019) demonstrated that exogenous MT
upregulated Bmall, but downregulated Perl, in chondrocytes.
Further studies are required to investigate the differential role of
MT in different stages of OA pathogenesis. In our systematic
review, we reported MT treatment reduced SOX-9 and COL2A1
mRNA expression in one study (Hong et al.,, 2017), but another
study disclosed that COL2A1 protein level increased by MT (Hong
et al, 2014). A further study with more focus on mRNA and
protein levels of several anabolic factors, including SOX-9 and
COL2AL1 is therefore suggested.

Another important finding was that MT significantly reduced
the histological score when compared to the control group (p <
0.0001), but there was statistically significant heterogeneity (I* =
84%). Thus, we performed subgroup analysis according to wider-
CI versus narrow-CI. Our subgroup analysis indicates that the
wider-CI subgroup produced relatively a larger effect size than the
narrow-CI subgroup. Importantly, there is no heterogeneity
between these subgroups (I> = 0%). This finding suggests that
MT can be an attractive candidate for the treatment of OA
pathogenesis.

In this systematic review, we made great efforts to obtain
relatively objective results. First, we searched two legitimate
major electronic databases along with Chinese and grey
literature databases, and two authors independently
examined the retrieved trials to ensure that all relevant
studies were incorporated in the meta-analysis. Secondly,
two authors assessed the methodological quality of the
studies to decrease bias of the included trials and
eventually extracted the relevant data. Furthermore, the
data extraction was executed by two different authors to
ascertain that all of the data outputs were accurately
extracted and synthesized for the meta-analysis.
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However, this review had several limitations. Although the
potential source of heterogeneity has been investigated through
subgroup analysis, and leave-one-out sensitivity analyses, there
was substantial unexplained heterogeneity between trials for
TNF-a and MMP-13 outcomes. Further work is required to
know whether gender and age variables modify the MT effects
for TNF-a and MMP-13. Our risk of bias analysis using the
SYRCLE RoB tool indicated that all included studies had a high
risk of detection bias. Information regarding key measures
essential for bias reduction (e.g., allocation concealment,
random outcome assessment, and blinding) was often missing
or insufficiently reported. @We strongly recommend
improvements to the reporting system for animal models to
reduce the risk of bias. Also, deficiency of hormones such as
estrogen are directly associated the OA (Roman-Blas et al., 2009).
These hormones are also associated with the level of melatonin,
catabolic, and anabolic factors. Thus, a research is warranted to
explore the role of estrogen and associated hormones, with and
without melatonin.

In summary, this current study demonstrates that exogenous
MT prevents OA pathogenesis through the regulation of
circadian rhythms and a/c balance (Figure 8). However, these
results should be interpreted in light of the limitations in
methodological quality of the studies included in the meta-
analysis. Therefore, further studies are warranted to improve
study quality through better experimental design and reducing
the bias in animal trials.
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Objective: Avocado/soybean unsaponifiables (ASUs) are commonly used to treat OA
symptoms. However, there are many ASU mixtures on the market with differing
compositions and pharmacological activities. This study aimed to compare the
composition and pharmacological activity of seven commercially available ASU
products on human osteoarthritis chondrocytes.

Methods: The contents of the lipidic part of ASUs were characterized by gas
chromatography analysis using a VARIAN 3400 chromatograph. The pharmacological
activity of the ASU products was tested on human osteoarthritis chondrocytes cultured in
alginate beads. Their effects were evaluated on aggrecan, interleukin (IL)-6 and -8, and
matrix metalloproteases (MMP)-3 using immunoassays and on nitric oxide through
measurement of nitrite via spectrometry.

Results: PIASCLEDINE-EprSU® showed a specific profile with the presence of
chromatographic peaks corresponding to an alkyl furan fraction and alkyl triols.
PIASCLEDINE—EprSU®, Persemax, Insaponifiable 300, Arthrocen, and Arthocare
contained quantifiable amounts of tocopherol, while tocopherol was undetectable in
Avovida and Saponic. Squalene was found only in PIASCLEDINE—EprSU®. The
abundance of sterols varied depending on the product. PIASCLEDINE-EprSU® was
the most active of the tested ASU products in inhibiting nitric oxide, IL-6, and IL-8
production by chondrocytes. With the exception of Saponic and Persemax, all the
ASU mixtures either slightly or significantly increased aggrecan production. MMP-3

Abbreviations: AGG, aggrecan; ASU, avocado and soybean unsaponifiables; CM, cells with their associated matrix; DMEM,
Dulbecco’s modified Eagle’s medium; DNA, deoxyribonucleic acid; FID, flame ionization detector; FRM, further-removed
matrix; HEPES, N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid); IL-, interleukin; LDH, lactate dehydrogenase;
MMP, matrix metalloproteases; NaNO,, sodium nitrite; NO, nitric oxide; OA, osteoarthritis; PG, prostaglandin; RCT, ran-
domized controlled trials; SPI, septum-equipped programmable injector; SVOC, semi-volatile organic compounds; SYSADOA,
symptomatic slow-acting drugs in osteoarthritis.
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ASU Products’ Pharmacological Activity

levels were significantly decreased by Insaponifiable 300 and PIASCLEDINE—EprSU®

Conclusion: The composition of F’IASCLEDINE—EprSU® is different to that of the other
evaluated ASU mixtures. This specific composition explains its better pharmacological
activity, including the higher inhibitory effect on pro-inflammatory and pro-catabolic

in providing a basis for understanding the
in patients with osteoarthritis.

(patent number: 10688142). It has been shown that a fraction of
native furanic unsaponifiables specific to the avocado pericarp,
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and significantly increased by Saponic.

factors. Our findings are helpful

symptomatic effect of PIASCLEDINE—EX|OASU®

Keywords: unsaponifiable, avocado, soybean, osteoarthritis, chondrocytes
INTRODUCTION
Osteoarthritis (OA) affects around 500 million people

worldwide (Vos et al.,, 2017; Hunter et al., 2020) and is one
of the most common causes of physical disability among older
adults. Unfortunately, the chance of developing OA increases
with age and is also associated with other common diseases such
as diabetes (type 2) and cardiovascular diseases (Swain et al.,
2020). The main hallmark of the disease is a progressive
degradation of cartilage which is driven by a combination of
mechanical and biochemical factors (Loeser et al., 2012).
Chondrocytes play a key role by secreting locally abnormal
quantities of catabolic and pro-inflammatory mediators.
Therefore, regulation of chondrocyte metabolism remains a
target for OA treatments, with a potential structure-
modifying effect (Rahmati et al., 2016).

To date, there are few pharmaceutical options that can help
to safely relieve symptoms and none that can cure OA (Glyn-
Jones et al., 2015). Therefore, there is an important need for
efficient treatments that can delay both the structural and
clinical progression of the disease. One of the most widely
used treatments for OA is a product composed of avocado and
soybean unsaponifiables (ASUs), a member of the symptomatic
slow-acting drugs in osteoarthritis (SYSADOA) family (Edgard
Henrotin, 2018; Honvo_et al,, 2019). This product, called
PIASCLEDINE- EprSU is commerc1allzed as a drug in
many  countries (PIASCLEDINE®300,  Laboratoires
Expanscience, Courbevoie, France). This is the only ASU
product that has been rigorously investigated in robust
randomized controlled trials (RCTs) (Maheu et al., 1998;
Appelboom et al, 2001; Karel et 2010). It is a
pharmaceutical-grade product composed of a specific ratio
of avocado and soybean oil unsaponifiables (1:2 w/w)
obtained by a patented process that influences the
composition of the product (Maheu et al., 2014). Indeed,
while the extraction of unsaponifiable fractions from soy oil
does not represent any major hurdle, the extraction of
unsaponifiables from the avocado pericarp is technically
more complex because the high water content in the fruit
tends to chemically modify a number of bioactive lipids via
uncontrolled peroxidation and oxidization during the
extraction process. To c1rcumvent this, the process for
extracting PIASCLEDINE- EXpASU has been adapted to
include a drying step, whereby heat is used to remove the
water from the avocado fruit before initiating ASU extraction

al,,

identified as comprising persin compounds, undergoes
cyclization when the fruit is submitted to heating (Kashman
et al., 1969). This chemlcal transformation occurs during the
PIASCLEDINE- EprSU extraction process. The resulting
persin-derived compounds represent a major unsaponifiable
fraction in PIASCLEDINE- EprSU that cannot be found in
any other type of avocado extraction process, such as cold
pressure and centrifugation, or in soy unsaponifiables (Farines
etal,, 1995). Similarly, the spec1ﬁc process used for preparation
of PIASCLEDINE- EprSU leads to enrichment of the
avocado unsaponifiable fraction by alkyl triols, which has
been previously described (Kashman et al, 1969; Néeman
et al, 1970; Brown, 1973) (Laboratoires Expansc1ence,
Internal data). The composition of PIASCLEDINE- EprSU

is complex and typically contains 35% sterols, 25% tocopherols,
and 25% molecules from avocados that are obtained specifically
for this process. The pharmacological activities of this
compound have been well investigated, and the findings
have been summarized in a narrative review study (hdgjard
Henrotin, 2018). In summary, PIASCLEDINE- EprSU was
found to stimulate aggrecan (AGG) and inhibit the production
of interleukin (IL)-6 and -8, prostaglandin (PG) E2, and some
matrix metalloproteases (MMPs) in chondrocytes. It also
positively modulates the altered phenotype of OA
subchondral bone osteoblasts and reduces the production of
collagenases by synovial cells. At this time, four robust RCT's
have all demonstrated a beneficial symptomatic effect of
PIASCLEDINE- EXpASU in the treatment of hip or knee
OA (Maheu et al., 1998; Appelboom et al., 2001; Karel et al.,
2010; Anon, 2021a).

However, in the past years, many food supplements based on
ASUs that have emerged on the market in recent years are
claiming to have similar pharmacological activities and
alleging more or less clearly the same clinical and safety
profile as PIASCLEDINE- EprSU (Ghasemian et al., 2016).

This study aimed to compare the composition and
pharmacological activity of products composed of ASUs
available on the market, including PIASCLEDINE- EXpASU
These products were chosen because they were the most
representative products in different regions. More precisely, we
studied the chromatographic pattern of these compounds and
their effects on human OA chondrocytes in alginate bead
cultures.
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MATERIALS AND METHODS

Products Investigated

The following products were included in the study: Arthocare
(Bonapharm S.A.C., Lima, Peru), Arthrocen (Pharmin
United States, LLC, San Jose, CA, United States), Avovida
(Pharma Nature, Saint Hippolyte du Fort, France),
Insaponifiable 300 (GIPHAR Group, Paris, France), Persemax
(Laboratorios ~ Synthesis =~ SAS,  Bogota,  Colombia),
PIASCLEDINE-EXpASU® (Laboratoires Expanscience,
Courbevoie, France), and Saponic (Laboratorio Gador La Paz,
Montevideo, Uruguay). All products were presented as 300 mg
capsules.

Analytical Assays

For each product, the mass of 20 individual capsules was weighed
and recorded. The content of the capsules was collected and
subjected to Soxhlet extraction using chloroform. Soxhlet
extraction is a very standard and well-recognized method that
leads to the extraction of water-insoluble and slightly water-
soluble organics identified as semi-volatile organic compounds
(SVOCs) (Abubakar and Haque, 2020). The mass of the SVOC
fraction was determined by gravimetry and recorded as the lipidic
part. The contents of the lipidic part were characterized by gas
chromatography analysis using a VARIAN 3400 chromatograph
equipped with a septum-equipped programmable injector (SPI),
a flame ionization detector (FID), and a capillary column with
5%-phenyl-95%-methylpolysiloxane as the stationary phase and
helium as the mobile phase. A solution of squalene at 0.2% (m/v)
in hexane and a solution of avocado oil unsaponifiables at 0.4%
(m/v) and soybean oil unsaponifiables at 0.8% (m/V) in
chloroform were used as standards for the identification of
unsaponifiables. Quantification was performed by gas
chromatography using purified alkyl furans and alkyl triols in
addition to aliphatic alkane fractions from avocado, purified
sterol fractions from soy, and tocopherol standards.

Patients

OA human articular cartilage was obtained from 12 different
patients (five women and seven men; mean age of 62 + 6.2 years)
with knee OA at the time of total knee joint replacement surgery.
All the subjects provided their informed consent, and ethical
approval (ethics committee agreement of Liége University, no.
B70720108313) was granted for this study.

Cartilage Processing and Chondrocyte

Culture in Alginate Beads

To allow testing the product on primary human OA
chondrocytes, which are one of the therapeutic targets of ASU,
we used freshly isolated chondrocytes expressing inflammatory
phenotypes defined by a high rate of IL-6 production (up to
40 ng/ug DNA). To obtain OA chondrocytes, the following
process was used: 1. On dissection, the femoral, patellar, and
tibial articular surfaces were evaluated for gross morphological
modifications of cartilage according to the Collins diagram

ASU Products’ Pharmacological Activity

(Collins D and McElligott T, 1960). The severity of lesions
was, thus, recorded for each sample. Different grades were
considered: 0, normal white cartilage in all areas examined; I,
the presence of a yellow-gray area with some superficial
fibrillations on one or more articular surfaces; II, irregular
surface with deep fibrillations on one or more articular
surfaces; III, subchondral bone denudation on one or more
articular surfaces, in less than 50% of the most damage
compartment; and IV, subchondral bone denudation on more
than 50% of the articular surface at least in one tibial plateau. All
donors showed OA cartilage lesions of grade III to IV. 2. We
evaluated the IL-6 levels produced by cultured chondrocytes
using an immunoassay.

Full-depth articular cartilage was excised and immersed in
Dulbecco’s modified Eagle’s medium (DMEM) (with phenol red
and 4.5 g/L of glucose) supplemented with N-(2-hydroxyethyl)
piperazine-N’-(2-ethanesulfonic ~ acid) (HEPES) 10 mM,
penicillin (100 U/ml), and streptomycin (0.1 mg/ml) (all from
Biowest, Nuaillé, France). After three washes, the chondrocytes
were released from the cartilage by sequential enzymatic
digestions with 0.5 mg/ml of hyaluronidase type IV-S (Sigma-
Aldrich, Bornem, Belgium) for 30 min at 37°C, 1 mg/ml of
pronase E (Merck, Leuven, Belgium) for 1h at 37°C, and
0.5mg/ml clostridial collagenase IA (Sigma-Aldrich) for
16-20h at 37°C. The enzymatically isolated cells were then
suspended in alginate beads, as previously described (Sanchez
et al., 2002), and maintained in culture for 12 days in DMEM
supplemented with 1% ITS+ (Lonza, Verviers, Belgium), 10 mM
HEPES, penicillin (100 U/ml) and streptomycin (0.1 mg/ml),
200 pg/ml of glutamine (Lonza), 50 pg/ml of ascorbic acid
(Sigma-Aldrich), and 2 mM proline (Sigma-Aldrich). The cells
remained in this culture medium (washout medium) for 48 h.
After this washout period, the culture medium was changed every
3 days, and the collected supernatants were stored at —20°C until
analysis. The chondrocytes were cultured for 12 days either
without any ASU (neggtive control, Ctl) or with 10 pg/ml
PIASCLEDINE-ExpASU  or one of the six other nutraceutical
products being evaluated in comparison, namely, Arthocare,
Avovida, Arthrocen, Insaponifiable 300, Persemax, or Saponic
(3 wells/condition). At the end of the culture period, the culture
medium was carefully discarded, and the beads were dissolved in
1 ml of 0.1 M citrate for 10 min. The resulting suspension was
centrifuged at 1,200 rpm for 10 min. With this method, two
fractions were collected: the supernatant containing
macromolecules originating from the further-removed matrix
(FRM) and a pellet containing cells with their associated
matrix (CM).

Twelve cultures have been performed. Each culture was
performed with chondrocytes coming from one single cartilage
specimen. Given the limited number of cells per specimen, it was
not possible to test all products on the same specimen. Therefore,
the products were separated into two groups. Each group was
composed of 3 products and the reference product
PIASCLEDINE—EprSU®. Each product group has been tested
on six independent cultures. Each culture condition was
performed in triplicates.

Frontiers in Pharmacology | www.frontiersin.org

M

January 2022 | Volume 12 | Article 781389


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Lambert et al.

ASU Products’ Pharmacological Activity

TABLE 1 | Product composition by comparison of gas chromatography profiles. The results are expressed in milligrams per capsule (mg/capsule) for each indicated fraction.

Piascledine E-ASU Persemax

Mass (mg/capsule) 307.0 356.6
Lipid content (mg/capsule) 305.5 185.1
Alkyl furans (mg/capsule) 65.2 + 2.0 Absence
Alkyl triols & aliphatic alkanes (mg/capsule) 3.0-15.0 Absence
Tocopherols (mg/capsule) 73.7 £ 41 1.8
Sterols (mg/capsule) 106.0 + 5.1 124.0
Squalene (mg/capsule) 2.0-30.0 Absence

DNA Assay

The DNA content of the culture was measured according to the
fluorometric method using Hoechst (Labarca and Paigen, 1980).

Immunoassay for Aggrecan, Interleukin-6

and -8, and MMP-3

The total AGG production corresponded to the AGG
accumulated in the alginate beads. AGG at D12 and IL-6, IL-
8, and MMP-3 only in the supernatant (cumulative production
D3_D6_D9 and D12) were measured by specific enzyme-
amplified sensitivity immunoassays (Invitrogen, Merelbeke,
Belgium).

LDH Assay

Cell viability was estimated by quantifying the release of LDH in
the culture supernatant, as previously described (Mathy-Hartert
et al, 2009). A sample of the supernatant or dilutions of the
standard solution (LDH from rabbit muscle) was mixed with Tris
buffer [10 mM Tris-HCl (pH 8.5) and, 0.1% bovine serum
albumin] containing 800 mM lactate. Then, a colorimetric
reagent containing 1.6 mg/ml iodonitrotetrazolium chloride
(Sigma-Aldrich), 4 mg/ml nicotinamide adenine dinucleotide
(Roche Diagnostics, Brussels, Belgium), and 0.4 mg/ml
phenazine methosulfate (Sigma-Aldrich) was added, and the
absorbance at 492 nm was read after 10 min of incubation at
room temperature.

Nitric Oxide Assay

Nitrite and nitrate are stable end products of nitric oxide. Nitrate
was reduced to nitrite by its addition to the supernatant of nitrate
reductase (0.25 U/ml) for 20 min at 37°C. The cumulative nitrite
concentrations in conditioned culture supernatants after 3, 6, 9,
and 12 days of culture were determined via a spectrophotometric
method based upon the Griess reaction. The absorption was
measured at 540 nm. Sodium nitrite (NaNO,) was used for
calibration.

Statistical Analysis

Data from in vitro experiments were analyzed and compared
using a paired Student’s t-test and bilateral hypothesis followed
by Bonferroni adjustment. Differences considered
significant when p < 0.05. Data are presented as histograms.
The exact p values are provided, and asterisk representations were
also performed. All data were analyzed by R software.

were

Saponic Arthrocen Arthocare Avovida Insaponifiable 300

352.0 3725 773.3 296.8 381.0

133.0 212.0 666.8 220.8 201.4
Absence Absence Absence Absence Absence
Absence Absence Absence Absence Absence
Absence 1.5 0.1 Absence 1.8

102.0 126.8 195.4 138.4 154.2
Absence Traces Traces (0.2) Absence Traces (0.4)

RESULTS

ASU Products Composmon

For all the products except Piascledine 300, the lipidic part
extracted by the Soxhlet device represented less than 300 mg/
capsule lipidic part, while the PIASCLEDINE- EprSU capsules
contained 305.5 mg of the lipidic part (Table 1).

The composition of the products was compared by
superimposing their chromatographic profiles (Figure 1). The
purified standard of unsaponifiable fractions from avocados and
soybeans was used for characterization and quantification.
PIASCLEDINE- EXpASU showed a specific profile with the
presence of chromatographic peaks corresponding to alkyl
furans and alkyl triols. Subsequent quantification showed that
the PIASCLEDINE- EXpASU product contained 65.2 + 2.0 mg/
capsule of alkyl furans and 3.0-15.0 mg/capsule of alkyl triols and
aliphatic alkane fractions. All other products investigated in our
study were devoid of these unsaponifiable compounds (Table 1).

Arthocare (0.1 mg/capsule), Arthrocen (1.5 mg/capsule),
Insaponifiable 300 (1.8 mg/capsule), Persemax (1.8 mg/
capsule), and PIASCLEDINE- EprSU (73.7 mg/capsule)
contained quantifiable amounts of tocopherol, while
tocopherol was undetectable in Avovida and Saponic. Only
PIASCLEDINE- EprSU contained squalene (2 mg/capsule).
The sterol content varied depending on the product: 102 mg/
capsule in Saponic, 106 mg/capsule in PIASCLEDINE-ExpASU ,
124 mg/capsule in Persemax, 126.8 mg/capsule in Arthrocen,
138.4 mg/capsule  in  Avovida, 1542 mg/capsule  in
Insaponifiable 300, and 195.4 mg/capsule in Arthocare.

NO Production

Primary OA human chondrocytes were cultured for 12 days in
alginate beads with or without ASU products. Cell viability,
evaluated by LDH release and DNA content, were not affected
by the tested compounds (data not shown).

Under basal conditions, the NO production was 69.11 +
20.08 nmoL/ug of DNA. s illustrated in Figure 2, Arthrocen,
PIASCLEDINE- EprSU and Persemax 31gn1ﬁcantly decreased
NO production (Ctl vs. PIASCLEDINE- EprSU :p <0.0001; Ctl
vs. Arthrocen: p = 0.01563; Ctl vs. Persemax: p = 0.00044).
However, the effects of PIASCLEDINE- EprSU on NO
production were significantly higher than those of other
compounds (p < 0.0001). In contrast, Arthrocare, Avovida,
Insaponifiable 300, and Saponic had no significant effect on
NO production.
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FIGURE 1 | Typical gas chromatography profiles of the products. (A)

PIASCLEDINE—EprSU®; (B) Saponic; (C) Persemax; (D) Arthocare; (E)

Avovida; (F) Insaponifiable 300; and (G) Arthrocen. For each product, the

mass of 20 individual capsules was weighed and recorded. The content

of the capsules was collected and subjected to a Soxhlet extraction using

chloroform. The mass of the SVOC fraction was determined by gravimetry and
(Continued)

FIGURE 1 | recorded as the lipidic part. The contents of the lipidic part were
characterized by gas chromatography analysis using a VARIAN 3400
chromatograph. The composition of the products was compared by
superimposing their chromatographic profiles. The purified standard of
unsaponifiable fractions from avocado and soybean was used for
characterization and quantification.
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FIGURE 2 | Effect of ASU products tested on total NO production. The
chondrocytes were cultured for 12 days either without any ASU (negative
control, Ctl) or with 10 pg/ml of either PIASCLEDINE—EprSU® (PIAS) or one
of the six other nutraceutical products being evaluated in comparison,
namely, Avovida, Arthrocen, Arthocare, Insaponifiable 300 (Insa 300),
Persemax, or Saponic. Each product has been tested on six independent
cultures. Each culture condition was performed in triplicates. The results are
expressed as the percent control and represented by the mean + SD. ***p <
0.0001 versus PIASCLEDINE-ExpASU®.

AGG Production

Except for Persemax and Saponic, all other products either
slightly or significantly increased the total AGG production by
human OA chondrocytes (Ctl vs. PIASCLEDINE—EprSU®: p=
0.10116; Ctl vs. Arthrocen: p = 0.04979; Ctl vs. Arthocare: p =
0.00010; Ctl vs. Persemax: p = 0.00063) (Figure 3).

Interleukin-6

Except for Avovida and Saponic, all other products significantly
decreased IL-6 production by human OA chondrocytes (Ctl vs.
PIASCLEDINE—EprSU®: p < 0.0001; Ct vs. Arthrocen: p =
0.00031; Ctl vs. Arthocare: p = 0.00244; Ctl vs. Insaponifiable 300:
p = 0.00038; Ctl vs. Persemax: p = 0.00014) (Figure 4). However, the
inhibitory effect of PIASCLEDINE-ExpASU® was significantly
higher than that of the other compounds (p < 0.0001).

Interleukin-8
As illustrated in Figure 5, except for Avovida and Arthocare, all
other ASU products significantly decreased IL-8 production by
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FIGURE 3 | Effect of ASU products tested on total AGG production. The
chondrocytes were cultured for 12 days either without any ASU (negative
control, Ctl) or with 10 pg/ml of either PIASCLEDINE-EprSU® (PIAS) or one
of the six other nutraceutical products being evaluated in comparison,
namely, Avovida, Arthrocen, Arthocare, Insaponifiable 300 (Insa 300),
Persemax, or Saponic. Each product has been tested on six independent
cultures. Each culture condition was performed in triplicates. The results are
expressed as the percent control and represented by the mean + SD. *p <
0.05 versus PIASCLEDINE-ExpASU°.

chondrocytes (Ctl vs. PIASCLEDINE-EprSU®: p < 0.0001; Ctl
vs. Arthrocen: p = 0.00711; Ctl vs. Insaponifiable 300: p = 0.00658;
Ctl vs. Persemax: p = 0.00192; Ctl vs. Saponic: p = 0.00603).
However, the inhibitory effect of PIASCLEDINE-ExpASU” was
significantly higher than that of the other compounds (p <
0.0001).

Matrix Metalloprotease-3
PIASCLEDINE-ExpASU” and Insaponifiable 300 significantly
decreased the basal production of MMP-3 (Ctl wvs.
PIASCLEDINE—EprSU®: p = 0.00019; Ctl vs. Insaponifiable
300: p = 0.00204) while Arthocare, Arthrocen, Avovida, and
Persemax had no significant effects, and Saponic significantly
increased MMP-3 production (Ctl vs. Saponic: p = 0.04103)
(Figure 6).

DISCUSSION

ASU products are commonly used to treat OA patients. They are
members of a class of drugs called SYSADOA, which have been
recommended by many scientific and medical societies for
relieving OA symptoms (Jordan et al, 2003; Zhang et al,
2005; Anon 2021b). However, ASU products may differ in
their composition as a consequence of their manufacturing
process. Until now, the composition of the main ASU

ASU Products’ Pharmacological Activity

products available on the market had never been compared.
Moreover, it has never been demonstrated how the
composition of ASU products might influence their
pharmacological activity. For the first time, our study
compared the chromatographic profiles of seven ASU products
commercially available with the aim of identifying differences in
their pharmacological activity on human OA chondrocytes. As
chondrocytes are key players in cartilage degradation in OA, our
study also contributes to identifying which ASU product
components may be significant in explaining differences in the
pharmacological activity of ASU products.

Our characterization ®clearly of ASU products shows that
PIASCLEDINE-ExpASU has a unique composition
characterized by the presence of alkyl furans, alkyl triols, and
squalene. These compounds were absent in all of the other
mixtures, indicating that these molecules could be responsible
for the different pl}@armacological activity  profiles o@f
PIASCLEDINE-ExpASU . Indeed, PIASCLEDINE-ExpASU
was the most effective inhibitor of NO, IL-6, IL-8, and MMP-
3. The unique formulation of PIASCLEDINE—EprSU® is
obtained by a particular proprietary-patented process. Our
results confirmed those of a previous study conducted by the
manufacturer (Msika et al., 2008), which demonstrated that the
commercial nutraceutical products called Dasuquin and Avoca
ASU (Nutramax, United States) totally differ in composition
from the common and natural sterol-based avocado and
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FIGURE 4 | Effect of ASU products tested on total IL-6 production. The
chondrocytes were cultured for 12 days either without any ASU (negative
control, Ctl) or with 10 pg/ml of either F’IASCLEDINE—EprSU® (PIAS) or one
of the six other nutraceutical products being evaluated in comparison,
namely, Avovida, Arthrocen, Arthocare, Insaponifiable 300 (Insa 300),
Persemax, or Saponic. Each product has been tested on six independent
cultures. Each culture condition was performed in triplicates. The results are
expressed as the percent control and represented by the mean + SD. ***p <
0.0001 versus PIASCLEDINE—EprSU®.
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FIGURE 5 | Effect of ASU products tested on total IL-8 production. The
chondrocytes were cultured for 12 days either without any ASU (negative
control, Ctl) or with 10 pg/ml of either PIASCLEDINE-EprSU® (PIAS) or one
of the six other nutraceutical products being evaluated in comparison,
namely, Avovida, Arthrocen, Arthocare, Insaponifiable 300 (Insa 300),
Persemax, or Saponic. Each product has been tested on six independent
cultures. Each culture condition was performed in triplicates. The results are
expressed as the percent control and represented by the mean + SD. “*p <
0.0001 versus PIASCLEDINE-ExpASU®.

soybean unsaponifiables and also from Piascledine 300, namely,
in the absence of or not having detectable levels of specific
molecules from common natural avocado unsaponifiables such
as the key molecule citrostadienol, the absence of alkyl furans,
alkyl triols, and squalene and finally, the presence of
brassicasterol, which is highly specific for rapeseed oil and
related unsaponifiables (Msika et al., 2008).

Another major constituting element of ASU mixtures are the
phytosterols beta-sitosterol, campesterol, and stigmasterol. Lippiello
et al. compared the sterol composition of NMX-1000™ and
Piasceldine 300 and tested the influence of the sterol content on
the upregulation of glycosaminoglycan and collagen synthesis by
bovine chondrocytes in vitro and on the upregulation of PGE, in an
IL-1-induced in vitro model of articular cartilage breakdown
(Lippiell% et al, 2008). They reported that PIASCLEDINE-
ExpASU  has a different gas chromatographic profile to NMX-
1000™ with three additional major unidentified peaks, while the
total content of sterols was similar. This confirms our data showing
that PIASCLEDINE—EXpASU® has a unique composition. However,
in contrast to our study, they showed that both ASU products,
equalized to contain equivalent sterol contents, had similar
metabolic effects on articular chondrocytes. The two products
inhibited prostaglandin synthesis, metalloprotease activity, and
the release of radiolabeled sulfate from pre-labeled cartilage. This
discrepancy can be explained by differences in the methodological
approach used to test the pharmacological activity of ASUs. We used

ASU Products’ Pharmacological Activity

human chondrocytes in alginate beads, while Lippiello et al. used
bovine monolayer chondrocytes and cartilage explants.
Furthermore, the length of time of cell exposure to the tested
components also drastically differed. In our study, cells were
treated for 12 days while in the study of Lippiello et al, the
exposure time was shorter. Another major difference between the
two studies was that we used doses of ASUs by weight in contrast to
Lippiello et al. who standardized according to the sterol content.
Finally, the investigated parameters were different. We tested the
effects of ASUs on NO, IL-6, and IL-8, main inflammatory
mediators implicated in OA pathogenesis. Through cytokine-
induced MAP kinases, NF-kB activation, and oxidative
phosphorylation, these mediators contribute to systemic
inflammation (Lambert et al,, 2021). These parameters were not
explored by Lippiello et al. Interestingly, in our study, this product
did not have the highest level of sterols of the evaluated ASUs but
was the® most active. Indeed, compared to PIASCLEDINE-
ExpASU , Arthocare contained almost twice the amount ofsterols
but did not demonstrate effective inhibition of MMP-3, NO, and IL-
8 and was significantly less effective on IL-6 than PIASCLEDINE-
ExpASU . Furthermore, surprisingly, there was an absence of effects
for Avovida. This can be explained by the absence of four key
components in its composition. In addition to the absence of alkyl
furans, alkyl triols, and squalene, Avovida does not contain
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FIGURE 6 | Effect of ASU products tested on total MMP-3 production.

The chondrocytes were cultured for 12 days either without any ASU (negative
control, Ctl) or with 10 pg/ml of either F’IASCLEDINE—EprSU® (PIAS) or one
of the six other nutraceutical products being evaluated in comparison,
namely, Avovida, Arthrocen, Arthocare, Insaponifiable 300 (Insa 300),
Persemax, or Saponic. Each product has been tested on six independent
cultures. Each culture condition was performed in triplicates. The results are
expressed as the percent control and represented by the mean + SD. *p <
0.05 versus PIASCLEDINE—EprSU®, **p < 0.01 versus PIASCLEDINE-
EprSU®, 0 < 0.001 versus PIASCLEDINE—EprSU®, and ***p < 0.0001
versus PIASCLEDINE-ExpASU®.
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tocopherols. These data suggest that tocopherols could play a role in
determining the pharmacological activities of ASU mixtures.

There are some limitations to our study with regard to
interpreting the impact of composition on the pharmacological
activity. One is the lack of definitive identification of the various
minor components of the ASUs. Another is the small number of
parameters investigated. It is possible that when assessing other
parameters, the activity of ASU products would show different
trends. Finally, we investigated a limited number of products. We
cannot exclude the possibility that other commercially available
products not studied here may show effects comparable to
PIASCLEDINE-ExpASU".

In cogclusion, our study demonstrates that PIASCLEDINE-
ExpASU has a unique composition characterized by the
presence of alkyl furans, alkyl triols, and squalene. This
specific composition can explain its higher efficacy on pro-
inflammatory and pro-catabolic mediators compared to other
ASU products. Our data also confirm that PIASCLEDINE-
EprSU® shows beneficial effects on the chondrocyte
metabolism via AGG, which could explain, in part, its clinical
efficacy in OA patients. Therefore, to extrapolate the clinical data
obtained with one ASU formulation to another one remains fully
speculative. Our findings justify investigating each ASU product
in clinical trials before claiming any efficacy with respect to OA
symptoms.
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It is a viable strategy to inhibit osteoclast differentiation for the treatment of osteolytic
diseases such as osteoporosis, rheumatoid arthritis and tumor bone metastases. Here we
assessed the effects of insulicolide A, a natural nitrobenzoyl sesquiterpenoid derived from
marine fungus, on receptor activator of nuclear factor-kB ligand (RANKL)-stimulated
osteoclastogenesis in vitro and its protective effects on LPS-induced osteolysis mice
model in vivo. The results demonstrated that insulicolide A inhibited osteoclastogenesis
from 1 uM in vitro. Insulicolide A could prevent c-Fos and nuclear factor of activated T-cell
cytoplasmic 1 (NFATc1) nuclear translocation and attenuate the expression levels of
osteoclast-related genes and DC-STAMP during RANKL-stimulated osteoclastogenesis
but have no effects on NF-kB and MAPKSs. Insulicolide A can also protect the mice from
LPS-induced osteolysis. Our research provides the first evidence that insulicolide A may
inhibit osteoclastogenesis both in vitro and in vivo, and indicates that it may have potential
for the treatment of osteoclast-related diseases.

Keywords: insulicolide A, osteoclast, receptor activator of nuclear factor-«xB ligand (RANKL), LPS, nuclear factor of
activated T-cells cytoplasmic 1 (NFATc1)

INTRODUCTION

Bone resorption and formation are keeping a dynamic balance to maintain skeletal renewal and
integrity. However, hyperactivity of osteoclast can lead to bone osteoclastic diseases such as
osteoporosis, rheumatoid arthritis (RA), and tumor bone metastases (Perpetuo et al., 2017;
Tsukasaki and Takayanagi, 2019; Gy6ri and Mdcsai, 2020; Kim et al., 2020; Liu et al., 2021).
Therefore, targeting osteoclast formation has been regarded as a practicable treatment strategy to
improve the prognosis of patients with bone destructive diseases (Broadhead et al., 2011; Stickeler
and Fehm, 2014).

Osteoclasts, originate from bone marrow mononuclear macrophage lineage, are multinuclear and
functioning as bone-resorbing cells (Boyle et al., 2003). Both receptor activator of nuclear factor-xB
ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) are essential for proliferation
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and differentiation of osteoclast (Arai et al., 1999; Cappellen et al.,
2002; Lorenzo, 2017). Once RANKL is bound to its homologous
receptor RANK, it first engages the adaptor protein tumor
necrosis factor receptor-associated factor 6 (TRAF6) (Tanaka
et al., 2005), then quickly triggers the signal cascade including
nuclear factor NF-kB, mitogen-activated protein kinases
(MAPKs) (Matsumoto et al., 2000; Li et al., 2003; Wada et al,,
2006; Lee et al., 2016), followed by activating c-Fos (Grigoriadis
et al., 1994). Activated NF-xB or c-Fos can induce the activation
and amplification of the downstream nuclear factor of activated
T-cell cytoplasmic 1 (NFATc1), which can initiate the expression
of osteoclast-related genes including OSCAR, Blimpl, DC-
STAMP, cathepsin K, TRAP, and so on (Takayanagi et al,
2002; Edwards and Mundy, 2011).

Natural products from marine fungus have become a rich
source for developing novel drugs for the treatment of various
diseases (Kang et al, 2015; Malve, 2016). Nitrobenzoyl
sesquiterpenoids (NSs) represent a novel and rare class of
compounds isolated from marine fungi, and only seven are
identified until now (Wu et al., 2012; Zhao et al., 2016; Tan
et al,, 2018). We have identified one NS compound, 63,9«-
dihydroxy-14-p-nitrobenzoylcinnamolide (NS4), having the
potential to suppress osteoclast formation by inhibiting NF-
kB/RelB signaling pathway via binding to Arg B246 of NF-«xB
P65 (Tan et al., 2020). Another NS compound, insulicolide A,
isolated from the marine-derived fungus Aspergillus ochraceus,
has demostrated antiinflammation and antitumor activity in vitro
(Wang et al.,, 2014; Guo et al., 2018). However, the influence of
insulicolide A on osteoclast differentiation in vitro and bone lysis
in vivo is not yet known.

Here, our study evaluated the suppressive effect of insulicolide
A on RANKL-stimulated bone marrow monocytes (BMMs)-
derived osteoclastogenesis in vitro, and tested the potential
protective effects of insulicolide A on a LPS-induced osteolysis
mice model in vivo. Insulicolide A mitigated osteoclastogenesis by
preventing activation of c-Fos and NFATcI but not affecting NF-
kB signaling pathway.

METHODS

Reagents and antibodies

Insulicolide A was extracted from the cultured Aspergillus
ochraceus JcmalF17 derived from marine fungus according to
the methods described previously (Tan et al., 2018). The structure
of the compound was identified by both high-resolution mass
spectrometry (HRMS) and nuclear magnetic resonance (NMR).
The purity of the sample was more than 95% as analyzed by high-
performance liquid chromatography (HPLC). The compound
was kept under —20°C for long-term storage and dissolved in
dimethyl sulfoxide to a concentration of 10 mM as a reserve
before usage. Our previous study described the extracting craft
and structure of insulicolide A (Wu et al., 2012; Zhao et al., 2016;
Tan et al, 2018). RAW264.7 cells stably transfected with
luciferase reporter genes of NF-kB and NFATcl1 is a gift from
Professor Xu (University of Western Australia, Nedlands,

Insulicolide A Inhibits Osteoclastogenesis

Australia). Dulbecco’s modified Eagle’s medium (DMEM) and
alpha minimum essential medium (a-MEM) were provided by
Gibco (Rockville, MD, USA). Recombinant mouse M-CSF and
RANKL are both from R&D (Minneapolis, Minnesota, USA).
MTT, TRAP assay Kit, BAY11-7082, and CSA were all provided
by Sigma- Aldrich (St. Louis, MO, USA). Osteo Assay Surface
Polystyrene Microplates were provided by Corning (St. Lowell,
MA, USA). qPCR Master Mix were obtained from Promega
(United States). RNeasy kit and PrimeScript RT reagent kit
were purchased from TaKaRa (China). Nuclear isolation kit
was obtained from Cayman Chemicals (Ann Arbor, MI, USA).
Rabbit mAbs of p65 (#49445), NFATc1 (#8032), p-ERK (#4370),
ERK (#4695), p-p38 (#9215), p38 (#9255), p-JNK (#9255), JNK
(#9215), c-Fos (#2250), B-actin (#3700), and murine mAb
of lamin A/C (#4777) were all provided by CST (Beverly,
MA, USA).

Mice

Mice of C57BL/6] and ICR were provided by the medical
animal center in Guangdong province, China. The mice were
housed in an environment with the temperature of 22-24°C, a
light/dark cycle of 12h and 50-55% humidity. Water and
food were provided at liberty. Animal studies were approved
by the Committee of the animal protection and utilization of
Southern Medical University and institutional animal
protection and utilization of Guangxi Normal University.

Cell culture

The marrow cavity of C57BL/6] mice with 6-8 weeks of age was
exposed and flushed with sterile PBS under sterile conditions.
Cells were then collected, and red blood cells were lysed
accordingly. The obtained cells were incubated in a-MEM
medium including 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, and 50 ng/ml of M-CSF, and then
nonadherent cells were collected for subsequent use. The
mouse RAW264.7 cells transfected with luciferase reporter
gene of NFATcl were incubated in complete DMEM with
10% FBS in an incubator with 5% CO, at 37°C.

Cell viability assay

BMMs (1 x 10 cells/well) with or without insulicolide A were
treated in a-MEM medium supplemented with 50 ng/ml of
M-CSF for 4 days. MTT assay was used to test cell viability
following the instructions of the manufacturer.

Osteoclastogenesis and tartrate-resistant

acidic phosphatase assay

For osteoclastogenesis assay, BMMs (1 X 10* cells/well) were
first incubated with different levels of insulicolide A in a 96-
well plate, then stimulated with 100 ng/ml of RANKL or 100 ng/
ml of LPS and 50 ng/ml of M-CSF for 3 days. After that, the cells
were fixed in 2.5% glutaraldehyde and then stained to assay
tartrate-resistant acidic phosphatase (TRAP) activity. Images
were taken, and quantitation of osteoclasts (nuclei>5 for
BMMs) were counted.

Frontiers in Pharmacology | www.frontiersin.org

149

January 2022 | Volume 12 | Article 753240


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Tan et al.

Bone resorption pit assay
BMMs (1 x 10* cells/well) were first incubated in Osteo Assay

Surface Polystyrene Microplate, then administered with
insulicolide A at different concentrations, stimulated by
50 ng/ml of M-CSF and 100 ng/ml of RANKL for 7 days.
After that, 10% bleach solution was used to wash the cells.
The resorption areas of osteoclast were quantified by Image-
Pro Plus 6.0.

Nuclear factor of activated T-cell

cytoplasmic 1 luciferase reporter assay
The activity of luciferase reporter gene of NFATcI induced by
RANKL was measured as mentioned earlier. RAW264.7 cells,
which were transfected with a NFATcl-responsive luciferase
construct, were pretreated with insulicolide A and CsA
(NFATcl inhibitor, 1 uM) for 4 h. After incubated by 100 ng/
ml of RANKL for 12 h, the activity of luciferase was assayed.

Quantitative real-time polymerase chain

reaction

Briefly, BMMs (1 x 10° cells/ml) were treated by insulicolide A at
different levels for 4 h, followed by stimulation by RANKL and
M-CSF for 24 h. The RNeasy mini kit was first used to isolate the
total RNA, then, PrimeScript RT kit was prepared for synthesis of
cDNA. Real-time PCR was performed using qPCR Master Mix.
Polymerase chain reaction was executed by a procedure of 95°C
(305),95°C (5s), and 60°C (34 s) in 40 cycles. The mouse primers
used are as follows: DC-STAMP (forward: AGACGTGGTTTA
GGAATGCAGCTGC; reverse: TCCTCCATGAACAAACAGTTC
CAA), cathepsin K (forward: GGCCAACTCAAGAAGAAAAG;
reverse: GTGCTTGCTTCCCTTCTGG), GAPDH (forward:
ACACATTGGGGGTAGGAACA; reverse: AACTTTGGCATT
GTGGAAGG), OSCAR (forward: CCTAGCCTCATACCC
CCAG; CGTTGATCCCAGGAGTCACAA). The
comparative method was used to calculate the relative
expression of target genes. The mean Ct value of target genes in
the experimental groups were normalized to the Ct values of
GAPDH.

reverse:
2—AACT

Western blot analysis

BMMs (1 x 10° cells/ml) were treated with different
concentrations of Insulicolide A for 4h, then incubated with
100 ng/ml RANKL for additional 30 min or 24 h. Total proteins
were extracted by using RIPA buffer and cytoplasmic and nuclear
proteins were prepared with a nuclear extraction kit. Proteins
were separated on SDS-PAGE, and then transferred to PVDF
membranes. The primary antibodies were used to incubate with
membranes at 4°C overnight after blocked by 5% non-fat milk for
1 h. On the next day, TBST was used to wash the membranes and
then the secondary antibodies were used to incubate for another
1 h at room temperature. Finally, the blotted protein bands were
obtained with a chemilunimescence kit (Yeasen Biotech, China)
and quantification of the band intensities was analyzed by Image]J
software. The expression of p65, p38, ERK, JNK, p-ERK, p-p38,
p-JNK were measured after treatment of RANKL for 30 min and

Insulicolide A Inhibits Osteoclastogenesis

the expression of c-Fos, NFATcl, DC-STAMP were measured
after RANKL treatment for 24 h.

LPS-induced murine inflammatory

osteolysis model in vivo

Female ICR mice aged 8-9 weeks were randomly divided into
four groups with six mice in each group: the control group (served
with PBS), model group (served with LPS), model with low dose
Insulicolide A (5 mg/kg), and model with high dose Insulicolide
A (10mg/kg). LPS administration was by intraperitoneal
injection (5 mg/kg body weight) on days 1 and 4. Insulicolide
A or PBS was administered once daily via gavage for 8 days. Eight
days later, the ICR mice were euthanized. The left femur of all the
animals were obtained and scanned by a micro-CT (CT80,
ScancoMedical, Zurich, Switzerland) with the following
instrument parameters: 50 kV, 500 pA, and 0.7° rotation step.
The parameters of trabecular bone contains the ratio of bone
volume to tissue volume (BV/TV), trabecular number (Tb.N),
Mean density of TV and trabecular separation (Tb.Sp). Removal
of the right femur from experimental mice to fix in 4% PFA at 4°C
for 24h, and then the femurs embedded in paraffin after
decalcification in 12% EDTA for 1 month were sectioned for
H&E and TRAP. As for the H&E and TRAP staining images,
there were n =12 images taken in total per group (two images
from each mouse). A 600-um x 600-pm region of interest located
150 um below the growth plate of the femur metaphysis was
employed for the assessment of the number of TRAP-positive
multinucleated cells and osteoclastic surface/bone surface (Oc.S/
BS). Histomorphometry analysis was performed using Image Pro
Plus 6.0 (IPP) software.

Data analysis

All data were expressed as the mean + standard deviation of three
or more experiments. For multiple comparisons, differences were
tested using a regular one-way ANOVA, followed by a Tukey
multiple comparison for groups with a Gaussian distribution or
with a Friedman test, followed by a Dunn’s posttest for
multiplicity if a Gaussian distribution could not be assumed.
The p-values of less than 0.05 were deemed to be statistically
significant.

RESULTS

Insulicolide A inhibited receptor activator of
nuclear factor-xB ligand-induced
osteoclastogenesis in bone marrow

monocytes in vitro

To detect the effects of insulicolide A (Figure 1A) on RANKL-
induced osteoclastogenesis, BMMs were first incubated with
different concentrations of insulicolide A from 0.5 to 2 puM,
then followed by incubation of RANKL and M-CSF. BMMs
can differentiate into TRAP-positive osteoclasts in the
presence of RANKL (Figures 1C, E). However, insulicolide
A remarkably reduced osteoclastogenesis induced by RANKL
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FIGURE 1 | Insulicolide A inhibited receptor activator of nuclear factor-«xB ligand (RANKL)-induced osteoclastogenesis in vitro. (A) The chemical structure of
insulicolide A. (B) The cell viability of 0.5-2 uM insulicolide A in bone marrow monocytes (BMMs) for 4 days were measured. (C, E) Images and number of TRAP-positive
multinucleated cells (nuclei > 5) were taken and calculated. (D, F) Images and areas of bone resorption by osteoclasts on the hydroxyapatite-coated surfaces were taken
and quantified. The data are shown as means + SD (n = 3 independent experiments, containing three replicate samples each). ***p < 0.001 vs. nontreatment
groups, *p < 0.05, **p < 0.01 vs. RANKL-induced groups.
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BMMs were first cultured for 4 h, then followed by 100 ng/ml of RANKL stimulation for 30 min. After that, the proteins were harvested and detected by p65, LaminA/C,
B-actin, ERK, P-ERK, JNK, P-UNK, p38, and P-p38 antibodies. The expression of nuclear or total protein levels of p65 (A, B) to -actin, or p65 (C, D) to LaminA/C, and
P-ERKto ERK, P-JNKto JNK or P-p38 to p38 (E-H) were determined by ImageJ software. The data are shown as means + SD of three independent experiments.
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in a dose-dependent manner without cytotoxicity (Figures
1B- C, E). Additionally, we found that insulicolide A also
decreased LPS-induced osteoclastogenesis (Supplementary
Figures S1A, B). Bone erosion is caused by the increased

number of bone-resorbing osteoclasts, so we next evaluated
the influence of insulicolide A on bone erosion of BMMs on
hydroxyapatite-coated plates. Similar results were obtained,
that reduced erosion areas was consistent with the reduced
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FIGURE 3 | Insulicolide A inhibited RANKL-induced c-Fos/nuclear factor of activated T-cells cytoplasmic 1 (NFATc1) signaling pathway. RAW264.7 cells, stably
transfected by NFATc1 luciferase reporter vector, were first pretreated by insulicolide A (0.5-4 uM) for 4 h, then followed by 100 ng/ml of RANKL stimulation for 6 h, and
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osteoclast number by insulicolide A, and the erosion areas
were almost completely decreased by insulicolide A at 2 uM
(Figures 1D, F).

Insulicolide A had no statistically significant effects on
activation of RANKL-induced NF-kB and MAPKs.

Since we found insulicolide A attenuated osteoclast formation, we
next elucidated the mechanisms of insulicolide A during RANKL-
induced osteoclastogenesis. As NF-kB and MAPKs signaling
pathways are important in RANKL-induced osteoclast formation,
we first investigated the effects of insulicolide A on RANKL-induced
NEF-kB activation including the protein expressions of NF-kB p65 in
cytosol and nucleus. Here, Western blotting assays indicated that the

nuclear protein expression of NF-«kB p65 increased remarkably after
RANKL stimulation; however, insulicolide A from 0.5 to 2 pM
showed no statistically significant effects on p65 nuclear
translocation (Figures 2A-D).

Then, we determined whether insulicolide A could attenuate
the activation of MAPKs containing ERK/P-ERK, p38/P-p38, and
JNK/P-JNK during RANKL-induced osteoclastogenesis. The
protein expressions of P-ERK, P-p38, and P-JNK were
enhanced rapidly after stimulation with RANKL; however,
insulicolide A had no statistically significant effect on the
phosphorylation of ERK, p38, and JNK, which was consistent
with the influence on NF-kB (Figures 2E-H). The above results
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suggested that insulicolide A inhibits RANKL-induced osteoclast
formation through other signaling pathways rather than NF-xB
or MAPKGs.

Insulicolide A suppressed receptor
activator of nuclear factor-xB
ligand-induced c-Fos/nuclear factor of
activated T-cell cytoplasmic 1 signaling
pathway

NFATcl, the master nuclear transcription factor, can activate
osteoclastogenesis, and the activation of NFATc1 depends on NF-
kB, MAPKs signaling pathways, or its upstream transcriptional
regulator c-Fos. Since insulicolide A has little effect on both
RANKL-induced NF-kB and MAPKs, we next examined the

influence of insulicolide A on the activation of nuclear
transcription factor c-Fos and NFATcl. First, we used
NFATc1 luciferase reporter assay to determine the influence of
insulicolide A on NFATcI activation, and found that RANKL-
induced NFATc1 luciferase activity was markedly suppressed by
insulicolide A at 2 and 4 uM concentrations (Figure 3A). Then
Western blot assay revealed that the nucleus protein expression of
RANKL-induced NFAT<c1 was increased. However, insulicolide
A abrogated nucleus protein expression of NFATcl in a dose-
dependent manner (Figures 3B, C). NFATcI self-amplification
and activation are produced by the binding of up-stream nuclear
transcription factor c-Fos, which combines with the NFATcl
promoter. C-Fos knockout mice showed severe osteosclerosis due
to the reduced osteoclasts. In line with NFATcl, c-Fos protein
levels were also restrained by insulicolide A (Figures 3D, E).
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FIGURE 5 | Insulicolide A decreased LPS-induced murine bone loss by suppressing osteoclast activity. All mice were randomly divided into four groups with six
mice in each group: control group (injected with PBS), LPS group (injected with LPS), LPS + insulicolide A (5 mg/kg) group, and LPS + insulicolide A (10 mg/kg) group.
(A) Representative 3D reconstruction micro-CT images of transverse (above) and longitudinal (below) sections of the femur in different groups. (B) Quantitative
measurements of trabecular bone parameters containing BMD, BV/TV, Tb.N, and Tb.Sp. Representative H&E (C) and TRAP staining (D) images of the femurs in
each group. Osteoclast surface/bone surface (E) and the number of osteoclasts in each group (F) were analyzed. n = 6 mice per group. *p < 0.05, #p < 0.01 vs. PBS-
treatment groups, *p < 0.05, *p < 0.01 vs. LPS-treatment groups.
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Together, our results demonstrated that insulicolide A might
attenuate RANKL-induced osteoclast formation by targeting the
c-Fos/NFATc1 signaling pathway.

Insulicolide A attenuated the expression of osteoclast relative
genes and DC-STAMP induced by RANKL.

Once NFATCcl is activated, osteoclast formation related genes,
such as TRAP, OSCAR, cathepsin K, and osteoclast function-
related genes including DC-STAMP, were strongly enhanced.
However, when treated with insulicolide A, the mRNA expression
of OSCAR, cathepsin K, and DC-STAMP were inhibited
remarkably (Figures 4A-C). DC-STAMP, a multi-pass
transmembrane molecule, is essential for the fusion and
resorptive capacity of preosteoclasts. In DC-STAMP-deficient
mice, the number of multinucleated osteoclasts reduced and
bone mineral density increased. We then further examined the
protein levels of DC-STAMP, consistent with the mRNA levels,
insulicolide A also inhibited the protein levels of DC-STAMP
induced by RANKL (Figures 4D, E). Collectively, these results
suggested that insulicolide A inhibited RANKL-induced
osteoclastogenesis and bone resorptive function by decreasing
osteoclast formation-related genes and fusion-related genes.

Insulicolide A decreased LPS-induced bone

loss by inhibiting osteoclast activity

LPS, an effective endotoxin from the cell wall in Gram-negative
bacteria, can directly induce osteoblasts to secrete RANKL and
then activate osteoclast formation. The activation of osteoclasts can
result in osteoclastic diseases. In order to investigate the role of
insulicolide A in the suppression of osteoclast function in vivo,
LPS-induced inflammation bone loss mice model was used. Micro-
CT assays showed that LPS-injected mice model suffered a serious
bone loss; however, when LPS-injected mice were treated with
insulicolide A by gavage, both low-dose group (5 mg/kg) and high-
dose group (10 mg/kg) could attenuate LPS-induced bone
destruction (Figure 5A). Bone parameter analysis indicated that
compared with LPS-injected mice, mean density of TV, BV/TV,
Tb.N of insulicolide A (10 mg/kg)-treated mice were markedly
increased, but Tb.Sp was decreased (Figure 5B). H&E-stained
bone sections further confirmed the protection of insulicolide A on
LPS-induced bone loss. Furthermore, TRAP staining assays and
histomorphometric analysis of the number of osteoclasts and the
percentage osteoclast surface per bone surface (OcS/BS) in the
bone trabecula demonstrated that oral treatment of insulicolide A
could remarkably decrease LPS-caused bone destruction and
inhibited osteoclast numbers (Figures 5C-F). Taken together,
our results indicated that oral administration of insulicolide A
could prevent inflammatory bone destruction in vivo.

DISCUSSION

Sesquiterpenoids from the plants and microorganisms display
various biological activities. Marine fungus-derived nitrobenzoyl
sesquiterpenoids, rare from natural source, exhibit remarkable
pharmacological ~ activities,  including  antitumor  and
antiinflammation (Wang et al,, 2014; Guo et al.,, 2018). Here our

Insulicolide A Inhibits Osteoclastogenesis

results indicated that marine-derived nitrobenzoyl sesquiterpenoid,
insulicolide A, could attenuate osteoclastogenesis c-Fos-NFATcl
signaling pathway induced by RANKL in vitro at doses from 1 to
2 uM. Consistently, we also found that insulicolide A could protect
inflammatory osteolysis in vivo.

During the process of RANKL-induced osteoclast formation,
the combination of RANKL to RANK can recruit TRAF6 followed
by activation of NF-kB and MAPKs signaling pathways. NF-«kB
and MAPKs are crucial pathways of RANKL response in
osteoclastogenesis (Ghosh and Karin, 2002; Jimi and Ghosh,
2005). However, our data showed that insulicolide A had no
significant reduction on p65 of NF-kB and the phosphorylation
of ERK, p38, and JNK of MAPKs, which were incompletely
consistent with the effects of NS4 (structural isomer of
insulicolide A) on NF-kB. NS4 exhibited inhibitory effects on
NF-«B by binding with NF-kB p65 Arg B246 (Tan et al., 2020),
the different mechanisms between NS4 and insulicolide A on NF-
kB may be due to their different conformations and their affinity
with NF-kB. These results suggested that NF-kB and MAPKs
might not be a downstream signal by insulicolide A to treat
RANKL-induced osteoclast differentiation.

C-Fos, the subunit of activator protein-1 (AP-1), is induced
during the process of RANKL-induced osteoclastogenesis
(Grigoriadis et al, 1994). As the upstream nuclear transcription
factor of NFATCcl, activated c-Fos can bind to the promoter region
of NFATCcI resulting in the autoamplification and activation of
NFATcl (Takatsuna et al., 2005). C-Fos knockout mice showed
decreased NFATc1 nuclear translocation and severe bone sclerosis
(Matsuo et al., 2004). Here, our findings determined that the nuclear
protein level of c-Fos was drastically inhibited by insulicolide A in
the BMMs of RANKL stimulation, which was also different with
NS4, while NS4 had little effect on c-Fos nuclear expression during
RANKL-induced osteoclast formation (Tan et al., 2020). Thus, the
decrease in RANKL-induced c-Fos activation and the following
attenuated NFATc1 nuclear protein levels, contributes to impaired
osteoclastogenesis after insulicolide A treatment.

NFATec1 is the core transcriptional switch of osteoclast terminal
differentiation (Nepal et al., 2013). Activated NFATc1 not only
increases the expression levels of osteoclast-related genes including
TRAP, OSCAR, and cathepsin K, but also refers to the
multinucleation of osteoclast precursors through cell fusion
proteins such as DC-STAMP (Yagi et al, 2006; Chiu and
Ritchlin, 2016). In our study, the levels of OSCAR and
cathepsin K induced by RANKL were remarkably reduced after
treatment of insulicolide A. Additionally, RANKL-induced mRNA
and protein expressions of DC-STAMP in osteoclast formation
were also down-regulated after treatment with insulicolide A. The
reduction of nuclear translocation of NFATc1 and the suppression
of DC-STAMP caused by insulicolide A might attenuate the
expression of osteoclast-specific genes and the fusion of
preosteoclast cells to inhibit osteoclasts in vitro.

LPS is an effective endotoxin from the cell wall in Gram-
negative bacteria, which has an important impact on bone loss
(Place et al.,, 2021). In our experiment, we constructed murine
bone loss model induced by LPS to evaluate the influence of
insulicolide A on osteoclastogenesis in vivo. Micro-CT analysis
indicated that oral insulicolide A (10 mg/kg) could recover bone
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loss induced by LPS through promoting BMD, BV/TV, and Tb.N,
while reducing Tb.Sp. H&E and TRAP-stained bone section
analysis further showed that insulicolide A remarkably inhibited
bone destruction and osteoclast numbers in LPS-induced mouse
model. Therefore, these results further manifested that oral
insulicolide A protected bone by decreasing the numbers of
osteoclast and improving bone parameters in vivo, which were
consistent with its inhibitory effects on osteoclasts in vitro.

The up-stream signals such as TRAF6, DC-STAMP, and NF-
kB/MAPKs regulate the expression of c-Fos during
osteoclastogenesis (Yin et al., 2017; Liu et al., 2021; Zou et al,
2021). Here, insulicolide A showed little effect on NF-kxB/MAPKs.
DC-STAMP knockdown decreases c-Fos and NFATc1 expression
in osteoclast precursor cells (Yin et al., 2017), thus, DC-STAMP
can also serve as the surface molecule for insulicolide A to suppress
osteoclast formation. Furthermore, the analysis of proteins binding
with insulicolide A in osteoclastogenesis can be performed to
disclose the target of insulicolide A in the future. In addition,
we found that insulicolide A protected bone only by resorption in
vivo. Further studies aimed at bone formation in osteoclast-related
mouse models may make a better understanding of this compound
for its treatment of osteolytic diseases.

In conclusion, this study discovered that insulicolide A, a
natural nitrobenzoyl sesquiterpenoid isolated from the marine-
derived Aspergillus ochraceus fungus, can suppress RANKL-
induced osteoclastogenesis by preventing c-Fos rather than
NF-kB and MAPKs, and then decreasing the level of NFATc1
and DC-STAMP in vitro. Our data, including the murine femur
model experiment, suggest insulicolide A as a substantial
osteoclasts inhibitor and indicate its promising application for
osteoclast overactivated diseases.
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No disease-modifying treatments are currently available for osteoarthritis (OA). While many
therapeutic approaches are now being investigated it is ethical to resort to alternative
solutions as that we already possess. There are many reasons for thinking that, at
sufficiently high doses, glucosamine (GIcN) sulphate possesses a clinically relevant
effect on OA pain. Wide inter-individual variations in the symptomatic effects of GlcN
are explained by the extreme variability of its bioavailability. In studies evaluating its
structure-modifying effect, GIcN was more effective than placebo in reducing the rate
of joint space narrowing in patients with knee OA. More recent data suggest that GIcN may
be effective in the primary prevention of OA in sportsmen. There is no controversy
concerning the safety of GIcN which does not differ to that of placebo. Several studies
have recently revealed an unexpected effect of GIcN on cardiovascular mortality. After
adjusting for confounding factors, the regular consumption of GIcN correlated with a 27%
reduction in mortality and a 58% reduction in deaths from cardiovascular causes. These
data confirm animal studies demonstrating a protective effect of GIcN against cancer and
cardiovascular diseases due to modulation of the O-GIlcNAcylation pathway. Disorders in
O-GlIcNAgcylation are involved in diabetes, obesity and cancers, which all feature chronic
low-grade inflammation (CLGI). By regulating CLGI, GIcN may be beneficial to the
symptoms of OA, its outcome and to that of the concomitant chronic pathologies,
making GIcN as a valuable candidate for the treatment of OA in patients with
metabolic syndrome, diabetes or cardiovascular diseases.

Keywords: glucosamine, OA, O-GlcNAcylation, treatment, low-grade inflammation, chondroprotective, cardio-
vascular mortality, metabolic syndrom

INTRODUCTION

Osteoarthritis (OA) is a major cause of pain and disability in subjects older than 50 years with a
significant impact on physical performance and quality of life. Its prevalence is increasing worldwide
with the aging of the population and the increase in risk factors such as obesity, resulting in a
significant public health problem and socioeconomic burden. However, OA is not the exclusive
preserve of elderly and also affects younger people, especially those having risk factors such as
overweight, metabolic syndrome or joint injury (Kloppenburg and Berenbaum, 2020). The
pathophysiology of OA is complex and involves, at various levels, interactions between
mechanical, genetic, metabolic and inflammatory mechanisms. Anatomically OA is characterized
by articular cartilage breakdown, subchondral bone remodelling and synovial low-grade
inflammation. To date no disease-modifying therapeutics are currently available for OA due to
an insufficient understanding of the pathogenesis, and a delay in the therapeutic management, due to
the lack of a sufficiently sensitive biomarker allowing to make the diagnosis during the early
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asymptomatic phase of the disease. At an advanced stage the
treatment of OA is mainly based on symptomatic measures or
joint replacement surgery. On the other hand, if the diagnosis is
made early, developing treatments to slow the progression of joint
degradation is a reasonable goal. Thanks to recent achievements
in understanding the causes of the cartilage degradation many
therapeutic approaches are now being investigated (Hochberg
et al, 2019; Ghouri and Conaghan, 2019; Stevens et al., 2019;
Thorup et al., 2020; Yazici et al., 2020; Fernandez-Martin et al.,
2021). However, we cannot hope for a structure-modifying
treatment to be marketed for several years. In clinical daily
practice all the care-givers must legitimately ask them the
following question: Is it ethical not to bring forward patients
anything at all (except symptomatic treatments, most of which
having frequent and sometimes serious side effects) until a real
chondroprotective agent has been launched on the market?

This mini review is not a systematic review and does not aim to
provide all the data published on this topic, but, as the title
indicates, is intended to ask a question. Is it possible that
glucosamine actually has a beneficial effect on osteoarthritis?

The committed stance of the authors is to emphasize that,
despite controversies, a number of data suggest that the long-term
prescription of glucosamine could be beneficial for OA patients,
both symptomatically and in terms of cardiovascular status.

Glucosamine (2-amino-2-deoxy-p-d-glucopyranose) is an
endogenous amino-monosaccharide synthesized from glucose
and utilized for biosynthesis of glycoproteins and
glycosaminoglycans  of joint cartilage which, when
administered orally as the sulphate or hydrochloride, is
considered to be a medicinal product of the class of
symptomatic slow acting drugs for OA (SYSADOA). It has
been used as an OA disease-modifying medicine for over
50 years (Vetter, 1965). Glucosamine is recommended for the
treatment of knee by most European scholarly societies (Jordan
et al., 2003; Bernetti et al., 2019; Bruyere et al., 2019; Sellam et al.,
2020), but not by US ones (Bannuru et al., 2019; Kolasinski et al.,
2020). However, with the exception of ESCEO, which
recommend glucosamine as first-line treatment along with
other SYSADOAs (Jordan et al, 2003), it is commonly
considered as an adjunctive treatment, of modest symptomatic
efficacy, mainly used for its excellent safety and because of its
sparing effect on analgesic medications, notably NSAIDs,
potentially much more dangerous (Dougados, 2006). However
recent data, in particular studies demonstrating decreased
cardiovascular mortality in patients receiving long-term
treatment with glucosamine (Li et al., 2020) and the discovery
of its mechanism of action on chronic inflammation (Herrero-
Beaumont and Largo, 2020), have changed the perspective on this
molecule, the indications of which could be considerably
expanded.

SYMPTOMATIC EFFECTS IN OA

Despite contradictory results in studies, there are numerous
reasons for thinking that, at sufficiently high doses, some
medicines containing glucosamine sulphate possess a
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significant and clinically relevant effect in OA (Gregori
et al., 2018). Several randomised controlled studies have
shown a symptomatic effect superior to placebo (Noack
et al.,, 1994) and not inferior to that of an NSAID (Miiller-
Fassbender et al., 1994). The most recent meta-analyses
confirm the symptomatic efficacy of pharmaceutical grade
glucosamine sulphate, with results showing a standardised
mean difference ranging from —0.29 [95% CI —0.49 to —0.09]
(Sellam et al., 2020) and —0.35 [-0.54 to —0.16] (Knapik et al.,
2018; Beaudart et al., 2020; Ton et al., 2020), which evidences a
moderate effect not significantly different from results
obtained with other classes of oral symptomatic OA drugs,
notably the NSAIDs. OARSI classifies the efficacy of
glucosamine as “uncertain,” due to a very variable effect
size ranging from 0.17 [0.05-0.28] (low) to 0.47 [0.23-0.72]
(moderate) depending on study quality and especially
depending on the type of glucosamine studied
(hydrochloride versus sulphate, pharmaceutical grade or
not) (Bannuru et al., 2019). The key point, which seems to
confirm the objective nature of the improvement, is that the
analgesic effect occurs after several weeks treatment
(Conrozier et al., 2019) and that it persists for several
weeks after discontinuation of treatment, which does not
resemble a placebo response but is rather the definition of
an SYSADOA. One can nevertheless question the clinically
relevant nature of the clinical improvement, which is often
found to be lower than the MCII (Minimum Clinically
Important Improvement). However, beyond the data from
the studies, the fact that the commercial market for
glucosamine is growing despite the wide publicity given to
negative clinical trials, is consistent with the possibility that
some patients obtain significant clinical benefits (McCarty
et al, 2019), as in the PREDOA study where a clinically
relevant improvement was noted in 63% of 2,030 patients
treated for 6 months (Conrozier et al., 2019). One explanation
of the wide interindividual variation in the symptomatic
effects of glucosamine is the extreme variability of its
bioavailability. (Asthana al., 2020) Following oral
administration, mean bioavailability is low, in the order of
25%, but with considerable variation between subjects
according to a ratio of 1:100 (Li et al., 2020). The reasons
for these variations remain unknown but an animal study has
shown a 1.7-fold increase in plasma concentrations when
glucosamine is taken on an empty stomach and in the
evening, suggesting an influence of circadian rhythm (Seto
et al, 2020). It is also important to know that the concomitant
administration of glucosamine and chondroitin reduces the
absorption of the former substance by 58% (Jackson et al,
2010). This effect of competition in cells of the intestinal is not
without consequence because while glucosamine and
chondroitin are both effective on the symptoms of OA, this
is not the case when the two are combined, as highlighted by
the meta-analysis of Zhu et al. (2018). Following absorption,
synovial ~fluid concentrations of glucosamine are
approximately double those in the serum. A possible
hypothesis is that sufficient doses of oral glucosamine may
have a positive effect on the synthesis of hyaluronic acid by the
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human synovial cells, as suggested by in vitro studies (Igarashi
et al., 2011).

STRUCTURAL EFFECTS IN OA

The structural effect of oral glucosamine in knee OA was assessed
in double-blind, randomized, controlled trials, lasting at least
1 year and reporting as outcome measures both the symptom
severity and the radiological joint space width progression over
time (Reginster et al., 2001; Pavelka et al., 2002; Poolsup et al.,
2005). Glucosamine sulphate was found to be more effective than
placebo in reducing the rate of joint space narrowing at the
tibiofemoral compartment in patients with knee OA, slowing its
progression by 54% (RR = 0.46; 95%CI 0.28-0.73; p = 0.001) with
NNT (number of subjects needed to treat to reach the objective)
of 9 (95% CI 6 - 20) (Pavelka et al., 2002). Although the figures
appear very encouraging (in comparison the NNT of alendronate
for prevention of vertebral fracture is 16 for secondary prevention
and 50 for primary prevention) (Holder and Kerley, 2008), they
may logically be considered as non-clinically relevant when
limiting results to the rate of joint space narrowing compared
with placebo, which is only 1/10th of a millimetre per year
(-0.31mm [95% CI -048 to -0.13]) for placebo and
—-0.06 mm [—-0.22 to 0.09)] for glucosamine sulphate over a 3-
year period) (Reginster et al., 2001). Nevertheless these values are
not lower than those obtained by Sprifermin (recombinant FGF-
18) (Hochberg et al., 2019) which is nonetheless often presented
as the next generation “chrondroprotector”. It is particularly
interesting to note that in patients with a high cartilage
turnover, demonstrated by a very high level of urinary CTX-II
before treatment, Christgau et al. noted a significant decrease in
CTX-II levels after 12 months of glucosamine treatment and that
the change in this level was predictive of radiologically-visible
joint narrowing at 3 years (R = 0.43; p < 0.05) (Christgau et al,,
2004). These data tend to support an effect, admittedly modest,
but statistically significant, of glucosamine in secondary
prevention of exacerbation of OA of the knee.

More recent data even suggest that glucosamine may be
effective in the primary prevention of OA. This was the
finding of a Japanese team who studied the effect of
glucosamine on markers of the synthesis (CP 1II) and
breakdown (u-CTX-II) of type II collagen in young athletes
(rugby and soccer players) and in non-athletes paired for age
(Nagaoka et al., 2019). Before treatment, levels of biomarkers
were significantly higher in the athletes. After 3 months of
treatment with glucosamine 1.5 or 3g/day, the levels of
biomarkers in the athletes had returned to the levels of the
control subjects, and 3 months after discontinuation of
treatment these had again increased. In a second study
(Tsuruta et al, 2018) they randomised the athletes to receive
either a dietary supplement containing 2 g of glucosamine or a
placebo. After 3 months of treatment the u-CTX-II levels had
significantly decreased in the glucosamine group but not in the
placebo group. These 2 studies suggest that the administration of
high doses of glucosamine (2-3 g per day) has a positive effect on
cartilage metabolism in vivo, thus confirming the effect observed
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in vitro, where glucosamine inhibits matrix metalloproteinase
production and chondrocyte apoptosis (Henrotin et al., 2012)
and stimulates haeme oxygenase-1 (HO-1), a key enzyme
regulating oxidative stress (Rousset et al., 2013).

SAFETY

In contrast to its efficacy, there is no controversy concerning the
safety in use of glucosamine; all meta-analyses and systematic
reviews conclude that its safety is excellent, not different from
placebo (Zhu et al.,, 2018). Conventionally, glucosamine is not
recommend in patients with shellfish allergy due to its origin (the
chitin of crustaceans) but reports of allergic phenomena, skin or
respiratory, are not found to any significant extent in the
literature. As glucosamine is a molecule similar to glucose its
use in diabetics has been discussed, but studies showed no effect
on blood glucose levels and hyperinsulinism at the doses used,
whether in healthy subjects or diabetics (Simon et al.,, 2011).

EFFECT ON MORTALITY

Several studies (Simon et al., 2011; King and Xiang, 2020; Li et al.,
2020) have recently revealed an unexpected effect of glucosamine.
Cardiovascular mortality and mortality all causes, was studied
from the clinical data of 16,686 subjects, participants in the
American national Survey on health and nutrition from 1999
to 2010. Of these participants, 4% had been taking glucosamine or
chondroitin for 1 year or more. During the study period, 20% of
participants died. After adjusting for age, sex, race, education
level, smoking and physical activity, the intake of glucosamine/
chondroitin correlated to a 27% reduction in mortality all causes
(HR = 0.73; [0.57 to 0.93]) and a 58% reduction in deaths from
cardiovascular causes (HR = 0.42; [0.23 to 0.75]). A Chinese study
in a cohort of 500,000 patients followed up for 9 years (Li et al.,
2020) found similar results, although slightly less convincing. A
notable finding was that the protective effect of glucosamine was
particularly marked in smokers (p = 0.0008). These results in
humans only confirm the very numerous animal studies which
demonstrate a protective effect of glucosamine against cancer
(lung and colorectal) and cardiovascular diseases (Largo et al.,
2009). However, the doses used in animal studies are generally
much higher than those authorised in humans.

It is thought that the beneficial effect of glucosamine is due to
modulation of the O-GlcNAcylation pathway (Herrero-
Beaumont and Largo, 2020) which is a reversible post-
translational modification, analogous to phosphorylation,
controlling the activity, location or stability of proteins,
depending on glucose availability, by adding N-Acetyl-
glucosamine to the serine or threonine residues of cytosolic or
nuclear proteins. Tardio et al. showed that in human OA cartilage
there is an accumulation of O-GlcNAcylated proteins associated
to an alteration in the expression of the enzymes that regulate this
glycosylation and an overexpression of hypertrophic
differentiation markers in chondrocytes (Tardio et al., 2014).
Changes in O-GlcNAcylation are involved in human disease such
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as diabetes, obesity and some cancers, pathologies which all
feature chronic low-grade inflammation causing numerous
complications. Hyperglycaemia combined with metabolic
syndrome is known to enhance inflammatory processes via
oxidative stress and the abnormally high levels of the
O-GlcNAc protein which increase the transcriptional activity
of nuclear factor kappa B (NFKB), the cause of diabetic
complications (Baudoin and Issad, 2015). However now we
know that there is a close relationship which links OA,
metabolic syndrome, diabetes, obesity and the resulting
cardiovascular diseases. It is therefore tempting to think that
by regulating the chronic low-grade inflammation which is
common to all these pathologies, glucosamine may be
beneficial to the symptoms of OA, its outcome and also to
that of the concomitant chronic pathologies. As it also acts on
oxidative stress by stimulating the production of HO-1 (Rousset
et al., 2013), and that its safety is well known, glucosamine is
today a valuable candidate for the treatment of OA in patients
with metabolic syndrome, diabetes or a history of cardiovascular
disease all of which contra-indicate the use of NSAIDs and intra-
articular corticosteroids.
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CONCLUSION

Well-known and used as a SYSADOA for many vyears,
glucosamine has been given a new lease of life with the
demonstration of its beneficial effect in some chronic
degenerative pathologies such as diabetes, obesity and
atherosclerosis. While we know that its activity regulating
O-GlcNAcylation is probably the reason for its effect on
chronic inflammation, there are nevertheless numerous points
requiring clarification such as optimal posology, the choice of salt
(sulphate or hydrochloride), treatment duration, bioavailability
and structural efficacy in primary or secondary prevention, before
glucosamine can be considered as an anti-osteoarthritic drug of
the future.
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Background: Knee osteoarthritis (KOA) is a degenerative disease that develops over time.
Icariin (ICA) has a positive effect on KOA, although the mechanism is unknown. To
investigate drug-disease connections and processes, network pharmacology is
commonly used. The molecular mechanisms of ICA for the treatment of KOA were
investigated using network pharmacology, molecular docking and literature research
approaches in this study.

Methods: We gathered KOA-related genes using the DisGeNET database, the OMIM
database, and GEO microarray data. TCMSP database, Pubchem database, TTD
database, SwissTargetPrediction database, and Pharmmapper database were used to
gather ICA-related data. Following that, a protein-protein interaction (PPI) network was
created. Using the Metascape database, we performed GO and KEGG enrichment
analyses. After that, we built a targets-pathways network. Furthermore, molecular
docking confirms the prediction. Finally, we looked back over the last 5years of
literature on icariin for knee osteoarthritis to see if the findings of this study were accurate.

Results: core targets relevant to KOA treatment include TNF, IGF1, MMP9, PTGS2,
ESR1, MMP2 and so on. The main biological process involved regulation of inflammatory
response, collagen catabolic process, extracellular matrix disassembly and so on. The
most likely pathways involved were the IL-17 signaling pathway, TNF signaling pathway,
Estrogen signaling pathway.

Conclusion: ICA may alleviate KOA by inhibiting inflammation, cartilage breakdown and
extracellular matrix degradation. Our study reveals the molecular mechanism of ICA for the
treatment of KOA, demonstrating its potential value for further research and as a new drug.

Keywords: icariin, knee osteoarthritis, network pharmacology, molecular docking, molecular mechanism

INTRODUCTION

Knee osteoarthritis (KOA) is a chronic progressive disease with pain, swelling, and even deformity of
the knee joint as the main clinical manifestation (Martel-Pelletier et al., 2016; Primorac et al., 2020).
OA is the 11th leading cause of disability worldwide, which not only affects patients physically and
mentally, but also represents a serious social burden (Palazzo et al., 2016). An epidemiological survey
showed that the number of KOA patients in the United States doubled from the 1900’s to the 2000’s
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FIGURE 1 | Flow chart of this study based on network pharmacology.
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(Wallace et al., 2017). According to research in 2010 (Cross et al.,
2014), the global standard age prevalence of KOA was 3.8%, and
the prevalence increased sharply with age. KOA pathology mainly
involves articular cartilage and synovium (Michael et al., 2010). In
the physiological state, the cartilage matrix is in a dynamic
balance of cytokine-controlled production and breakdown.
When mechanically altered or stimulated by inflammation,
cartilage degrades and progresses to KOA if the compensatory
capacity of the joint is exceeded (Michael et al, 2010). The
pathogenesis of KOA, however, is not yet clear. To better
guide the clinical treatment of KOA, its pathogenesis needs to
be studied urgently.

Icariin (ICA) is one of the main components of the Chinese
medicine Epimedium. Epimedium was first recorded in the
Yellow Emperor’s Inner Canon in 100B.C. Traditional
Chinese medicine believed that Epimedium could strengthen
muscles and bones, and it was widely used in clinical practice.
Due to the development of modern medicine, its active
ingredients have been further studied. Modern research has
discovered that ICA, one of its active ingredients, has strong
biological activity on various systems, such as the nervous system
(Jin et al., 2019), reproductive system (Zhang et al., 2021), skeletal
system (Pan et al., 2017; Wang et al., 2018) and so on. ICA was
found to improve bone loss caused by estrogen deficiency
through the IGF-1 pathway, the ERK pathway and the JNK
pathway (Song et al, 2013; Zhou et al,, 2021). It also has the
effect of preventing cartilage degradation and promoting cartilage
repair, as proved by some in vivo and in vitro experiments (Wei
et al., 2016; Zhang et al., 2019). The most widely used drugs in
non-surgical treatment are NSAIDs such as cyclooxygenase-2
(COX-2) inhibitors (Bannuru et al., 2019). However, the long-
term use of NSAIDs leads to gastrointestinal complications such
as indigestion, gastritis and heartburn (Curtis et al., 2019). Since
there is no specific treatment for KOA, there is an urgent need to
find a safe and reliable treatment method.

Network pharmacology analysis is one of the most commonly
used methods to study the pharmacology of traditional Chinese
medicine (TCM). By searching the databases, constructing the
networks, enrichment analysis and other steps, we can get the
components, potential targets, correlation with diseases and other
information of TCM (Yuan et al., 2017). This leads to a more in-
depth study of the possible mechanisms of TCM in the treatment
of diseases. Molecular docking technology can verify the binding
between TCM molecules and predicted targets to validate the
accuracy of these targets (Pinzi and Rastelli 2019). Therefore, this
study explores the molecular mechanism of ICA for KOA based
on network pharmacology, molecular docking, and literature
research and the flow chart is shown in Figure 1.

MATERIALS AND METHODS

Collection of Osteoarthritis Related Genes
Firstly, microarray information on differential DNA expression
between normal subjects and KOA patients was collected from
the GEO database (https://www.ncbi.nlm.nih.gov/geo/) (Edgar
et al, 2002), Series GSE169077. The microarray data was

Icariin Treatment of KOA

normalized with log, (fold change) > 1 or log, (fold change) <
-1 as the standard, which was considered to have significant
differences in the expression. The KOA related genes were
collected by integrating databases through searches with the
key words “knee osteoarthritis” and “Homo sapiens,” followed
by taking the intersection. Two databases include: DisGeNET
database (https://www.disgenet.org/web/DisGeNET/menu/
home) (Pifiero et al, 2017) and OMIM database (https://
omim.org/) (Amberger et al, 2015). Next, a visual volcano
map and a gene expression heat map were created using
Graphpad Prism 8.0.2 (GraphPad Software, San Diego,
California United States, www.graphpad.com) and TBtools
(https://github.com/CJ-Chen/TBtools) (Chen et al., 2020).

Potential Target Genes of Icariin in the

Treatment of Knee Osteoarthritis

To evaluate the biological information of ICA, it is chemical
name, molecular weight, oral bioavailability (OB) and drug
likeness (DL) were obtained from the TCMSP database
(https://tcmspw.com/tcmsp.php) (Ru et al., 2014). Studies have
shown that OB>40% is considered to have good bioavailability;
DL >0.18 is considered to be a drug-like compound (Liu et al,,
2013). Then the 2D and 3D molecular structures of ICA were
obtained through the Pubchem database (https://pubchem.ncbi.
nlm.nih.gov/) (Kim et al., 2021).

Next, the potential targets of ICA were predicted using the
SwissTargetPrediction database (http://swisstargetprediction.ch/
) (Gfeller et al., 2013), Therapeutic Target Database (http://db.
idrblab.net/ttd/) (Wang Y. et al, 2020) and Pharmmapper
database  (http://www.lilab-ecust.cn/pharmmapper/) (Wang
et al,, 2017), followed by taking intersection set. After that, all
targets were converted into gene symbols standardized through
the Uniprot database (https://www.uniprot.org/) (Morgat et al.,
2020).

Construction of Protein Interaction Network
The potential targets of ICA were matched with KOA-related
genes to obtain the core targets. The venn diagram was drawn
through venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/)
(Oliveros 2007-2015). Next, the targets were analyzed by the
String database (https://string-db.org/) (Szklarczyk et al., 2019).
After that, the PPI network was edited with Cytoscape 3.7.2
software (http://www.cytoscape.org) and the degree and edge
betweenness of the nodes were calculated by the
NetworkAnalyzer tool.

Gene Ontology and Kyoto Encyclopedia of

Genes and Genomes Enrichment Analysis

Based on the above data, GO and KEGG enrichment analysis
was performed in the Metascape database (http://metascape.
org/gp/index.html) (Zhou et al., 2019). The Gene Ontology
(GO) enrichment analysis includes cellular composition,
biological process, and molecular function, whereas the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis can profile metabolic pathways of genes in the cell
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TABLE 1 | Basic information of ICA.

Molecular Name Molecular Formula

Icariin CasH0015

as well as their systemic function. Unlike the last update of the
David database in 2016, the Metascape database was updated
on 1 February 2021. After this, a visual bubble diagram was
drawn wusing the Bioinformatic online tool (http://
bioinformatics.com.cn/).

Construction of Targets-Pathways Network
To investigate the interactions between key genes and
pathways of ICA and KOA, the ICA-KOA-targets-pathways
network was constructed using the results of metascape
database analysis. The degree and edge betweenness were
analyzed by topological analysis tools in the cytoscape 3.7.2
software.

Molecular Docking

Proteins corresponding to the top ten key genes were selected to
dock with the ICA molecule to verify their affinity. Crystal
structures of proteins were downloaded from the PDB database

Molecular Weight

676.66 g/mol

3D Structure

2D Structure

(https://www.rcsb.org/) (Burley et al., 2021) with the search
criteria: Homo sapiens, refine resolution<3.0 A and release date
2015-2021. then we imported the protein structures into
PyMOL 2.2.0 software (https://pymol.org) (Schrodinger
2015) for modification including removal of water
molecules, separation of ligands and addition of hydrogen.
Using AutoDockTools 1.5.6 software (http://autodock.
scripps.edu/) (Goodsell and Olson 1990) to add charge to
protein molecule and set up a docking grid box at the center
of the molecule (Seeliger and de Groot 2010). Molecular
docking was performed using AutoDock Vina 1.1.2 software
(http://vina.scripps.edu/) (Trott and Olson 2010). We chose it
as the software for molecular docking because it is efficient,
accurate, and has a new way of evaluation. Finally, after
analyzing the binding energy of the molecule, choosing the
conformation with the lowest binding energy, and observing
the formation of hydrogen bonds, we drew a binding diagram
with PyMOL 2.2.0.
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FIGURE 3 | Venn diagram of the targets in KOA and ICA.

Search and Analysis of Literature

To validate the predictions, we also searched for relevant studies
over the last 5 years, including in vivo studies, in vitro studies and
reviews. The search terms we used were “icariin”, “osteoarthritis”,
“knee osteoarthritis”, “cartilage”, “chondrocytes”, and “extracellular
matrix”. To ensure the relevance of the literature to this study, the

results were collated by two independent researchers.

RESULT

Acquisition of Knee Osteoarthritis Related

Genes

A total of 1105 differentially expressed genes were identified by
analysis of gene microarray Series GSE169077, which was used to
draw a volcano may and heat map (Figure 2). The results showed
a large difference in gene expression between OA patients and
normal subjects. Then 720 out of 9329 genes from the Genecards

Icariin Treatment of KOA

TABLE 2 | Topological information of key targets.

Target Degree Betweenness Centrality Closeness Centrality
TNF 17 0.235 0.947
IGF1 15 0.101 0.857
MMP9 15 0.080 0.857
PTGS2 14 0.070 0.818
ESR1 12 0.035 0.750

database (relevance score >4.26), 368 genes from the Disgenet
database, 56 genes from the OMIM database, and finally 398
genes were obtained.

Analysis of Icariin and Collection of its

Potential Targets

Molecular formula, molecular weight, 2D structure, 3D structures,
and ADME information of ICA were collected from the TCMSP
database and the Pubchem database (Table 1). The OB (41.58%) and
DL (0.61) of ICA proved its high bioavailability and drug-like
property, which can be used as a drug molecule for the next step
of research. A total of 334 potential targets were obtained by
combining and removing duplicate ones from the
SwissTargetPrediction database, the Pharmmapper database, and
the Therapeutic Target Database. Next, the ICA targets were
intersected with the KOA genes to obtain the key genes and
plotted a Venn diagram (Figure 3).

Protein-Protein Interaction Network
Analysis

The obtained 21 common genes were uploaded to the String
database to produce the PPI network. After that, the results were
imported into cytoscape 3.7.2 software and the topological
parameters of the network was analyzed. The result showed that
the network had a total of 18 nodes and 78 edges (Figure 4A).
According to the analysis results, TNF was the most important

MMP3 IGF1R
MMP1 ESR2
CTSK CDK2
MMP2 MMP13
skt B Degree > 11
‘ | ~ ‘ .

FIGURE 4 | The PPI network of ICA and KOA. (A) the network with total 18 nodes and 78 edges. (B) the core network with 5 nodes and 7 edges.
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FIGURE 5 | The GO and KEGG enrichment analysis of key targets. Including (A) cellular components, (B) molecular functions, (C) biological processes and (D)
KEGG pathway analysis.

TABLE 3 | Top 3 KEGG pathways and related targets, excluding other disease.

Term Pathway Key Targets in the p Value
Pathway

ko04657 IL-17 signaling pathway MMP1,MMP3,MMP9,MMP13,PTGS2,RELA, TNF,PIK3CD,MMP2,PPARA,CDK2,ESR1,ESR2,CTSK,PDE3B,RORA  3.8E-13

hsa04668  TNF signaling pathway MMP3,MMP9,PIK3CD,PTGS2,RELA, TNF 1.4E-10

ko04915 Estrogen signaling pathway ~ ESR1,ESR2,MMP2,MMP9,PIK3CD,MMP1 9.0E-09

target in the network (Degree 17, BC 0.24, CC 0.95). To find the key
genes of ICA in treatment of KOA, a core network with 5 nodes and
10 edges was filtered by Degree>11 (Figure 4B). The other 4 genes
were MMP9, IGF1, PTGS2 and ESRI1. Finally, the 5 core genes
screened by the NetworkAnalyzer tool and their Degree values and
Betweenness Centrality values were shown in Table 2.

Gene Ontology and Kyoto Encyclopedia of

Genes and Genomes Enrichment Analysis

351 GO items were collected through the analysis of the Metascape
database (p 0.01, count 3), while the KEGG entries were 112 (p
0.01, count 3). The top 15 most significant entries were filtered in
ascending p-value order and displayed in a visual bubble diagram,
and all results were shown if less than 15 (Figure 5). The results
show that the most significant molecular function included serine-
type endopeptidase activity, serine-type peptidase activity,

metallopeptidase activity, nuclear receptor activity and so on.
While the biological process was primarily involved in processes
such as collagen catabolism, extracellular matrix disassembly,
collagen metabolic process, and other extracellular matrix-
related processes. Another aspect is the processes associated
with inflammation, such as regulation of inflammatory
responses, regulation of neuroinflammatory responses and so
on. KEGG results showed that genes shared by ICA and KOA
were mainly enriched in the IL-17 signaling pathway, TNF
signaling pathway and Estrogen signaling pathway, excluding
other disease pathways (Figure 5D; Table 3). Then a targets-
pathways network was constructed based on the results (Figure 6).

Molecular Docking Analysis

Based on the data above, the 21 core target genes were individually
imported into the Autodock Vina 1.1.2 software to dock with the
ICA. Affinity was the score used by the software to calculate the
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TABLE 4 | Affinity of gene binding to ICA.

The Targets Affinity (kcal/mol) The Targets Affinity (kcal/mol)

CDK2 -10.1 ESR1 -8.2
MMP13 -9.5 PDE3SB -8.2
PTGS2 -9.5 ESR2 -8.0
MMP3 -9.1 CTSK -8.0
IGF1 -9.1 TNF -7.7
PIK3CD -8.8 RELA -7.5
MMP2 -8.8 MMP1 -7.4
MMP9 -8.4 PPARA -7.2
IGF1R -8.3

binding ability. It is generally believed that affinity < -7 kcal/mol
indicated a stronger binding activity (Ferreira et al., 2015; Gromiha
et al., 2017; Cui et al., 2020). After calculation, it was found that 17
out of 21 genes met the criteria of affinity < —7 kcal/mol (Table 4).
The docking diagrams of ICA and genes were drawn using Pymol
software (Figure 7). In addition, we found the hydrogen bonds
formed between molecules and represented by yellow dotted lines in
the diagrams.

Results of the Literature Collection
Through our study of the literature, we screened twenty-eight

articles from the last 5 years relevant to this study. Of these, 8
papers mentioned that icariin inhibited inflammation, 6 papers
indicated that icariin reduced chondrocyte apoptosis and 4
papers indicated that icariin inhibited extracellular matrix
degradation. In addition, 9 papers mentioned that icariin
promotes chondrocyte proliferation, differentiation, cellular
autophagy or cartilage repair (Figure 8A). In the literature on
the underlying mechanisms, 3 papers suggested that icariin can
treat OA via the NF-kB signaling pathway, 3 papers mentioned
that icariin inhibited the expression of TNF-a, 3 papers
mentioned that icariin downregulated the expression of
MMPs, while 2 papers mentioned that icariin reduced the
inflammatory response caused by IL-p (Figure 8B).

DISCUSSION

Despite the significant developments in the diagnosis and
treatment of KOA, single drug development for a single target
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FIGURE 7 | Molecular docking simulation diagram. The ICA is violet stick models and the protein molecules are blue cartoon models. The protein molecules at the
docking site are represented as red stick models. The connected hydrogen bonds are indicated by yellow dotted lines. And the blue and red bubbles indicate metal ions.

is still slow (Wang et al., 2015). This is because KOA is a complex
pathological process involving multiple substances and regulated
by multiple pathways (Abramoff and Caldera 2020).
Coincidentally, traditional Chinese medicine has a multi-target
and multi-pathway biological effect. As a traditional Chinese
medicine, epimedium is widely used in clinical practice. It has
also been widely used in the treatment of knee osteoarthritis from
ancient times to the present day with good healing properties. As
research progressed, ICA, one of the main components of
Epimedium, was found to have strong biological activity. Due
to its low price and easy availability, it has a high potential value in
the treatment of KOA. In the present study, based on network

pharmacology, we found that icariin has good bioavailability.
Meanwhile, we assembled a number of key targets and pathways,
as well as biological functions, and reviewed the literature over the
last 5 years to validate them.

Icariin May be Useful for the Treatment of
Knee Osteoarthritis by Inhibiting

Inflammation

Inflammation is a major factor in the development and
progression of KOA. On the one hand, inflammatory
mediators promote cartilage apoptosis and extracellular matrix
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degradation. On the other hand, the products of chondrocyte
apoptosis and matrix breakdown induce the production of
inflammatory substances that further aggravate the KOA
condition (Martel-Pelletier et al, 2016). These inflammatory
mediators include tumour necrosis factor (TNF), interleukin
(IL), nitric oxide (NO), prostaglandin E2 (PGE,) and so on
(Fei et al., 2019; Li et al., 2020).

Our study found that the key targets of icariin for the
treatment of KOA include TNF, PTGS2 as well as RELA (NF-
kB). TNF is a powerful pro-inflammatory factor that binds to two
types of receptors, including TNFR1 and TNFR2, which are
expressed on the surface of both chondrocytes and synovial
cells (Ansari et al, 2020) (Figure 9). TNF binding to the
receptor activates the downstream NF-kB signaling pathway,
thereby up-regulating the synthesis of inflammatory mediators
(PTGS2, NO, PGE,, IL-6, etc.) and matrix degrading enzymes
(MMPs, ADAMTS). In addition, it can inhibit the synthesis of
type II collagen (Wojdasiewicz et al., 2014). A study reported that
icariin can inhibit NF-«kB activation and nuclear translocation
triggered by TNF-aq, as well as reduce chondrocyte apoptosis and
inflammation (Mi et al., 2018). In addition, according to the study
of Pengzhen Wang et al. (2020), icariin inhibited the activation of
NF-kB and HIF-2a in the chondrocytes of OA mice and
attenuated the inflammatory response driven by TNF-a. In
addition, the expression of MMPs was inhibited. These
findings confirm that icariin reduces KOA inflammation by
down-regulating the TNF signalling pathway through
inhibition of TNF-a, NF-«B. In addition to the above proven
targets, we also identified PT'GS2 as a potential target for icariin.
This could be an area for further research.

Icariin may contribute to the treatment of KOA by promoting
cartilage repair and attenuating cartilage extracellular matrix
degradation.

In KOA, chondrocyte apoptosis and extracellular matrix
degradation are severe pathological changes (Choi et al, 2019).
The extracellular matrix is mostly made up of type 2 collagenase and
aggrecan, which can be degraded by matrix-degrading enzymes like
MMPs and ADAMTS (Guilak et al., 2018). And this is associated
with the accumulation of inflammatory substances in KOA joints
including TNF-qa, IL-6, IL-1p (Krishnan and Grodzinsky 2018).
Degradation of the extracellular matrix promotes chondrocyte
apoptosis at the same time (Komori 2016).

Our research has found substantial evidence that icariin can
promote cartilage repair in KOA over the last 5 years (Wang et al.,
2016; Liu et al., 2019; Zhang et al., 2019). Other studies have
shown that icariin regulates the TDP-43 signaling pathway and
NF-«B signaling pathway to reduce chondrocyte apoptosis (Mi
etal, 2018; Huang et al,, 2019). In addition, Tang Y, et al. showed
that icariin mediated the PI3K/AKT/mTOR pathway to activate
chondrocyte autophagy (Tang et al., 2021).

In addition to the above findings, we found that insulin-like
growth factor 1 (IGF-1) is also one of the key targets of icariin. It
is closely related to the proliferation, differentiation and
maintenance of the phenotype of cartilage (Oh and Chun
2003). One study found that icariin enhances IGF-1 signalling,
promotes osteogenic differentiation and has estrogen-like effects
(Zhou et al, 2021). This suggests that icariin promotes

Icariin Treatment of KOA

chondrocyte proliferation and differentiation via IGF-1,
thereby repairing KOA-damaged cartilage.

We also found that icariin also binds to the estrogen receptors
and activates estrogen signaling pathway (Figure 9). The estrogen
signaling pathway also plays a significant role in the skeletal
system. In particular, post-menopausal women have a high
incidence of arthritis and cardiovascular disease. Estrogen was
found to have good anti-inflammatory effects and reduce
cartilage damage (Martin-Millan and Castafieda 2013). This
may be one of the reasons why there are more KOA patients
among females than males over the age of 50.

Network pharmacology as a new technology has a wide range
of applications in exploring the molecular mechanisms of Chinese
medicine. In this study, we predicted the molecular mechanism of
ICA for the treatment of KOA and obtained 21 relevant targets.
Further analysis obtained the core targets as TNF, MMP9, IGF1,
PTGS2, ESR1 and so on. After GO and KEGG analysis, we found
that the key pathway for ICA treatment of KOA is the IL-17
signaling pathway, TNF signaling pathway and Estrogen signaling
pathway with a regulatory effect on the extracellular matrix
degradation and inflammation. Molecular docking verified the
affinity of key targets. Finally, we reviewed the literature related
to icariin for treatment of KOA in the last 5 years, and the results are
generally consistent with the prediction.

CONCLUSION

Taken together, ICA is able to inhibit KOA inflammation,
chondrocyte apoptosis, matrix degradation, and promote cartilage
repair through multiple pathways at multiple targets. Through
network pharmacology and molecular docking technology, we
obtained the interaction relationship between genes, protein
molecules and revealed the molecular mechanism of ICA for the
treatment of KOA, making it possible as a new drug.
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