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Editorial on the Research Topic

Recent trends in pharmacological treatment of musculoskeletal

disorders

Musculoskeletal disorders, such as osteoarthritis (OA) and osteoporosis, have already

been ranked the leading cause of the global year lived with disability about 10 years ago

(Collaborators, 2020). With increasing age and obesity prevalence, the morbidity of

musculoskeletal disorders increased (Jin et al., 2021; Lin and Li, 2021), leading to a

massive burden to the individual and society (Bitton, 2009; Collaborators, 2015; England,

2015). Pharmacological treatment becomes an effective therapeutic strategy for

musculoskeletal disorders. The articles published on this Research Topic provide

insight into the discoveries and applications of novel pharmacological treatments for

musculoskeletal disorders.

Osteoporosis is a chronic osteolytic disease characterized by bone loss and

deteriorated bone architecture, which is still challenging the research communities

even though the pathology of the disease has been well elucidated. There are two

main kinds of drugs for osteoporosis: anti-absorptive and anabolic drugs. Considering

the cost, anti-absorptive drugs, especially Bisphosphonates (BPs), are the first-line

medication in developing countries. However, the main drawback of BPs is the

stiffness they bring to the bone, which may cause atypical subtrochanteric fractures

(Li et al.). Antibodies targeting the pathway involved in osteoclasts activities are another

option. Denosumab, an FDA-approved monoclonal antibody against the ligand of the

RANK receptors, can increase the bone mineral density (BMD) of the cortical bone and

decrease the porosity of the trabecular bone (Zhu et al., 2020). However, the withdrawal

effect is also significant with the rapid decrease of BMD and the ensued fracture (Li et al.).
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Therefore, sequential application of anti-resorptive drugs is

recommended to maintain the density of the bone (Li et al.).

Sun et al. also reported that gene Nox4 could promote RANKL-

induced bone absorption via activating ROS/PERK/eIF-2α/
ATF4 pathway, so applying Nox4 shRNA or PERK inhibitor

GSK2606414 could significantly inhibit autophagy during

osteoclastogenesis. Besides, Nicorandil, which is generally used

as a vasodilator drug, also showed a similar effect in inhibiting

osteoclast differentiation (Xu et al.). Drugs under development

are mainly focused on the adhesion process of osteoclasts to the

bone and its ruffled border. Cathepsin K is the primary protease

involved in the degradation of the bone matrix (Watanabe and

Okazaki, 2014). Inhibiting its activities could decrease bone

resorption and increase bone formation simultaneously. Data

has shown that selective inhibitors of Cathepsin K, such as

Odanacatib and ONO-5334, could significantly increase bone

density (Li et al.). But adverse events, particularly stroke and lack

of long-term study, restricted their application. Regarding anti-

anabolic drugs, non-Wnt-related and Wnt-related anabolic

drugs draw the most attention. Parathyroid hormone (PTH)

and its related protein (PTHrP) are important local factors that

regulate the bone formation. Administration of Teriparatide (a

recombinant human PTH 1-34) or Abaloparatide (a synthetic

analog of PTHrP) could stimulate bone formation at various sites

(Li et al.). But the exact mechanism of their effect on bone density

by decreasing bone resorption or increasing bone formation

needs further study. Wnt signal pathways play a critical role

in promoting mesenchymal stem cells committing to osteoblasts,

which augment the bone regeneration (Houschyar et al., 2018).

Depending on the requirement of β-catenin or not, Wnt

signaling can be classified into Canonical Wnt signaling and

Non-canonical Wnt signaling. Of which, canonical pathway

plays the most part in bone regeneration. Sclerostin, GSK1β,
and sFRP1 could be targeted to improve the therapeutic

outcomes in the scenario of bone formation related to

Canonical Wnt signaling. Anti-sclerostin antibodies, including

Romosozumab, Blosozumab, and AbD09097, were proven to be

effective in increasing BMD and decreasing the risk of fracture.

Nevertheless, cardiovascular events should be closely monitored

while administration, as sclerostin may also participate in the

cardiovascular remodeling. Lithium and LY294002 could be used

as a GSK3β inhibitor to activate the Canonical Wnt signaling

pathway (Li et al.). However, both chemicals are highly toxic, and

lack bone specificity, which block their way to translation. Studies

on the effect of sFRP1 inhibitors on osteoporosis, including

WAY-316606, miR-542-3p, miR-1-3p, were investigated, and

these findings indicated that targeting sFRPs with miRNAs could

be a novel way to tackle the problem (Li et al.). As a highly

conserved and multifunctional signaling pathway, Wnt signaling

could also interact with other signalings to regulate bone

regeneration. Interestingly, Gong et al. reported that a

traditional Chinese medicine formulation named

Zhuangguguanjie could also increase mineral deposition and

reduce bone resorption via PI3K-AKT and mTOR signaling.

Tanshinol also exhibited a pro-osteogenesis effect on a

glucocorticoid-induced osteoporosis rat model by reducing

mitochondrial oxidative phosphorylation (Lai et al., 2021).

Besides, Xie et al. reported that Kaempferol exhibited a pro-

osteogenesis effect in a cell model by activating the JNK p38-

MAPK signaling pathway. Periprosthetic osteolysis is a serious

complication of prosthesis implantation, leading to prosthesis

loosening and periprosthetic fracture. One possible cause of

periprosthetic osteolysis could be the inflammation related to

the wear particles released from the prosthesis. Icariin (ICA), an

active ingredient of the Chinese herb Herba Epimedii, could

significantly decrease the wear particle-induced pro-

inflammatory cytokines expression and inhibit macrophage

M1 polarisation (Guangtao et al.). Besides, Chrysin, a

flavonoid with a wide range of anti-inflammatory functions,

also showed an anti-absorption effect by inhibiting RANKL-

induced osteoclastogenesis (Wu et al.). However, most of these

studies only demonstrated the possibility of the compounds in

ameliorating the osteolytic phenomena induced by different

pathological conditions. Thus further experiments are needed

to explore the underlying mechanisms.

Fracture is one of the most common causes of morbidity and

mortality in the elderly, resulting in a huge and growing financial

burden to our healthcare society (Wong et al., 2020). As

mentioned above, bone repair depends on well-coordinated

bone regeneration and absorption processes. Osteoblasts,

osteoclasts, osteocytes, and precursor cells, including

mesenchymal stem cells and hematopoietic stem cells, play

vital roles in this scenario. Promoting the proliferation and

differentiation capacity of MSCs or osteoblasts will benefit

bone repair and regeneration. Yang et al. reported that a

semi-synthetic derivative, Troxertin (TRX, also known as

vitamin P4), improved the osteogenic differentiation capacity

of human MSCs in a dose-dependent manner via stimulating the

expression of β-catenin, thus accelerating the fracture healing.

However, the pharmaceutical window of TRX needs further

investigation as over-dose could inhibit cell viability. Besides,

blood vessels are also imperative during bone regeneration, as

insufficient vascularisation will impair bone regeneration. A

synthetic arsenic compound named Pirfenidone (PFD) has

been proven to have biphasic effects on angiogenesis

depending on the dose, but the exact mechanism and dosage

are not yet elucidated. Gan et al. illustrated a possible effective

dose and mechanism of PFD on angiogenesis. As reported, the

concentration range between 10 nM to 1 uM could significantly

stimulate tube formation, and such pro-angiogenesis effects of

PFD may be related to the increased expression of MMP-2/9 via

the EGFR/p-p38 signaling pathway. As stated above, traditional

Chinese medicine has shown great potential in the treatment of

musculoskeletal diseases. Li et al. had summarized the recent

findings of the therapeutic potential of some herbs. Among them,

Icariin, Ginseng, and Naringin have shown multifunctions,
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including promoting osteogenesis, angiogenesis, chondrogenesis

of the precursor cells, which are curial for tissue regeneration.

Arthritis is another common musculoskeletal disorder that

leads to pain and disability. Ankylosing spondylitis (AS) is a

chronic inflammatory disease characterized by the malfunction

of new bone formation. Thus, manipulating the ectopic bone

formation by suppressing inflammation may be feasible to slow

down the progression. TNF-α and IL-17A blockers could be

options for some patients, but the efficacy differed from person to

person (McGonagle et al., 2021). Li et al. reported thatDanshensu

[3-(3,4-dihydroxy-phenyl) lactic acid], a bioactive ingredient

extracted from Salvia miltiorrhiza (Danshen), showed an anti-

osteogenic effect by suppressing the JNK and ERK signaling

pathways, indicating a therapeutic potential of Danshensu as a

novel option for AS. Besides AS, OA affects 25% of people

aged >60 years worldwide. Although non-steroidal anti-

inflammatory drugs (NSAIDs) or opioids can alleviate

moderate to severe pain, considerable side effects still cannot

be ignored, especially long-term administration is required for

most patients (Leopoldino et al., 2019; Latourte et al., 2020).

Disease-modifying osteoarthritis drugs (DMOADs) can be an

alternative with higher efficacy and fewer side effects. Most

DMOADs target cartilage degradation, synovial inflammation,

and subchondral bone alteration by utilizing growth factors

agonists or pro-inflammatory cytokines antagonists (Malfait

and Tortorella, 2019; Latourte et al., 2020). Recently, a Wnt

pathway inhibitor named Lorecivivint (SM04690) showed

promising results in symptoms relieving and functional

improvement in a phase II trial conducted on 700 patients for

up to 2 years of follow-up Moreover, intra-articular injection of

TPX-100, a novel peptide derived from matrix extra-cellar

phosphoglycoprotein (MEPE), was also reported to reduce

pathologic bone shape changes of the femur (Chen et al.).

Interestingly, some drugs commonly used in treating other

musculoskeletal disorders are also effective in treating OA.

According to studies and clinical trials conducted, salmon

calcitonin and Teriparatide, which are commonly targeted for

metabolic bone diseases, benefit knee function. Some active

ingredients in Traditional Chinese Medicine can also alleviate

inflammation and OA progression. Data showed that the

Eucommia ulmoides polysaccharides (EUP) isolated from

Eucommia ulmoides benefited subchondral bone

reconstruction and cartilage regeneration by decreasing the

expression of pro-inflammatory cytokines and proportion of

M1 type macrophages (Sun et al.). The antagonists of most

studied pro-inflammatory related to joint inflammation had

already been studied for decades, but most clinical trials failed

to obtain satisfactory outcomes. To overcomes these difficulties,

nucleic acid-related drugs emerged. Thanks to the development

of the high-throughput genomics technologies, potential

therapeutic targets of OA can now be identified by

bioinformatic screening, and such technology can also

facilitate us to deepen our understanding of OA. Chang et al.

utilized bioinformatic screening tools to identify the key genes

and miRNAs in human knee OA. They discovered that AHR,

HEY1, MYC, GAP43, miR-17, miR-21, and miR-155 might

contribute mainly to OA development (Chen et al.). Due to

the ability to interact with miRNA and mRNA, lncRNAs, and

circRNAs also play pivotal roles in the progress of

musculoskeletal degenerative diseases. Among which, ncRNA/

circRNA-miRNA-mRNA axis contributes greatly to disease

development. Understanding their interrelationship could

provide potential therapeutic strategies for musculoskeletal

degenerative diseases (Zheng et al., 2021). However, till now,

only a small amount of them have been discovered. Further

research is needed to fill in the blanks remaining. With the rapid

development of single cell “omics” technologies, researchers are

now able to identify the specific cell population which mainly

involved in the development of musculoskeletal diseases instead

of traditional “bulk”methods. (Rai et al., 2021). By using scRNA-

seq analysis, identified the trajectories and molecular

mechanisms mastering cell fate of hiPSC subject to

chondrocyte. devised a possible pharmacological method

targeting Inf-A and Inf-D cells that could dramatically

decrease inflammation in OA chondrocytes (Wu et al., 2021)

(Grandi et al., 2020). Besides, Duan et al. demonstrated a rapid

and reversible knockout method, proteolytic targeting chimeras

(PROTACs), which could be utilized to study the target genes/

proteins in a convenient and controllable way. When taken one

step further, gene/non-coding RNA-based therapies provide

persistent and endogenous trans-gene products which can

prolong therapeutic benefits and overcome adverse effects like

infection caused by multiple intra-articular drug administrations

(Latourte et al., 2020). Among which, clinical trials of TNF

immunoglobulin Fc fusion gene demonstrated a great

improvement and well tolerance in patients (Deng et al.).

Furthermore, an ex vivo gene therapy targeting TGF-β1
named Invossa has been approved in Korea. However, long-

term follow-ups are needed, as the safety of viral vectors remains

unclear. Recently, cell therapy has been intensively investigated.

Some promising results were obtained in large animal models or

clinical trials (Song et al., 2020; Sun A. R. et al., 2021; Zong et al.,

2021). Despite encouraging outcomes acquired in vivo and

clinical studies, severe adverse cases, including pulmonary

embolism and tumors, were reported, which indicated that

more randomized controlled trials are required before the

final translation. Apart from trauma or aging that directly

contributes to cartilage degradation, cell senescence has been

found in all components of the joint, whichmay be closely related

to the OA initiation and progression. Several anti-senescence

strategies, including sirtuin-activating compounds, senolytics,

and senomorphics targeted at the senescence cells and

senescence-associated secretory phenotype (SASP) factors,

may have beneficial effects on structural changes and

symptoms (Zhang et al.). Studies have found that the

synthetic STACs exhibited a higher efficacy and specificity
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than natural ones, and SRT1720/2104 showed promising results

in reducing the expression of pro-inflammatory factors (Zhang

et al.). Up till now, except Reveratrol had been driven into non-

therapeutic clinical studies, most of the STACs still remain in

animal studies. Another novel class of anti-senescence drugs,

senolytics, also showed high effectiveness in targeting anti-

apoptotic and pro-survival pathways of the senescence cells

(Zhang et al.). Nogueira-Recalde et al. (2019) reported that

Fenofibrate targeting on PPARα could induce apoptosis of

senescent cells in cartilage and slow down the destruction of

the joint in OA patients (Zhang et al.). The mitochondrion is an

organelle that mainly participates in energy supplements in the

cell. A recent study showed that mitochondrion also takes part in

adaptive response reacted to the microenvironment changes, and

dysfunctional mitochondria were believed to be closely related to

senescence and cartilage degradation in OA. Thus, removing

dysfunctional mitochondria or recovering their functions has

been suggested as a new strategy for DMOADs development. He

et al. revealed that a natural diet transformed by gut bacteria,

named Urolithin A (UA), suppressed the senescence level of the

chondrocytes in vitro and increased the quantity of extracellular

matrix deposition. Despite inspiring results obtained in various

studies on cell senescence, many questions remain. Senescent

chondrocytes play a prior role in OA development, but cell

senescence is a complex process that may be regulated by

different survival pathways. Thus, more research should be

made to elucidate the relationships of the signaling pathways

involved to obtain a satisfying outcome.

Besides, low back pain is another common

musculoskeletal disorder that severely affects the quality of

life of the patients and causes worldwide productivity loss

(Collaborators, 2018). Due to the innate of the disease and the

weak correlation with pathology and symptoms, the

diagnostic criteria and treatments are still under

development, not to mention the prevention of low back

pain. According to an analysis of the United Kingdom

General Practice Research Database, about 2.8 billion

pounds were spent on the management of the disease

(Hong et al., 2013). Concerning the benefit ratio of

pharmacological agents, most published guidelines advocate

non-pharmacological methods including exercises and

physical therapy as first-line treatments (Knezevic et al.,

2021). When it comes to patients with multiple areas of

pain, it leaves no choice but to utilize drugs to relieve the

symptom. Similar to osteoarthritis, NSAIDs are

recommended for acute or subacute low back pain

according to the American College of Physicians guidelines

(Qaseem et al., 2017). Administration duration, however, still

requested more discussion. Because of the addictive potential,

opioids were last recommended and only used when it is

refractory to other drugs even such shows more efficacious

than other analgesics in varieties subtypes of low back pain

(Finnerup et al., 2015; Qaseem et al., 2017). Moreover,

antidepressants including duloxetine and gabapentinoids

are recommended to treat neuropathic pain, but evidence

only supports duloxetine and gabapentinoids for chronic

low back pain (Chou et al., 2017).

Taking all these together, articles on this topic demonstrate

some novel tools and pharmacological methods to tackle

musculoskeletal disorders, which may throw light on further

studies and new drug development.
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Physiological mechanical stimulation has been shown to promote chondrogenesis, but
excessive mechanical loading results in cartilage degradation. Currently, the underlying
mechanotransduction pathways in the context of physiological and injurious loading are
not fully understood. In this study, we aim to identify the critical factors that dictate
chondrocyte response to mechanical overloading, as well as to develop therapeutics that
protect chondrocytes from mechanical injuries. Specifically, human chondrocytes were
loaded in hyaluronic hydrogel and then subjected to dynamic compressive loading under
5% (DL-5% group) or 25% strain (DL-25% group). Compared to static culture and DL-5%,
DL-25% reduced cartilage matrix formation from chondrocytes, which was accompanied
by the increased senescence level, as revealed by higher expression of p21, p53, and
senescence-associated beta-galactosidase (SA-β-Gal). Interestingly, mitophagy was
suppressed by DL-25%, suggesting a possible role for the restoration mitophagy in
reducing cartilage degeneration with mechanical overloading. Next, we treated the
mechanically overloaded samples (DL-25%) with Urolithin A (UA), a natural metabolite
previously shown to enhance mitophagy in other cell types. qRT-PCR, histology, and
immunostaining results confirmed that UA treatment significantly increased the quantity
and quality of cartilage matrix deposition. Interestingly, UA also suppressed the
senescence level induced by mechanical overloading, demonstrating its senomorphic
potential. Mechanistic analysis confirmed that UA functioned partially by enhancing
mitophagy. In summary, our results show that mechanical overloading results in
cartilage degradation partially through the impairment of mitophagy. This study also
identifies UA’s novel use as a compound that can protect chondrocytes from
mechanical injuries, supporting high-quality cartilage formation/maintenance.
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INTRODUCTION

Osteoarthritis (OA) is the most common degenerative joint
disease affecting up to 240 million people around the world
(Vos et al., 2016). While OA now is accepted as a disease affecting
all joint elements, cartilage quality and quantity still represent a
central criterion when assessing OA severity and treatment
efficacy (Deveza and Loeser 2018). The exact mechanisms of
OA pathogenesis remain largely unclear, but known risk factors
include aging, gender, obesity, genetic predisposition, acute
trauma, chronic overload, hormone profile, and metabolic
syndrome (He, Li, et al., 2020; Sun et al., 2021). As a result of
the limited knowledge of OA pathogenic mechanisms, there are
no disease-modifying osteoarthritis drugs (DMOADs) that can
halt or reverse OA progression.

Given that the main function of the knee joint is to bear
weight, mechanical overloading and overuse may result in
damage to cartilage, which initiates cartilage degradation and
increases the likelihood of OA (Merkely et al., 2018). How these
injurious mechanical cues are converted into biochemical signals
and subsequently cause detrimental activities in cartilage and
chondrocytes has been limited, but insightful. For example,
gremlin-1 was identified as a mechanical loading-inducible
factor in chondrocytes. In response to cyclic strain or
hydrostatic pressure loading, elevated gremlin-1 activates the
nuclear factor kappa-light-chain-enhancer of activated B
cells(NF-KB), leading to catabolic enzyme induction and
subsequent cartilage degradation (Chang et al. 2019, Tong et
al. 2015). Other mechanisms involved in overloading-induced
OA progression include primary cilia destruction, mitochondrial
dysfunction, and impaired autophagy (He, Makarczyk, et al.
2020, He et al. 2016, Tong et al. 2019, Zheng et al. 2019).

Mitochondrion is a semi-autonomous organelle surrounded
by a double membrane. In addition to energy generation,
mitochondria has emerged as key participants in sensing and
integrating cues from the environment to trigger adaptive and
compensatory responses in cells (Galvan et al., 2017).
Dysfunctional mitochondria are identified by decreased
mitochondrial membrane potential, increased proton leak and
increased generation of ROS (Chapman et al., 2019). Increased
level of PTEN induced kinase 1 (PINK1), parkin, and lysosome
related proteins are also indicators of mitochondrial malfunction
(López de Figueroa et al., 2015). Since the accumulation of
damaged mitochondria is often observed in OA chondrocytes,
removal of damaged mitochondria to restore overall
mitochondrial quality and function has been suggested as a
new target for DMOAD development (Mao et al., 2020).
Mitophagy is a type of autophagy that selectively degrades
damaged mitochondria, preventing dysfunctional mitochondria
accumulation and thus protecting cells from cellular degeneration
(Palikaras et al., 2018). Defective mitophagy is thought to be
associated with apoptosis, aging, and a range of pathological
processes, including arthritis and disc degeneration (Hu et al.,
2020). However, exactly how mitochondrial function and
mitophagy are modulated by mechanical loading is unclear
and the interaction between mitochondrial function and
mechanotransduction-relevant molecules in the context of

mechanical damaging-induced cartilage degradation remains
unknown.

Urolithin A (UA), a natural dietary, microflora-derived
metabolite resulting from ellagitannin transformation by gut
bacteria (Muku et al., 2018), has been shown to induce
mitophagy and thus prevent dysfunctional mitochondria
accumulation (Ryu et al., 2016). A recent clinical study
indicated that UA was biosafe and improved mitochondrial
and cellular health (Andreux et al., 2019). Moreover, intra-
articular UA injection was shown to reduce OA severity in
animal models (Ding S-l et al., 2020), in which UA primarily
functioned by suppressing inflammation. Whether UA is able to
target other OA-relevant pathways, such as restoration of
mitophagy in OA chondrocytes, is unreported.

In this study, it was hypothesized that 1) excessive mechanical
loading causes dysfunctional mitochondria accumulation,
increases cellular senescence and inflammation level, and
impairs chondrogenic potential of chondrocytes; 2) UA
treatment can restore mitophagy in mechanically injured
chondrocytes, thus preserving their capacity in generating
high-quality cartilage. To test the hypotheses, we first
established an in vitro mechanical injury-induced cartilage
degradation model. Specifically, human chondrocytes were
encapsulated in hyaluronic acid (HA) scaffold and subjected to
mechanical loading with 5% or 25% strains for 14 days. As the
first step towards understanding chondrocyte responses to
mechanical signals, we used this model to analyze level
changes in molecules associated with chondrogenesis, cartilage
degradation, mitochondrial function, cellular senescence, and
inflammation. Next, UA was supplemented into culture
medium and its ability to protect mechanically injured
chondrocytes was examined. Lastly, we conducted a
mechanistic study to understand the molecular pathways
influenced by UA treatment.

MATERIALS AND METHODS

Cell Isolation and Expansion
With the approval from the University of Pittsburgh Committee
for Oversight of Research and Clinical Training Involving
Decedents (CORID), cartilage tissues were harvested from the
knee joints of deidentified donors without joint disease. To isolate
chondrocytes, fresh articular cartilage tissues were rinsed with
dissection medium containing high glucose Dulbecco’s Modified
Eagle Medium (DMEM, Gibco/Thermo Fisher Scientific,
Waltham, MA, United States) containing 2 × Antibiotics-
Antimycotics (Life Technologies, Carlsbad, CA, United States)
and cut into ∼1-mm3 pieces and digested in 10 ml/g wet weight
cartilage dissection medium with collagenase type II
(Worthington Biochemical Corporation, Lakewood, NJ,
United States) at 1 mg/ml (w/v) for 16 h in a shaker at 37°C.
The mixture was then passed through a 70 μm cell strainer to
collect single chondrocytes. The isolated chondrocytes were
seeded in tissue-culture flasks at a density of 1 × 104 cells/cm2

and maintained in growth medium (GM, DMEM containing
10% fetal bovine serum (FBS, Life Technologies) and 1%
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Antibiotics-Antimycotics). After cells were fully attached to the
culture substrate (usually after 7 days), the medium was changed
every three days until cells reached 70–80% confluency. The cells
were then detached with Trypsin/EDTA (Gibco/Thermo Fisher
Scientific) and passaged. Passage 1 (P1) chondrocytes from six
donors were pooled (Supplementary Table S1). P2 chondrocytes
were used in all experiments.

Hydrogel Synthesis and Cell Encapsulation
The photoinitiator, lithiumphenyl-2,4,6-tri-methylbenzoylphosphinate
(LAP), was synthesized as previously reported (Lin et al.,
2014). The methacrylated hyaluronic acid (HA, Advanced
BioMatrix, CA, United States) was dissolved in phosphate-
buffered saline (PBS) at a concentration of 2% (w/v) with
0.15% LAP added as the photoinitiator. As shown in Figure 1,
pooled P2 human chondrocytes were suspended in the 2% HA
solution at 20 × 106 cells/ml. The suspension was pipetted into
a silicone mold with 6 mm (D) × 2 mm (H) cylindrical void

space and photocrosslinked for 2 min using a flashlight
(395 nm wavelength, 7w, LED Wholesaler, Hayward, CA,
United States). Constructs were cultured in chondrogenic
medium overnight in NUNC 6-well plates that were not
treated for cell culture (Thermo Fisher Scientific, Waltham,
MA, United States). These cell-loaded hydrogels were
subjected to the dynamic loading over the next day for 14 days.

Mechanical Loading
Dynamic compressive loading was performed in a Mechano-
Active Transduction and Evaluation (MATE) bioreactor (Apex
Biomedical LLC, Wilsonville, OR, United States) (Figure 1).
Dynamic cyclic compression was applied to cell-loaded gels
with controlled strain and displacement within a tissue culture
incubator (37°C, 5% CO2) (Iseki et al., 2019). To mimic a
cadence of daily walking, the MATE system was operated at
1 Hz with different strains (5 and 25%) for 1 h per day over 14
consecutive days. All samples were maintained in 3 ml
chondrogenic medium [CM: high-glucose DMEM
supplemented with 1% Antibiotics-Antimycotics, 40 μg/mL
L-proline (Sigma, St. Louis, MO, United States), 10 μg/ml
ITS+ (Thermo Fisher Scientific), 50 μg/ml ascorbate 2-
phosphate, 10 ng/ml transforming growth factor (TGF)-β3
(Peprotech, Rocky Hill, NJ, United States)]. Medium for all
groups was changed every 3 days. The non-loaded samples in
static culture were used as the control. Chondrogenesis was
analyzed after 14 days.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)
Samples were washed with PBS twice. An electric pestle was
applied to crash the gels. Cells were released from the gels and
homogenized in Qiazol (Qiagen, Germantown, MD,
United States). Total RNA was isolated and purified using an
RNeasy Plus Universal Mini Kit (Qiagen, Cat. No. 74104)
according to the manufacturer’s protocol. The reverse
transcription to the complementary DNA (cDNA) was
completed using SuperScript IV VILO Master Mix (Invitrogen,
Waltham, MA, United States). qRT-PCR was performed on a
real-time PCR instrument (QuantStudio 3, Applied Biosystems,
Foster City, CA, United States) using the SYBR Green Reaction
Mix (Applied Biosystems) with custom primers ordered from
Integrated DNA Technologies (IDT, Newark, NJ, United States).
Relative gene expression levels were calculated through the 2−ΔΔCt

method. Ribosomal protein L13A (RPL13A) was used as the
housekeeping gene. Full names and abbreviations of genes and
their corresponding proteins are listed in Supplementary
Table S2. Primer sequences are listed in Supplementary
Table S3.

Safranin O/Fast Green Staining
Safranin O/Fast green staining was used to assess
glycosaminoglycans (GAGs) content. Samples were fixed in
10% buffered formalin phosphate solution (Fisher Chemical,
Fair Lawn, NJ, United States) overnight and dehydrated with
an increasing ethanol gradient. After being soaked in xylene for

FIGURE 1 | Schematic illustration of the experimental process. Human
chondrocytes were isolated from healthy cartilage, expanded to passage 2,
and then loaded in hyaluronic acid (HA) hydrogel. The cell-laded constructs
were placed between the static post and loading piston, and then
subjected to dynamic loading. Through controlling the travel distance of the
piston, cyclic loading at 5% or 25% strain was achieved.
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2 h and then in liquid paraffin overnight, samples were
embedded in paraffin. The blocks were sectioned at 6 μm
thickness using the RM 2255 Fully Automated Rotary
Microtome (Leica Biosystems, Buffalo Grove, IL,
United States). Slides were dried and subjected to Safranin
O/Fast green counterstaining (Sigma-Aldrich, St. Louis, MO,
United States). Cell nuclei were stained with Hematoxylin
solution (Sigma-Aldrich).

Immunohistochemistry Staining (IHC)
Samples were prepared and sectioned as described in Safranin
O/Fast Green Staining section. After rehydration in a decreasing
alcohol gradient and distilled water, slides were blocked with 10%
horse serum (Vector Labs, Burlingame, CA, United States) in PBS
for 1 h and then incubated overnight at 4°C with a primary
antibody. All antibodies used in this study were listed in
Supplementary Table S4. Afterward, the sections were
sequentially incubated with biotinylated secondary antibodies
for 30 min, and then horseradish peroxidase (HRP)-conjugated
streptavidin for another 30 min using the Vectastain Elite
ABC-HRP Kit (Vector Labs). Lastly, peroxidase substrate
(NovaRed substrate kit) was added for various time periods
appropriate for different antigenic targets. After counterstaining
with hematoxylin, slides were dehydrated, mounted, and
cover-slipped.

Senescent Associated β-Galactosidase
Staining (SA-β-Gal Staining)
After being fixed with 4% Paraformaldehyde aqueous solution
(Gibco/Thermo Fisher Scientific), samples were dehydrated
with increasing gradient sucrose solutions and then frozen in
Cryo-Gel (LeicaBiosystems, Richmond, IL, United States).
Cryosectioning was done using the Leica CM1850 Cryostat
(Mercedes Scientific, Lakewood Ranch, FL, United States) at
12 μm thickness. Senescence β-Galactosidase Staining Kit
(BioVision, Milpitas, CA, United States) was used to assess
β-galactosidase activity according to the manufacturer’s
instructions.

Western Blot
Samples were washed with pre-cold PBS for three times. A pestle
was used to homogenize the gels. Total proteins were extracted by
suspending the homogenate in RIPA buffer (Sigma-Aldrich)
supplemented with protease and phosphatase Inhibitor Single-
Use Cocktail (Gibco/Thermo Fisher Scientific) and then
centrifuging at 10,000 g at 4°C for 10 min. Protein
concentration of the supernatant was determined by the
Pierce™ BCA Protein Assay Kit BCA kit (Thermo Scientific).
The samples were diluted in RIPA as required for equal loading,
mixed with Laemmli buffer (Bio-Rad, Hercules, CA,
United States), and then denatured at 95°C for 5 min. Proteins
were fractionated electrophoretically on the NuPAGE 4–12%,
Bis-Tris Mini Protein Gel (Gibco/Thermo Fisher Scientific) and
then transferred to a polyvinylidene fluoride (PVDF) membrane
using the iBlot Dry Blotting System (Invitrogen). The membrane
was blocked with 3% non-fat milk (BioRad Hercules, CA,

United States), diluted with TBST (0.1% Tween 20 (Sigma-
Aldrich) in 1 × Tris buffered saline (TBS, Gibco/Thermo
Fisher Scientific) at room temperature for 1 h, washed, and
incubated with a primary antibody at 4 °C overnight on a
rotating shaker. Next, the membrane was washed 5 times with
TBST buffer and incubated with horseradish peroxidase (HRP)-
linked secondary antibodies (GE Healthcare Life Sciences,
Malborough, MA, United States) for 1.5 h at room
temperature. After being washed 5 times with TBST, the
membrane was incubated with the chemiluminescence
substrate SuperSignal West Dura Extended Duration Substrate
(Thermo Fisher Scientific). Images were acquired using the
ChemiDocTM Touch Imaging System (Bio-Rad, Hercules, CA,
United States).

Drug Testing
Urolithin A, 3,8-Dihydroxy-6H-benzo [c]chromen-6-one (UA,
Sigma-Aldrich), was dissolved in Dimethyl Sulfoxide (DMSO,
Sigma-Aldrich) at 20 mg/ml to make a stock. To optimize
dosage, chondrocyte-laded scaffolds were cultured in
chondrogenic medium containing 1 ng/ml interleukin-1β (IL-
1 β, PeproTec, company information) and assigned to four
groups. UA was added into the medium of different groups
with the final concentration of 0, 1, 10, and 100 μM, respectively.
After 7 days, samples were collected for PCR and western blot
analysis.

We used ImageJ Analysis Toolbox to conduct deconvolution
and downstream analysis of semi-quantitative histological
staining and western blotting results. After the background
color pixels were eliminated, we selected and calculated the
integrated density (ImtDen) of the remaining color pixels of
histological images using the statistical color model. Automatic
Nuclei Segmentation was implemented for the detection of
positively stained nuclei in DAB stained images. The pre-
defined parameters included a window size of 25 × 25 pixels
(half size of nuclei), a minimum size constraint of 100 pixels, and
a final size constraint of 150 pixels. For each type of protein and
staining, we analyzed three WB bands or three slides of each
experimental group.

UA Treatment
Medium for the UA treatment group was CM with 10 µM UA.
The medium for the control group was CM only. Medium for the
experimental groups was changed every 3 days. Using the method
described in Mechanical Loading section, dynamic cyclic
compression was applied to all groups at 1 Hz with 25%
strains for 1 h per day over 14 consecutive days.

Statistical Analysis
We applied GraphPad Prism eight for comparation.
Quantitative data were expressed as mean ± standard
deviations (S.D.). Statistics were analyzed by t-test for two-
group comparison, and One-way or two-way analysis of
variance (ANOVA) for multi-comparison between groups.
We used Tukey’s post hoc multiple comparisons test as the
posttest method for ANOVA. p values < 0.05 were considered
statistically significant.
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RESULTS

Dynamic Loading Under 5 and 25% Strain
Displays Beneficial and Detrimental
Influences on Chondrogenesis,
Respectively
The experimental process is shown in Figure 1. Human
chondrocytes were encapsulated within 2% HA hydrogel and
then subjected to dynamic compressive loading at a strain of 5%
or 25%. After 14 days of chondrogenic culture, samples were
collected and analyzed. As shown in Figure 2A, dynamic loading
at 5% strain (DL-5%) resulted in significantly higher expression of
COL2 when compared to static culture without compression (Static
group). A similar trend was observed in ACAN and SOX9
expression, although no significant difference was observed.
Safranin O/Fast green staining and COL2 IHC staining further
indicated that DL-5% resulted in more cartilage matrix production
from human chondrocytes than static culture (Figures 2B,C).

When the magnitude of dynamic compressive loading strain
increased to supraphysiological 25% (DL-25% group), anabolic

gene expression levels were reduced, which concomitantly
accoupled increased catabolic gene expression, such as
MMP1, MMP13, and ADAMTS5 (Figure 2A). Compared to
the other two groups, samples from the DL-25% group
displayed a significantly less histologically evident sGAG
protein and COL2 protein deposition, suggesting impaired
chondrogenesis (Figures 2B,C).

Dynamic Loading Under 25% Strain Results
in Significantly Increased Senescence Level
The extent of cellular senescence and inflammation after
dynamic loading was assayed by examining gene expression
and protein levels. Compared to the other two groups, cells in
cartilage created under DL-25% expressed more CDKN1A,
TP53, IL-6, and IL-8 as well generated higher levels of SA-
β-Gal, p21 and NF-κB p65 (Figure 3 and Supplementary
Figure S1). We did not observe noticeable p16 level changes
in response to dynamic loading.

Taken together, DL-25% significantly impaired cartilage
formation from human chondrocytes, which also reduced

FIGURE 2 | Influence of dynamic loading on chondrogenesis. (A) Relative gene expression levels of representative anabolic and catabolic genes. Dynamic
compressive loadings with 5% (DL-5%) and 25% (DL-25%) strains were used. Data were normalized to that from the non-loaded static culture group (Static)
(set as 1); N � 4. (B) Safranin O/Fast green staining and COL2 immunohistochemistry (IHC) to assess the deposition of cartilage matrix. Scale bar: 100 µm. (C)
Based on the staining density, the levels of GAGs and COL2 were semi-quantitated using ImageJ software. N � 3. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.
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neo-cartilage quality by upregulating the degradation,
inflammation, and senescence-relevant molecules.

Dynamic Loading Influences the Expression
Levels of Factors That Are Associated With
Chondrogenesis, Senescence and
Mitochondrial Function
To understand the mechanism underlying chondrocyte response
to mechanical loading, samples cultured under three conditions
were assessed by western blot analysis of molecules known to be
relevant with chondrogenesis, degradation, apoptosis, and
senescence (Figure 4). We also examined the levels of factors
associated with mitochondrial function. Consistent with the
observation above, the DL-25% group had reduced COL2 &
ACAN levels and increased MMP13 level, confirming its
detrimental effect on chondrogenesis. p21 and p53 were also
upregulated upon DL-25% treatment. We did not observe
alternation of p16 protein level. Bcl-2-associated X protein
(BAX) and caspase 3 (CASP 3) protein levels were noticeably

increased in the DL-25% groups, but the difference was not
statistically significant in the semi-quantitative analysis.

Regarding the association between mechanical loading and
mitochondrial function, levels of microtubule-associated proteins
1A/1B light chain 3B (LC3B) and Lysosomal-associated
membrane protein 1 (LAMP1), markers of autophagy, were found
to be significantly reduced upon DL-25% treatment, which indicates
the impaired capacity of cells in removing damaged mitochondria. In
contrast, Parkinson’s disease-associated protein (Parkin) and PTEN-
induced kinase 1 (PINK1) were upregulated when DL-25% was
applied, suggesting a protective action in response to mechanical
stress-induced mitochondrial dysfunction. Interestingly,
phosphorylated ERK1/2 (p-ERK1/2) level was downregulated
under DL-5%, but upregulated under DN-25%. The level of
nuclear factor erythroid 2-related factor 2 (NRF2), a protein that
regulates the expression of antioxidant proteins, decreased in the DL-
25% group. Lastly, DL-25% results in a significant increase of NF-κB
p65 level (Supplementary Figure S1). The findings collectively
indicated that DL-25% impaired chondrogenesis and mitophagy,
which also caused cellular stress and increased the tread toward

FIGURE 3 | Assessment of dynamic loading on the levels of cellular senescence and inflammation. (A) Relative gene expression levels of representative
senescence and inflammation-associated markers. Data were normalized to that from the Static culture group (set as 1). N � 4. (B) SA-β-Gal staining, p21 and NF-lB
p65 IHC for samples from different groups. Scale bar: 100 m. (C) Based on staining density, the levels of SA-β-Gal and p21 were semi-quantitated using
ImageJ software. N � 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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apoptosis. In fact, an increased level of damaged mitochondria was
observed in the DL-25% group (Supplementary Figure S2).

Urolithin A at 10 µM Suppresses IL-1β
Induced Injuries to Chondrocytes in 3D
Culture
Although the anti-inflammatory potential of UA has been
reported on chondrocyte monolayer culture, it was not
validated in 3D culture. In this study, we thus examined the
influence of UA treatment on chondrocytes cultured in
scaffolds. As shown in Figure 5, UA did not promote the
expression of chondrogenic genes in chondrocytes. At
100 μM, UA was even detrimental to chondrogenesis. As
expected, UA reduced the expression of pro-inflammatory
cytokines and cartilage-degrading enzymes, which may
function through suppressing NF-κB (Figures 5A,B).
Interestingly, we did not observe changes in p16, p21, and
p53 levels after UA treatment. Since UA at 10 µM displayed
anti-inflammatory capacity without affecting chondrogenesis,
this dose was selected for the following studies.

Urolithin A Treatment Protects
Chondrocytes From the Damage Caused by
DL-25%
UA’s effect on chondrocytes, under injurious conditions induced
by DL-25%, was evaluated. Compared to the control without
being treated with UA (CON group), the experimental group

with UA treatment significantly inhibited DL-25%-induced
injures to chondrocytes, revealed by higher COL2 and ACAN
expression levels and lower ADAMTS5, MMP-13, IL-6, IL-8,
CDKN1A, and CDKN2A expression levels (Figure 6A). Results
from COL2 & p16 IHC and Safranin O/Fast green staining
indicated that UA not only promoted cartilage matrix
deposition, but also increased cartilage quality by suppressing
senescence (Figures 6B,C).

Urolithin A Displays Chondro-Supportive,
Anti-senescent, Anti-inflammatory, and
Mitophagy-Enhancing Potentials
Western blot was performed to assess selective protein expression
levels (Figure 7A). UA treatment enhanced SOX9, ACAN, and
COL2 levels, which was consistent with its chondro-promotive
function observation above. TOM20, LAMP1, LC3B, and CASP 3
levels increased after UA treatment, implying the restoration of
previously suppressed mitophagy and functional mitochondrial
by DL-25%. UA also significantly downregulated p-ERK1/2.
Moreover, the antioxidative protein, NRF2, was upregulated
after UA treatment. Interestingly, no statistically significant
difference was observed regarding PINK1 and Parkin
expression levels. But, the increasing trend indicated that UA
treatment was related to the up-regulated mitophagy level. We
also used IF and IHC staining to examine TOM20, LAMP1 and
NRF2 levels (Figure 7B), and results implied that UA elevated
mitochondrial function as well as increased capacity against
oxidative damage triggered by mechanical injury. Lastly, we

FIGURE 4 | Examination of molecules that were regulated by mechanical loading. Chondrocyte-laden scaffolds were maintained in Static culture or dynamic
compressive loadings with 5% (DL-5%) or 25% (DL-25%) strains for 14 days. (A)Western blot with GAPDH as the loading control (B) Relative protein levels normalized to
GAPDH were semi-quantitated using ImageJ software. N � 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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did not observe an influence of UA treatment on p65 level
(Supplementary Figure S3).

On the basis of the results above, we proposed the pathways
that mediated chondrocyte response to mechanical overloading
(Figure 8). The potential mechanism of UA treatment on these
signaling pathways was also shown.

DISCUSSION

Physiological mechanical stimulation is critical to chondrocytes
in maintaining extracellular matrix homeostasis (Chen et al.,
2016). However, excessive mechanical loading induces
apoptosis or stimulates inflammatory cascades within the
tissue (Jørgensen et al., 2017), which has been recognized as
an OA risk factor. Understanding how injurious loading
contributes to cartilage degradation and OA development has

thus been attracting research interests for years. In this study, we
found damaging dynamic loading results in increased cellular
senescence, elevated inflammation, reduced mitochondrial
quality, and impaired mitophagy in chondrocytes, which
together leads to a poor cartilage formation. We also
demonstrated that UA, a mitophagy activator, is able to
partially reverse the inferior phenotype in chondrocytes
resulting from supraphysiological loading through targeting
multiple signaling pathways.

To model the in vivo biomechanical environment, cyclic
tensile system, osmotic loading system, hydrostatic pressure
loading system, and load/strain-controlled cyclic loading
system have been previously used (Samvelyan et al., 2020; Fu
et al., 2021). In this study, we aimed to develop a 3D hydrogel
scaffold to perform dynamic loading that mimics cartilage
compression during daily activity. Data from healthy human
knee joints shows that the overall compressive strain of tibial

FIGURE 5 | Effect of UA treatment on chondrocytes-laden scaffold challenged by IL-1β. Constructs were treated with IL-1β only (CON), or co-treated with 1, 10, or
100 μMUA. (A) qRT-PCR analysis to examine the expression levels of representative chondrogenesis, cellular senescence, and inflammation-relevant genes. Data were
normalized to that from the untreated control group (CON) (set as 1). (B) Western blot and (C) semi-quantitative analysis for assessing protein levels using ImageJ
software. N � 3; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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cartilage increases in a nonlinear fashion with walk duration.
Starting from 10 min of walking to 40 min, the overall
compressive strain increases from 2 ± 1% to 6 ± 8%
(Paranjape et al., 2019). Though chondrocytes laying in
different layers of cartilage respond differently to the
compressive loading, it is believed that loading strain below
5% represents the physiological situation as walking while strain
above 20% exceeds the normal range (Madden et al., 2013). As
for the frequency choice, data from the Multicenter
Osteoarthritis Study (MOST) showed that the range of
moderate daily walking steps is 6,000 to 7,900 (Voinier et al.,
2020), indicating that the cartilage in each knee joint bears 3,000
to 4,000 compressions per day. Thus, we selected a condition
that resulted in 3,600 times of loading per day in this study.
Regarding the loading intensity, parameters vary in different
studies. In general, cyclic compression at frequencies of
0.01–1 Hz, with strain amplitudes of 1–5%, is beneficial to
in vitro chondrogenesis (Griffin et al., 2005), which was
further confirmed in our study.

To create an injurious mechanical loading, there is a
discrepancy between studies. Quiroga et al. observed that
local cartilage degradation started when it was exposed to
compression with 10% strain, and 40% collagen fibers were
damaged when loading strain was above 15% (Párraga Quiroga

et al., 2017). However, Patwari et al. showed that compression
with 65% strain was needed to induce injuries to human
osteochondral plugs (Patwari et al., 2007). In other studies,
strains ranging from 10 to 35% created mechanical damage on
cartilage (Henao-Murillo et al., 2019). The differences in
conditions and outcomes were partially due to the
difference in the models being used. In this study,
mechanical loading with 25% strain was sufficient to induce
a markedly reduced chondrogenesis within HA hydrogel. It
should be noted that the beneficial or detrimental influence of
loading on cells also highly depends on the cell environment,
such as native cartilage vs. engineered cartilage, or scaffolds
with different physical and biochemical properties (Raghunath
et al., 2007).

With the establishment of physiological and damaging
loading conditions, we next examined the underlying
mechanism responsible for converting mechanical cues
into biochemical signals. As the major transcription factor
that dictates chondrogenesis, SOX9 level in chondrocytes is
remarkably reduced in the articular cartilage of osteoarthritis
patients (Ouyang et al., 2019). In this study, though
mechanical loading seemed to affect the SOX9 gene
expression, the protein level remained unchanged when
compared to the non-loaded control group. This may be

FIGURE 6 | UA treatment on the chondrocytes-laden scaffold that was subjected to mechanical overloading (DL-25%). (A) Relative expression levels of
representative anabolic and catabolic genes after UA treatment (UA). Data were normalized to that from the untreated control group (CON) (set as 1), in which samples
were subjected to DL-25% without UA treatment. N � 4. (B) Safranin O/Fast green staining, COL2 and p16 IHC. Scale bar: 100 µm. (C) Based on staining density, the
levels of COL2 and p16 were semi-quantitated using ImageJ. N � 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 7 | Protein levels in samples with (UA) or without (CON) UA treatment (A) Representative western blot and semi-quantitative analysis of protein levels.
N � 3. (B) Representative images from immunofluorescence or IHC for TOM2O, LAMP1 and NRF2. Scale bar: 100 µm. N � 3. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.
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due to TGF-β presence in chondrogenic medium during
loading, which was supplemented to maintain chondrocyte
phenotype and promote cartilage matrix synthesis. It is well
known that TGF-β significantly promotes the SOX9
upregulation (Coricor and Serra 2016). The active TGF-β
concentration (10 ng/ml) used exceeded normal
physiological levels (Albro et al., 2012). Therefore,
mechanical loading’s effect on SOX9 level was most likely
masked by TGF-β.

Chondrocyte senescence is now considered an important
feature in OA cartilage (Coryell et al., 2021). However, whether
compressive loading can directly induce senescence phenotype
generation in chondrocytes is rarely reported. Hallmarks of
senescent cells included increased p53, p21, and p16 expression,
enhanced SA-β-Gal generation, upregulated MMP and
ADAMTS expression, and increased pro-inflammatory
cytokine secretion, such as IL-6, IL-17, and IL-1β
(Hernandez-Segura et al., 2018). Based on our results, these
senescent hallmarks were observed in the excessive loading
group, thus providing, for the first time, direct evidence of
compressive overloading inducing chondrocyte senescence.
Recently, the mechanically sensitive ion channel, transient
receptor potential vanilloid 4 (TRPV4), was shown to
mediate mechanical loading-induced inflammation, which
could also participate in generating senescent phenotype
(Nims et al., 2020). Of note, we did not observe a p16 level
change in response to the mechanical stimuli. Similar results
were reported in a study that tested cyclic mechanical tension on
the nucleus pulposus cells (Feng et al., 2018), in which the
condition that resulted in 20% elongation of cells led to
senescent phenotype, revealed by elevated SA-β-Gal staining.
However, p16 expression was not affected. This inconsistency
between unchanged p16 level and increased senescence may be
due to p16’s multiple roles in different cellular processes.
Besides, a recent study showed that the effects of

chondrocyte senescence on OA are more likely driven by the
senescence-associated secretory phenotype (SASP) factors than
by the loss of replicative function in chondrocytes, and that p16
is not essential for SASP production (Diekman et al., 2018).
Therefore, p16’s exact role in cartilage degradation and OA
pathogenesis requires further investigation.

Similar to p16, p21 is another senescence marker (Xiong et al.,
1993). As a major target of p53, p21 is activated in response to a
variety of cellular stresses, such as DNA damage, resulting in cell-
cycle arrest, senescence, and apoptosis to prevent the
proliferation of damaged cells (Benson et al., 2014). Cyclic
mechanical overloading is believed to cause oxidant-dependent
mitochondrial dysfunction in chondrocytes (Coleman et al.,
2016). This mitochondrial dysfunction leads to the
accumulation and release of lethal amounts of reactive oxygen
species (ROS), resulting in DNA damage and cell death
(Brouillette et al., 2014). Therefore, it is not surprising that
p53/p21 was activated and upregulated in the DL-25% group,
which was consistent with another study that used cyclic
mechanical tension to create cellular senescence (Feng, Yang,
Zhang, Lan, Huang, Liu and Zhou 2018).

Preclinical studies using chondrocyte cultures and animal
models have provided evidence that mitochondrial dysfunction
participates in OA onset and progression by increasing ROS
production (Collins et al., 2018). Increased ROS level disrupts
homeostatic signaling and promotes OA via modifying proteins
and lipids, damaging DNA, inducing catabolic changes, and
eventually resulting in cell death (Arra et al., 2020). NRF2 is a
stress response protein that protects chondrocytes from oxidative
damage, hyperoxia, and endoplasmic reticulum stress by
inducing cytoprotective and antioxidant gene expression and
elevating intracellular glutathione levels (Trachootham et al.,
2008). Decreased NRF2 levels were observed in the DL-25%
group, indicating that mechanical overloading hindered
NRF2’s antioxidant mechanism in chondrocytes. Thus,

FIGURE 8 | The pathways that mediate mechanical overloading-induced damage to chondrocytes. Urolithin A protects chondrocytes from mechanical injuries
through targeting multiple pathways.
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upregulating the NRF2 level represents a reasonable approach to
OA disease modification (Xue et al., 2017). In this study, UA
treatment increased NRF2 levels (Figure 7), indicating its
potential application in OA treatment.

In addition to impairing cell antioxidative defense, excessive
loading also increases ROS via directly causing mitochondrial
dysfunction (Delco et al., 2018). PINK1 is a mitochondrial serine/
threonine-protein kinase, which accumulates on the outer
membrane of damaged mitochondria (Lin and Kang 2008).
However, there are inconsistent conclusions regarding the
effects of PINK1 in cells. Wang et al. reported that PINK1
played a protective role by clearing damaged mitochondrial
and alleviating cell senescence under oxidative stress (Wang
et al., 2018). However, Shen H.J. et al. found that PINK1
mediated mitophagy in chondrocytes, contributing to cartilage
degeneration in OA (Shin et al., 2019). Besides, compression-
induced PINK1/Parkin-mediated mitophagy might not be a
protective response (Huang et al., 2020). In our study, UA, the
mitophagy activator, did not affect PINK1 and Parkin levels.

In contrast, LC3B and LAMP1 levels were regulated by UA
treatment. LC3B, a common autophagosome marker, is a central
protein in the autophagy pathway, functioning in autophagy
substrate selection and autophagosome biogenesis (Sun et al.,
2020). LAMP1 is a lysosomal membrane protein, which is
responsible for maintaining lysosomal integrity, pH,
catabolism, and forming autophagy-lysosomal organelles
(Eskelinen 2006). Compared to the static group, DL-25%
dramatically suppressed LC3B and LAMP1 expression, which
is believed to have inhibited autophagic vacuole formation
(Cheng et al., 2018). UA treatment significantly elevated LC3B
and LAMP1 expression, thus restoring autophagy and
dysfunctional mitochondria clearance.

Currently, therapeutic regimens applied in today’s clinical OA
management are only partially effective and cannot reverse the
process underlying OA. Senolytics and senomorphics are two
promising therapeutic classes that alleviate aging-associated
pathologies. Senolytics are a class of small molecules that can
selectively induce senescent cell death and improve health in
humans (Childs et al., 2015). Instead of killing cells,
senomorphics are small molecules that repress SASP by
inhibiting protein activity related to inflammation, or
inhibiting the production of SASP factors such as IL-6
(Coryell, Diekman and Loeser 2021). Chondrocytes are the
unique cellular component of adult human articular cartilage
responsible for matrix component turnover, therefore
maintaining healthy chondrocytes is important for cartilage
health. Thus, senomorphics may be more beneficial than
senolytics in OA treatment by enhancing cell quality rather
than removing cells entirely.

UA is an active metabolite of polyphenol ellagic acid, resulting
from ellagitannin transformation by specific intestinal flora. In
addition to its antisenescence, antioxidant, anticancer, anti-
inflammatory, and antimicrobial properties (Espín et al., 2013;
Liu et al., 2019), UA is well-tolerated, non-toxic, and has no
adverse effects following dietary intake (Heilman et al., 2017;
Andreux, Blanco-Bose, Ryu, Burdet, Ibberson, Aebischer,
Auwerx, Singh and Rinsch 2019), making it an attractive

DMOAD candidate. Currently, two studies have reported UA
use for OA treatment in animal models, and both studies only
focused on its anti-inflammatory potential (Fu et al., 2019; Ding
SL. et al., 2020). In this study, it was reported for the first time
that, UA’s protective effect on overloading-induced cartilage
damage. Moreover, our results revealed UA’s new function on
anti-senescence and mitochondrial homeostasis maintenance.
Considering its demonstrated capacity in reducing SASP, UA
may represent a novel senomorphic for OA treatment.

Our in vitro mechanical loading model is advantageous for
controlling the cartilage loading history and examining
mechanisms and biochemical factors that affect cartilage
metabolism. Still, there are some disadvantages. First, although
cartilage degradation is the major feature (Peters et al., 2018), OA
is now widely accepted as a whole-joint disease. In this study, we
only investigated chondrocyte responses to mechanical loading.
The crosstalk between cartilage and other joint components such
as subchondral bone, synovium, and other joint elements needs to
be further addressed. Particularly, the recently emerging
microphysiological system can be adopted to study mechanical
loading and UA treatment in the context of the "whole joint"
(Makarczyk et al., 2021). Second, 14-days loading is still a
relatively short investigation time compared to a mammal’s
life span. Particularly, OA is a chronic disease, and long-term
assessment will be more informative for future clinical trials.
Lastly, though we identified several molecules participating in the
regulation of chondrocyte response to mechanical loading,
whether a direct causal relationship exists is still missing. In
the future, methods that can manipulate protein levels, such as
gene silencing, are needed to further confirm their roles in
mechanotransduction.

Our study highlights several findings that have important
implications for understanding the intricate relationship
between mechanical loading and OA progression. Specifically,
it is concluded that 1.) moderate loading, under 5% strain,
displays beneficial influences on chondrogenesis; 2.) excessive
loading, under 25% strain, results in mitochondrial dysfunction,
ROS accumulation, senescence, ECM degradation, and
inflammation in chondrocytes; 3.) UA represents a novel
senomorphic and DMOAD, that alleviates and reverses
overloading-induced chondrocyte damage by targeting
multiple signaling pathways.
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Tanshinol Alleviates Microcirculation
Disturbance and Impaired Bone
Formation by Attenuating TXNIP
Signaling in GIO Rats
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Impaired bone formation is the main characteristics of glucocorticoid (GC)-induced
osteoporosis (GIO), which can be ameliorated by tanshinol, an aqueous polyphenol
isolated from Salvia miltiorrhiza Bunge. However, the underlying mechanism is still not
entirely clear. In the present study, we determined the parameters related tomicrostructure
and function of bone tissue, bone microcirculation, and TXNIP signaling to investigate the
beneficial effects of tanshinol on skeleton and its molecular mechanism in GIO rats. Male
Sprague-Dawley rats aged 4 months were administrated orally with distilled water (Con),
tanshinol (Tan, 25mg kg−1 d−1), prednisone (GC, 5 mg kg−1 d−1) and GC plus tanshinol
(GC + Tan) for 14 weeks. The results demonstrated that tanshinol played a significant
preventive role in bone loss, impaired microstructure, dysfunction of bone metabolism and
poor bone quality, based on analysis of correlative parameters acquired from the
measurement by using Micro-CT, histomorphometry, ELISA and biomechanical assay.
Tanshinol also showed a significant protective effect in bone microcirculation according to
the evidence of microvascular perfusion imaging of cancellous bone in GIO rats, as well as
the migration ability of human endothelial cells (EA.hy926, EA cells). Moreover, tanshinol
also attenuated GC-elicited the activation of TXNIP signaling pathway, and simultaneously
reversed the down-regulation of Wnt and VEGF pathway as manifested by using Western-
blot method in GIO rats, EA cells, and human osteoblast-like MG63 cells (MG cells).
Collectively, our data highlighted that tanshinol ameliorated poor bone health mediated by
activation of TXNIP signaling via inhibiting microcirculation disturbance and the following
impaired bone formation in GIO rats.

Keywords: GIO, TXNIP (thioredoxin interacting protein), VEGF (vascular endothelial growth factor), β-catenin
(CTNNB1), microcirculation dysfunction, bone metabolism, osteoporosis
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INTRODUCTION

Glucocorticoid (GC)-induced osteoporosis (GIO) is one of the
most common secondary osteoporosis in clinical practice and
may occur in people of all ages. In general, GIO is characterized
by a marked impairment of bone formation, due to the decrease
in osteoblast proliferation and activity (Taylor and Saag, 2019).
To date, the therapeutic strategy for GIO depends mainly on
antiresorptive drugs used for the treatment of postmenopausal
osteoporosis, its characteristic feature distinguished from GIO.
Teriparatide was an unique bone anabolic drugs approved by
FDA owing to stimulating osteogenesis (Taylor and Saag, 2019).
Notwithstanding, its application is limited by the vast expense
andmode of injectable administration. Urgently, more focuses on
the new findings involving in bone metabolism may be beneficial
for the research and development of novel therapeutic approach
for GIO treatment.

Bone vessels play multiple roles in the maintenance of bone
homeostasis during physiological and pathological conditions
besides participating in transport network. Bone microvascular
niches supply oxygen, nutrients, and secrete cytokines required
for bone tissue and the correlative cells (Sivaraj and Adams,
2016). Therefore, blood vessels can drive bone formation during
development, repair, and regeneration (Xu et al., 2018; Chen
et al., 2020). It is known that endothelial cells (ECs) releases
crucial factors termed as “angiocrine signals” to regulate the
behavior of neighboring cells in the varied bone
microenvironment (Ramasamy et al., 2014; Sivan et al., 2019).
Vascular endothelial growth factor (VEGF) is considered as an
important modulating factor for bone remodeling in GC-induced
osteoporosis (Pufe et al., 2003; Jiang et al., 2015). Since GC leads
to the decrease of blood vessels and blood flow to the bone
(Weinstein, 2010; Cui et al., 2012), microcirculation dysfunction
has been named “blood stasis syndrome” in Traditional Chinese
Medicine (TCM) (Liao, 2000), and might be considered as a new
target for the treatment of GIO.

Thioredoxin-interacting protein (TXNIP), also known as
vitamin D3-up-regulated protein (VDUP1), is an endogenous
inhibitor of thioredoxin (Trx) to keep cellular redox-state
homeostasis (Wu and Du, 2015). It was reported that the
expression of TXNIP was abnormally increased in the bones
of patients with Cushing syndrome (Lekva et al., 2012) and also
high express in cells or in mice under the treatment of
dexamethasone (Dex) (Wang et al., 2006; Reich et al., 2012).
Further results indicated that TXNIP modulated osteoblast-
mediated osteoclastogenesis by regulating the OPG/RANKL
ratio to facilitate bone resorption (Lekva et al., 2012). Hence,
limiting TXNIP directly or indirectly may be helpful to ameliorate
osteoporosis (Mo et al., 2021; Yang et al., 2021). It was reported
that high glucose-mediated overexpression of TXNIP induced a
widespread impairment in endothelial cell (EC) function and
survival by reducing VEGF production (Dunn et al., 2014).
Moreover, hyperglycemia significantly up-regulated expression
of TXNIP and down-regulated β-catenin pathway in endothelial
cells (Yu et al., 2015). However, it’s still not clear to how TXNIP
exerts the effect on bone metabolism, and how to regulate the

canonical Wnt/β-catenin signaling pathway in the pathological
process of GIO.

Tanshinol (D(+)β-3,4-dihydroxyphenyl lactic acid, also called
danshensu), is the main bioactive component of Salvia
miltiorrhiza Bunge, coinciding with “improve blood circulation
and disperse stasis” based on the TCM theory. Our previous
studies have highlighted the beneficial effect of tanshinol on
improvement of bone formation via up-regulation of Wnt
signaling pathway either in zebrafish, or in rats, and or in
MSCs exposed to excessive GC (Cui et al., 2009; Luo et al.,
2016; Yang et al., 2018). Our evidence also demonstrated that
salvianolic acid B improves bone microcirculation and bone
function in GIO rats (Cui et al., 2012). One other previous
study indicated that salvianolate can inhibit TXNIP-mediated
signaling pathway in a post-myocardial infarction model of rat
(Qiu et al., 2018). As a consequence, the precise mechanism of
tanshinol might involve in alleviating microcirculation
disturbance, and then counteracting the damaged bone
formation in GIO rats, in view of the fact that salvianolic acid
B might be hydrolyzed into tanshinol (Guo et al., 2007).
Particularly, whether tanshinol suppresses activation of the
TXNIP signaling and rescues down-regulation of Wnt/VEGF
cascade pathway in GIO rats remain need to be investigated.
Based on the evidence mentioned above, the present study aims to
comprehensively elucidate the anti-osteoporotic effect of
tanshinol and its underlying mechanism in GIO rats and
in vitro, and to provide a potential therapeutic insight for GIO.

MATERIALS AND METHODS

Animal Experiments
4 month-old male Sprague–Dawley rats (396.4 ± 28.55 g, n � 48)
were purchased from the Center of Experiment Animal of
Guangxi Medical University (certificate of quality: SCXK
(GUI) 2014-0002). The animals were housed in Guangdong
Medical University animal facility according to the Guide for
the Care and Use of Laboratory Animals of Guangdong
Laboratory Animal Monitoring Institute. All experimental
methods were approved by the Academic Committee on the
Ethics of Animal Experiments of the Guangdong Medical
University (Permit Number: SYXK (YUE) 2015–0147). All rats
were fed with standard chow and free access to water with a 12 h
light–dark cycle (25 ± 1°C). The rats were randomly assigned to
the following four groups: Con, standard chow and CMC-Na (n �
12); Tan, Tanshinol 25 mg kg−1 d−1 (n � 12); GC, prednisone
acetate 6 mg kg−1 d−1 (n � 12); Tan + GC (n � 12), GC plus
tanshinol 25 mg kg−1 d−1 (n � 12). The drugs were administered
for 16 weeks.

Thirty-six rats (9 rats per group) were injected subcutaneously
with calcein (7 mg kg−1, Sigma, St. Louis, MO, United States) on
day 13, 14, and day 3, 4 before sacrifice. All animals were
sacrificed at the experimental end point. The left femurs were
collected for evaluation of bone biomechanical properties and
bone micro-architecture analysis. The proximal metaphysis of
right tibias were explored to undecalcified section for bone
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histomorphometry analysis. The right femurs were prepared to
detect expression of genes or proteins.

Micro-CT, Bone Biomechanics and
Morphometric Measurements
Bone trabecular microarchitecture of cancellous bone in the right
proximal femur was determined by using Micro-computed
tomography (Micro-CT, SCANCO vivaCT40, Basserdorf,
Switzerland). In brief, the designated regions of femur to be
scanned (18 μm/slice) were 1–4 mm distal to the growth plate-
epiphyseal junctions. Trabecular 3D images were reconstructed
by using micro-CT system. Then volume Bone Mineral Density
(vBMD), Number of Trabeculae (Tb.N), Trabecular Thickness
(Tb.Th), Trabecular Separation degree (Tb.Sp), Connectivity
Density (Conn.D), and Bone volume fraction (BV/TV) were
obtained from the system software.

For the histomorphometric detection, the tibia was fixed in
10% phosphate buffered formalin for 24 h, following by
dehydrating in an ascending ethanol series, and then
embedding undecalcified in methyl methacrylate. These tissues
were cut into 5 mm sections to stain by toluidine blue for
observing trabecular architectural property, including
trabecular bone area (%Tb.Ar), Tb.Th, Tb. N, Tb.Sp, Number
of Osteoclasts (Oc.N), active osteoclast surface (Oc.S/BS, %) and
active osteoblast surface (Oc.S/BS, %), and 9 mm unstained
sections for measuring the fluorescence labels in order to
evaluate the indices of bone formation, such as Labeling
Perimeter percentage (L.pm), Mineralization deposition rate
(MAR), Bone Surface new Bone Formation Rate (BFR/BS)
according to the two fluorescent labels. Histomorphometric
assay was performed by using the Osteomeasure software
(OsteoMetrics, Decatur, GA, United States).

Mechanical strength of long bone was measured by a three-
point bending test by using the Testing machinery (MTS, Eden
prairie, Minnesota, United States). The frozen left femurs were
thawed at room temperature, and tested with a 1 mm indenter at
a speed of 2 mm/min with a 15 mm span (L). Elastic load (N),
fracture load (N), bending energy (N × mm) and stiffness (N ×
mm2) were obtained by calculation according to load-
deformation curve.

Serum Markers Assay
At the end of the experiment, rats that labeled by fluorescent were
sacrificed by cardiac puncture under anesthesia with injection of
3% pentobarbital, serum was collected by centrifugation. The
levels of serum of PINP (a marker of bone formation) and β-CTX
(a marker of bone resorption) were determined by ELISA
method.

Bone Microvascular Perfusion Angiography
At the experimental end point, the remaining three rats in each
group were subjected to MICROFIL® (Flow Tech Inc., CT,
United States) perfusion. After anesthesia with chloral
hydrate, the thoracic cavity was exposed, the left ventricle
was cannulated to the aorta, and the right atrial appendage
was cut. Sequentially they were perfused the mixture of heparin

sodium saline, formalin and Microfil contrast medium. The
cadaver specimens were kept overnight in a refrigerator at 4°C.
After 24 h, sample of bilateral bone tissues of rats were collected,
fixed in 10% formaldehyde for 24 h. After 1 month of
decalcification, a Micro-CT (Viva CT 40, Scanco,
Switzerland) was performed, a suitable threshold was set, and
three-dimensional images of rat bone tissue were reconstructed
and correlated. Quantitative analysis of the morphology of
blood microvessels, such as the course of blood vessels, the
way of interconnection, and the range of distribution, to obtain
the ratio of microvessel volume (Mv.V/TV), microvessel
connectivity density (Mv.conn.D), microvessel number
(Mv.N), average microvessel thickness (Mv.th) and
microvessel separation (Mv.Sp) related parameters, as
described in detail (Cui et al., 2016).

Cell Cultrue
Human osteosarcoma MG-63 cells (MG-63) and Human
umbilical vein endothelial fusion cells (a permanent human
cell line EA.hy926 cells, abbreviated to EA cells) were
purchased from iCell (iCell Bioscience Inc., China). We
chose the MG63 cell lines because it is no difference of
bone metabolism between the MG-63 cell lines and the
MC3T3-E1 or hFOB1.19 cell lines. The EA cells was derived
by fusing human umbilical vein endothelial cells with the
permanent human cell, line A549 (Edgell et al., 1983). MG
cells and EA cells were cultured in MEM basic (Thermo Fisher,
China) and DMEM High glucose (Thermo Fisher, China) in
supplemented with10% fetal bovine serum (Thermo Fisher,
China), at 37°C with an atmosphere of 5% CO2 and 95%
humidity, respectively.

Cell Scratch Test
EA cells were seeded in a 12-well plate at density of 5 × 104 Cell/
well. After the cells cultured for 24 h, the complete medium was
added by containing different concentrations of Dex or Tan, each
group has three multiple wells (1 ml/well). After culturing for 0,
6, 12, and 24 h, the cells were photographed for the analysis of the
cell migration.

Western Blotting Assay
For Western blotting, the right femur of rats in each group was
ground into a fine powder while frozen with liquid nitrogen, and
total protein was extracted from this powder using a total
protein extraction kit. Cells were lysed by RIPA buffer
containing complete protease inhibitor cocktail. Western
blotting was performed as described in detail (Yang et al.,
2016). There were biological replicates in the two lanes of
every group both in GIO rats and in MG cells. The antibody
recognizing TXNIP, VEGF, VEGFR2, β-catenin, GAPDH and
α-Tubuling were purchased from Cell Signaling Technology
(Beverly, MA, United States). The protein expression was
monitored by the measurement of Chemiluminescence
alterations using a FlourChem Q (Alpha Innotech., CA,
United States) luminescent imaging system. The quantitative
analysis of these images was performed using the Image-Pro
Plus image software.
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Statistical Analysis
All experimental results were reported as mean ± SD, and p <
0.05, 0.01 and/or 0.001 were defined as the threshold of
significance. Data was analyzed with the SPSS v20.0 statistical
software package (IBM, Chicago, IL, United States). Samples were
considered normally distributed if p > 0.05, 0.01 and/or 0.001
with Kolmogorov–Smirnov test. Heterogeneity of variance was
accepted if p > 0.05, 0.01 and/or 0.001 and a Fisher least
significant difference test was used for generating multiple
comparisons between groups. Otherwise, the DunnettT3 test
was used for such comparisons.

RESULTS

Oral Administration of Tanshinol Attenuates
Glucocorticoid-Induced Weight Loss
All rats were flexible response and exhibited good appetite in each
group. As shown in Figure 1, variation curve of body weight
showed an ascending trend with age of rats during the
experimental period, except for the second week. The body
weight of rats in the GC group kept slowly increasing
compared with the Con group, but body weight of rats both
in the Con group and the Tan group maintained at the highest
level. Interestingly, body weight of both the GC + Tan group was
higher than those in the GC group.

Tanshinol Rescues Glucocorticoid-Elicited
Bone Loss and the Impaired Microstructure
To explore the protective effect of tanshinol on bone tissue of rats
exposed to GC, we firstly scanned the cancellous bone by micro-
CT and reconstructed the 3D-image of microstructure. The
evidence demonstrated that the trabecular bone of rats in GC

group showed impaired bone microarchitecture (Figures 2A,B),
which were in accordance with the alterations of the main
parameters, including volumetric bone mineral density
(vBMD), bone volume to tissue volume (BV/TV) ratio,
trabecular thickness (Tb.Th), trabecular number (Tb.N),
connectivity density (Conn.D) and trabecular separation
(Tb.Sp) (Figure 2C). Encouragingly, tanshinol exerted an
apparent preventive effect on GC-triggered bone loss and
impaired microarchitecture of rats (Figure 2C).

Tanshinol Reverses
Glucocorticoid-Initiated Dysfunction in
Bone Metabolism and Poor Bone Quality
We next ask whether the preventive action of tanshinol on
skeletal tissue associated with restoring the balance of bone
metabolism in GIO rats. To begin with, the changes of %
Tb.Ar, Tb.Th, Tb.N, and Tb.Sp in trabecular bone originated
from the measurement of bone histomorphometry analysis were
in line with those of the evidence measured by micro-CT analysis
(Figure 2, Figures 3A,C). Furthermore, GC caused the increased
number of osteoclasts and the following activity of mature
osteoclasts, as well as the level of serum β-CTX (a bone
resorption marker). Simultaneously, GC hampered the
function of osteoblasts and bone formation indicated by the
parameters including L.Pm (%), BFR/BS (%year) and MAR
(μm/d), in accordance with the content of serum PINP (a
bone formation marker). These deleterious alterations of bone
remodeling can be rescued by tanshinol (Figures 3B,D, 4A,B). To
testify whether tanshinol can exert beneficial influence on skeletal
quality, femoral shaft samples were used for the three-point
bending test. The evidence demonstrated that different kinds
of parameters related to biomechanical properties were decreased
in varying extent in GIO rats, and tanshinol exhibited a moderate

FIGURE 1 |Changes of body weight during the experimental period. The body weight of all rats in each group was recorded each week for 16 weeks. The data are
presented as the mean ± SD (n � 9). Note: Con, control group; GC, the group treated with prednisone acetate (6 mg kg−1 · d−1); GC + Tan, the group treated with GC
plus tanshinol (25 mg kg−1 · d−1); Tan, tanshinol group.
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trend towards ameliorating the deleterious effects of GC on
biomechanical characteristics (Figure 4C). Collectively,
tanshinol contributes to improve bone metabolism and bone
strength in GIO rats.

Tanshinol Abrogates
Glucocorticoid-Elicited Disorder of Bone
Microcirculation
It is well-known that the vascular endothelium is considered as a
mediator of bone health and disease (Prisby, 2017). We next
examined the bone microcirculation by virtue of microfil
microvascular perfusion imaging in rats treated with GC in
the presence or absence of tanshinol. As shown in Figure 5,
GC caused the decline of blood vessels in cancellous bone. In
contrast, tanshinol could protect skeleton from GC-induced
impairment and reduction of bone microvessels. Surprisingly,
some parameters related bone microcirculation in GC + Tan
group were higher than those in Con or GC group.

Tanshinol Hampers
Glucocorticoid-Provoked Up-Regulation of
Thioredoxin Interacting Protein Signaling
and Down-Regulation of Wnt/Vascular
Endothelial Growth Factor Pathway
It has been previously demonstrated that GC can up-regulate
TXNIP signaling in the bone tissue (Lekva et al., 2012), and
TXNIP contributes to inhibition of canonical Wnt pathway (Hui
et al., 2015) and VEGF pathway (Dunn et al., 2014). We further
explored whether the osteoprotective action of tanshinol involved
in counteraction of GC-induced activation of TXNIP signaling
together with down-regulation of Wnt/VEGF pathway. The
evidence of bone tissue acquired from the results of ELISA
determination and Western blot assay proved that tanshinol
reversed the increased expression of TXNIP, HIF-α, Txr and
VEGF in GIO rats, and simultaneously restored the decreased
expression of β-catenin (Figure 6), in line with the partial
evidence collected from in vitro (Figure 7, Supplementary

FIGURE 2 | Effect of tanshinol on microarchitecture in GIO rats. At the experimental end point, the following measurements were carried out. (A) Micro-CT
reconstruction of the trabecular part of distal femur. (B)Micro-CT reconstruction of the trabecular separation of distal femur. (C)Microarchitectural parameters of distal
femoral spongiosa were measured by Micro-CT. Data are given as mean ± SD (n � 9). Note: pp < 0.05, ppp < 0.01, pppp < 0.001 versus normal control (Con); #p < 0.05,
##p < 0.01, ###p < 0.001 versus GC treatment (GC).
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Figures 1, 2). As expected, GC leaded to inhibiting the ability of
migration and tube formation of EA cells, and tanshinol could
rescue the function within 24 h reaching to the extent of
migration in normal control group (Figure 8 and
Supplementary Figure 3).

Concerning the evidence that there was a cell-to-cell
communication between osteoblast and endothelial cells
(Veeriah et al., 2016), and a crosstalk between VEGF signaling
and Wnt pathway (Wang et al., 2016), we next asked whether the
supernatant fluid from MG cell culture can influence endothelial
cells, and vice versa. The results demonstrated that only the
supernatant fluid from endothelial cell culture can promote
the expressions of VEGFR2 and β-catenin in MG cells
(Figure 7). Moreover, tanshinol exerted a preventive effect on
expressions of VEGFR2 and β-catenin in varying extent in the
two cells (Figure 7). In brief, these evidences highlight the
beneficial role of the tanshinol in angiogenesis and
osteogenesis in GIO rats, in which may involve the down-
regulation of TXNIP signaling and up-regulation of the Wnt/
VEGF pathway.

DISCUSSION

Increasing documented evidences highlight the role of
microcirculation dysfunction in the development and
progression of GIO. Impaired bone microvasculature is a
deleterious consequence owing to treatment with high doses
and long-term administration of GC, and subsequently exert
severe influence on function of bone formation (Peng et al., 2020).
As illustrated in Figure 9, the present study provided a new
finding to highlight the protective effect of tanshinol on bone
tissue against the pathologic process of GIO, in accordance with
the previous reports in our team (Cui et al., 2009; Luo et al., 2016;
Yang et al., 2018). Here, we further confirmed that tanshinol
exerts a protective effect on skeleton against the influence of GC
relying on its inhibitory action on microcirculation disturbance
and the following impairment of bone formation. Meanwhile, we
demonstrated that the molecular mechanism of tanshinol
underlying the anti-osteoporotic efficacy is related to
regulation of the TXNIP/Wnt/VEGF cascade pathways. As
tanshinol effectively relieved the impaired bone formation and

FIGURE 3 | Effect of tanshinol on bone metabolism in GIO rats. (A) Toluidine blue staining of cancellous bone of the proximal tibia metaphysis. (B)
Histomorphometric results of Oc.s/BS, OC.N, and Ob.s/BS of cancellous bone of proximal tibial metaphysis. (C) Static parameters of proximal tibial metaphysis in
cancellous bone. (D) Serum markers of bone formation (PINP) and bone resorption (β-CTX) measured by using ELISA assay. The data are presented as the mean ± SD
(n � 9). Note: pp < 0.05, ppp < 0.01, pppp < 0.001versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC.
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FIGURE 4 | Effect of tanshinol on bone formation and biomechanical properties in GIO rats. (A) Representative fluorescent micrographs of dual calcein labeling in
the tibia. (B) Histomorphometric quantitative analysis of dynamic parameters of %L.Pm, BFR/BS, and MAR used as key indicators of bone forming capacity in the tibia
spongiosa. (C) Biomechanics characteristics of femur were determined by three-point bending assay. The data are presented as the mean ± SD (n � 9). Note: pp < 0.05,
ppp < 0.01, pppp < 0.001 versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC.

FIGURE 5 | Protective effects of tanshinol on bone microcirculation in GIO rats. (A) Microfil microvascular perfusion imaging of microvascular structure of
the distal femur. (B)Microvascular parameters of distal femoral were measured by Micro-CT. The data are presented as the mean ± SD (n � 3). Note: pp < 0.05,
ppp < 0.01, pppp < 0.001 versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC.
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FIGURE 6 | Tanshinol inhibits activation of TXNIP signaling and simultaneously rescues β-catenin/VEGF pathway in GIO rats. (A) Serummarkers VEGF, HIF-
α, TXNIP, Trx were measured using ELISA assay. (B) Expression of TXNIP, VEGF, β-Catenin (a key molecule of canonical Wnt signaling) in the bone tissue were
measured by Western blot, and the two lanes of every group are biological replicates. Bars indicate mean ± SD of triplicate determinations. Note: pp < 0.05, ppp <
0.01, pppp < 0.001versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC.

FIGURE 7 | Effect of tanshinol on bone formation and blood vessel formation in vitro. Expressions of VEGFR2 (a key protein in angiogenesis) and β-catenin in MG
cells and in EA cells, respectively. The two lanes of every group (A) are biological replicates. Bars indicate mean ± SD of triplicate determinations. Note: pp < 0.05,
ppp < 0.01, pppp < 0.001 versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus Dex.
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improved bone quality, it seems to be a promising candidate
reagent for the prevention and treatment of GIO.

It is well-known that bonemetabolism is carried out from cradle
to grave to maintain hardness and strength of skeleton. The
pathophysiology of GIO is characterized by two distinct phases:
an early rapid and transient phase followed by a slower, progressive
phase (Compston, 2018). In the initial phase, GC triggers an
imbalance between osteoclastogenesis and osteoblastogenesis
during the remodeling, subsequently inducing an increase in the
osteoclasts number and bone resorption and a decrease in the
osteoblasts number and bone formation among patients on
chronic steroid therapy (Taylor and Saag, 2019). Inevitably, the
reduction in osteoblastic lineage cells leads to a corresponding
reduction in both bone resorption and formation during long-term
administration of GC, so-called low bone turnover
(Chotiyarnwong and McCloskey, 2020). In this study, a high
level of bone turnover was found in the GIO rats, indicating
that bone resorption is higher than bone formation, and bone
turnover in our study was still in the initial phase of GIO, according

to the most commonly situation occurred in our previous studies
and other reports (Cui et al., 2009; Cui et al., 2012; Yang et al., 2018;
Zhang et al., 2018; Mo et al., 2021). Encouragingly, we found that
tanshinol at least partially blocked the pathological progression of
GIO, even some parameters related to bone metabolism in the Tan
group restored to the similar extent like those in the Con group.
Although it was no report that tanshinol exerted any effect on
osteoclast differentiation and function, the evidences suggest that
tanshinol exerts dual protective effects on bone tissue due to both
blocking and reversing the pathological progression of GIO. In the
light of the fact that tanshinol could meliorate GC-elicited
osteoporotic bone loss, impaired bone microstructure, and poor
bone strength by restoring the balance between bone formation
and bone resorption, we assumed that tanshinol has a good
application prospect for prevention and treatment of GIO in
the future.

TXNIP has attracted considerable attention regarding drug
development owing to its multiple functions and involvement in
metabolic disorders, inflammation, neurodegenerative disorders
as well as cancer (Qayyum et al., 2021). Generally, TXNIP is
considered as a vital regulator in response to oxidative stress
relying on interacting with reduced thioredoxin (Trx),and further
blocking its potential for scavenging reactive oxygen species
(Alhawiti et al., 2017). Recently, it was found that TXNIP gene
highly expressed in the patients with endogenous Cushing’s
Syndrome (Lekva et al., 2012). Our previous evidence further
revealed that TXNIP elicited bone loss by promoting the excessive
mitochondrial oxidative phosphorylation under conditions of
oxidative stress induced by GC, which can be blocked in the
TXNIP knockout mice (Mo et al., 2021). Several preclinical and
clinical evidence related to diabetes mellitus supported the
TXNIP-specific inhibitors for the development of new
promising agents (Qayyum et al., 2021), such as Verapamil
(Khodneva et al., 2016), Taurine (Gondo et al., 2012), and
SRI-37330 (Thielen et al., 2020). It was reported that TXNIP
pathway could be inhibited by a salvianolate injection (Qiu et al.,
2018), the main water-soluble bioactive compounds of Salvia
miltiorrhiza bunge. As one of the bioactive water-soluble
components, tanshinol exerts exactly aforementioned
protective effect on osteogenesis, in line with our previous
studies (Cui et al., 2009; Yang et al., 2013; Luo et al., 2016;
Yang et al., 2018). Therefore, there is a need to elucidate whether
tanshinol protects bone function from injury evoked by long-
term excessive use of GC via regulating the TXNIP pathway in
GIO rat. Our present data showed that tanshinol contributed to
suppressing the up-regulation of TXNIP signaling in GIO rats.
That might be the underlying mechanism of tanshinol for
treating GIO.

It is believed that VEGF secreted from osteoblasts can trigger
signaling responses in different cell populations expressing VEGF
receptors (VEGFR), including the endothelial cells and varied
bone cells, such as osteoblasts and chondrocytes (Wang et al.,
2007). In a variety of pathophysiological conditions, reduced
osteoblasts may reduce the expression of hypoxia inducible
factor 1a (HIF-1α) and the production of VEGF, thereby
adversely affecting the vasculature (Sivaraj and Adams, 2016).
As a target gene for HIFα, TXNIP is required for VEGF-mediated

FIGURE 8 | Tanshinol protects migration ability of EA cells against Dex.
Effects of Dex or Tan on the migration of EA cells in 0, 6, 12, and 24 h was
measured by scratch method respectively. Bars indicate mean ± SD of
triplicate determinations. Note: pp < 0.05 versus normal control (Con);
#p < 0.05 versus dexamethasone treatment (Dex).

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 7221759

Lai et al. Tanshinol Prevents TXNIP-Mediated GIO

33

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


VEGFR2 activation and angiogenic response in hypoxia-induced
abnormal angiogenesis (Abdelsaid et al., 2013). Similarly, we
found here that the express of VEGF was high in the bone
tissue of GIO rats and the express of VEGFR2 in EA cells
were also at a high level exposed to Dex. In contrast, Dex
could lead to a significant decrease in express of VEGFR2 in
MG cells. These results suggest that GC-induced angiogenic
response mainly occurs within endothelial cell. Additionally, a
distinct finding was showed that the supernatant fluid from EA
cell culture stimulated an obvious elevation of VEGFR2 express in
MG cells, and the supernatant fluid from MG cell culture had
little effect on endothelial cells. The discrepancy of this opposite
evidence between the previous results and partial ours may be due
to the different mechanisms in different experimental design.
However, it is worthy of further study on the precise relationship
between osteoblasts and endothelial cell in the bone tissue. Based
on biomarker expression and functional characteristics, an
endosteal type H capillaries who couples angiogenesis to
osteogenesis was found to reduce strongly in bone of aged
animals, contributing to bone loss (Kusumbe et al., 2014). As
a matter of fact, GC can cause bone senescence (Pignolo et al.,
2019). These evidence from literatures published may help
explain the present result partially. In the present study,
tanshinol could down-regulate the excessive expression of
VEGF in the GIO rats, while almost no significant effect
against GC was observed in the both cells. Further studies
need to prove the findings that the preventive effect of

tanshinol on bone microcirculation disturbance links to the
type H capillaries.

Generally, osteoblastogenesis is mediated by the Wnt/β-catenin
signaling pathway. This study validated that GC inhibit Wnt
pathway both in vitro and in vivo, which can be reversed by
tanshinol, consistent with our previous studies (Yang et al., 2013;
Yang et al., 2018). In our previous study, KLF15, a novel identified
glucocorticoid receptor (GR) target gene, exerted an inhibitory
effect on Wnt pathway in osteoblast (Yang et al., 2018). However,
whether a connection between TXNIP and KLF15 lied in
osteoblasts and their interaction contributed to regulation of
Wnt pathway remains to be elucidated. It was reported that
endothelial cells supported osteogenesis of osteoprogenitor cells
via up-regulation of Wnt signaling by activating β-catenin
expression (Grellier et al., 2009; Maes et al., 2010), and that
both β-catenin dependent and independent Wnt signaling
pathways can control angiogenesis in EC cells (Phng et al.,
2009; Korn et al., 2014). In the present study, the supernatant
fluid fromEA cell culture promoted the express of β-catenin inMG
cells, but the supernatant fluid from MG cell culture exerted
inhibitory effect on β-catenin in endothelial cells. Although an
enormous amount of research efforts involved in the effect of
endothelial cells on osteoblasts, the precise mechanism of
osteoblasts on endothelial cells is still unclear. We have planned
to confirm the findings mentioned above with the help of gene-
conditioned knockout mice, rat’s primary osteoblast and
endothelium cell in the next study. Collectively, the evidence

FIGURE 9 | Model of the pathogenesis of GC-induced microcirculation dysfunction and impaired osteogenesis by TXNIP and its intervention of tanshinol: Long-
term high-dose glucocorticoid can activate expression of TXNIP proteins. TXNIP down-regulates both VEGF andWnt signaling pathways in vascular endothelial cells and
osteoblasts respectively, contributing to inhibition of angiogenesis, followed by dysfunction of microcirculation in bone vessels, which causes blood stasis and decreased
bone formation and eventually induced osteoporosis. However, tanshinol protects rats from GIO involving in the regulation of TXNIP/Wnt/VEGF cascade pathway.
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highlights the complexity of molecular mechanism underlying
tanshinol on osteoprotective effect in GIO rat.

CONCLUSION

Our study demonstrated that tanshinol ameliorated
microcirculation dysfunction and impairment of bone
formation, revealing a significant osteoprotective effect as
evidenced by the down-regulation of TXNIP signaling.
However, it was not adequate signaling molecule to be
detected in our study for explaining the relationship between
tanshinol and the changes of signal transduction in the GIO
model. Further experiments are needed, such as adding TXNIP
inhibitors or the TXNIP knockout model of mice, to go deeper
into the role of the TXNIP signaling pathway in the protection of
tanshinol on GIO mice.
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Osteoporosis (OP) is a chronic bone disease characterized by aberrant microstructure and
macrostructure of bone, leading to reduced bone mass and increased risk of fragile
fractures. Anti-resorptive drugs, especially, bisphosphonates, are currently the treatment
of choice in most developing countries. However, they do have limitations and adverse
effects, which, to some extent, helped the development of anabolic drugs such as
teriparatide and romosozumab. In patients with high or very high risk for fracture,
sequential or combined therapies may be considered with the initial drugs being
anabolic agents. Great endeavors have been made to find next generation drugs with
maximal efficacy and minimal toxicity, and improved understanding of the role of different
signaling pathways and their crosstalk in the pathogenesis of OP may help achieve this
goal. Our review focused on recent progress with regards to the drug development by
modification of Wnt pathway, while other pathways/molecules were also discussed briefly.
In addition, new observations made in recent years in bone biology were summarized and
discussed for the treatment of OP.

Keywords: osteoporosis, antiresorptive drugs, anabolic drugs, wnt signaling pathway, bone formation

INTRODUCTION

The pathogenesis of osteoporosis (OP) may result from different factors such as aging,
glucocorticoid use and heavy alcohol consumption. Aging is often associated with reduced
bone mass, abnormal microstructure and fragile fracture, which poses a tremendous challenge to
the medical communities (Compston et al., 2019; Tatangelo et al., 2019). Healthy bone has
dynamic and balanced formation and resorption. Thus, two types of drugs, namely, anti-
resorptive and pro-formative, are used to treat OP. Anti-resorptive drugs take their effect by
interfering normal functions of osteoclasts. This type of drugs includes bisphosphonates (BPPs),
estrogen, selective estrogen receptor modulators (SERMs), the antibodies against receptor
activator of nuclear factor κB (NF-κB) ligand (RANKL), etc. While BPs can increase bone
mineral density (BMD), they may decrease the flexibility of bone, increasing fracture risk
(Russell et al., 2007). As such, pro-formative (anabolic) drugs have attracted wide attention in
recent years (Langdahl, 2020). However, the concerns remain with regard to their cost-
effectiveness, the efficacy in cortical bone, the potential adverse effects on endocrine and
cardiovascular systems (Martin, 2016; Miller et al., 2016; Fuggle et al., 2020). Mounting data
indicates a critical role of Wnt signaling pathway in bone formation, and novel therapeutics may
be discovered through modifying inhibitors or activators of this pathway (Lerner and Ohlsson,
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2015). Our review summarized the working mechanisms of
both types of drugs and discussed the potential outcomes of
some investigative drugs with the focus on Wnt pathway.

METHODS

We searched PubMed for combinations of the following indexed
subject headings (MeSH): Osteoporosis, antiresorptive drugs,
anabolic drugs, Wnt signaling pathway, bone formation.

Skeletal Biology
Osteoclasts (OCs) are derived from hematopoietic stem cells
and formed by the fusion of monocytes through complicated
mechanisms. Multiple factors are involved in the
differentiation, activation and survival of OCs including
receptor activator of NF-κB ligand (RANKL), a molecule
produced by different types of cells including osteoblasts
(OBs), OCs, bone marrow stromal cells, lymphocytes, etc.
In an acidic microenvironment formed by the sealing zone
of OCs, cathepsin K is the most important enzyme to degrade
non-mineral components of bone such as collagen type I (Col-
I). The attachment of OCs on bone surface is mediated by
integrins, mainly αvβ3 (Lewiecki, 2011). OBs are derived from
mesenchymal stem cells (MSCs). Mature OBs produce osteoid
consisting of Col-I and non-collagenous proteins.
Mineralization of osteoid ensues and osteoblasts are
embedded in bone, referred to as osteocytes (OCTs)
(Lewiecki, 2011; Eastell et al., 2016). While OCTs were

thought to be quiescent cells, several lines of evidence
suggest they are active participants of bone metabolism.
They can perceive mechanical loading signal and be
regulated by hormones to coordinate coupling processes
of formation and resorption mediated by OCs and OBs.
In addition, OCTs are the major source of sclerostin, a
potent inhibitor of Wnt pathway (Eastell et al., 2016)
(Figure 1).

Anti-Resorptive Durgs
While some anti-resorptive agents such as BPPs, estrogen and
denosumab, have been proven effective in some patients (Cheng
et al., 2020), investigative agents targeting the molecules of
resorption lacuna hold great promises.

Currently Available Anti-resorptive Drugs
While BPPs are commonly used agents for primary and
secondary osteoporosis to increase BMD, they do affect the
flexibility of bone (Russell et al., 2007). They may cause
atypical subtrochanteric fractures and are not recommended
for young patients (Van den Wyngaert et al., 2006; Russell
et al., 2007). Another concern is osteonecrosis of jaw,
particularly, for those who will have dental procedures in the
near future (Van den Wyngaert et al., 2006; Russell et al., 2007).
Estrogen replacement therapy may increase cardiovascular
events, venous thromboembolism and breast cancer (Rossouw
et al., 2002; Almeida et al., 2017). While selective estrogen
receptor modulators (SERMs) have a reduced risk of breast
cancer (Cummings et al., 1999; Lindsay et al., 2009;

FIGURE 1 | Bone remodeling and therapeutic targets for osteoporosis. RANK: Receptor activator of nuclear factor-kb; RANKL: RANK ligand; OPG:
osteoprotegerin.
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Cummings et al., 2010), their efficacy is lower than estrogen
(Ettinger et al., 1999; Silverman et al., 2008; Reid, 2015).

Denosumab is a fully human IgG2 monoclonal antibody
(mAb) against the ligand of the RANK receptors on the
surface of osteoclast precursors (RANKL) (Lacey et al., 2012).
Binding of RANKL to RANK activates multiple signaling
pathways. The binding of TNF receptor-associated factors
(TRAFs) to specific sites in the cytoplasmic domain of RANK
is crucial for differentiation and survival of OCs (Boyce and Xing,
2008). Osteoprotegerin (OPG), a decoy receptor, may compete
with RANKL for the binding to RANK (Kearns et al., 2008;
Infante et al., 2019). Bone mass was significantly reduced in OPG-
knockout mice, while it is increased after overexpressing OPG
(Nakamura et al., 2003) (Figure 1).

Previous studies have demonstrated that denosumab can
improve the structure and thickness of cortical bone, and
reduce the porosity of trabecular bone although it decelerates
the turn-over of bone (Genant et al., 2013; Zebaze et al., 2016).
Clinical trials have shown that in the first year, it may reduce the
risk of vertebral and non-vertebral fractures (Cummings et al.,
2009). While prolonged treatment leads to continuous increase of
BMD, the risk of infection also increases. Besides, atypical
femoral fractures and osteonecrosis may occur although the
incidence is low (Bone et al., 2017). More studies are
warranted to maximize its efficacy and minimize its adverse
events. Of note, after withdrawal of denosumab, the BMD
rapidly declines with subsequent increase in fracture risk.
Thus, additional anti-resorptive drugs are required to maintain
the treatment outcomes (Rizzoli et al., 2010; Collison, 2017).

Anti-resorptive Drugs Under development
Targeting the Molecules of Resorption Lacuna
Cathepsin K, the primary cysteine protease secreted by mature
OCs, is involved in the degradation of Col-I and other bone
matrix proteins (Costa et al., 2011). The observations made from
different animal models have shown that inhibiting cathepsin K
decreases osteoclastic bone resorption and increases bone formation
(Gowen et al., 1999; Duong et al., 2016a; Duong et al., 2016b).
The selective cathepsin K inhibitors, such as Odanacatib (Langdahl
et al., 2012; Statham and Aspray, 2019), ONO-5334 (Engelke
et al., 2014) and MIV-711 (Lindström et al., 2018; Conaghan
et al., 2020), have been shown to reduce bone resorption and
continuously increases BMD at multiple sites. Unfortunately,
due to the adverse events, especially stroke, further development
is restricted (Mullard, 2016; McClung et al., 2019). One explanation
is that cathepsin K deficiency may disrupt the blood-brain
barrier via AKT-mTOR-VEGF signaling, causing neurological
deficits and neuron apoptosis (Zhao et al., 2019). Other concern
is the rapid loss of functions after cessation of treatment (Eastell et al.,
2014). Further, chloride channel-7 (ClC-7) and cathepsin K
coexists and works synergistically in the ruffled border of OCs.
The damage of ClC-7 results in severe OP, possibly due to the
defect in bone degradation caused by the inability to acidify
the sealing zone (Kornak et al., 2001). However, a CIC-7
inhibitor, N53736, showed a long-term anti-resorptive effect in
ovariectomized (OVX) rats (Schaller et al., 2004), thus, more
studies are needed.

As integrin αvβ3 mediates the attachment of OCs onto bone
matrix proteins, it is reasonable to hypothesize that inhibiting the
subunit of this integrin may prevent bone resorption. In different
animal models of induced osteoporosis, αvβ3 integrin antagonists
such as L-000845704 and HSA-ARLDDL significantly increase
the BMD (Murphy et al., 2005; Lin et al., 2017). In addition, a
dual-specific protein, macrophage colony-stimulating factor
(M-CSFRGD), may bind to and inhibit both c-FMS and αvβ3
integrin. In vitro and in vivo studies shows that it inhibits OCs
activity (Zur et al., 2018). These results indicate that targeting
molecules adjacent to resorption lacuna may pave a new way to
the treatment of OP.

All anti-resorptive agents mentioned above are listed in Table1.

Anabolic Drugs
Non-wnt Related Anabolic Drugs
Teriparatide (a recombinant human PTH 1–34) may enhance
bone formation by promoting osteoblast differentiation and functions.
In the early stage of treatment, intermittent administration of
teriparatide stimulates bone formation on cancellous, endosteal,
and periosteal surfaces. Its effects on cortical bone vary at different
sites (Martin, 2016). Randomised controlled trials (RCTs) show a
higher efficacy of teriparatide than risedronate regarding the incidence
of vertebral and non-vertebral fractures (Neer et al., 2001; Kendler
et al., 2018). Similarly, Abaloparatide, a synthetic analogue of PTHrP,
reduces the fracture risk in these sites. In addition, Abaloparatide has a
higher efficacy in the increment of BMD and lower incidence of
hypercalcaemia than Teriparatide (Leder et al., 2015a; Miller et al.,
2016). Further, it is superior to Teriparatide and Alendronate with
regard to the reduction of fracture risks (Miller et al., 2016; Reginster
et al., 2019; Leder et al., 2020). Compared with Teriparatide,
Abaloparatide has higher affinity to PTH1R and is able to
specifically stimulate osteogenesis. Nevertheless, there is a
controversy about whether these effects are due to decreased bone
resorption or increased bone formation (Reginster et al., 2018).
Although no increased risk of osteosarcoma is observed in
patients, laboratory studies have shown a dose-dependent increase
of osteosarcoma in rats treated with either Teriparatide or
Abaloparatide (Vahle et al., 2004; Jolette et al., 2017). Therefore, it
is recommended that the duration of Teriparatide treatment should be
limited to 24months (Andrews et al., 2012).

All currently available anabolic agents are in Table 2. In
detailed discussion of romosozumab and blosozumab will be
presented in the following section.

Wnt Signaling Pathways and Potential Agents and
Targets
Wnt Signaling Pathway Activation
The Wnts are secreted, lipid-modified glycoproteins. After
binding to their cell surface receptors, they can take effect via
either canonical or non-canonical pathways. The canonical
pathway is predominant in bone formation. The receptors of
different Wnts in the canonical pathway consist of the low-
density lipoprotein receptor related protein (LRP) single-pass
transmembrane co-receptors 5/6 and the seven-transmembrane
signaling receptor Frizzled (FZD) (Ng et al., 2019). In the
downstream of this pathway, there is a destruction complex
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containing Axin, adenomatous polyposis coli (APC), casein
kinase 1 (CK1) and glycogen synthase kinase 3β (GSK3β). In
the absence of Wnt ligands, β-catenin is phosphorylated by
GSK3β with subsequent ubiquitination and degradation
(MacDonald et al., 2009; Clevers and Nusse, 2012). Upon Wnt
binding, dishevelled (Dvl) disassembles the destruction complex,

preventing phosphorylation of β-catenin. Non-phosphorylated
β-catenin accumulates in the cytoplasm, and translocates to the
nucleus whereby it forms a nuclear complex with T-cell specific
transcription factor/lymphoid enhancing factor (TCF/LEF)
transcription factor, which then causes the recruitment of co-
activators and induction of gene transcription (Tolwinski and

TABLE 1 | Currently available and promising anti-resorptive agents.

Classification Category Medicine Property Adverse events/limitations

Antiresorptive
drugs

Bisphosphonates (Khosla
et al., 2012; McClung et al.,
2013)

Alendronate i) An analog of inorganic pyrophosphate with a
high affinity for bone hydroxyapatite
ii) Able to prevent endogenous bone
mineralization and inhibit functions and
survival of osteoclasts. (Fleisch, 1998)

i) Osteonecrosis of the jaw
ii) Atypical subtrochanteric femoral fractures
(Van den Wyngaert et al., 2006; Russell
et al., 2007)

Risedronate
Ibandronate
Zoledronic acid

Estrogen (Rossouw et al.,
2002; Eastell et al., 2016)

Estrogen i) Directly enhancing osteogenic differentiation
of MSCs and suppressing osteoblasts
apoptosis
ii) Up-regulating the expression of RANKL in
osteoblasts and the production of OPG, IGF1
and TGF-β, thus, interfering downstream
signal in osteoclasts. (Hofbauer and
Schoppet, 2004; Almeida et al., 2017)
iii) Indirect alteration the expression of
estrogen- responsive target genes, giving rise
to bone turnover. (Weitzmann and Pacifici,
2006; Eastell et al., 2016)
iv) Potential bone formation due to the
connection among estrogen, mechanical
loading, sclerostin and osteocytes. (Lee et al.,
2003; Modder et al., 2011)

i) Lingering risk on cardiovascular
ii) venous thromboembolic events
iii) breast cancer (Rossouw et al., 2002;
Almeida et al., 2017)

Selective estrogen receptor
modulators

Raloxifene (Ettinger
et al., 1999)

Interaction with ERs and a range of tissue-
specific agonist and antagonist effects

Compared to estrogen, without adverse
effects on the breast. (Cummings et al.,
1999; Cummings et al., 2010)Bazedoxifene

(Silverman et al.,
2008)

RANKL inhibitor Denosumab
(Cummings et al.,
2009)

Blocking RANKL-RANK interaction by
neutralizing RANKL to inhibit bone resorption.
(Lacey et al., 2012)

i) Osteonecrosis of the jaw
ii) Atypical subtrochanteric femoral fractures
(Bone et al., 2017)

Promising anti-
resorptive drugs

Cathepsin K inhibitor Odanacatib i) Prevention of bone resorption without
affecting bone formation and continuous
increase of spinal BMD in postmenopausal
women. (Statham and Aspray, 2019)
ii) Robust anti-fracture effect with good
tolerability (Rizzoli et al., 2016)

Stroke (McClung et al., 2019)

ONO-5334 Robust and persistent increase of trabecular
and integral BMD. (Engelke et al., 2014)

The effect on biochemical markers was
rapidly reversible on treatment cessation
(Eastell et al., 2014)

MIV-711 Significant reduction of the biomarkers of
bone resorption and cartilage loss. (Lindström
et al., 2018)

The RCT trails were conducted only in
osteoarthritis currently (Conaghan et al.,
2020)

αvβ3 integrin antagonist L-000845704 Significant increase in spinal BMD. (Murphy
et al., 2005)

Only several preclinical studies in vitro and
animal study

HSA-ARLDDL Prevention of ovariectomized-induced
reduction in cancellous bone volume, bone
surface, and trabecular number in rats (Lin
et al., 2017)

M-CSFRGD i) A dual-specific protein able to bind to and
inhibit both c-FMS and αvβ3 integrin
ii) Suppressing osteoclast activity (Zur et al.,
2018)

Chloride channel-7 inhibitor N53736 i) Overcoming the defect in bone degradation
due to the inability to acidify the sealing zone
ii) A long-term anti-resorptive effect in
ovariectomized rats (Schaller et al., 2004)

No clinical trials
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Wieschaus, 2004; MacDonald et al., 2009; Baron and Kneissel,
2013) (Figure 2).

Non-canonical Wnt signaling pathway is independent of
β-catenin, instead, it takes effects by activating the
heterotrimeric G-proteins and protein kinase C (PKC), which
inhibits MSC differentiation toward adipocyte lineage and

stimulates the nuclear factor of activated T cells (NFAT) to
regulate bone formation and bone resorption (Kohn and
Moon, 2005). Non-canonical Wnt signaling also induces Rho-
or c-Jun N-terminal kinase (JNK)-dependent changes in the actin
cytoskeleton, which facilitates Jun and Sp1 transcription factor to
regulate the bone related molecules such as RANK and Runx2

TABLE 2 | Available anabolic drugs.

Category Medicine Property Adverse events

Parathyroid hormone
receptor agonist

Teriparatide (Neer et al.,
2001)
Abaloparatide (Miller
et al., 2016)

i) Acting on PTH1R on the surface of osteoblasts and resulting in the
induction and transient signalling of intracellular cAMP. (Yang et al.,
2007)
ii) Mitogenic property for osteoblast and driving bone formation by
generating ATP from both glycolysis and mitochondrial respiration.
(Karner and Long, 2018)
iii) Indirectly enhancing Wnt signaling through a variety of other
signaling pathways, including IGF1, FGF2 and BMPs. (Estell and
Rosen, 2021)
iv) Binding toLRP6 to form a complex, leading to increased β-catenin
levels and the expression of osteogenic genes. (Wan et al., 2008)
v) Suppressing sclerostin and promoting osteoblast-driven bone
formation. (Bellido et al., 2013)
vi) Inducing transactivation of Runx2 and osteoblast differentiation
via the cAMP and/or protein kinase A (PKA) pathway. (Swarthout
et al., 2002)

i) Hypercalcaemia
ii) Osteosarcoma (Vahle et al., 2004; Miller
et al., 2016; Jolette et al., 2017)

mAb against sclerostin Romosozumab i) It is pro-anabolic but anti-resorptive by neutralizing sclerostin i) Cardiovascular events
ii) Osteoarthritis (Bouaziz et al., 2015)

Blosozumab Phase 3 results are awaited

FIGURE 2 |Wnt signaling pathway in bone formation. APC: adenomatous polyposis coli; CaMKII: calcium calmodulin-mediated kinase II; CK1: casein kinase one;
Dvl: dishevelled; FZD: frizzled; GSK3β: glycogen synthase kinase 3β; JNK: c-Jun N-terminal kinase; LRP: low density lipoprotein receptor related protein; NFAT: nuclear
factor of activated T cells; RUNX2: runt-related transcription factor 2; TCF/LEF: T-cell specific transcription factor/lymphoid enhancer binding factor.
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(Veeman et al., 2003; Krishnan et al., 2006; Amjadi-Moheb and
Akhavan-Niaki, 2019) (Figure 2).

Wnt Signaling and Bone Anabolism
Wnt signaling pathway enhances bone anabolism by inducing
osteoblast differentiation, suppressing osteoclastogenesis and
preventing adipogenesis. Expression of Wnt target genes such
as Runx2, induces differentiation of MSC precursors to
osteoblastic lineage, promoting bone formation (Gaur et al.,
2005; Davis and Zur Nieden, 2008). Activation of Wnt
pathway increases glycolysis in OBs, providing then the
energy needed for collagen synthesis and matrix
mineralization (Karner and Long, 2017). Remodeling on
cortical bone is increased markedly due to activation of OBs
on both the cortical and trabecular surface. In addition,
canonical Wnt signaling inhibits bone resorption by
increasing OPG production (Boyce et al., 2005). A study
showed that bone formation was reduced in mice deficient
with either FZD receptor or β-catenin although the production
of OPG was not changed. It is postulated that Wnt signaling
may repress osteoclastogenesis in a mechanism different from
RANK/RANKL/OPG axis (Albers et al., 2013). Moreover,
through enhancing phosphorylation of β-catenin, sclerostin
facilitates adipogenesis (Fairfield et al., 2017). In a mouse
model of myeloma, mAb against sclerostin increased bone
mass and decreased the number of bone marrow adipocytes
(McDonald et al., 2017).

Epigenetic Mechanisms Regulating Wnt Signaling
Epigenetic modification of some important molecules in Wnt
pathway may affect bone metabolism. Bone biopsy from
postmenopausal women with osteoporotic fractures shows a
higher serum level of sclerostin. Increased CpGs methylation
in the proximal region of the promoter of the Sost gene reduces
the inhibitory effect of slcerostin on Wnt pathway, thereby
enhancing bone formation (Reppe et al., 2015). Previous
studies have shown that histone acetylation of Wnt gene
promoter is reduced owing to the inhibition of lysine
acetyltransferase 2A (GCN5) expression, resulting in
suppression of Wnt signaling (Jing et al., 2018). In addition,
a histone-lysine N-methyltransferase enzyme, an enhancer of
zeste homolog 2 (EZH2), suppresses osteogenic differentiation
of MSCs. Inhibition of EZH2 prevents bone loss (Dudakovic
et al., 2015; Dudakovic et al., 2016). Overexpression of histone
deacetylases 5 (HDAC5) downregulates the expression of
sclerostin in osteocytes (Wein et al., 2015; Wein et al., 2016).
miRNAs also play an important role in regulation ofWnt signaling
(Amjadi-Moheb and Akhavan-Niaki, 2019). MiR-27a decreases
OC differentiation and bone resorption through a binding site in
the 3′-untranslational region of APC (Guo et al., 2018). During
osteogenic differentiation of human stromal/stem cells, by
inhibiting secreted frizzled-related proteins (sFRPs), dickkopf
(DKK) and sclerostin, the signal amplification circuit between
miR-218 and Wnt/β-catenin signals is established to drive Wnt-
related transcription and OB differentiation (Hassan et al., 2012;
Zhang et al., 2014). Other miRNAs, such as miR-29, miR-542-3p
and miR-335-5p, can also regulate different molecules in Wnt

pathway (Kapinas et al., 2010). Furthermore, miR-16-2*, by
regulating the expression of Runx2, may be involved in OB
differentiation, matrix mineralization and pathogenesis of OP
(Duan et al., 2018).

Wnt Antagonists
Inhibition of canonical Wnt signaling pathway can be done by
neutralizingWnt ligands or blocking their binding to the receptor
LRP/FZD. Wnt antagonists such as Wnt inhibitory factor 1
(WIF-1) and sFRPs prevent ligands binding to their cognate
receptor. WIF-1 is structurally similar to the extracellular portion
of the Derailed/Ryk class of transmembrane Wnt receptors. It
may inhibit Wnt activity during OB differentiation and
maturation (Vaes et al., 2005; Canalis, 2013). However,
overexpression of WIF-1 activates canonical Wnt signaling
and results in the loss of self-renewal potential of resident
hematopoietic stem cells, suggesting it is not an optimal target
for regulation of bone formation (Schaniel et al., 2011).

sFRPs block Wnt signaling by interacting with Wnts or FZD.
Previous studies have demonstrated that sFRP1 is a negative
regulator of cancellous bone formation and overexpression of
sFRP4 in OBs reduces bone mass (Kawano and Kypta, 2003;
Bodine et al., 2004; Nakanishi et al., 2008). Somewhat
surprisingly, deletion of sFRP4 decreases the thickness of
cortical bone, possibly by activating non-canonical signaling
(Kiper et al., 2016; Chen et al., 2019), suggesting that fine-
tuning the concentrations of sFRPs is needed before future trials.

Sclerostin and DKK1 block Wnt/β-catenin pathway by
binding to LRP5/6. Sclerostin is mainly expressed by OCTs,
and its binding to LRP5/6 inhibits bone formation and
enhanced bone resorption (Li et al., 2005). Besides, osteocyte-
produced sclerostin is transported to bone surface or adjacent
OCTs, where it inhibits osteoblast-mediated bone formation, and
increases bone resorption by OCs as well as osteocytic osteolysis
by stimulating RANKL production and downregulating OPG
expression (Ke et al., 2012; Appelman-Dijkstra and Papapoulos,
2018). Sclerostin may also play a role in other signaling pathways.
An in vivo study has shown that mechanical stress activates Wnt
pathway by down-regulating sclerostin expression, whereas
upregulation of sclerostin expression in unloaded bone leads
to bone loss (Robling et al., 2008). Of note, one underlying
mechanism for anabolic effects of intermittent administration
of PTH on bone is to inhibit sclerostin expression (Bellido et al.,
2013).

DKK1 is a secreted glycoprotein produced by OCTs and OBs,
and it contains the cysteine-rich domains that can bind to LRP5/
6. DKK1 coupled with transmembrane receptor Kremen may
form a complex with LRP to inhibit Wnt signaling (Mao et al.,
2002; Pinzone et al., 2009). Further, DKK1 antagonizes
osteoblastogenesis from MSCs and Wnt-mediated OB
differentiation. Increased production of RANKL and decreased
production of OPG mediated by DKK1 causes net bone loss
(Pinzone et al., 2009).

Drugs Related to the Wnt Signaling Pathway
Romosozumab, a humanized antibody that neutralizes sclerostin,
has been approved by the FDA for OP treatment. Several trials
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have demonstrated that it significantly increases BMD and
decreases new vertebral and non-vertebral fractures (McClung
et al., 2014). However, romosozumab did not improve the
fracture-healing-related outcomes of hip fractures (Schemitsch
et al., 2020). A recent study showed that romosozumab induced a
transient bone formation in the first 2 months and a sustained
suppression of bone resorption for up to 12 months (Chavassieux
et al., 2019). As the anabolic effects of anti-sclerostin therapy are
short-lived, it is reasonable to hypothesize that intermittent and
short-term treatment with romosozumab might be just as
effective as the continuous treatment for 12 months (Cosman
et al., 2016; Saag et al., 2017). Sustainable BMD gains can be
achieved by sequential therapy with romosozumab followed by
denosumab (McClung et al., 2018; Kendler et al., 2019; Lewiecki
et al., 2019). The STRUCTURE trial has shown that
romosozumab is superior to Teriparatide with regard to
increase in bone mass and strength (Langdahl et al., 2017).
Romosozumab is not recommended for patients with a
previous myocardial infarction or other cardiovascular events
because of potential adverse effects (Lewiecki et al., 2018). Two
meta-analyses showed inconsistent results in terms of the
increase in cardiovascular risk (Bovijn et al., 2020; Lv et al.,
2020). One explanation is that sclerostin is expressed in aortic
vascular smooth muscle and can inhibit angiotensin II-induced
atherosclerosis. Systemic blockade of sclerostin may affect the
remodeling process in the cardiovascular system (Krishna et al.,
2017; Asadipooya andWeinstock, 2019). A study showed that the
second course of treatment with romosozumab had similar effects
as the treatment in the first year (McClung et al., 2020), however,
the BMD increments were smaller than those observed during the
first year (McClung et al., 2018; Kendler et al., 2019). The
duration of romosozumab treatment remains a matter of
debates. At the moment, it is well accepted that the treatment
should be no longer than 12 months (Table 3).

Blosozumab, another mAb against sclerostin, has shown to be
well-tolerated in completed phase 1 and phase 2 trials. It

increased BMD in a dose-dependent manner. Phase 3 results
are awaited with excitement (McColm et al., 2014; Recker et al.,
2015). To the best of our knowledge, no clinical trials are
conducted to compare the efficacy in BMD increment between
blosozumab and romosozumab.

AbD09097, a new anti-sclerostin agent, was examined in vitro
about its effect on bone formation (Boschert et al., 2016).
Combination of mechanical loading and anti-sclerostin
antibodies in mice caused higher bone formation than either
anti-sclerostin antibodies or mechanical loading alone (Morse
et al., 2018). This study suggests that a combination of
pharmacotherapy and physiotherapy may achieve sustained
improvement of bone quality and persistent reduction of
fracture risk. The effectiveness of the available nanocarriers,
mesoporous silica nanoparticles (MSNs) loading with
osteostatin and SOST siRNA is evaluated, and its
subcutaneous injection up-regulated the expression of
osteogenic related genes, thus, improving bone
microarchitecture. More studies are needed before clinical
application of such delivery system (Mora-Raimundo et al.,
2021).

Preclinical studies have been performed to test the effect of
mAb to DKK1. It improved BMD improvement in OVX rodents,
whereas only a minimal improvement was observed in OVX
monkeys (Glantschnig et al., 2011; Li et al., 2011). Notably, a
bispecific antibody directed at both sclerostin and DKK1 has been
generated and shown a more significant BMD improvement than
mono-antibody in OVX rats (Florio et al., 2016). Because of the
concern of off-target effects of DKK1 inhibitors in non-skeletal
tissues, no clinical trials are currently going on.

Lithium, a GSK3β inhibitor, can activate Wnt-β-catenin
pathway. Mice treated with lithium chloride (LiCl) lowered
fracture risk. It stimulated bone formation, but did not affect
bone resorption (Clement-Lacroix et al., 2005; Vestergaard et al.,
2005). A newly-developed GSK3β inhibitor rapidly increased the
number of OBs and decreased the number of OCs, resulting in a

TABLE 3 | Clinical trials assessing the efficacy of romosozumab in osteoporosis.

Trial and year Rationale/Question
Behind study

Design Conclusion

Frame, 2016 (Cosman
et al., 2016)

Compare the incidence of fractures between
romosozumab-to-denosumab group and the
placebo-to-denosumab group in
postmenopausal women with osteoporosis

Subcutaneous injections of romosozumab
(210 mg monthly) or placebo for 12 months,
followed by subcutaneous injection of
denosumab (60 mg every 6 months) for
12 months

The rates of fractures were significantly lower in
the romosozumab group than in the placebo
group

Arch, 2017 (Saag
et al., 2017)

Compare the incidence of fractures between
romosozumab-to-alendronate group and the
alendronate-to-alendronate group in
postmenopausal women with osteoporosis

Randomly assigned patients to receive
monthly subcutaneous romosozumab
(210 mg) or weekly oral alendronate (70 mg)
for 12 months, followed by open label
alendronate

Compared to alendronate alone, romosozumab
treatment for 12 months followed by
alendronate resulted in a significantly lower risk
of fracture

STRUCTURE, 2017
(Langdahl et al., 2017)

Evaluated the effects of romosozumab or
teriparatide on BMD in women with
postmenopausal osteoporosis transitioning
from bisphosphonates therapy

Patients were randomly assigned to receive
subcutaneous romosozumab (210 mg once
monthly) or subcutaneous teriparatide (20 µg
once daily) after at least 3 years of oral
bisphosphonates

Compared to teriparatide, bone mass and
strength increased to a greater extent in women
treated with romosozumab

Bridge, 2018 (Lewiecki
et al., 2018)

Evaluate the safety and efficacy of
romosozumab in men with osteoporosis

The subjects were randomized to receive
romosozumab 210 mg subcutaneously
monthly or placebo for 12 months

Compared with placebo,treatment with
romosozumab for 12 months increased BMD
significantly and was well tolerated
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significant increase in bone volume, trabecular number and
trabecular thickness (Clement-Lacroix et al., 2005;
Amirhosseini et al., 2018). LY294002, an inhibitor of
phosphatidylinositol-3-kinase-protein kinase B (PI3K-AKT)
signaling pathway, can inhibit OC differentiation. However,
both LiCl and LY294002 are highly toxic at conventional
doses (Huang et al., 2018). Low doses of combined LiCl and
LY294002 not only promote bone formation and inhibit bone
resorption, but also are more effective in the treatment of OP than
either single compound (Bai et al., 2019). Additionally, ample
phytochemicals, such as Baicalin, Aspp049, Wedelolactone,
Ursolic acid, may enhance GSK3β phosphorylation, Runx2
expression, and nuclear translocation of β-catenin, thus,
enhancing osteogenic differentiation and bone formation
(Manandhar et al., 2020). Despite these results, lacking bone
specificity and potential off-target effects hinder further
development of GSK3β inhibitors for the treatment of OP
(Hall et al., 2015).

Animal study was conducted to evaluate the effect of sFRP1
inhibitors on OP and these included imino-oxothiazolidines,
diarylsulfone sulfonamides and N-substituted piperidinyl
diphenylsulfonyl sulfonamides (WAY-316606). The results
showed increased OB activation and bone formation (Claudel
et al., 2019) Further, miR-542-3p and miR-1-3p inhibited sFRP1
expression and induced OB differentiation (Zhang et al., 2018; Gu
et al., 2020). Based on these findings, miRNA-based therapies
targeting sFRPs are likely to become novel approach to prevent
and treat osteoporosis.

The possible therapeutic targets mentioned above have been
identified in Figure 1.

Interaction of Wnt Pathway With Other Signaling
Pathways
Bone morphogenetic proteins (BMPs) belong to the TGF-β
superfamily. Among them, BMP-2 up-regulates the expression
of Runx2 through Smad pathway, leading to enhanced bone
formation. In addition, BMP-2 inhibits the activity of E3
ubiquitin ligase to prevent degradation of β-catenin and up-
regulates the expression of WNT3A, WNT1, and LRP, which
causes accumulation of β-catenin and activation of Wnt signaling
pathway, thereby, increasing bone formation (Wu et al., 2016).

PI3K-AKT pathway can be activated in OBs by various growth
factors. This pathway positively regulates Wnt signaling by
stabilizing β-catenin and deactivating GSK3β. Previous studies
have demonstrated that AKT may form a complex with BMP-2,
and its related downstream signals are essential regulators for OB
differentiation and endochondral ossification. AKT knockout
mice had shorter bones and delayed bone ossification (Ulici
et al., 2009). In addition, AKT phosphorylation by upstream
kinase mTORC2 may cause accumulation of β-catenin both in
cytoplasm and nucleus (Sarbassov et al., 2005; Rybchyn et al.,
2011). One study shows that miR-483-5p mimic activates PI3K-
AKT signaling pathway and affects cell viability, with significant
down-regulation of the expressions of OPG, Runx2 and BMP2.
Consistently, LY294002 and miR-483-5p inhibitor reverse these
effects and increase BMD and biomechanical parameters for
anabolism (Zhao et al., 2021). Moreover, interaction of MAPK

pathway with Wnt signaling not only regulates survival and
apoptosis of OCs, but also enhances BMP-2 expression and
bone formation (Tang et al., 2008; Chen et al., 2014). A study
demonstrates that miR-182-5p inhibits the expression of adenylyl
cyclase isoform 6 (ADCY6) and activation of the Rap1/MAPK
signaling pathway. Down-regulation of miR-182 promotes OB
proliferation and differentiation (Pan et al., 2018).

Other pathways may also have cross-talks with Wnt pathway.
For example, Adenosine Monophosphate Activated Protein
kinase (AMPK) may activate canonical Wnt signaling pathway
and up-regulate the expression of BMP-2 (Zhao et al., 2010).
AMPK also phosphorylates HDAC5, resulting in the activation of
Wnt signaling (Zhao et al., 2011).

Protein kinase C-binding protein NELL-1 is an osteoinductive
growth factor that can bind to β1-integrin on the surface of bone
cells. It not only activates canonical Wnt pathway and regulates
the activity of Runx2, but also has a reciprocal impact on BMP-2
signaling by enhancing osteogenesis and inhibiting adipogenesis
(Zhang et al., 2011; Shen et al., 2016; Pakvasa et al., 2017). In OVX
mice, NELL-1 down-regulated RANKL expression and up-
regulated OPG expression, leading to enhanced bone
formation and decreased number of OCs (James et al., 2015).
Delivering NELL-1 to vertebrae of osteoporotic sheep or femurs
of OVX rats can improve the regeneration of cortical and
trabecular bone (James et al., 2016; James et al., 2017).
Additional studies are needed to determine the feasibility and
efficacy of this protein as an anabolic agent (Figure 3).

Combined and Sequential Therapies
Combined and Sequential Therapies
The effect of the most anti-osteoporotic drugs, except for BPs, is
not sustainable on bone metabolism. In some cases, an
overshooting response may occur when they are discontinued.
In particular, withdrawal of anabolic drugs often causes rapid
bone loss and increases risk of fractures. Further, anabolic
treatment with Teriparatide or Abaloparatide may incite
secondary stimulation of bone resorption. It is reasonable to
postulate that the effects of bone-forming treatments may be
improved and maintained with combined or sequential
treatments. Ongoing clinical studies on combination and
sequential therapies are summarized in Tables 4, 5. It is now
unanimously accepted that the administration of bone-forming
agents should be followed by an anti-resorptive agent. In
addition, the evaluation of the effectiveness of combined
therapies is still ongoing.

DISCUSSION

Pathogenesis of OP, especially, in postmenopausal women, is
multifaceted. Improved understanding of skeletal biology will
help us identify new therapeutic targets with maximal efficacy
and minimal adverse effects. Our review summarized recent
progress in molecular mechanisms and major signaling
pathways involved in bone homeostasis and OP pathogenesis.
The approaches to prevent OP include anti-resorption by
suppressing OC activity and pro-formation by enhancing OB
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functions. OCTs, used to be thought as the quiescent cells
embedded in bone matrix, have been demonstrated to be
critical in the regulation of OCs and OBs activities, warranting
in-depth understanding of OCT biology. Taking cost-
effectiveness into account, the mainstay of current treatments
is still anti-resorptive drugs, particularly, BPPs, in most

developing countries. However, as they can incorporate into
bone and prevent bone resorption, normal dynamic
remodeling process, especially in young adults, is interrupted,
which may reduce the flexibility of bone (Russell et al., 2007).

We focused on Wnt pathway because accumulating data
indicated a pivotal role of this pathway in bone metabolism.

FIGURE 3 | Interaction of Wnt signaling with other signaling pathways. AKT: protein kinase B; AMPK: adenosine monophosphate-activated protein kinase; BMP:
bone morphogenetic protein; BMPR: BMP receptor; ERK: extracellular signal-regulated kinase; GF: growth factor; MEK: mitogen-activated protein kinase; NELL-1:
NEL-like protein one; PI3K: phosphoinositide 3-kinase; Smad: small mothers against decapentaplegic; TRAF: TNF receptor-associated factors.

TABLE 4 | Combination therapies.

Anabolic
agents

Anti-resorptive drugs Methods Conclusions

PTH (1–84) Alendronate (Black et al.,
2003)

Randomly assigned patients to daily treatment with
parathyroid hormone (1–84) (100 µg), alendronate (10 mg),
or both for 12 months

i) There was no evidence of synergy between parathyroid
hormone and alendronate
ii) The anabolic effects of parathyroid hormone may be
reduced when use of alendronate simultaneously

PTH (1–84) Ibandronate (Schafer et al.,
2012)

Participants received either 6 months of concurrent PTH and
ibandronate, followed by 18 months of ibandronate
(concurrent) or two sequential courses of 3 months of PTH
followed by 9 months of ibandronate (sequential) over
2 years

i) BMD did not increasemore than with either treatment alone
ii) Concurrent monthly ibandronate may blunt the effects of
PTH(1–84)

Teriparatide Zoledronic Acid (Cosman
et al., 2011)

Randomly assigned patients to receive a single intravenous
infusion of zoledronic acid 5 mg plus daily teriparatide 20 mg
via subcutaneous injection, zoledronic acid alone, or placebo
infusion plus daily teriparatide 20 mg for 1 year

A beneficial effect of co-administration of teriparatide and
zoledronic acid treatment was shown as compared to
teriparatide or zoledronic acid monotherapy

Teriparatide Denosumab (Tsai et al.,
2013; Tsai et al., 2019)

Patients were assigned in a 1:1:1 ratio to receive 20 µg
teriparatide daily, 60 mg denosumab every 6 months, or
both

Combined teriparatide and denosumab increased BMD
more than either agent alone

Participants were randomly assigned (1:1) to receive
teriparatide 20 µg (standard dose) or 40 µg (high dose) daily
for 9 months. At 3 months, both groups were started on
denosumab 60 mg every 6 months for 12 months

Combined treatment with teriparatide 40 µg and
denosumab increased BMD more than standard
combination therapy
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Comparing with TGF-β and NF-kB pathways, Wnt signaling
pathway is more complicated and more targets are available for
modifications both extra- or intracellularly. Elegant studies from
different animal models have laid a solid foundation for new
drugs development by regulating Wnt pathway. In the canonical
Wnt pathway, the modification of the destruction complex is
under intensive studies. For example, manipulating the activity
GSK3β may enhance anabolic property of OBs (Amirhosseini
et al., 2018). Similarly, regulating the expression of Axin-2 and
APC may cause constitutive activation of canonical pathway to
promote bone formation (Nusse and Clevers, 2017; Huang et al.,
2019). However, the specificity and their potential off-target risks
of some newly developed agents for modifying Wnt pathways
have been halted after phase 1 or phase 2 trials. Delivery systems
using peptides or chemicals with high affinity to bone are
expected to overcome these drawbacks (Guan et al., 2012; Zur
et al., 2018; Rammal et al., 2019). Bi-specific Wnt mimetic
targeting both FZD and LRP has demonstrated a rapid and
robust effect on bone building and correction of bone mass
deficiency (Fowler et al., 2021), however, more studies are
needed before preclinical and clinical trials of this agent.
Besides, a cell/gene therapy in combination with miRNA
manipulation may become effective treatment for osteoporosis.
For example, hybrid vector engineered OVX-BMSCs were used to
lower miR-140*/miR-214 levels, promote osteogenesis and
enhance bone quality (Li et al., 2016). Further, the utilization
of nanocarriers-based therapies that interact Wnt pathway hold
great promise as novel therapy for osteoporosis. In contrast,
because of the complexity and multiple alternatives of non-
canonical Wnt pathway, there is a scarcity of data regarding
the role of non-canonical Wnt pathway in bone metabolism. New
targets may be identified after extensive studies of non-canonical
Wnt pathway (Lerner and Ohlsson, 2015).

Other research interests include the mechanisms and
treatment of the loss of cortical bone as it is more closely
related to osteoporotic fractures. Aging is also an important
factor for OP. Targeting the senescent cells by modification of
the aging-related genes or pharmacological methods, such as
Janus kinase (JAK) inhibitor, have both anti-resorptive and pro-
formative effects on bone (Farr et al., 2017). In addition, more
investigations should be carried out to elucidate the mechanism
for bone erosion in some autoimmune diseases, especially, in

rheumatoid arthritis (Minisola et al., 2021). Of note, osteoporosis
is common in patients with ankylosing spondyloarthritis (AS),
even in young males (Sambrook and Geusens, 2012). A recent
study showed that miR-96 may promote osteoblast
differentiation and bone formation in AS mice via Wnt
signaling activation by binding to sclerostin (Ma et al., 2019).
Further, the major pathway mediating glucocorticoid induced
bone loss need to be further dissected in order to preserve their
anti-inflammatory activity, but avoid the harmful skeletal effect of
this most commonly used drug in autoimmune rheumatic
diseases (Hartmann et al., 2016).

CONCLUSION

Although significant progresses have been made in recent years,
the prevention and treatment of osteoporosis and the related
fractures remain an unmet medical need. In-depth understanding
of molecular events in the pathogenesis of osteoporosis including
epigenetic regulation of Wnt pathway may facilitate the
development of new drugs with better efficacy and less side
effects.
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TABLE 5 | Sequential therapies.

Initial agents Subsequent agents Methods Conclusions

Teriparatide Denosumab Subjects were switched from both the combination and
teriparatide groups to denosumab, and subjects in the
denosumab group were switched to teriparatide. In all groups,
24 months of additional treatment were given. (Leder et al.,
2015b)

In postmenopausal osteoporotic women switching from
teriparatide to denosumab, BMD continued to increase

Denosumab Teriparatide In postmenopausal osteoporotic women switching from
denosumab to teriparatide results in progressive or transient
bone loss

Abaloparatide Alendronate (Bone
et al., 2018)

Patients who had been randomized to either placebo or
abaloparatide (80 µg daily) for 18 months were subsequently
treated with oral alendronate (70 mg weekly) for an additional
24 months

Sequential abaloparatide followed by alendronate had a greater
reducion in the risk of fractures and BMD increased more

Romosozumab Denosumab (Lewiecki
et al., 2019)

Patients received romosozumab or placebo (month 0–12)
followed by denosumab (month 12–36)

BMD were further augmented and fracture risk was reduced by
switching from romosozumab to denosumab
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GLOSSARY

AMPK Adenosine Monophosphate Activated Protein kinase

APC adenomatous polyposis coli

AS ankylosing spondyloarthritis

BMD bone mineral density

BMP Bone morphogenetic protein

BMSCs bone marrow stem cells

BPPs bisphosphonates

CIC-7 Chloride channel-7

CK1 casein kinase 1

Col-I collagen type I

DKK1 Dickkopf 1

EZH2 enhancer of zeste homolog 2

FZD Frizzled;

GCN5 lysine acetyltransferase 2A

GSK3β phosphorylating enzyme glycogen synthase kinase 3β

HDAC5 histone deacetylases 5

JAK Janus kinase

JNK c-Jun N-terminal kinase

LiCl lithium chloride

LRP low density lipoprotein receptor related protein

M-CSF macrophage colony-stimulating factor

MSCs mesenchymal stem cells

NELL-1 NEL-Like molecule-1;

NFAT nuclear factor of activated T cells

OBs osteoblasts

OCs osteoclasts

OP osteoporosis

OPG osteoprotegerin

OCTs osteocytes

OVX ovariectomized

PI3K-AKT phosphatidylinositol-3-kinase-protein kinase B

PKC protein kinase C

RANKL receptor activator of nuclear factor κB (NF-κB) ligand

Runx2 runt-related transcription factor 2

SERMs selective estrogen receptor modulators

sFRPs secreted frizzled-related proteins

TCF/LEF T-cell specific transcription factor/lymphoid enhancing factor

TRAFs TNF receptor-associated factors

WIF-1 Wnt inhibitory factor 1
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Eucommia ulmoides Polysaccharides
Attenuate Rabbit Osteoarthritis by
Regulating the Function of
Macrophages
Yaqiong Sun1†, Kui Huang2†, Linhai Mo3†, Akhlaq Ahmad4, Dejia Wang5, Zijie Rong5,
Honghui Peng5, Honghua Cai5 and Guihua Liu5*

1Departments of Imaging, Southern University of Science and Technology Hospital, Shenzhen, China, 2Departments of
Orthopedics, The First Hospital of Yangtze University, Jingzhou, China, 3Department of Orthopaedics, People’s Hospital of
Jiangyou, Mianyang, China, 4The Second Affiliated Hospital, Guangdong Provincial Key Laboratory of Allergy & Clinical
Immunology, The State Key Laboratory of Respiratory Disease, Guangzhou Medical University, Guangzhou, China, 5Institute of
Orthopaedics, Huizhou Municipal Central Hospital, Huizhou, China

Background and purpose: Eucommia ulmoides polysaccharides (EUP) can regulate the
immunity of macrophages, but the functional status of macrophages is related to
osteoarthritis and synovial inflammation. The purpose of this study is to explore
whether EUP has the effect of inhibiting osteoarthritis and its possible mechanism.

Methods: MTT test was used to evaluate the appropriate concentration of EUP and real-
time quantitative polymerase chain reaction (RT-qPCR) was conducted to detect the effect
of EUP on gene expression in RAW 264.7 cells. The osteoarthritis model was constructed
by the anterior cruciate ligament transection (ACLT) in the rabbits. These rabbits were
divided into three groups, sham operation group, OA group, and EUP group. The changes
in articular cartilage were detected by gross observation and histological staining, and
Micro-CT tested subchondral bone. Finally, the changes of macrophages in synovial tissue
were studied by immunohistochemistry.

Results: The results showed that EUP at the concentration of 50ug/mL and 100ug/mL
were beneficial to the proliferation of macrophages. The qPCR results indicated that EUP
inhibited the expression of inflammation-related genes IL-6, IL-18 and IL-1β, and
promoted the expression of osteogenic and cartilage-related genes BMP-6, Arg-1 and
transforming growth factor beta (TGF-β). The results of in vivo experiments suggested that
the degree of destruction of articular cartilage in the EUP group was significantly reduced,
and the Osteoarthritis Research Society International (OARSI) score was significantly
reduced. Compared with the OA group, the subchondral cancellous bone density of the
EUP group increased, the number and thickness of trabecular bone increased, and the
separation of trabecular bone decreased. Synovial macrophage immunohistochemistry
results manifested that EUP, on the one hand, reduced M1 polarizedmacrophages, on the
other hand, accumulated M2 polarized macrophages.
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Conclusion: EUP can promote articular cartilage repair and subchondral bone
reconstruction. The regulation of the polarization state of macrophages may be one of
its mechanisms to delay the progression of osteoarthritis.

Keywords: Eucommia ulmoides polysaccharides, immunomodulation, macrophage, osteoarthritis, synovium

INTRODUCTION

Osteoarthritis is a degenerative joint disease, which is mainly
manifested as progressive degeneration of articular cartilage,
including narrowing of the joint space, changes in subchondral
bone structure, osteophyte formation, synovitis etc., (Glyn-Jones
et al., 2015). Now more and more evidence shows that synovitis is
related to the progression of OA (Sellam and Berenbaum 2010). The
normal synovial membrane is composed of the inner membrane
layer and the subsynovial layer. When the synovial membrane is
inflamed, macrophages accumulate in the inner membrane layer,
which is the main pathological feature of synovial inflammation
(Udalova et al., 2016). Generally speaking, macrophages can be
divided into three different phenotypes according to their sources
and functions: unstimulated macrophages (M0), pro-inflammatory
macrophages (M1) and anti-inflammatory macrophages (M2) (Xie
et al., 2019). Simply put, the M1 type mainly promotes the
occurrence of inflammation and can secrete inflammation-related
cytokines such as IL-1β, IL-18 and IL-6, which in turn leads to
cartilage degradation and the formation of osteophytes, while theM2
type is mainly responsible for anti-inflammatory and tissue repair
(Zhang et al., 2020).

Low-grade inflammation is related to the occurrence and
development of osteoarthritis (Robinson et al., 2016). Ayral
et al. (2005) conducted a 1 year study on 422 patients and
suggested that the degree of inflammation of the synovial
membrane is related to the prognosis of OA. (Roemer et al.
(2011) showed that joint effusion and synovial inflammation can

increase the risk of knee cartilage loss. When joints are injured,
local acute inflammation can promote tissue repair, but long-
term chronic inflammation is harmful (Oishi and Manabe 2018).
Persistent inflammation will promote the production of matrix
metalloproteinases (MMPs), leading to degradation of the
cartilage matrix (Jiang et al., 2020). Macrophages play an
important role in the inflammation process. Studies have
shown that low-grade inflammation may not be significantly
related to the total number of activated macrophages (Wu et al.,
2017), but is related to the polarization state of macrophages
(Zhang et al., 2018). This may be the key reason for the continued
progression of OA.

Currently, therapies targeting macrophages have shown the
ability to reduce inflammation and OA progression. Bondeson
et al. (2006) showed that the production of inflammatory cytokines
and MMPs can be inhibited by removing macrophages from
synovial cell cultures via anti-CD14 conjugated magnetic beads.
Blom et al. (2004) used liposomal clodronate to deplete synovial
macrophages, which significantly reduced osteophyte formation in
an animal model of osteoarthritis. Eucommia ulmoides is one of the
most popular Chinese herbal medicines currently studied. Its main
effects are anti-inflammatory, immune regulation and anti-
osteoporosis (He et al., 2014). EUP is a component extracted
from Eucommia ulmoides. It is a powerful immune enhancer
(Feng et al., 2016), which can regulate the immune behavior of
macrophages and make them develop in the direction of anti-
inflammatory. In addition, EUP also has anti-inflammatory and
antioxidant properties, as well as inhibits osteoclasts and promotes
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osteogenic effects (Deng et al., 2019; Gao et al., 2020). In view of the
powerful ability of EUP to regulate immunity, it is of great
significance to explore its effect on osteoarthritis and its possible
mechanism.

This study deeply analyzed the effects and possible mechanisms
of EUP in the treatment of osteoarthritis. First, macrophages were
processed with EUP in vitro and the expression of related genes was
detected. Subsequently, the rabbit ACLT model was used to inject
EUP into the joint cavity to verify the effect of EUP on
osteoarthritis, and the polarization state of macrophages was
detected by immunohistochemistry.

MATERIALS AND METHODS

Cell Proliferation Assay
Eucommia ulmoides polysaccharides (EUP, purity: 60%, Catalog
No.S27810) was obtained from Shanghai Yeyuan biotech Co., Ltd.,
(Shanghai, China). The RAW 264.7 cell line was purchased from
Procell Life Science TechnologyCo., Ltd. (Wuhan, China). RAW264.7
cells were seeded in 96-well plates with a cell concentration of 2 × 103

cells per well. The culture medium of macrophages is HyClone
Dulbecco’s Modified Eagle Medium (DMEM, Gibco) + 5% fetal
bovine serum (FBS, Gibco). The RAW264.7 cells were added to
DMEM (control group) and DMEM containing different
concentrations of EUP (10 μg/ml, 50 μg/ml, 100 μg/ml, 200 μg/
ml) and were cultured and recorded under a light microscope. On
days 1, 3, and 5, cell proliferation experiments were performed with
MTT. The absorbance was measured at 490 nm using a microplate
reader (iMark, Bio-Rad).

Real-Time Quantitative Polymerase Chain
Reaction Assay
Macrophages were cultured inDMEMandDMEM+ EUP (50 μg/
ml, 100 μg/ml) medium for 5 days, and use RNAiso plus
(TAKARA) to extract total macrophage RNA according to the
instructions provided by the reagent supplier. NanoDrop2000
software was used to determine the total RNA concentration.
Then a reverse transcription kit (TAKARA) was used to
synthesize cDNA from the obtained total RNA sample. Simply
put, 1 μg of total RNA was reverse transcribed at 37°C for 15min,
and then heated at 85°C for 5 s. In the qPCR process, 2 μl of cDNA
was used to amplify the target gene. The reactions were run for 40
cycles using a Step one Plus real-time PCR System (Applied
Biosystems). Using β-actin as a reference gene, the expression
of IL-6, IL18, IL1β, BMP-6, Arg-1, TGF-β was detected. The
relative expression of the target genes was calculated using the
2−ddct method with reference to the control group. The primers
used for genetic testing are shown in Table 1.

Animal Modeling and Grouping
18 adult male New Zealand white rabbits (2.85 ± 0.2 kg, 8 months
old)) were purchased from Experimental Animal Center of
Guangdong Medical University (Dongwan, China) and divided
into three groups, namely sham operation group, OA group and
EUP group. ACLT was performed to establish an OA model.

Simply put, after isoflurane inhalation anesthesia, the inside of the
knee joint was cut to expose the patella and patellar tendon, and the
nodular sac was cut. The anterior cruciate ligament (ACL) was
exposed as shown in Figure 1A1 and cut with ophthalmic scissors
as shown in Figure 1A2. A drawer test was performed after the
operation to confirm the rupture of the ACL. In the sham
operation group, only the ACL was exposed and not transected.
Three days after the operation, each rabbit was injected
intramuscularly with 100,000 units of penicillin every day to
prevent infection. Intra-articular injection was started from the
4th week after surgery. The sham operation group and OA group
were injected with normal saline, and the EUP group was injected
with 100 μg/ml EUP. The injection volume into the joint cavity is
0.1 ml/kg, once a week for five consecutive weeks. At the 9th week,
the animals were sacrificed by isoflurane inhalation anesthesia
combined with potassium chloride intravenous injection. During
the experiment, using vernier caliper and weight scale to measure
the width of the knee joints (measure the widest part of the knee)
and weight weekly as shown in Figure 1A3 and Figure 1A4.

Articular Cartilage Repair Test
After rabbit knee articular cartilage was obtained, the degenerative
changes of the femoral condyle and tibial plateau cartilage were
observed under a dissecting microscope and the severity of OA was
scored. The higher the score, the more severe is the cartilage
degeneration. The cartilage tissue was fixed with 4%
paraformaldehyde for 48 h, and decalcified with 10% EDTA
solution for 4 weeks, embedded in paraffin after dehydration. A
continuous section with a thickness of 5 μm was prepared, stained
with the Safranin O/Fast Green. The histological stained specimens
were scored. The above gross and histological scores were based on
themethods described in the previous literature (Laverty et al., 2010).

Micro-CT Measurements
The reconstruction of the femoral condylar bone was observed by
micro-CT. Scanning was performed on a micro-CT imaging system
of small animals (Skyscan 1276,Bruker). Each sample was scanned
layer by layer (scanning thickness 18μm, scanning voltage 80 kV,
current 100 μA), and the scanned fault image was obtained. And the
quantitative analysis of bone mineral density (BMD) and trabecular
thickness, bone trabecular spacing and trabecular number was
carried out. BMD was determined by directly calibrating the
decay coefficients (250 and 750 mg/cm3) of the two
hydroxyapatite (HA) models.

Histological Evaluation of Synovium
The synovium tissue of the inferior patella was fixed with 4%
paraformaldehyde for 48 h, and then embedded in paraffin after
dehydration. The continuous sections with a thickness of 5 μm
were prepared. The SP (Streptavidin perosidase) method was used
and SP immunohistochemistry kit was purchased from Beijing
boason Biotechnology Co., Ltd., (Beijing, China). In short, after
conventional dewaxing, the tissue sections were incubated in 3%
hydrogen peroxide in 37°C for 10 min, put into citric acid buffer
(pH6.0), boiled (95°C, 15 min), and cooled for 20 min. The normal
goat serum working fluid was closed in 37°C for 10min. The anti
F4/80 (1:100, ab16911, Abcam), iNOS (1:100, ab49999, Abcam)
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and CD206 (1:100, ab8918, Abcam) were all purchased from
Abcam company. The secondary antibodies labeled with biotin
were incubated overnight at 4°C and incubated at room
temperature for 1 h. Then, the streptavidin labeled with
horseradish peroxidase was added and incubated at 37°C for
30 min. Finally, DAB was stained for 10 min.

Statistical Analysis
SPSS 19.0 software package was used for statistical analysis. All
results were expressed as mean ± SD. The difference between the
two groups was tested by t-test. A one-way analysis of variance
(ANOVA) was used in the comparison among the groups, p <
0.05 was considered to be significant.

FIGURE 1 | EUP promoted the cartilage repair of rabbit osteoarthritis model constructed by ACLT. (A1) The anterior cruciate ligament (ACL) was exposed, the
white arrow pointed to the ACL; (A2) The arrow showed the ACL was cut off; (A3) The width of the rabbit’s knee joint was measured by vernier caliper; (A4) Weight
measurement. (B) The statistical results of the knee joint width, the arrow showed the administration from the 4th week. (C) Statistics of rabbit body weight, the arrow
showed the administration from the 4 th week. (D) Gross observation of cartilage surface. (E) Staining of articular cartilage with Safranin O/Fast Green, bar
represents 100 μm. (F) Macroscopic morphology evaluation. (G) The score of histological staining. **, *** indicate statistically significant differences (p < 0.01 and p <
0.001, respectively). Bar represents 100 μm.
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RESULT

Macrophage Proliferation and Gene
Expression
Generally, macrophages are round or oval, and they can be multi-
process when they are active. Figure 2A showed the status and
quantity of macrophages in different concentrations. The
macrophages were better than those in control group when

the concentration was less than 100 μg/ml. When the
concentration was 200 μg/ml, the number of cells decreased
and the cells were sparse. MTT results also showed that the
concentration of EUP was 200 μg/ml, which inhibited the
proliferation of cells. At concentrations of 50 μg/ml and
100 μg/ml, there was no cytotoxicity instead cell proliferation
was promoted, as shown in Figure 2B. According to the MTT
results, the macrophages were cultured with 50 μg/ml and

FIGURE 2 | Cell viability and gene expression of macrophages in Eucommia ulmoides polysaccharides (EUP) culture. (A) The morphology of macrophages in
different concentrations of EUP culture. (B) The proliferation curve of macrophages was observed under different concentration culture conditions. (C) The relative
expression of related genes in EUP culture. *p＜0.05,***p＜0.001 stands for significant difference compared with the control group. #p＜0.05,##p＜0.01 stands for
significant difference compared with the EUP-50 group.
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100 μg/ml concentration, and the expression of related genes was
detected. As shown in Figure 2C below, the relative expression of
IL-6, IL-18 and IL-1β decreased significantly. The relative
expression of BMP-6, Arg-1 and TGF-β increased.

Effect of Cartilage Repair in Osteoarthritis
After Eucommia ulmoides Polysaccharides
Treatment
The procedure was shown in Figure 1A1 (exposing the ACL)
and 2A2 (cutting the ACL). The changes of joint width and
weight were measured after operation, as shown in Figures
1A3, A4. There was no significant change in knee joint width
in sham operation group, but in OA group and EUP group, it
increased significantly in 4 weeks after ACLT. After injection
of EUP joint cavity, the joint width of the EUP group decreased
significantly compared with that of OA group as indicated in
Figure 1B. In Figure 1C, the weight of OA group and EUP
group decreased significantly in 1–2 weeks after operation
than that of sham operation group, but there was no

significant change in weight between groups over time. As
revealed in Figure 1D, the articular cartilage surface of the
sham operation group was complete, smooth and glossy. It was
indicated that only opening the capsule would not cause the
destruction of articular cartilage. The cartilage surface of OA
group was brown, damaged and had edema. The cartilage in
the EUP group had slight edema and wear, but there was no
obvious damage to the integrity of cartilage. The
morphological score of the EUP group was significantly
lower than that of OA group (p < 0.01) (Figure 1F). The
results of the Safranin O/Fast Green staining were shown in
Figure 1E. The cartilage matrix was dyed red. The cartilage
matrix of OA group was destroyed obviously, and the content
of cartilage matrix was lower. There was a significant
difference between OA group and sham operation group
(P< 0.001) (Figure 1G). Compared with OA group, the
cartilage matrix in EUP group gradually recovered, and the
cartilage thickness was close to normal level. There was
significant difference between the EUP group and OA group
(P< 0.01).

FIGURE 3 | EUPwas beneficial to the reconstruction of subchondral bone in early osteoarthritis. (A)Micro-CT scan of the subchondral bone of the femoral condyle.
(B) The BMD of trabecular bone of subchondral bone. (C) The number of trabecular bone. (D) The separation of trabecular bone. (E) The thickness of trabecular bone.
*, ** indicate statistically significant differences (p < 0.05 and p < 0.01, respectively).
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Subchondral Bone Reconstruction in Early
Osteoarthritis After Eucommia ulmoides
Polysaccharides Treatment
In order to further test the effect of EUP on subchondral bone.
We used Micro-CT to scan the subchondral bone and perform
data analysis. As demonstrated in Figure 3A, the trabeculae of
the sham operation group were aligned normally, and no
obvious cavities were found. In the OA group, the
trabeculae were sparse, arranged disorderly, and cavities
were visible. The EUP group was more compact and neatly
arranged than the OA group. Quantitative statistics suggested
that the BMD of trabecular bone in the OA group was
significantly lower than that in the sham operation group
(p < 0.01), but the BMD of the EUP group was higher than
that in the OA group (P< 0.05) (Figure 3B). The number of
trabecular bone (Figure 3C) and the thickness of trabecular
bone (Figure 3E) in the EUP group were better than those in
the OA group (P< 0.05). The separation of trabecular bone in
the OA group was higher than that in the sham operation

group, and the separation of trabecular bone in the EUP group
was lower than that in the OA group (P< 0.05) (Figure 3D).

Effect of Synovial Macrophage After
Eucommia ulmoides Polysaccharides
Treatment
The possible mechanisms were explored by detecting the
immunophenotype of macrophages in synovial tissues. F4/80
is a marker of macrophages, iNOS is a marker of M1-like
macrophages, and CD206 is a marker of M2-like
macrophages. As shown in Figures 4A,B, compared with the
sham group, F4/80 positive cells and iNOS positive cells were
significantly increased in the OA group. Compared with the OA
group, the number of F4/80 and iNOS positive cells in the EUP
group decreased. However, CD206 positive cells were
significantly increased in the EUP group (Figure 4C). As
demonstrated in Figure 4D, the expression of F4/80 and iNOS
positive cells was significantly higher in the OA group than in the
sham group and the EUP group. The expression of CD206
positive cells in the EUP group was significantly higher than
that in the sham group and OA group, and the expression of
CD206 positive cells in the OA group was higher than that in the
sham group.

DISCUSSION

The monosaccharide components of EUP include glucose, fructose,
mannose, fucose, galactose, and arabinose among others (Feng et al.,
2016). Sugars themselves provide nutrients for cell growth. Studies
have shown that cell proliferation is highly dependent on glucose
metabolism, which not only provides an energy source but also
provides metabolites for the biosynthesis of membrane lipids and
nucleic acids (Shao et al., 2018). Our experiments also indicated that
at 50μg/ml and 100μg/ml concentrations, EUPwas not cytotoxic but
rather favored cell proliferation.

Through PCR assay, we found that EUP significantly inhibited
the expression of IL-6, IL-18 and IL1β. Studies have shown that
the cytokine IL-6, IL-1β and IL-18 can promote inflammation
and apoptosis of chondrocytes, they inhibit the expression of
aggrecan and stimulate the expression of MMPs, thus contribute
to the pathogenesis of OA (Bao et al., 2020; Kapoor et al., 2011).
Therefore, inhibiting the expression of inflammation related
genes IL-6, IL-1 β, and IL-18 is beneficial for the remission of
osteoarthritis. Increased Arginase-1 (Arg-1), TGF-β and BMP-6
expression was found. Arg-1 expression is one of the
characteristics of M2 macrophages, which are anti-
inflammatory and promote tissue repair (Fernandes et al.,
2020). The expression of TGF-β in macrophages is pro
regenerative (Dai et al., 2018). BMP-6 is closely related to
osteogenesis (Huang et al., 2019). So the results suggested that
EUP may favor macrophage polarization toward M2 type
direction and be beneficial to the regeneration of cartilage and
osteogenesis.

In this study, we found that the rabbit knee joint widens after
cutting the ACL. This may be related to inflammation of the joint

FIGURE 4 | Changes in the immunophenotype of macrophages in
synovial tissue after EUP treatment. (A) immunohistochemistry of F4/80. (B)
immunohistochemistry of iNOS. (C) immunohistochemistry of CD206. bar
represents 100 μm. (D) Quantitative detection of the proportion of F4/
80, iNOS and CD206-positive macrophages in total macrophages. *, ***
indicate statistically significant differences (p < 0.05 and p < 0.001,
respectively).
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cavity and increased joint cavity effusion (Bian et al., 2018).
Compared with the OA group, the joint width of the EUP group
decreased significantly after the third week after treatment,
indicating that the EUP controlled the inflammation of the
joint cavity and reduced joint effusion. the injection of EUP
through the joint cavity of OA model showed that cartilage repair
was significantly improved in the EUP group, and gross and
histology scores showed that the EUP group was significantly
reduced. Our experiments at the cellular level have suggested that
EUP inhibits inflammation in macrophages and promotes
macrophage polarization toward the M2 type direction.
Therefore, we think that EUP may promote cartilage repair in
osteoarthritis by regulating macrophages.

Our results indicated that the BMD of trabecular bone
significantly increased, the separation of trabecular bone
became smaller and the number of trabecular bone increased
in EUP group. According to qPCR results as previously described
that EUP promoted Arg-1 and BMP-6 expression in
macrophages. Hoemann et al. (2010) showed that activated
macrophages expressed Arg-1, released angiogenic factors, and
thus contributed to the repair of subchondral bone. BMP-6 had a
significant pro-osteogenic effect (Grab et al., 2019). The
promotion of subchondral bone remodeling will contribute to
cartilage regeneration and the recovery of joint function (Hayami
et al., 2006). Furthermore, in conclusion, EUP also benefit the
reconstruction of subchondral bone.

The results of immunohistochemistry demonstrated that EUP
inhibited the expression of macrophages and M1-like
macrophages, and increased the expression of M2-like
macrophages. As mentioned earlier, in our experiment, EUP
promotes the expression of Arg-1 in macrophages. The
transformation of macrophages from pro-inflammatory M1 to
M2 may be related to EUP promoting the expression of Arg-1.
Luo et al. (2020) demonstrated that macrophage polarization
switch from proinflammatory M1 type to M2 type is an effective
therapeutic strategy for the treatment of temporomandibular
arthritis. Taken together, the above results suggest that EUP
may alleviate osteoarthritis and promote cartilage repair by

regulating macrophage function and promoting their
polarization towards M2 type.

CONCLUSION

In this study, we found that EUP exhibited no obvious toxicity
to cells at the concentrations of 50μg/ml and 100μg/ml, but
favored cell proliferation. qPCR assay indicated that EUP
significantly inhibited the expression of macrophage
inflammation related genes IL-6, IL-18 and IL-1β and
promoted the expression of osteogenesis and chondrogenesis
related genes BMP-6, Arg-1 and TGF-β. In vivo detection found
that the cartilage regeneration was significantly improved, and
micro-CT scanning found that EUP was beneficial to
subchondral bone reconstruction. Examination of synovial
macrophages revealed that the number of macrophages and
M1 type macrophages decreased and the number of M2 type
macrophages increased in the EUP group compared with the
OA group. Through our experimental results, we believe that
EUP can delay the progression of osteoarthritis and the effect of
regulating the immunity of macrophages partly explains the
underlying mechanism.
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TABLE 1 | List of primers.

IL-6 F: 5′-TCTATACCACTTCACAAGTCGGA-3′
R: 5′-GAATTGCCATTGCACAACTCTTT-3′

IL-18 F: 5′-GACTCTTGCGTCAACTTCAAGG-3′
R: 5′-CAGGCTGTCTTTTGTCAACGA-3′

IL-1β F: 5′-TTCAGGCAGGCAGTATCACTC-3′
R: 5′-GAAGGTCCACGGGAAAGACAC-3

BMP-6 F: 5′-GCGGGAGATGCAAAAGGAGAT-3′
R: 5′-ATTGGACAGGGCGTTGTAGAG-3′

Arg-1 F: 5′-CTCCAAGCCAAAGTCCTTAGAG-3′
R: 5′-GGAGCTGTCATTAGGGACATCA-3′

TGF-β F: 5′-CTTCAATACGTCAGACATTCGGG-3′
R: 5′-GTAACGCCAGGAATTGTTGCTA-3′

β-actin F: 5′-GGCTGTATTCCCCTCCATCG-3′
R: 5′-CCAGTTGGTAACAATGCCATGT-3′
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Troxerutin Stimulates Osteoblast
Differentiation of Mesenchymal Stem
Cell and Facilitates Bone Fracture
Healing
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Troxerutin (TRX), a semi-synthetic derivative of the natural bioflavonoid rutin, is a bioactive
flavonoid widely abundant in various fruits and vegetables. Known as vitamin P4, TRX has
been demonstrated to have several activities including anti-inflammation, anti-oxidants,
vasoprotection, and immune support in various studies. Although rutin, the precursor of
troxerutin, was reported to have a protective role against bone loss, the function of TRX in
skeletal system remains unknown. In the present study, we found that TRX promoted
osteogenic differentiation of human mesenchymal stem cells (MSCs) in a concentration-
dependent manner by stimulating the alkaline phosphatase (ALP) activity, calcium nodule
formation and osteogenic marker genes expression in vitro. The further investigation
demonstrated that TRX stimulated the expression of the critical transcription factor
β-catenin and several downstream target genes of Wnt signaling, thus activated Wnt/
β-catenin signaling. Using a femur fracture rats model, TRX was found to stimulate new
bone formation and accelerate the fracture healing in vivo. Collectively, our data demonstrated
that TRX could promote osteogenesis in vitro and facilitate the fracture healing in vivo,
indicating that TRX may be a promising therapeutic candidate for bone fracture repair.

Keywords: Troxerutin, osteogenic differentiation, mesenchymal stem cells, bone fracture healing, Wnt/β-catenin
signaling

INTRODUCTION

Fractures are the most common orthopedic problems often caused by accidental damages. About
seven million people suffered from fractures in the United States each year and the average citizen in
the developed country may expect to sustain at least one fracture during their lifetime (Praemer et al.,
1999). Delayed healing and nonunion of fracture are common phenomena in clinical practices. A
prospective cohort study involving 736 patients with an open long bone fracture showed that
nonunion occurred in 17% of the patients, and delayed healing occurred in 8% (Westgeest et al.,
2016). More importantly, delayed healing and nonunion are more common phenomena in the
elderly patients for they have a lower capacity of mesenchymal progenitor cell division and
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differentiation (Kasper et al., 2009; Foulke et al., 2016). Therefore,
how to improve the bone healing and regeneration potential is
imperative to the patients. Mesenchymal stem cells (MSCs), as a
progenitor cell of osteoblast, have been widely used in bone
regeneration (Chamberlain et al., 2007). And systemic and
local administration of allogeneic bone marrow-derived MSCs
promoted fracture healing in rats (Ghasroldasht et al., 2018).
Stimulating osteogenic differentiation of MSCsmay be a potential
therapeutic strategy for bone repair and regeneration.

Traditional Chinese herbs have been used for thousands of
years, and many natural products have been reported to reduce
bone loss (Freires et al., 2017). Troxerutin (TRX) is a bioactive
flavonoid widely abundant in various fruits and vegetables (Lu
et al., 2011). As a semi-synthetic derivative of the natural
bioflavonoid rutin, TRX is also known as vitamin P4, which
has been demonstrated to exert anti-oxidant, anti-inflammatory,
and anti-cancer activities (Farajdokht et al., 2017; Shu et al., 2017;
Yang et al., 2018; Zamanian et al., 2021). The precursor rutin was
reported to have a protective role against bone loss (Xiao et al.,
2019), but its usage is very limited due to the poor aqueous
solubility and low bioavailability (Zhang et al., 2010). Considering
that TRX has high aqueous solubility and validated chemical
stability, it may have more beneficial to preventing osteoporosis
and promoting bone regeneration.

In the present study, it was demonstrated that TRX promoted
the osteogenic differentiation of human MSCs in vivo and
improved new bone formation and accelerated the fracture
healing in vivo. Wnt/β-catenin signal transduction is crucial
for maintaining the homeostasis of bone mass. It is well
established that this signaling play a significant role in the
regulation of osteogenic differentiation and bone development
(Duan and Bonewald, 2016). Our further investigation showed
that the expression of the critical transcription factor β-catenin
and several downstream target genes of Wnt signaling was
significantly up-regulated by TRX, which led to the activation
of Wnt/β-catenin signaling. Therefore, TRX could promote
osteogenesis in vitro and facilitate the fracture healing in vivo
via activating Wnt/β-catenin signaling, indicating that TRX may
be a promising therapeutic candidate for bone fracture repair.

MATERIALS AND METHODS

Cell Culture and Induction of Osteogenesis
Human bone marrow-derived mesenchymal stem cells (MSCs)
were isolated from bone marrow according to the previous
studies (Zhang et al., 2011; Feng et al., 2018). Briefly, bone
marrow was aspirated from a healthy 38 year-old male donor
with formal consent and approval by the local ethics committee.
The isolated cells were cultured in a-minimum essential medium
(α-MEM, Invitrogen, Carlsbad, CA, United States),
supplemented with 10% fetal bovine serum (FBS, Gibco,
United States) and 1% penicillin-streptomycin (Gibco) in a
humidified atmosphere containing 5% CO2 at 37°C. The
osteogenic differentiation of MSCs was induced by the
classical inducers including 10 nM dexamethasone (Sigma-
Aldrich, St. Louis, MO, United States), 50 μg/ml ascorbic acid

(Sigma-Aldrich), and 10 mM glycerol 2-phosphate (Sigma-
Aldrich) as described previously (Sun et al., 2015). The
differentiation medium was replaced every 3 days. TRX was
purchased from Aladdin (Shanghai, China) and dissolved in
0.1% DMSO for usage 0.1% DMSO was used as control.

Cell Viability Assays
The humanMSCs were seeded in 96-well plate at density 1.5 × 104

per well for 24 h, then treated with different concentrations of TRX
(from 0 to 200 µM). After incubated for 24, 48, and 72 h, the
methylthiazolyl tetrazolium (MTT) assays were performed. The
MTT solution (0.5 mg/ml) was added, and after 4 h, the deposition
was dissolved with 100 µL DMSO. The absorbance was measured
at the wavelength of 570 nm using Spectramax Gemini dual-
scanning microplate reader (Molecular Devices, United States).

Alkaline Phosphatase Activity and Alizarin
Red S Staining Assays
The human MSCs were treated with TRX in the osteogenic
induction medium (OIM) for 7 days, then the cells were
collected, qualitative, and quantitative examination of ALP
activity were carried out according to the protocol of BCIP/
NBT Alkaline phosphatase Color Development Kit (Beyotime,
Shanghai, China). For the alizarin red S staining, the TRX-treated
MSCs were incubated in OIM for 14 days, and washed with PBS
twice and fixed with ice-cold 75% ethanol for 15 min. The MSCs
were then stained with 2% Alizarin Red S staining solution (pH
4.2, Leagene, Beijing, China) for 30 min. The stained calcified
nodules were dissolved with 10% Hexadecylpyridinium chloride
monohydrate (Sigma-Aldrich) at room temperature and then the
absorbance was detected at the wavelength of 562 nm.

RNA Extraction and Quantitative
Polymerase Chain Reaction Examination
Total RNA was extracted by the Animals Total RNA Isolation Kit
(FOREGENE, Chengdu, China) according to the manufacture’s
instruction. After the concentration and purity of total RNA were
measured by Nanodrop (Thermo Fisher Scientific), cDNA was
reversely transcribed from RNA samples by PrimeScript™ RT
Reagent Kit (TaKaRa, Japan). The PowerUp™ SYBR™ Green
Master Mix (Thermo Fisher Scientific) was applied for the qPCR
examination using the LightCycler 480 system (Roche, Basel,
Switzerland). The relative fold changes of candidate genes were
analyzed by using the 2−ΔΔCt method. The house-keeping gene
GAPDH was served as internal control. Primer sequences used in
qPCR examination were displayed in Table 1.

Luciferase Assays
The hMSCs were seeded into six well at the density of 2 × 104 for
24 h. Cells grown to 70–80% confluence were transiently
transfected with TOPFlash and PGMLR-TK by using the
Lipofactamine™ 3,000 Reagent (Invitrogen). About 24 h later,
the cell culture medium that contains TRX (100 μM, 200 μM)
was added. After 2 days incubation with TRX, the cells were
harvested and lysed for measuring the luciferase activity with
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Bright-GloTM luciferase Assay System (Promega) following the
manufacturer’s instruction.

Western Blotting
Total protein was extracted by RIPA Lysis and Extraction Buffer
(Thermo Fisher Scientific) supplemented with the protease
inhibitor cocktail (Roche). And the nuclear and cytoplasmic
protein were isolated by the Nuclear and Cytoplasmic Protein
Extraction Kit (KeyGEN, Nanjing, China) according to the
manufacturer’s instructions. The protein was qualified by the
BCA assay kit (Thermo Fisher Scientific). Then the soluble
protein was separated by SDS-PAGE (10%) and transferred to
PVDF membranes. The membranes were then blocked with 5%
skimmed milk and probed with the following antibody: β-catenin
(1:1,000; Cell Signaling Technology, United States) or GADPH (1:
2,000; Cell Signaling Technology, United States). After incubation
with the appropriate secondary antibody conjugated with HRP (1:
1,000 dilution), the chemiluminescence (ECL, Hangzhou, China)
was applied to visualize the bands.

Rat Femoral Fracture Model
Twenty-four Sprague-Dawley rats (male, 12-week-old) were
purchased from the Laboratory Animal Research Centre,
Southern Medical University. Animal ethics was approved by
the Institutional Animal Care and Use Committee (IACUC) of
Southern Medical University (Guangzhou, China). The modified
rat closed transverse femoral fracture model was applied in this
study (Nyman et al., 2009; Liang et al., 2019). Briefly, the surgery
was carried under general anesthesia (40 mg/kg ketamine and
4 mg/kg xylazine) and sterile condition. A 2-cm incision was
made in the lateral aspect of right thigh, the osteotomy was
made with an electric saw at the middle site of the femur, and
then the femur was fixed with Kirschner’s needle penetrated into
medullary cavity. Animals were randomly divided into four groups
(n � 6 per group): surgery without any treatment (Blank); femur
fracture with 0.1% DMSO treatment group (Control); femur
fracture with a low dose injection of TRX (100 µM); and femur
fracture with a high dose of TRX (200 µM). TRX was administered
intramuscularly every other day after surgery. X-rays radiography
was taken to determine the status of fracture healing at week 4 and
6. At week 4 and 6 after surgery, animals were randomly selected to
sacrifice and the femurs were collected for further analyses.

Micro-Computer Tomography Scanning
The fractured femur was examined using a high-resolution
micro-CT instrument (SkyScan1172, Bruker, German). The

samples were scanned by the procedure with a source voltage
of 70 keV, current of 80 µA, and 9 µm isotropic resolution. The
region of interest (ROI) for scanning was set at 2.2 mm up and
below of the fracture plate. Two-dimensional data obtained from
the scanned femur were applied for the three-dimensional
reconstruction and several morphometric parameters including
trabecular bone volume (BV), tissue volume (TV), Bone surface
(BS), BV/TV and BS/TV were calculated using the CT-VOX
software (CtAN, Bruker, German).

Bone Histomorphometry and
Immunohistochemistry Staining
All femurs were initially fixed with 10% formalin for 72 h,
followed by decalcification in 10% EDTA solution for 2 weeks.
The samples were cut into 5 µm thick sections and stained with
hematoxylin and eosin (H and E) according to the previous study
(Molvik and Khan, 2015). The femurs were sliced along the long
axis in the coronal plane for the bone-fracture study. IHC staining
was performed as previously reported (Sun et al., 2015).
Secretions were incubated with primary antibodies of
osteocalcin (OCN, 1:100, abcam13418), osterix (OSX, 1:100,
ab22552) and β-catenin (1:100; Cell Signaling Technology)
overnight at 4°C. The horse-radish peroxidase-streptavidin
system (Dako, United States) was applied for IHC signal
detection, followed by counterstaining with hematoxylin.
Finally, the images were captured under the Positive
Fluorescence Microscope (Olympus BX53F, Japan). The
analysis of the positive-stained cell area was performed using
NIH ImageJ software.

Data Analyses
At least triplicates were taken in each experiment and the data
were recorded as the mean ± SD. Student’s t test and One-way
ANOVA were used for statistically analysis between inter-groups
analyses, and a p-value of less than 0.05 was considered
statistically significant.

RESULTS

TRX Exhibited No Significant Inhibitory
Effects on Cell Viability of Human MSCs
In this study, we firstly examined the inhibitory effects of TRX on
cell proliferation of human MSCs. By using MTT examination,
TRX, its chemical structure showed in Figure 1A, exhibited no

TABLE 1 | Primers for qRT-PCR examination.

Forward Reverse

Runx2 GACAAGCACAAGTAAATCATTGAACTACAG GTAAGGCTGGTTGGTTAAGAATCTCTG
OPN CTGAAACCCACAGCCACA TGTGGAATTCACGGCTGA
OSX GCCAGAAGCTGTGAAACCTC TGATGGGGTCATGGTGTCTA
Cmyc TTCGGGTAGTGGAAAACCAG CAGCAGCTCGAATTTCTTCC
CD44 TCAGAGGAGTAGGAGAGAGGAAAC GAAAAGTCAAAGTAACAATAACAGTGG
Survivin AGGACCACCGCATCTCTACAT AAGTCTGGCTCGTTCTCAGTG
GAPDH TCCATGACAACTTTGGTATCG TGTAGCCAAATTCGTTGTCA
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significant inhibitory effects on cell viability of human MSCs,
even with the concentration of 200 µM (Figures 1B–D),
suggesting it has low cytotoxicity to MSCs.

TRX Promoted Osteogenic Differentiation
of MSCs
To investigate the effects of TRX on osteogenesis, TRX-treated
MSCs were induced to differentiate into osteoblast. ALP activity,
an early marker of osteogenic differentiation, was monitored at
day 7. As shown in Figure 2A (up-panel) and 2B, TRX treatment
enhanced the ALP activity in a dose-dependent manner from 0 to
200 µM. The ARS staining examination also confirmed that TRX
promoted calcium nodule formation at day 14, consistent with
ALP activity (Figure 2A down-panel and 2C). Based on the
results of ALP activity and ARS staining, TRX with the
concentration of 100 and 200 µM were selected for further
investigation. We next examined the expression of osteogenic
markers, including OSX, Runx2, and OPN by qRT-PCR
examination; and the results showed that they were
significantly up-regulated by 100 and 200 µM TRX, especially
by 200 µM TRX (Figure 2D).

TRX Induced the Activation of Wnt/
β-Catenin Signaling in Human MSCs
Considering that Wnt/β-catenin signaling plays a pivotal role in
regulating osteoblast differentiation and bone formation, we
wondered whether this signaling was involved in TRX-
mediated osteogenesis. As shown in Figure 3A, the luciferase

activities of the Wnt/β-catenin signaling reporter TOPflash were
significantly promoted by TRX. And the expression of total
β-catenin, the key regulator of Wnt signaling, was promoted
by TRX treatment at protein level (Figure 3B). It is well known
that β-catenin accumulates in the nucleus and stimulates Wnt/
β-catenin signaling and regulates gene transcription. We
therefore examined the expression of intranuclear β-catenin
and intracytoplasmic β-catenin, and the results showed that
intranuclear β-catenin were significantly increased in TRX
treated MSC cells (Figures 3B,C). Furthermore, several
downstream target genes of Wnt/β-catenin signaling such as
Cmyc, CD44, and Survivin were examined, and they were
obviously up-regulated by TRX (Figure 2D). All of these data
suggest that TRX induced the activation of Wnt/β-catenin
signaling during the osteogenic differentiation via stimulating
the translocation of β-catenin from the cytoplasm to the nucleus.

TRX Accelerated Bone Fracture Healing in
vivo
To further evaluate whether API could enhance fracture healing
in vivo, a rat fracture model was established and TRX were locally
injected into the fracture sites every other day (Figure 4A). The
broken bones were monitored by X-rays examination and the
results showed that the gaps between the fracture sites almost
disappeared in TRX treated groups while it also remained clearly
visible in control groups, especially in the 200 µM TRX treated
groups (Figure 4B). We also statistically evaluated the callus and
the results showed that the thickness of newly formed callus was
significantly improved by TRX administration at week 4 and 6

FIGURE 1 | TRX had no significant effect on cell viability of MSCs. (A) The chemical structure of TRX. (B–D) The cell viability of TRX was examined by MTT after
treating with TRX for 24, 48, and 72 h *, p < 0.05; **, p < 0.01; vs. Control.
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(Figures 4C,D). These data indicated that the fracture healing
process was accelerated in TRX treated animals.

TRX Promoted the New Bone Formation
in vivo
We next investigated the bone formation during the fracture sites
using micro-CT scanning, and images were reconstructed by
three-dimensional modeling system. As shown in Figures 5A,B,
more mineralized calluses were observed in the TRX-treated
groups when compared with their respective control groups at
week 4 and 6. In addition, the bone volume (BV), tissue volume
(TV), and bone surface (BS) were recorded, and the data showed
that they were significantly increased by TRX treatment at week 4
and 6 (Figures 5C,D). The ratios of BV/TV and BS/TV also
exhibited a significant increase in the TRX-treated groups at week
4 and 6 (Figures 5C,D), indicating more newly formed bone with
TRX treatment. We further evaluated the newly formed bone
tissues by histological examination, the H and E staining showed
that more osteoblasts were converged at the fracture sites of TRX
treatment groups, suggesting more active bone regeneration in

TRX groups (Figures 6A,B). Moreover, the OCN and OSX
expression in the animal tissues was evaluated by
immunohistochemistry staining. Representative micrograph
images showed that positive staining of OCN and OSX was
increased in TRX-treated groups (Figures 7A,B,
Supplementary Figure S1), indicating the promoting effect of
TRX on bone formation. We also investigated the β-catenin
expression around the fracture sites, and the results showed
that it was promoted by TRX in animal specimens
(Supplementary Figure S2).

DISCUSSION

Delayed healing and nonunion of fracture are the common
orthopaedic diseases, which bring enormous burdens to
patients and health care systems (Kostenuik and Mirza, 2017).
Although a variety of approaches have been discovered to
promote fracture healing, there are currently no approved
pharmacological agents for the treatment of established
nonunions and delayed healing of fracture (Bigham-Sadegh

FIGURE 2 | TRX promoted osteoblast differentiation of MSCs. (A) Qualitative examiation of ALP staining and ARS staining. (B) The quantitative assay of ALP
activity. (C) The quantitative assay of ARS staining. (D) The quantitative assay of OD value. (E) The expression of several osteogenic marker genes was measured by
qRT-PCR assays at day 14. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs. Control.
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FIGURE 3 | TRX induced the activation ofWnt/β-catenin signaling. (A) The normalized luciferase activity of TOPflash. (B) The expression of β-catenin in TRX-treated
MSCss were examined by Western blotting. (C) Quantitative analyses of β-catenin expression. (D) The expression of several downstream targets of Wnt/β-catenin
pathway were examined by qRT-PCR assays. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs. Control.

FIGURE 4 |Quantitative analyses of osteophyte thickness by X-ray radiography. (A) The diagram of the femoral fracture model in rat. (B) X-ray images were taken
during the fracture healing processes at week 4 and week 6. (C–D) The osteophyte thickness of the newly formed bone was analyzed at week 4 (C) and week 6 (D). n �
6; *, p < 0.05; vs. Control.
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and Oryan, 2015; An et al., 2016). Series of natural products
derived from traditional Chinese medicine (TCM) have
demonstrated to benefit fracture healing, which brings a new
sight for the treatment (Zhang et al., 2009; Piao et al., 2019). In the
present study, TRX, a kind of natural flavone which derived from
various fruits and vegetables, was found to promote osteogenesis
in vitro and accelerate bone formation in vivo, suggesting that it
may be a promising activator to bone repair.

As a derivative of the natural bioflavonoid rutin, TRX has been
reported to have anti-oxidant, anti-inflammatory and anti-cancer
properties (Horcajadamolteni et al., 2010; Lu et al., 2011).
Although there is no study on the effects of TRX in
musculskeletal system, its precursor rutin was reported to have
a protective role against bone loss (Xiao, et al., 2019). In the
present study, TRX was found to promote osteogenic
differentiation of MSCs by ALP activities, calcium nodule

FIGURE 5 | TRX improved the quality of new callus by micro-CT examination. (A–B), Micro-CT examination of the femur fractured zone after 4 and 6 weeks
treatment of TRX. (C–D), The statistical diagram of BV, TV, BV/TV, and BS/TV. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs. Control.
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formation and osteogenic marker genes expression. On the other
hand, the cytotoxicity of TRX is a question worthy of our concern
because serious cytotoxicity could inhibit its clinical application.
Our study showed that TRX, even with the concentration of
200 µM, has mild inhibitory effect onMSCs viability. The striking
osteogenic effects combined with low cytotoxicity make TRX to
be a promising strategy for fracture patients.

As well known, Wnt/β-catenin signaling is crucial for
embryonic development and tissue homeostasis (Aline et al.,

2013). A number of evidence have demonstrated that this
signaling plays key regulatory roles in cellular differentiation
and matrix formation during skeletal development and
formation (Chen et al., 2007; Aline et al., 2013). The
activation of canonical Wnt/β-catenin signaling cascade is
significant for the bone formation and regeneration (Duan and
Bonewald, 2016; Tian et al., 2018); and the agonist of this
signaling has been proved to accelerate the bone repair in the
early stage of fracture healing (Hong, et al., 2019). In this study,

FIGURE 6 | TRX promoted fracture healing by H and E staining assays. HE staining assays for the fracture sites at week 4 (A) and week 6 (B).

FIGURE 7 | The expression of OSX and OCNwas promoted in TRX-treated groups by immunohistochemistry (IHC) examination. The expression of OSX and OCN
at the fracture sites was evaluated by IHC staining at week 4 (A) and week 6 (B).
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we found that the expression of intranuclear β-catenin and
several downstream target genes of Wnt/β-catenin was up-
regulated by TRX, indicating the activation of Wnt/β-catenin
signaling in TRX-mediated osteogenesis.

To further verify the in vivo effect of TRX, an established
femoral fracture model was applied (Nyman et al., 2009; Liang
et al., 2019). 12-week-old (3 months) adult rats were selected to
establish this fracture model because the animals of this age
have been mature, and stopped growing and developing. Once
the fracture happened, it needs a long time to self-healing
which facilitate to evaluate the TRX’s effects. In our study, TRX
was locally injected into fracture sites to stimulate the healing
process. The results showed that TRX administration could
promote the new bone formation and stimulate the fracture
healing based on the X-ray examination, micro-CT scanning,
and HE staining. More specially, we observed more blood
vessels in the fracture zones of TRX-treated groups.
Angiogenesis, the formation and remodeling of new blood
vessels, plays a pivotal role in bone development (Sivaraj and
Adams, 2016; Diomede et al., 2020). As is widely reported,
osteogenesis is coupled with angiogenesis during bone
regeneration and formation (Carano and Filvaroff, 2003;
Kusumbe et al., 2014). Therefore, new blood vessel
formation is essential during both primary bone
development as well as fracture repair in adults35. In the
HE staining images, we observed many like-blood vessels in
the TRX-treated tissues. We therefore hypothesized that TRX
accelerated bone fracture healing through promoting
osteogenesis and stimulating blood vessel formation. The
function of TRX on angiogenesis will be deeply examined in
near future.

In summary, our results demonstrated that TRX could
promote osteogenic differentiation in vitro and accelerate
fracture healing in vivo. And the underlying mechanism
investigation showed that the activated Wnt/β-catenin
signaling involved in the TRX-mediated bone regeneration.
TRX thereby may be considered as a potential agonist of Wnt/
β-catenin signaling to develop the bone-protective therapeutic
strategy for the clinical practice.
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Background: Osteoarthritis (OA) is one of the main causes of disability in the elderly
population, accompanied by a series of underlying pathologic changes, such as cartilage
degradation, synovitis, subchondral bone sclerosis, and meniscus injury. The present
study aimed to identify key genes, signaling pathways, andmiRNAs in knee OA associated
with the entire joint components, and to explain the potential mechanisms using
computational analysis.

Methods: The differentially expressed genes (DEGs) in cartilage, synovium, subchondral
bone, and meniscus were identified using the Gene Expression Omnibus 2R (GEO2R)
analysis based on dataset from GSE43923, GSE12021, GSE98918, and GSE51588,
respectively and visualized in Volcano Plot. Venn diagram analyses were performed to
identify the overlapping DEGs (overlapping DEGs) that expressed in at least two types of
tissues mentioned above. Gene Ontology (GO) enrichment analysis, Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis, protein-protein interaction (PPI) analysis, and
module analysis were conducted. Furthermore, qRT-PCR was performed to validate
above results using our clinical specimens.

Results: As a result, a total of 236 overlapping DEGs were identified, of which 160 were
upregulated and 76 were downregulated. Through enrichment analysis and constructing
the PPI network and miRNA-mRNA network, knee OA-related key genes, such as HEY1,
AHR, VEGFA, MYC, and CXCL12 were identified. Clinical validation by qRT-PCR
experiments further supported above computational results. In addition, knee OA-
related key miRNAs such as miR-101, miR-181a, miR-29, miR-9, and miR-221, and
pathways such as Wnt signaling, HIF-1 signaling, PI3K-Akt signaling, and axon guidance
pathways were also identified. Among above identified knee OA-related key genes,
pathways and miRNAs, genes such as AHR, HEY1, MYC, GAP43, and PTN,
pathways like axon guidance, and miRNAs such as miR-17, miR-21, miR-155, miR-
185, and miR-1 are lack of research and worthy for future investigation.
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Conclusion: The present informatic study for the first time provides insight to the potential
therapeutic targets of knee OA by comprehensively analyzing the overlapping genes
differentially expressed in multiple joint components and their relevant signaling pathways
and interactive miRNAs.

Keywords: osteoarthiritis, overlapping genes, signaling pathways, miRNAs, bioinformatics

INTRODUCTION

Osteoarthritis (OA) is the most common joint disease, mainly
manifesting as pain, limited joint movement, and joint deformity.
The risk factors of OA include trauma, aging, obesity, and
heredity (Sandell, 2012; Chen et al., 2017a; Chang et al., 2021).
During OA development, the entire joint are affected and
undergo articular cartilage degeneration, osteophyte formation,
subchondral sclerosis, synovitis, and meniscus degeneration,
respectively, indicating the complicated and interactive OA
pathogenic mechanisms (Chen et al., 2017a). The efficacies of
the current treatments for OA in our clinics are limited. In recent
years, exploration of disease-modifying osteoarthritis drugs
(DMOADs) aiming at alleviating OA symptoms and/or
prevent structural progression have drawn much attention.
However, the DMOADs under research and development
(R&D) and/or clinical trials mainly focus on one of the OA
symptoms, such as cartilage degeneration, subchondral bone
remodeling, local inflammation, or joint pain, and their
potential downstream targets (Latourte et al., 2020). The
possibility that newly explored-drug targets have
heterogeneous expression profiles in different joint
components raises uncertainty of the drug effectiveness.
Besides, the R&D of joint component-specific drugs are also
limited so far (Latourte et al., 2020).

Based on the rapid development of high-throughput genomics
technologies, such as microarray and next-generation
sequencing, bioinformatic analysis has been widely used to
identify key genes, signaling pathways, and microRNAs
(miRNAs) in various musculoskeletal disorders (Kang et al.,
2021; Li et al., 2021; Umeno et al., 2021). So far, many studies
have identified and explored potential therapeutic targets of OA
based on bioinformatic screening. For example, upregulated
arginase 2 (ARG2) in OA cartilage was screened out by
microarray and further validated to facilitate cartilage
destruction via upregulating matrix metalloproteinases
(MMPs) (Choi et al., 2019). Activated osteochondral turnover,
neurogenesis and inflammation in OA bone marrow lesions
(BML) were also identified by microarray bioinformatically
(Kuttapitiya et al., 2017). Besides, miRNA candidates that have
potential as biomarkers and therapeutic targets in OA were
identified and validated via comprehensively paired miRNA-
messenger RNA (mRNA) analysis and functional enrichment
analysis (Kung et al., 2018). In addition to identification of
potential therapeutic targets, bioinformatics-based bulk sample
analysis further helps classify potential OA subtypes for more
precise diagnosis and personalized treatments. In recently years,
several studies have stepped forward substantially in classifying
potential OA subtypes based on bioinformatics (Soul et al., 2018;

Yuan et al., 2020). Their surprising discoveries undoubtedly
deepen our understandings on knee OA and will facilitate
personalized treatments in the future. However, since previous
bioinformatic studies mainly focus on one type of joint
components as well, investigations on the overlapping DEGs
(overlapping DEGs) in different joint components during OA
development are still lacking. In 2016, about 5% overlapping
DEGs were observed between the DEGs of the synovium and
cartilage, while no further analysis was performed on these
identified overlapping DEGs (Park and Ji, 2016). Recently,
another study observed about 10% overlapping DEGs in OA
cartilage and subchondral bone. They identified IL11 and
CHADL as two potential therapeutic targets of OA by
comparing their identified cartilage-subchondral bone
overlapping DEGs with previously identified OA risk genes
(Styrkarsdottir et al., 2018; Tuerlings et al., 2021).

Collectively, we believe it is meaningful to comprehensively
analyze the key genes that are differentially expressed during OA
development in the different joint components, including
articular cartilage, subchondral bone, synovium, and meniscus,
and their relevant pathways and miRNAs. Such approaches may
provide clues to develop adequate treatments for OA by targeting
at overlapping differentially expressed genes (DEGs) in different
joint components and their relevant miRNAs and signaling
pathways. The present study aims at identifying key genes,
signaling pathways, and miRNAs in human knee OA by
comparing the preexisting gene expression profiles derived
from different joint components, including articular cartilage,
synovium, subchondral bone, and meniscus. Specifically, the gene
expression profiles (GSE) were obtained from the public available
Gene Expression Omnibus database (GEO, http://www.ncbi.nlm.
nih.gov/geo/). Gene Expression Omnibus 2R (GEO2R) was
performed to identify the overlapping DEGs and followed by
qRT-PCR validation. Furthermore, functional enrichment
analysis, protein-protein interaction (PPI) analysis, and
miRNA-mRNA interaction analysis were carried out to
identify relevant signaling pathways and interactive miRNAs.
This study may shed light on completer and undiscovered
pathogenic mechanisms of knee OA development and pave
the way toward the identification of new therapeutic targets
for further R&D of effective therapies and clinical translation.

MATERIALS AND METHODS

Gene Expression Profiles in Human Knee
OA joint Tissues
The gene expression profiling in cartilage, synovial membrane,
subchondral bone, and meniscus tissues was obtained from GEO
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datasets GSE43923 (Klinger et al., 2013), GSE12021 (Huber et al.,
2008), GSE51588 (Chou et al., 2013), and GSE98918 (Brophy
et al., 2018), respectively. Three degenerated and three intact
cartilage samples were retrieved from a human dataset using the
Affymetrix Human Genome U133 Plus 2.0 Array platform
(GSE43923). Nine normal and ten OA synovial tissue samples
were retrieved from a human dataset using the Affymetrix
Human Genome U133 Array platform (GSE12021). Twenty
OA and five normal medial tibial subchondral bone samples
were retrieved from a human study using the Agilent-026652
Whole Human Genome Microarray 4 × 44K v2 platform
(GSE51588). Twelve OA and twelve normal meniscus samples
were retrieved from a human dataset using the Agilent-072363
SurePrint G3 Human GE v3 8 × 60KMicroarray 039494 platform
(GSE98918).

Identifying DEGs
The original gene expression profiles were analyzed by GEO2R
(GEO2R, RRID:SCR_016569; https://www.ncbi.nlm.nih.gov/geo/
geo2r/?acc�GSE43923, https://www.ncbi.nlm.nih.gov/geo/geo2r/
?acc�GSE12021, https://www.ncbi.nlm.nih.gov/geo/geo2r/?
acc�GSE51588, https://www.ncbi.nlm.nih.gov/geo/geo2r/?
acc�GSE98918) to identify the upregulated and downregulated
DEGs in OA joint tissues, respectively. The criteria for a DEG
were |log2FC|>1 and adjusted P-value<0.05. The results were
visualized in volcano plots.

Identification of Overlapping DEGs in
Human KOA Joint Tissues
Venn diagram (http://bioinformatics.psb.ugent.be/webtools/
Venn/;VennDiagram, RRID: SCR_002414) was used to
identify upregulated and downregulated overlapping DEGs in
the integral joint tissues including cartilage, synovial membrane,
subchondral bone, and meniscus. A specific DEG was identified
as overlapping DEG when it appeared at least in two of the joint
tissues. All the DEGs were identified by comparing gene
expression profiles between osteoarthritic and relatively
healthy joint tissues.

Gene Ontology Enrichment and Kyoto
Encyclopedia of Genes and Genomes
Pathway Analysis
GO enrichment analysis and KEGG pathway analysis were
performed on Metascape platform (http://metascape.org/gp/
index.html#/main/step1; Metascape, RRID: SCR_016620) (Zhou
et al., 2019). Upregulated or/and downregulated overlapping DEGs
were listed and followed by “Custom Analysis.” GO enrichment
analysis and KEGG pathway analysis were performed with the
thresholds of P-value<0.05 and enrichment gene count ≥2.

Construction of the Protein-Protein
Interaction Network
The Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) database (https://string-db.org/; STRING, RRID:

SCR_005223) was used to construct the PPI network
(Szklarczyk et al., 2021). The overlapping DEGs were mapped
to STRING list to perform multiple proteins search and get a PPI
network with interaction scores >0.4. Cytoscape V.3.7.2
(Cytoscape, RRID: SCR_003032) was used to visualize the
results from the PPI network and perform module analysis.
Genes with connectivity degree ≥10 were identified as hub
genes (Shannon et al., 2003).

Module Analysis
Module analysis was performed using the molecular complex
detection (MCODE) plugin on Cytoscape platform (MCODE,
RRID: SCR_015828; Cytoscape V.3.7.2, RRID: SCR_003032).
The parameters set to identify enriched functional modules
were as follows: Degree Cutoff � 2, Node Score Cutoff � 0.2,
K-Core � 2 and Maxium. Depth � 100. Modules with the
MCODE score ≥4 were identified as significant modules and
were further evaluated for GO enrichment analysis and KEGG
pathway analysis with the thresholds of P-value<0.05 and
enrichment gene count >2.

Construction of the miRNA-mRNA Network
Experimentally validated key gene-related miRNAs were
screened out based on key genes identified above by using
miRTarBase 8.0 (http://miRTarBase.cuhk.edu.cn/; miRTarBase,
RRID: SCR_017355) with strong evidence (Huang et al., 2020).
Those miRNAs targeting at least two key genes were identified as
key miRNAs and visualized on Cytoscape V.3.7.2 by constructing
the miRNA-mRNA network.

Clinical Specimens Sampling
Clinical specimens of preserved and degenerated cartilage were
harvested from osteoarthritis patients undergoing total knee
arthroplasty (TKA) surgery. The included patients had no
history of chronic diseases, tumors, autoimmune diseases, and
viral chronic infections (hepatitis B virus, hepatitis C virus,
human immunodeficiency virus). All patients provided
informed consent, and this study was approved by the Joint
Chinese University of Hong Kong-New Territories East Cluster
Clinical Research Ethics Committee (CREC Ref. No: 2013.248).
The estimated sample size equaled to three based on a pilot study.
A total of three donors (Age: 70.17 ± 3.66; gender: one male and
two females; K-L: grade III) were included. The cartilage extracted
from hypertrophic and the severely destructed region was
classified into degenerated cartilage (DC) group, and the
cartilage extracted from the relatively smooth region was
classified into preserved cartilage (PC) group. About 0.5–1 g
DC and PC samples were collected from each donor
respectively. All specimens were stored at −80°C with 1 ml
Trizol (Invitrogen, United States) after grinding and
homogenizing with liquid nitrogen. TRIzol™ Plus RNA
Purification Kit was used for RNA extraction. Briefly,
homogenized tissues were followed by phase separation, RNA
precipitation, RNA wash, and RNA redissolving according to
experimental protocol. During precipitation step, a 1/10 volume
of 3M Sodium acetate (Cat No. AM9740, Invitrogen,
United States) was added additionally to help RNA precipitation.
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Quantitative Real-Time Polymerase Chain
Reaction
The cDNA was synthesized from total RNA by using PrimeScript
RT Master Mix (Perfect Real Time) Kit (Takara, Japan).
Quantitative real-time PCR (qRT-PCR) was performed in
triplicate on a QuantStudio™ 7 Flex Real-Time PCR System
(Life Technologies QuantStudio 7 Real Time PCR System, RRID:
SCR_020245, United States) by using TB Green Premix Ex Taq II
(Tli RNase H Plus) Kit (Takara, Japan). The primers (5′-3′) were
ordered from Tech Dragon Ltd. (Hong Kong) and listed in
Table 1 The relative expression of each gene was normalized
to GAPDH and presented in heatmap after normalization (log10
transformation).

Statistical Analysis
All data were analyzed using SPSS Statistics 23.0 software (IBM
SPSS Statistics, RRID: SCR_019096, Chicago, United States). Two
groups (PC and DC) with paired data were assessed by the paired
sample t-test. A P-value less than 0.05 (p < 0.05) was considered
statistically significant and P-values were presented numerically.

RESULTS

Identification of DEGs in Human Knee OA
Joint Tissues
For GSE43923 dataset, a total of 542 genes were identified by
GEO2R analysis, of which 466 were upregulated and 76 were
downregulated. For GSE12021 dataset, a total of 807 genes
were identified by GEO2R analysis, of which 122 were
upregulated and 685 were downregulated. For GSE51588, a
total of 2,584 genes were identified by GEO2R analysis, of
which 1715 were upregulated and 869 were downregulated.
For GSE98918, a total of 412 genes were identified by GEO2R
analysis, of which 144 were upregulated and 268 were
downregulated. The distribution of gene expression for each
dataset was visualized in the corresponding volcano plot
(Figures 1A–D).

Identification of Overlapping DEGs in
Human Knee OA Joint Tissues
As shown in the Venn Diagrams, 236 overlapping DEGs were
identified, of which 160 were upregulated (Figure 1E) and 76

were downregulated (Figure 1F). No overlapping DEGwas found
in all the OA cartilage, synovial membrane, subchondral bone,
andmeniscus tissues. Those genes that appeared themost (at least
three times) were identified as the most overlapping DEGs and
listed in Table 2. A total of 13 most overlapping DEGs were
identified. Among them, AHR, HEY1, CXCL12, MMP9,
OLFML2A, SLITRK6, RHBDL2 were highly expressed in
cartilage, meniscus, and subchondral bone. COL8A1, GAP43,
and PTN were highly expressed in cartilage, synovial
membrane, and subchondral bone. In addition, RUNX1,
ARL4C, and PIM1 were lower expressed in the meniscus,
synovial membrane, and subchondral bone.

GO Enrichment Analysis
The GO enrichment analysis results were presented in Figure 3.
For upregulated overlapping DEGs, the most enriched GO
Molecular Functions were identified as “proteoglycan
binding,” “extracellular matrix structural constituent,” “lipid
binding,” “collagen binding,” and “Wnt-protein binding”
(Figure 2A). The most enriched GO Biological Processes
mainly included “blood vessel development,” “ossification,”
“cell morphogenesis involved in differentiation,” “cellular
response to growth factor stimulus,” “response to mechanical
stimulus” and “extracellular structure organization.” In
addition, the most enriched GO Cellular Components were
“extracellular matrix,” “cell-cell junction,” “dystrophin-
associated glycoprotein complex,” “filopodium,” and “distal
axon,” etc. For downregulated overlapping DEGs, the most
enriched GO Molecular Functions mainly included “glucose
transmembrane transporter activity,” “protein
homodimerization activity,” “signaling adaptor activity,”
“transcription factor binding,” and “cytokine activity”
(Figure 2B). The GO Biological Processes were enriched in
“activation of protein kinase activity,” “glucose transmembrane
transport,” “cellular response to leptin stimulus,” “SMAD
protein signal transduction,” “response to interleukin-6,” and
“response to toxic substance.” In addition, the most enriched
GO Cellular Components were identified as “secretory granule
lumen,” “apical plasma membrane,” “specific granule,”
“adherent junction,” and “perinuclear region of cytoplasm.”

KEGG Pathway Analysis
KEGG pathway analysis by Metascape indicated that total
overlapping DEGs were enriched in 17 pathways including

TABLE 1 | List of primers used in qRT-PCR experiments.

Gene Sequence (59-39)

Forward Reverse

AHR GTAAGTCTCCCTTCATACC AGGCACGAATTGGTTAGAG
CYP1A1 CACAGACAGCCTGATTGAGCA GTGTCAAACCCAGCTCCAAAGA
HEY1 CTGCAGATGACCGTGGATCA CCAAACTCCGATAGTCCATAGCAA
MYC GCCAAGCTCGTCTCAGAGAAG CAGAAGGTGATCCAGACTCTG
CXCL12 ACCGCGCTCTGCCTCAGCGACGGGAAG TGTTGTTCTTCAGCCGGGCTACAATCTG
VEGFA CTCTACCTCCACCATGCCAAGT GCTGCGCTGATAGACATCCA
GAPDH GGGGGAGCCAAAAGGGTCATCATCT GAGGGGCCATCCACAGTCTTC
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“Wnt signaling pathway,” “Fluid shear stress,” “Axon guidance,”
“Nicotinate and nicotinamide metabolism,” “PI3K-Akt signaling
pathway,” “HIF-1 signaling pathway,” “MAPK signaling pathway,”
“Cytokine-cytokine receptor interaction,” “PPAR signaling
pathway,” “NOD-like receptor signaling pathway,” and “TGF-

beta signaling pathway,” etc. (Figure 2C). Enriched genes
locating in corresponding pathways were summarized in
Table 3. MYC, VEGFA, IL2RB, MAPK14, IL6R, MMP9, HLA-
DQB1, and CXCL12 were most enriched in these identified KEGG
pathways.

FIGURE 1 | Identification of overlapping DEGs in knee OA. (A–D)Gene expression profiles of GSE12021, GSE51588, GSE98918, and GSE43923 are visualized in
volcano plots respectively. DEGs are marked with red and the criteria for a DEG are |log2FC|>1 and adjusted P-value<0.05. (E) Upregulated DEGs in osteoarthritic
cartilage, synovium, subchondral bone, and meniscus. (F) Downregulated DEGs in osteoarthritic cartilage, synovium, subchondral bone, and meniscus.
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Construction of the PPI Network
A total of 168 interactions were obtained with interaction
scores>0.4 by using STRING database. The PPI network was
then constructed and presented at Cytoscape platform (Figure 3).
In addition, 25 hub genes were obtained and presented inTable 4.
The top 10 hub genes included VEGFA, MYC, MMP9, RUNX2,
PTPRC, CXCL12, COL1A1, MAPK14, PECAM1, and CD34.

Module Analysis
A total of eight modules and four significant modules (Module 1, 2, 3,
and 5) were obtained through MCODE analysis (Figure 3). Among
significantmodules,Module 1 included a total of 13 genes, of which 11
were upregulated and two were downregulated. GO Enrichment
analysis showed that Module one was enriched in nine functions
such as “stem cell proliferation,” “response to growth factor,” and
“response to mechanical stimulus,” etc. For pathway analysis, Module
one was significantly enriched in pathways such as “PI3K-Akt
signaling pathway” and “Cell adhesion molecules (CAMs)”
(Figure 4A). Module two was composited of 10 genes, of which
five were upregulated and five were downregulated. Module two was
enriched in six functions such as “regulation of interleukin-1 beta
production,” “response to chemokine,” “anatomical structure
homeostasis,” etc. In addition, “Rheumatoid arthritis” and
“Cytokine-cytokine receptor interaction” pathways were enriched
by genes within Module 2 (Figure 4B). Module three included
four genes and all of them were upregulated. Enrichment analysis
showed that Module three was enriched in “Wnt-protein binding”
and “Wnt signaling pathway” (Figure 4C).Modulefive included three
genes, all of them were upregulated. Enrichment analysis suggested
that Module five was enriched in “collagen trimer” pathway
(Figure 4D).

Construction of the miRNA-mRNA Network
The above identified most overlapping DEGs and hub genes were
regarded as knee OA-related key genes. By constructing the PPI

network of these key genes, we then screened out the
experimentally validated key gene-related miRNAs targeting at
above OA-related key genes by using miRTarBase (Table 5). As a
result, a total of 57 key miRNAs were obtained and visualized in
Figure 5. The top 10 key miRNAs included miR-29, miR-101,
miR-17, miR-181a, miR-124, miR-1, miR-9, miR-21, miR-155,
and miR-185. Key miRNAs were further compared with OA-
related miRNAs that were obtained from the Human microRNA
Disease Database (HMDD v3.2, http://www.cuilab.cn/hmdd) to
check the reliability of our analyses and screen out miRNAs that
lack researches so far (Huang et al., 2019).

Clinical Validation
Quantitatively Real-time PCR assay (qRT-PCR) was performed
to evaluate the relative expression of putative knee OA-related
key genes in osteoarthritic cartilage specimens. As a result,
significantly upregulated AHR, CYP1A1, and HEY1 were
observed in degenerated cartilage compared to the intact
cartilage. Besides, MYC and CXCL12 were also upregulated,
while no significant difference was observed (Figures 6A–F).

DISCUSSION

The present study aims to screen out key DEGs, their relevant
signaling pathways, and interactive miRNAs in human knee OA
based on bioinformatic analysis. The gene expression profiles
derived from different joint tissues are covered and followed by
identifying overlapping DEGs. To the best of our knowledge, this
is the first time that overlapping DEGs in knee OA are identified
from four different OA joint tissues, including articular cartilage,
synovial membrane, subchondral bone, and meniscus. Gene
expression profiles are all obtained from GEO database.

After identification of DEGs in different joint tissues,
overlapping DEGs are then identified via Venn Diagram. As a
result, 236 overlapping DEGs are identified, of which 160 are
upregulated and 76 are downregulated. Those DEGs that are
differentially expressed in at least three joint tissues are identified
as the most overlapping DEGs. As a result, a total of 13 most
overlapping DEGs are identified in our study, include AHR,
HEY1, CXCL12, MMP9, COL8A1, GAP43, PTN, RUNX1,
PIM1, OLFML2A, SLITRK6, RHBDL2, and ARL4C, while no
overlapping genes are differentially expressed in all four
components. Among above identified most overlapping DEGs,
OLFML2A, SLITRK6, RHBDL2, and ARL4C are excluded from
our constructed PPI network, suggesting their relatively limited
values and will not be discussed in the following context.

MMP9 is an enzyme implicated in the cartilage destruction
and has been identified as a hallmark of OA previously, the same
as otherMMPs likeMMP1,MMP3 andMMP13. Previous studies
have reported the upregulation of MMP9 in OA cartilage,
synovial membrane, subchondral bone, and synovial fluid
(Yang et al., 2010; Kim et al., 2014). COL8A1, which
maintains cartilage stability through participating in collagen
synthesis, is also reported to be highly expressed in OA
cartilage (Fang et al., 2019). CXCL12, also known as SDF-1, is
a chemokine that plays important role in angiogenesis, bone

TABLE 2 | List of the most overlapping DEGs in OA joint tissues.

Gene Locations Expression

AHR Cartilage, Meniscus, Subchondral Bone ↑
HEY1 Cartilage, Meniscus, Subchondral Bone ↑
CXCL12/SDF1 Cartilage, Meniscus, Subchondral Bone ↑
MMP9 Cartilage, Meniscus, Subchondral Bone ↑
OLFML2A Cartilage, Meniscus, Subchondral Bone ↑
SLITRK6 Cartilage, Meniscus, Subchondral Bone ↑
RHBDL2 Cartilage, Meniscus, Subchondral Bone ↑
COL8A1 Cartilage, Synovium, Subchondral Bone ↑
GAP43 Cartilage, Synovium, Subchondral Bone ↑
PTN Cartilage, Synovium, Subchondral Bone ↑
RUNX1 Synovium, Subchondral Bone, Meniscus ↓
PIM1 Synovium, Subchondral Bone, Meniscus ↓
ARL4C Synovium, Subchondral Bone, Meniscus ↓

AHR, aryl hydrocarbon receptor; HEY1, hairy/enhancer-of-split related with YRPW motif
protein 1; CXCL12/SDF1, stromal cell-derived factor 1; MMP9, matrix metallopeptidase
9; OLFML2A, olfactomedin Like 2A; SLITRK6, SLIT and NTRK-like protein 6; RHBDL2,
rhomboid Like 2; COL8A1, collagen type VIII alpha 1 chain; GAP43, growth-associated
protein 43; PTN, pleiotrophin; RUNX1, RUNX family transcription factor 1; PIM1, proto-
oncogene serine/threonine-protein kinase Pim-1; ARL4C, ADP ribosylation factor like
GTPase 4C.
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metabolism, cartilage homeostasis, and pro-inflammatory
responses (De Klerck et al., 2005; Garcia-Cuesta et al., 2019).
Upregulation of CXCL12 in OA cartilage, subchondral bone,

synoviocytes, and synovial fluid has been reported by previous
studies (Chen et al., 2017b; Bragg et al., 2019). Furthermore,
inhibition of CXCL12/CXCR4 signaling was shown to prevent

FIGURE 2 | GO enrichment and KEGG pathway analyses. (A) GO molecular functions, biological processes, and cellular components enrichment analysis on
upregulated overlapping DEGs. (B) GO molecular functions, biological processes, and cellular components enrichment analysis on downregulated overlapping DEGs.
(C) Enriched KEGG pathways based on total overlapping DEGs.
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subchondral bone loss and significantly attenuate cartilage
degradation (Dong et al., 2016; Chen et al., 2017b). GAP43 is
a nervous tissue-specific cytoplasmic protein related to nerve
regeneration. Previous study showed that the expression of
GAP43 in pain-related sensory innervation of dorsal-root
ganglia (DRG) was upregulated during OA progression
(Kawarai et al., 2018). Thus, the upregulation of GAP43 in
joint tissues may reflect joint sensory innervation, which is
closed related to nociceptive sense and osteophyte formation
(Wu et al., 2002; Orita et al., 2011). Pleiotrophin (PTN) is an 18-
kDa heparin-binding neurite outgrowth-promoting growth
factor. Previous studies have reported the upregulation of PTN
in OA cartilage, synovial membrane, and synovial fluid. Notably,
PTN is initially abundant in fetal or juvenile cartilage and then
becomes absent in mature cartilage. During early stages of OA,
PTN becomes re-expressed again (Pufe et al., 2003; Mentlein
2007). Besides, PTN is also proven to facilitate chondrocyte
proliferation (Pufe et al., 2007). Interestingly, GAP43 and PTN
are two nerve growth-related genes, suggesting the important role
of nerve innervation and axon guidance during OA development
in the entire joint. Their specific role in OA development needs to
be further investigated. PIM1 is an enzyme that play important
roles in cell cycle progression, apoptosis, and transcriptional
activation (Bachmann and Moroy, 2005). However, there is no
study reporting their relationships so far.

The rest of most overlapping DEGs, including HEY1, AHR,
RUNX1, and HEY1, are all transcription factors. HEY1 is a basic

helix-loop-helix protein (bHLH) transcription factor that belongs
to HES/HEY family. Besides, HEY1 is also a direct target of
canonical Notch signaling. Previous studies indicated that
inhibition of Notch1 exacerbated experimental OA, while
increased levels or activity of Notch2 contributed to the
progression of OA (Hosaka et al., 2013; Lin et al., 2016). In
addition, HEY1 is not only transcriptionally induced by Notch
ligands, but also induced by BMP/TGF-β axis to exert as a
transcription repressor. Its functions on repressing osteogenic
differentiation, neuronal differentiation, and pro-inflammatory
production have been reported before (Weber et al., 2014). Hes1,
another transcription factor that belongs to HES/HEY family like
HEY1, has been reported to be upregulated in OA cartilage and
accelerate cartilage destruction via promoting MMP3, a
disintegrin and metalloproteinase with thrombospondin motifs
5 (ADAMTS5), and interleukin-6 (IL-6) transcription (Sugita
et al., 2015). Nonetheless, the specific role of HEY1 in OA
progression remain to be investigated. AHR is a bHLH
transcription factor that plays important role in development,
immune system, and toxic response. Previous studies have
demonstrated that AHR signaling activation significantly
alleviated progression of rheumatoid arthritis (RA) through
repressing C-reactive protein (CRP), NLR family pyrin domain
containing 3 (NLRP3), tumor necrosis factor-alpha (TNF-α), and
IL-6 expression (Jin et al., 2011; Huai et al., 2014; Liang et al.,
2019; Piper et al., 2019), and enhancing nuclear factor erythroid
2-related factor 2 (NRF2) and IL-10 expression in B cells,

TABLE 3 | Enriched pathways and corresponding genes.

Pathway −Log 10(P) Enriched Genes

Wnt signaling pathway 3.882 FZD1, WNT5A, MYC, WIF1, SFRP4, DKK2, PRICKLE1
Transcriptional misregulation in cancer 3.427 RUNX1, MYC, RUNX1T1, NR4A3, RUNX2, TSPAN7, MMP9, IL2RB
Fluid shear stress and atherosclerosis 3.329 MMP9, MAPK14, MAP3K5, PECAM1, NCF1, DUSP1, VEGFA
PI3K-Akt signaling pathway 3.283 COL1A2, COL1A1, VWF, LAMA1, COMP, VEGFA, ANGPT2, IL6R, IL2RB, FGF13, MYC
Th17 cell differentiation 3.217 HLA-DQB1, MAPK14, IL2RB, IL6R, RUNX1, AHR
Axon guidance 2.797 PTCH1, UNC5B, WNT5A, SEMA5A, SLIT2, EPHA3, CXCL12
Nicotinate and nicotinamide metabolism 2.570 NADK, NAMPT, NMNAT2
HIF-1 signaling pathway 2.524 IL6R, PFKFB3, ANGPT2, VEGFA, TF, LOX
MAPK signaling pathway 2.462 GADD45B, MAP3K12, MAPK14, MAP3K5, MECOM, FGF13, MYC, DUSP1
Cytokine-cytokine receptor interaction 2.314 VEGFA, IL6R, CX3CR1, IL2RB, INHBB, TNFRSF19, CXCL12, CXCL2
PPAR signaling pathway 2.284 ANGPTL4, FABP4, LPL, SORBS1
Bladder cancer 2.142 MMP9, VEGFA, MYC
Rheumatoid arthritis 1.947 HLA-DQB1, VEGFA, ACP5, CXCL12
Cell adhesion molecules (CAMs) 1.885 CADM1, CD34, HLA-DQB1, PTPRC, PECAM1
Viral myocarditis 1.713 SGCD, SGCA, HLA-DQB1
NOD-like receptor signaling pathway 1.606 MAPK14, P2RX7, NAMPT, NLRP3, CXCL2
TGF-β signaling pathway 1.321 INHBB, BMP8B, MYC

FZD1, frizzled-1; WNT5A, Wnt-5a; MYC, c-myc; WIF1, Wnt inhibitory factor 1; SFRP4, secreted frizzled-related protein 4; DKK2, dickkopf-related protein 2; PRICKLE1, prickle planar cell
polarity protein 1; RUNX1, runt-related transcription factor 1; RUNX1T1, RUNX1 partner transcriptional co-repressor 1; NR4A3, nuclear receptor subfamily 4, group A, member 3; RUNX2,
runt-related transcription factor 2; TSPAN7, tetraspanin-7; MMP9, matrix metallopeptidase 9; IL2RB, interleukin-2 receptor subunit beta; MAPK14, mitogen-activated protein kinase 14;
MAP3K5, mitogen-activated protein kinase 5; PECAM1, platelet endothelial cell adhesion molecule 1; NCF1, Neutrophil cytosol factor 1; DUSP1, dual specificity protein phosphatase 1;
VEGFA, vascular endothelial growth factor A; COL1A2, collagen type I alpha 2 chain; COL1A1, collagen type I alpha 2 chain; VWF, VonWillebrand factor; LAMA1, laminin subunit alpha-1;
COMP, cartilage oligomeric matrix protein; ANGPT2, angiopoietin 2; IL6R, interleukin 6 receptor; IL2RB, interleukin 2 receptor subunit beta; FGF13, fibroblast growth factor 13; HLA-
DQB1, major histocompatibility complex, class II, DQ beta 1; AHR, aryl hydrocarbon receptor; PTCH1, patched 1; UNC5B, unc-5 netrin receptor B; SEMA5A, semaphorin 5A; SLIT2, slit
guidance ligand 2; EPHA3, EPH receptor A3; CXCL12/SDF1, stromal cell-derived factor 1; NADK, NAD kinase; NAMPT, nicotinamide phosphoribosyltransferase; NMNAT2, nicotinamide
nucleotide adenylyltransferase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; TF, transferrin; GADD45B, growth arrest and DNA damage inducible beta;
MAP3K12, mitogen-activated protein kinase kinase kinase 12; MECOM, MDS1 and EVI1 complex locus; CX3CR1, C-X3-C motif chemokine receptor 1; INHBB, inhibin subunit beta B;
TNFRSF19, TNF receptor superfamily member 19; CXCL2, C-X-C motif chemokine ligand 2; ANGPTL4, angiopoietin like 4; FABP4, fatty acid binding protein 4; LPL, lipoprotein lipase;
SORBS1, Sorbin and SH3 domain containing 1; ACP5, acid phosphatase 5; CADM1, cell adhesion molecule 1; PTPRC, protein tyrosine phosphatase receptor type C; SGCD,
sarcoglycan delta; SGCA, sarcoglycan alpha; P2RX7, purinergic receptor P2X 7; NLRP3, NLR family Pyrin domain containing 3; BMP8B, bone morphogenetic protein 8b.
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macrophages, or hepatocytes (Tsuji et al., 2012; Piper et al., 2019;
Rosser et al., 2020). However, several reports also indicated that
AHR signaling activation exacerbated RA inflammation through
activating cytokine-mediated inflammatory signaling in primary
human fibroblast-like synoviocytes (Adachi et al., 2013; Lahoti
et al., 2013). Ogando J et al. reported that the AHR signaling
pathway was significantly more active in OA synovial tissues than
in RA synovial tissues (Ogando et al., 2016). Furthermore,

compared to resting chondrocytes, significantly upregulated
AHR was also observed in hypertrophic chondrocytes
(Cedervall et al., 2015). Nevertheless, the specific effects of
AHR on OA are still in debate and remain to be investigated.
RUNX1 was reported to be significantly downregulated in OA
cartilage compared with normal control. Furthermore, its
anabolic effect on chondrocytes contributes to the
maintenance of cartilage homeostasis during OA development

FIGURE 3 | Construction of protein-protein interaction (PPI) network. PPI network for all the overlapping DEGs is constructed and followed by module analysis on
Cytoscape platform. Genes with yellow border are most overlapping DEGs and genes with blue gene symbol are hub genes. Modules with blue border are significant
modules. The size of circles reflects the degree of connectivity. The shades of color reflect MCODE score.
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and that has also been recognized as a disease-modifying target of
OA (Yano et al., 2013; Aini et al., 2016; Yano et al., 2019). In
addition, the anti-angiogenic effect of RUNX1 through repressing
vascular endothelial growth factor (VEGF) expression has also
been reported (Ter Elst et al., 2011).

According to KEGG pathway analysis based on overlapping
DEGs, we observe that overlapping DEGs are enriched in “PI3K-
Akt signaling pathway,” “Wnt signaling pathway,” “Fluid shear
stress,” “Nicotinate and nicotinamide metabolism,” “HIF-1
signaling pathway,” “MAPK signaling pathway,” “Cytokine-
cytokine receptor interaction,” “PPAR signaling pathway,”
“NOD-like receptor signaling pathway,” “Axon guidance,” and
“TGF-β signaling pathway.” The above pathways are well
consistent with existing research findings. For example, PI3K-
Akt signaling and MAPK signaling are closely involved in
inflammatory response to induce the production of catabolic
markers such as MMPs, Adamts, IL-1β, and TNF-α in OA
(Herrero-Beaumont et al., 2019; Chow and Chin, 2020).
Nicotinate and nicotinamide metabolism play important roles
in redox reaction. So far, several studies have reported the
important role of nicotinate and nicotinamide metabolism in
OA development (Yang et al., 2015; Junker et al., 2017). In 2015,
Yang et al. (2015) demonstrated that nicotinamide
phosphoribosyltransferase (NAMPT), a rate-limiting enzyme
in the Nicotinamide adenine dinucleotide (NAD+) salvage
pathway, acted as a crucial catabolic regulator of osteoarthritic
cartilage destruction. In addition, aberrantly activated Wnt
signaling or TGF-β signaling contributes to cartilage
degradation, osteophyte formation, and formation of
subchondral bone marrow osteoid islets (Zhen et al., 2013; van
der Kraan 2017). Therapies targeting Wnt signaling have been
undergoing clinical trials (ClinicalTrials.gov Identifier:
NCT03928184). HIF-1α and HIF-2α were also reported to
exert anabolic and catabolic effects on chondrocytes,
respectively (Zhang et al., 2015). PPAR signaling, in particular
PPARγ, which is significantly downregulated in OA cartilage, has
been demonstrated to maintain articular cartilage homeostasis
via regulating the mTOR pathway (Vasheghani et al., 2015; Zhu
et al., 2019). NOD-like receptor signaling, which mediates innate
immunity and participates in regulating inflammatory and
apoptotic responses, mainly includes two subfamilies, NODs
and NLRPs (Platnich and Muruve, 2019). Both NOD-
dependent pathway and NLRP-dependent inflammasome

pathway were validated to mediate OA development under
external stimulus (Jin et al., 2011; Xu et al., 2015). Fluid shear
stress (FSS) was known as one of the pathogenic mechanisms of
OA and has also been used in the construction of an osteoarthritic
cell model for a long time (Yang et al., 2020). In addition to above
well-validated OA related-pathways, axon guidance pathway is
lack of research up to now. Only several in vitro studies reported
the effects of an axon guidance molecule, Semaphorin 3A
(Sema3A), on osteoarthritic chondrocytes (Okubo et al., 2011;
Sumi et al., 2018).

Through constructing the PPI network and miRNA-mRNA
network in Cytoscape, a total of 25 hub genes, four significant
modules, and 57 key miRNAs are identified. Among hub genes,
MAPK14, IL2RB, and IL6R are all involved in cytokine-mediated
inflammatory response during OA (Boileau et al., 2005, Liang
et al., 2018, Shkhyan et al., 2018). A genome-wide association
(GWAS) study has identified a single nucleotide polymorphism
(SNP) of HLA-DQB1, rs7775228, associating with knee OA in
Asian population (Valdes and Spector, 2011). Furthermore, a
small molecule gp130 modulator (RCGD 423) was proven to
improve chondrocyte proliferation and inhibit cartilage
degradation via upregulating transcription factor MYC and
suppressing IL-6-mediated inflammatory response (Shkhyan
et al., 2018). For growth factor VEGFA, it is closely related to
angiogenesis and inflammatory response (Gao et al., 2013). To
validate above computational results, we performed qRT-PCR to
validate the relative expression of identified key genes in OA
cartilage clinically. Our results show that AHR and its
downstream target CYP1A1, HEY1, MYC, and CXCL12 are
indeed upregulated in degenerated cartilage compared to
preserved cartilage (Figure 6).

According to module analysis, majority of hub genes are
located in module one and module 2. In addition, MMP9,
CXCL12, and HEY1 are not only the most overlapping DEGs,
but also hub genes. Module analysis shows that Modules 1, 2, 3,
and 5 are significant modules with the MCODE score ≥4. For
Module 1, all of the genes within Module 1, except ANGPT2, are
hub genes. MMP9 is located in Module 1. Enrichment analysis
suggests that Module one plays important role in PI3K-Akt
signaling pathway and cell adhesion molecules (CAMs)
pathway. Regarding genes within Module 2, all of them are
hub genes except ACP5 and FUT4. Genes in Module two play
important roles in rheumatoid arthritis and cytokine-cytokine

TABLE 4 | List of hub genes and corresponding connectivity degree.

Gene Degree Gene Degree Gene Degree Gene Degree Gene Degree

VEGFA 54 CXCL12 26 COL1A2 17 VWF 14 DUSP1 11
MYC 39 COL1A1 23 WNT5A 17 NLRP3 13 HEY1 11
MMP9 32 MAPK14 21 SP7 17 LOX 13 CXCL2 10
RUNX2 29 PECAM1 21 FGF13 17 CD163 13 ACTA2 10
PTPRC 29 CD34 20 TLR7 16 CX3CR1 12 MSX1 10

VEGFA, vascular endothelial growth factor A; MYC, c-myc; MMP9, matrix metallopeptidase 9; RUNX2, runt-related transcription factor 2; PTPRC, protein tyrosine phosphatase receptor
type C; CXCL12/SDF1, stromal cell-derived factor 1; COL1A1, collagen type I alpha 1 chain; MAPK14, mitogen-activated protein kinase 14; PECAM1, platelet endothelial cell adhesion
molecule 1; COL1A2, collagen type I alpha 2 chain; WNT5A, Wnt-5a; SP7, Sp7 Transcription Factor; FGF13, fibroblast growth factor 13; TLR7, Toll-like receptor 7; VWF, Von Willebrand
factor; NLRP3, NLR family Pyrin domain containing 3; LOX, lysyl oxidase; CX3CR1, C-X3-Cmotif chemokine receptor 1; DUSP1, dual specificity phosphatase 1; HEY1, Hes related family
BHLH transcription factor with YRPW motif 1; CXCL2, C-X-C motif chemokine ligand 2; ACTA2, actin alpha 2; MSX1, Msh homeobox 1.
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FIGURE 4 | Module analysis. (A) Module one is comprised of 13 genes and enriched in PI3K-Akt signaling pathway and cell adhesion molecules (CAMs). (B)
Module two is comprised of 10 genes and enriched in rheumatoid arthritis pathway and cytokine-cytokine receptor interaction pathway. (C)Module three is comprised of
four genes and enriched in the Wnt signaling pathway. (D) Module five is comprised of three genes and enriched in collagen trimer pathway. Upregulated and
downregulated genes are stained with red and green, respectively.
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receptor interaction pathways. Furthermore, CXCL12 is located
in Module 2. Module three is a group of genes associated with
Wnt signaling pathway. No most overlapping DEGs or hub genes
locate in Module 3. Module five includes COL8A1, COL13A1, and
COL22A1, all of which are associated with collagen trimer
pathway and have been demonstrated to be aberrantly
expressed in degraded cartilage (Karlsson et al., 2010; Feng
et al., 2019). A recent study reported that Lgr5+/Col22a1+
stem cells play important roles in differentiation toward
articular chondrocytes and Col22a1-expressing cartilage
superficial layer contributed to repair of cartilage defect (Feng
et al., 2019).

Collectively, based on above identified overlapping DEGs,
hub genes, pathways, and functional modules, the present
study depicted the potential OA mechanisms covering the
entire knee joint. We believe that our identified knee OA-
related key genes, such as AHR, HEY1, MYC, GAP43, and
PTN, and their relevant signaling pathways, including AHR

signaling, Notch signaling and TGF-β signaling, C-MYC
signaling, and axon guidance pathway may play important
roles in knee OA development. Our predicted genes are
worthy of being explored as novel targets of DMOADs in
the future.

By comparing key miRNAs with OA-related miRNAs
included in HMDD v3.2 database, 41 out of 57 miRNAs
(about 71.9%) have been reported to be associated with OA,
suggesting the considerable reliability of our miRNA-mRNA
interactome predictions. For example, miR-29 family,
including miR-29a, miR-29b, and miR-29c, was differentially
expressed in OA cartilage and negatively regulated Smad, NF-
κB, and canonical Wnt signaling (Le et al., 2016). In addition,
upregulation of miR-101 significantly facilitated cartilage
degradation and chondrocyte apoptosis (Dai et al., 2015; Lü
et al., 2020). For miR-181a, Akihiro Nakamura et al.
demonstrated that intra-articular injections of locked nucleic
acid (LNA) miR-181a antisense oligonucleotides (ASO)

TABLE 5 | List of miRNAs targeting at knee OA-related key genes.

Gene miRNAs

AHR miR-124-3p, miR-181a-5p, miR-29a-3p
HEY1 miR-410-3p
CXCL12 miR-23a-3p, miR-31-5p, miR-886-3p, miR-126-5p, miR-126-3p, miR-146a-5p, miR-221-3p, miR-454-3p, miR-137, miR-

1-5p, miR-1-3p, miR-448
MMP9 miR-451a, miR-491-5p, miR-338-3p, miR-204-5p, miR-21-5p, miR-9-5p, miR-211-5p, let-7e-5p, miR-133b, miR-29b-3p,

miR-9-3p, miR-524-5p, miR-302a-5p, miR-132-3p, miR-15b-5p, miR-942-3p, miR-203a-5p, miR-133a-5p, miR-143-3p
RUNX1 miR-17-5p, miR-20a-5p, miR-106a-5p, miR-675-5p, miR-221-3p, miR-27b-3p, miR-18a-5p, miR-215-5p, miR-9-5p,

miR-101-3p, miR-144-5p, miR-181a-5p, miR-378a-3p
GAP43 miR-363-3p
PTN miR-155-5p
PIM1 miR-210-3p, miR-1-3p, miR-192-5p, miR-16-5p, miR-33a-5p, miR-33b-5p, miR-214-3p, miR-124-3p, miR-542-3p, miR-

101-3p, miR-486-5p
VEGFA miR-373-3p, miR-302d-3p, miR-126-3p, miR-147a, miR-134-5p, miR-140-5p, miR-29b-3p, miR-107, miR-16-5p, miR-

93-5p, miR-17-5p, miR-150-5p, miR-195-5p, miR-15b-5p, miR-15a-5p, miR-520g-3p, miR-378a-3p, miR-330-3p, miR-
383-5p, miR-125a-5p, miR-361-5p, miR-20a-5p, miR-20b-5p, miR-504-5p, miR-520h, miR-372-3p, miR-106a-5p, miR-
106b-5p, miR-34a-5p, miR-205-5p, miR-34b-3p, miR-145-5p, miR-200b-3p, miR-200c-3p, miR-503-5p, miR-29c-3p,
miR-9-5p, miR-133a-3p, miR-101-3p, miR-21-5p, miR-203a-3p, miR-29a-3p, miR-718, miR-185-5p, miR-199a-5p, miR-
374b-5p, miR-1-3p, miR-125a-3p, miR-320a, miR-126-5p, miR-186-5p, miR-205-3p, miR-1-5p, miR-101-5p, miR-181a-
5p, miR-942-3p, miR-206, miR-296-5p, miR-199a-3p, miR-16-1-3p, miR-429

MYC miR-24-3p, let-7a-5p, let-7g-5p, miR-34a-5p, miR-98-5p, let-7c-5p, miR-26a-5p, miR-145-5p, miR-21-5p, miR-34b-5p,
miR-34c-5p, miR-18a-5p, miR-17-5p, miR-20a-5p, miR-34b-3p, miR-378a-3p, miR-371a-3p, miR-373-3p, miR-33b-5p,
miR-135a-5p, miR-449c-5p, miR-429, miR-335-5p, let-7f-5p, miR-320b, miR-744-5p, miR-320a, miR-148a-3p, miR-212-
3p, miR-494-3p, miR-155-5p, miR-33a-5p, miR-449a, miR-487b-3p, miR-7-5p, miR-93-5p, miR-324-3p, miR-184, miR-
126-5p, miR-25-3p, miR-92a-2-5p, miR-92a-1-5p, miR-19b-2-5p, miR-19b-1-5p, miR-19a-3p, miR-106b-5p, miR-130a-
3p, miR-25-5p, miR-185-5p, miR-29a-3p, miR-561-3p, miR-34a-3p, miR-599, miR-29b-3p, miR-129-2-3p

RUNX2 miR-135b-5p, miR-155-5p, miR-335-5p, miR-203a-3p, miR-497-5p, miR-195-5p, miR-204-5p, miR-433-3p, miR-30d-
5p, miR-30a-5p, miR-30b-5p, miR-218-5p, miR-23b-3p, miR-34c-5p, miR-30c-5p, miR-205-5p, miR-320a, miR-135a-
5p, miR-222-3p, miR-221-5p, miR-628-3p, miR-103a-3p, miR-30a-3p, miR-376c-3p

COL1A1 miR-29b-3p, miR-29c-3p, miR-143-3p, miR-133a-3p, miR-124-3p, miR-29b-1-5p, miR-185-5p, miR-129-5p
WNT5A miR-374a-5p, miR-487b-3p, miR-516a-3p, miR-154-5p, miR-154-3p
SP7 miR-135b-5p, miR-637, miR-7-5p, miR-93-5p, miR-31-5p, miR-145-5p
TLR7 miR-758-3p, miR-17-5p, miR-19a-3p
NLRP3 miR-223-3p
LOX miR-29a-3p, miR-29b-3p, miR-29c-3p, miR-767-5p, miR-200b-3p, miR-30a-5p
CX3CR1 miR-296-3p
DUSP1 miR-101-3p, miR-200c-3p, miR-940, miR-146a-5p
CXCL2 miR-223-3p, miR-532-5p
MAPK14 miR-124-3p, miR-24-3p, miR-199a-3p, miR-200a-3p, miR-141-3p, miR-125b-5p, miR-214-3p, miR-155-5p, miR-17-5p,

miR-106a-5p, miR-128-3p, miR-27a-3p, miR-125a-5p
CD34 miR-125a-5p, miR-9-5p, miR-24-3p, miR-377-3p
COL1A2 let-7g-5p, miR-29c-3p, miR-26b-5p, miR-25-3p, miR-29a-3p
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significantly attenuated cartilage destruction in facet and knee
joints in vivo (Nakamura et al., 2019). Another study reported
that miR-9 promoted IL-6 expression and exacerbated cartilage
degradation by targeting MCPIP1 expression (Makki et al., 2015).
In 2019, a hydrogel-based drug delivery system equipped with
locked nucleic acid (LNA) miR-221 inhibitor was constructed
and enhanced cartilage regeneration significantly (Lolli et al.,
2019). miR-199a* was also shown to inhibit IL-1β-induced
Cyclooxygenase 2 (COX-2) expression as a direct regulator
(Akhtar and Haqqi, 2012). Notably, a RNA sequencing-based
miRNA-mRNA interactome study which confirmed a OA-
specific miRNAs array showed considerable overlap with our
identified key miRNAs as well, including miR-143, miR-155, let-
7g, miR-7, miR-15, miR-101, miR-21, miR-19a, miR-16, miR-
30a, miR-29, miR-1, miR-133a-3p, miR-20a, miR-320a, miR-31,
miR-93, miR-221, and miR-335 (Coutinho de Almeida et al.,
2019). Among our identified top 10 key miRNAs, in addition to
those that have been reported before, miR-17, miR-21, miR-155,

miR-185, and miR-1 are still lack of research and remain to be
investigated in the future.

The present study also has several limitations. For example,
although we originally intended to include as many data sets as
possible, only four expression profiles met the criteria and were
included into the data analysis. In addition, due to difficulties in
obtaining appropriate specimens, only OA articular cartilage
specimens were used to carry out clinical validation
experiments. The relative expression of our identified knee
OA-related key genes in other joint components need to be
further validated.

In conclusion, the present study provides a comprehensive
bioinformatics analysis of key genes, signaling pathways, and
miRNAs in different joint tissues of knee OA patients. A total of
35 knee OA-related key genes and 57 key miRNAs were
identified. Among them, key genes such as AHR, HEY1, MYC,
GAP43, and PTN, and key miRNAs such as miR-17, miR-21,
miR-155, miR-185, and miR-1 are lack of research so far. For key

FIGURE 5 | Construction of miRNA-mRNA network. A total of 23 knee OA-related key genes (red, upregulated; green, downregulated) are used in construction of
miRNA-mRNA network backbone. Key miRNAs are then screened out by miRTarBase database and visualized in Cytoscape. Grey line, protein-protein interaction;
Black line, interaction between key gene and key miRNA which belongs to inner circle. Pink line, interaction between key gene and key miRNA which belongs to outside
circle.
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genes identified in the present study, their downstream
mechanisms and specific effects on the different joint
components also need to be explored, respectively. Through
enrichment analysis, a number of OA-related pathways were
identified, including PI3K-Akt signaling, Wnt signaling, fluid
shear stress, nicotinate and nicotinamide metabolism, HIF-1
signaling, MAPK signaling, cytokine-cytokine receptor
interaction, PPAR signaling, NOD-like receptor signaling,
TGF-β signaling, and axon guidance pathways. Among them,
many pathways have been well investigated and even under
clinical trials, except for axon guidance pathway which is
implicated in nerve innervation and axon guidance while still
lack of research so far. Our study provides insight for the first time
in identification of potential therapeutic targets of knee OA by
comprehensively analyzing the overlapping genes differentially
expressed in multiple joint components based on bioinformatics.
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FIGURE 6 | Clinical validation. (A–F) Heat maps of the relative expression of several identified knee OA-related key genes in osteoarthritic cartilage derived from
knee OA patients. p, P-value; PC, preserved cartilage; DC, degenerated cartilage.
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Osteoarthritis (OA) is a chronic, debilitating joint disease characterized by progressive
destruction of articular cartilage. For a long time, OA has been considered as a
degenerative disease, while recent observations indicate the mechanisms responsible
for the pathogenesis of OA are multifaceted. Aging is a key factor in its development.
Current treatments are palliative and no disease modifying anti-osteoarthritis drugs
(DMOADs) are available. In addition to articular cartilage degradation, cellular
senescence, synovial inflammation, and epigenetic alterations may all have a role in its
formation. Accumulating data demonstrate a clear relationship between the senescence of
articular chondrocytes and OA formation and progression. Inhibition of cell senescence
may help identify new agents with the properties of DMOADs. Several anti-cellular
senescence strategies have been proposed and these include sirtuin-activating
compounds (STACs), senolytics, and senomorphics drugs. These agents may
selectively remove senescent cells or ameliorate their harmful effects. The results from
preclinical experiments and clinical trials are inspiring. However, more studies are
warranted to confirm their efficacy, safety profiles and adverse effects of these agents.

Keywords: osteoarthritis, aging, senescence, cartilage, cells

INTRODUCTION

Osteoarthritis (OA) has surpassed diabetes and cardiovascular diseases, and become the most
common chronic disease and the leading cause of morbidity. With aging, its prevalence keeps
increasing. Without effective treatment, OA may eventually cause complete joint destruction, and at
which time points, total joint arthroplasty is the only treatment of choice. Joint pain, swelling, and
impaired functions are the common clinical manifestations of OA (Jeon et al., 2018). Joints can be
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considered as an organ and OA may affect all components of the
organ. While central pathological change is degradation of
articular cartilage, other lesions may also exist, including
synovial inflammation, subchondral abnormality, meniscal
damage, osteophyte formation, etc. (McCulloch et al., 2017;
Yao et al., 2021). Recent studies suggest that cell senescence,
synovial inflammation and epigenetic alterations are closely
related to OA development (Hou et al., 2018; Zhang et al.,
2019). As the pathognomonics is not completely understood,
no disease modifying anti-osteoarthritis drugs (DMOADs) are
not currently available. Major treatments are palliative and these
include non-steroidal anti-inflammatory drugs (NSAIDs)
(Crofford, 2013), intra-articular injection of hyaluronates or
corticosteroids (Bannuru et al., 2019), etc. Total joint
arthroplasty is only performed for the end-stage OA (Glyn-
Jones et al., 2015). Clearly, OA treatment remains an unmet
medical need. The development of effective and safe DMOADs
depends heavily on improved understanding of OA mechanisms.

Aging is pivotal for OA pathogenesis although interdependent
relationship with other risk factors may exist, including obesity,
joint damage, and genetic susceptibility, etc. (Blagojevic et al.,
2010; Zhang and Jordan, 2010). Aging is correlated with the
number of senescent articular chondrocytes and OA progression
(Price et al., 2002), suggesting that targeting senescent cells
(SnCs) may prevent or reverse OA processes. In fact, a few
anti-cellular senescence agents have been tested and the results
are promising. These agents include sirtuin-activating
compounds (STACs), senolytics, and senomorphics. Several
preclinical studies have shown that these agents may delay OA
progress and extend healthy lifespan. Based on these findings,
clinical trials are conducted to evaluate clinical efficacy, safety
profile, and side effects of these drugs.

This review provides an outline of the relationship between
articular chondrocyte senescence and OA, summarizes some
anti-cellular senescence strategies, and discusses future
directions for potential applications in clinic.

AGING AND CELLULAR SENESCENCE

Aging is a critical factor for different age-related diseases.
Multiple mechanisms have been demonstrated and these
include cellular senescence, telomere attrition, mitochondrial
dysfunction, stem cell exhaustion, genomic instability, altered
intercellular communication, epigenetic alterations, loss of
proteostasis, and deregulated nutrient sensing (López-Otín
et al., 2013). These processes may be interdependent and some
cross-talks may exist. Cellular senescence has attracted great
attention as potential therapeutics may be developed after
elucidating the detailed mechanisms responsible the
pathogenesis of various diseases during aging (Khosla et al.,
2020).

The Types of Cellular Senescence
The concept of “cellular senescence” was first proposed in 1961 to
describe the process of irreversible growth arrest (Hayflick, 1961).
It is also referred to as replicative senescence as it is induced by

telomere shortening. Telomere attrition due to continuous cell
division in the context of limited in-situ replication capacity
eventually leads to this phenomenon. Replicative senescence is
an important cell process to prevent carcinogenesis (Greene and
Loeser, 2015). Subsequent studies show that in addition to this
intrinsic pathway, there is an exogenous pathway called stress-
induced premature senescence (Toh et al., 2016). Exogenous
senescence results from a variety of internal and external
stresses such as DNA damage, oxidative stress, oncogene
activation, ultraviolet radiation, chronic inflammation and
abnormal mechanical stress (Loeser, 2009; McCulloch et al.,
2017). These stressors mainly activate P53/P21CIP1 and
P16INK4A tumor suppressor signaling pathways, leading to
premature cell cycle arrest (Campisi and d’Adda di Fagagna,
2007; Khosla et al., 2018). Both p21CIP1 and p16INK4A are the
cyclin-dependent kinases (CDKI). P21CIP1 blocks CDK2-
mediated pRB inactivation, while p16INK4A prevents CDK4
and CDK6 mediated pRB inactivation, thereby maintaining
pRB in an active form and preventing cell cycle progression
(Childs et al., 2015). These two mechanisms can act
independently or interact with each other, depending on cell
types (Childs et al., 2015). Thus, cellular senescence is the result of
the action of replicative senescence and/or stress-induced
premature senescence. Currently, the molecular mechanisms of
cellular senescence are still not completely understood although it
is closely related to telomere erosion, DNA damage, oxidative
stress, and inflammation (Toh et al., 2016).

Characteristics of Senescent Cells
Senescent cells (SnCs) have several characteristic features such as
irreversible growth arrest, altered cell size and morphology,
macromolecular damage, deregulated gene expression
(Campisi and d’Adda di Fagagna, 2007; Gorgoulis et al., 2019;
von Kobbe, 2019), and upregulation of senescent cell anti-
apoptotic pathways (SCAPs) (Kirkland and Tchkonia, 2017).
Specific markers are used to identify SnCs, and these include
increased expression of p21CIP1 and p16INK4A, enhanced
senescence-associated-β-galactosidase (SA-β-Gal) activity, and
formation of senescence-associated heterochromatic foci
(SAHFs) (Sun et al., 2018). Secretion of extracellular vesicles,
including exosomes and microvesicles, is also upregulated in
SnCs (Effenberger et al., 2014; Fafián-Labora and O’Loghlen,
2021). These senescent-associated extracellular vesicles may also
induce senescence in adjacent non-senescent cells (Jeon et al.,
2019). Most importantly, SnCs exhibit altered secretory
characteristics and can rapidly secrete a variety of
inflammatory cytokines, growth factors, chemokine, soluble
and insoluble factors and matrix metalloproteinases (MMPs).
These cells are referred to as senescence-associated secretory
phenotype (SASP) (Sun et al., 2018). The formation of SASP
is mainly mediated by nuclear factor-κB (NF-κB) pathway
(Salminen et al., 2012), and the components of SASP may
differ in different types of stresses and cells undergoing
senescence (Birch and Gil, 2020). By autocrine or paracrine
mechanisms, SASP factors enhance and prolong the senescent
state (Muñoz-Espín and Serrano, 2014; Sun et al., 2018). It cannot
over-emphasize that SASP factors may affect adjacent non-SnCs
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by activating various cell surface receptors and corresponding
signal transduction pathways, forming a circuit of SnCs and
microenvironmental communication (Coppé et al., 2010).
Moreover, persistent existence of the SASP factors incites
inflamm-aging (Shetty et al., 2018), a chronic, systemic, low-
grade inflammation state during aging process. Inflamm-aging is
another major feature of the aging process and can be caused by
sustained antigenic load and stress (Franceschi et al., 2000). It
may result from abnormal functions of innate and adaptive
immune systems (Prieto et al., 2020). Of note, SASP may have
beneficial effects, for example, SnCs may sense tissue damage and
initiate tissue repair through the SASP effect. However, persistent
SASP can disrupt normal tissue structures and functions (Coppé
et al., 2008). Even if the number of SnCs is small, they can
interrupt normal functions of the surrounding cells via SASP
factors, cause microenvironment dysfunction, and incite the
pathogenesis of some age-associated diseases (Sun et al., 2018;
Kim and Kim, 2019). Stressors inducing cellular senescence and
hallmarkers of SnCs are presented in Figure 1.

However, these features are not specific to SnCs, and not all
SnCs express these markers. So far, universal markers expressed
only in SnCs have not been identified, thus, multiple markers are
needed to identify SnCs (Campisi, 2011; McHugh and Gil, 2018).
Improved reliability and accuracy of detecting SnCs may be
achieved by using different senescent markers including SA-
β-Gal, p21CIP1, p16INK4A, SASP, and DNA damage (Gorgoulis
et al., 2019).

Cellular senescence is an example of antagonistic pleiotropy
(Giaimo and d’Adda di Fagagna, 2012). In early acute senescence,
low level of SnCs has a positive effect in human biological
processes including tumor suppression, wound healing,
embryonic development, tissue regeneration and remodeling.

However, long-term macromolecular damage can cause
chronic senescence due to decreased clearance of SnCs by the
immune system with aging (Childs et al., 2015; Ovadya et al.,
2018). These continuously accumulated SnCs have deleterious
effects (van Deursen, 2014; von Kobbe, 2019). A study shows that
SnCs can propagate DNA damage and induce senescence in their
neighboring cells through a paracrine mechanism (Nelson et al.,
2012), leading to amplification of pathological processes and
pathogenesis of the age-related diseases including OA.

SENESCENCE OF ARTICULAR
CHONDROCYTES IN OA

The age-related changes in OA affect all components of a joint
including articular cartilage, synovium, muscles, and ligaments
(Zhang et al., 2019). Aging and OA are closely related although
OA can occur in the absence of significant aging (Loeser, 2009).
For example, SnCs have been found in young post-traumatic OA
patients (McCulloch et al., 2017). SnCs and SASP factors are
detected in OA tissues including articular cartilage, subchondral
bone, synovium, and infrapatellar fat pad (McCulloch et al., 2017;
Jeon et al., 2018). Degradation of articular cartilage is the central
pathology of OA, and articular chondrocytes are the main
resident cell type in hyaline cartilage, although emerging data
indicate that chondroprogenitor cells may also exist. This is why
articular chondrocytes are extensively studied (Vinod et al., 2018;
Zhang et al., 2019; Carluccio et al., 2020; Hu et al., 2021).
Chondrocytes produce extracellular matrix (ECM), mainly
type II collagen (Col-II) and proteoglycan including aggrecan
(McCulloch et al., 2017). Together with other EMC components,
they maintain the structure and function of articular cartilage.

FIGURE 1 | Stressors inducing cellular senescence and hallmarkers of senescent cells. Cellular senescence can be induced by multiple internal and
external stressors, such as telomere attrition, DNA damage, oxidative stress, oncogene activation, ultraviolet (UV) radiation, chronic inflammation, and abnormal
mechanical stress. These senescent cells (SnCs) exhibit a variety of typical hallmarkers, including irreversible growth arrest, altered cell size and morphology,
macromolecular damage, increased expression of p21CIP1 and p16INK4A, enhanced senescence-associated-β-galactosidase (SA-β-Gal) activity, senescence-
associated heterochromatic foci (SAHFs) formation, senescence-associated secretory phenotype (SASP) and extracellular vesicles (EVs) associated with senescence.
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Senescent chondrocytes were found in hip and knee cartilage in
OA patients (Price et al., 2002). Generally, articular chondrocytes
are quiescent cells with very limited proliferative capacity (Loeser
et al., 2012), and little or no replicative senescence occurs
(Mobasheri et al., 2015). The length of telomere in these cells
gradually shortens with age (Martin and Buckwalter, 2001), and
this non-replicative telomere erosion indicate that most of the
senescent chondrocytes in OA are induced by endogenous and
exogenous stress. Chondrocyte senescence impairs cartilage
homeostasis, leading to cartilage degeneration in isolated
human articular cartilage chondrocytes from donors ranging
in age from 1 to 87 years (Martin and Buckwalter, 2003).
Interestingly, otherwise quiescent chondrocytes become
“activated” in OA with formation of chondrocyte clusters and
enhanced production of different cytokines (Goldring and
Marcu, 2009). Senescent chondrocytes are less responsive to
anabolic cytokines, while they are more sensitive to catabolic,
proinflammatory ones (Zhou et al., 2004), which may exacerbate
the catabolic inflammatory environment, indirectly reduce the
repair capacity of articular cartilage and contribute to OA
progression.

Similar to other types of SnCs, OA chondrocytes exhibit
specific senescent markers such as p16INK4A (Zhou et al.,
2004), increased SA-β-Gal activity, etc. (Rose et al., 2012). In
articular cartilage samples from OA patients, the activity of SA-
β-Gal correlates with the OA severity (Gao et al., 2016).
Importantly, some SASP factors are also present in OA
chondrocytes. These include pro-inflammatory cytokines such
as IL-1β, IL-6, and TNF-α, matrix degradation enzymes such as
MMPs and ADAMTS4/5, chemokine such as CCL2 and MCP-1
and growth factors such as VEGFs (Vinatier et al., 2018)
(Figure 2). These factors may cause degradation of ECMs in
articular cartilage, which could then amplify synovial
inflammation (Sellam and Berenbaum, 2010). Synovial
inflammation increases production of MMP-13, and

accumulation of matrix debris further incites synovial
inflammation, forming a vicious cycle, which eventually leads
to total joint destruction. TNF-α, IL-1β, and IL-6 are among the
most important proinflammatory cytokines in synovial
inflammation and cartilage destruction (Kapoor et al., 2011).
These cytokines also induce the formation of SASP in senescent
chondrocytes. IL-1β significantly increases the expression of
other proinflammatory cytokines and MMPs in human
chondrocytes (Aida et al., 2005; Aida et al., 2006). TNF-α
upregulates the expression of MMPs and ADAMTS, causing
further degradation of cartilage matrix (Wang et al., 2019).
Synovium also contributes to the senescence burden in knee
joints during OA development (Jeon et al., 2017). SASP levels are
significantly upregulated in isolated human OA patient synovial
tissue, and the SASPs may cause or exacerbate synovial
inflammation (Zhang Y. et al., 2020). In addition, extracellular
vesicles secreted by senescent OA chondrocytes induce
senescence-like phenotypes in adjacent non-SnCs and inhibit
chondrogenesis via a para-senescent effect (Jeon et al., 2019).

Several lines of evidence suggest a critical role of cellular
senescence in OA formation, and great endeavors have been
made to dissect molecular mechanisms in these processes.
Senescent cells from ear fibrocartilage transplanted to mouse
knee joints results in hindlimb pain, impaired mobility, and OA-
like changes such as articular cartilage damage, osteophyte
formation, altered subchondral bone structure and meniscus
injury (Xu et al., 2017), suggesting a causative effect of cellular
senescence on OA. To confirm these findings, the p16-3MR
transgenic mice were generated and a post-traumatic OA
model was established. SnCs were detected in articular
cartilage and synovium in these mice. Selective removal of
SnCs expressing p16INK4A after injection of ganciclovir
ameliorated joint pain and downregulated the expression of
MMP-13 and IL-1β. Meanwhile, cartilage regeneration was
enhanced (Jeon et al., 2017). These findings suggest that

FIGURE 2 | Senescent chondrocytes accumulate and secrete SASP in OA. Aging is significantly associated with OA and senescent articular chondrocytes
play a key role in OA progression. Senescent chondrocytes exist and accumulate in OA joint and they secrete multiple SASPs, such as pro-inflammatory cytokine, matrix
metalloproteinases (MMPs), a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS), chemokine and vascular endothelial growth factor (VEGF).
These SASPs can cause articular cartilage damage and exacerbate pathological changes in OA.
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senescent chondrocytes play an important role in OA
development, and that anti-cellular senescence strategies may
be a promising approach to prevent or cure OA. In this review, we
focused on chondrocyte senescence and the anti-cellular
senescence treatments mainly targeting chondrocytes. The
agents targeting other types of joint cells will be reviewed in
other papers.

ANTI-CELLULAR SENESCENCE
STRATEGIES

A variety of anti-cellular senescence agents, namely, STACs,
senolytics, and senomorphics, have been discovered and
developed. These agents take their effect either by inducing
apoptosis of SnCs and or suppressing harmful activity of the
SASP factors (Figure 3). Observations made in some preclinical
experiments are promising, which may facilitate the development
of novel therapeutics with the DMOAD properties.

Sirtuins and Sirtuin-Activating Compounds
The sirtuins family are highly conserved NAD+-dependent
histone and non-histone deacetylases that regulate cellular
senescence, DNA repair, inflammatory response, metabolism,
apoptosis and cell survival (Michan and Sinclair, 2007). The
first sirtuin, e.g., Sir2, was found in saccharomyces cerevisiae

and able to extend their lifespan (Imai et al., 2000; Michan
and Sinclair, 2007). Currently, there are seven known Sir2
homologs in mammals, referred to as SIRT1-SIRT7 (Frye,
2000). SIRT1 and SIRT6 are closely related to OA formation.

The targets of SIRT1 are histones and non-histone proteins.
Non-histone proteins include transcription factors such as FOXO
(Brunet et al., 2004), p53 (Ong and Ramasamy, 2018) and NF-κB
(Yeung et al., 2004; Nakagawa and Guarente, 2014). Previous
reports indicate that autophagy declines with aging. Autophagy
maintains cellular homeostasis and function, while the loss of
autophagy leads to mitochondrial dysfunction and dysregulation
of protein homeostasis that may exacerbate senescence (Leidal
et al., 2018; Vinatier et al., 2018). With aging, autophagy in
chondrocytes gradually decreases, which may be related to aging-
related OA progression in mice (Caramés et al., 2010). Another
study confirms that autophagy deficiency might induce
chondrocyte senescence and cartilage destruction, which may
contribute to OA development in mice (Caramés et al., 2015).
SIRT1 enhances autophagy directly or by inhibiting NF-κB
signaling (Salminen and Kaarniranta, 2009). It can also
attenuate the senescence-related inflammation by deacetylating
histones and the transcription factor NF-κB (Xie et al., 2013). In
addition, inhibiting NF-κB pathway may induce activation of
stem cells in articular cartilage, leading to cartilage regeneration
in rat OA (Tong et al., 2015). FOXO plays an important role in
stress resistance of chondrocytes and maintenance of cartilage

FIGURE 3 | Targets of sirtuin-activating compounds (STACs), senolytics and senomorphics. Anti-apoptotic pathways and pro-survival pathways are
upregulated in senescent cells (SnCs), and the key proteins involved in the anti-apoptotic pathway are BCL-2, BCL-W and BCL-XL in the BCL-2 protein family, and p53
phosphatidylinositol 3-kinase (PI3K), AKT, FOXO4, tyrosine kinase and heat shock protein 90 (HSP90). Different anti-cellular senescence agents act on different targets.
STACs resist aging mainly by activating sirtuins. Senolytics target anti-apoptotic pathways to induce apoptosis in SnCs. Senomophics suppress SASP function by
inhibiting the production of SASP or neutralizing a specific SASP component, thereby inhibiting cellular senescence.
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homeostasis, and SIRT1 help maintain joint integrity by
regulating FOXO (Akasaki et al., 2014; Matsuzaki et al., 2018;
Lee et al., 2020). Cartilage samples from patients with OA show
downregulated expression of SIRT1 in articular chondrocytes
(Fujita et al., 2011). Knock-out of SIRT1 gene enhances the
expression of MMP-13 in mouse articular chondrocytes,
leading to excessive degradation of cartilage matrix and
aggravation of OA lesions (Matsuzaki et al., 2014; Elayyan
et al., 2017). These studies suggest that SIRT1 has cartilage-
protective effect, and that enhancing its activity may prevent
OA progression.

SIRT6 is an important factor in the aging process. It regulates
tissue homeostasis, maintains genome stability, prevents DNA
damage, and preserves normal redox status in human cartilage
during aging (Collins et al., 2021). Overexpressing SIRT6 in mice
inhibits the senescence of articular chondrocyte and joint
inflammation mediated by NF-κB signaling pathway (Wu
et al., 2015). Consistently, knock-out SIRT6 in human
chondrocytes results in upregulation of MMP-3 and MMP-13
expression, increased DNA damage and telomere dysfunction,
leading to chondrocyte senescence (Nagai et al., 2015). Further, in
articular cartilage form OA patients, SIRT6 expression is
significantly reduced (Wu et al., 2015). Collectively, these
observations suggest that modulation of SIRT6 activities may
change senescent process of articular chondrocytes and prevent
OA development. Accordingly, intensive studies have been
conducted to evaluate the effect of sirtuin-activating
compounds (STACs) on OA. Previous reports show that
STACs for SIRT1 have anti-aging and chondro-protective
effects and these STACs share a common allosteric activation
mechanism (Hubbard and Sinclair, 2014; Sinclair and Guarente,
2014). The first natural activator of SIRT1 was polyphenols from
plants. For example, resveratrol may extend the lifespan of
saccharomyces cerevisiae and activate SIRT1 with subsequent
deacetylation and inhibition of p53 pathway, promoting cell
survival (Howitz et al., 2003).

Calorie restriction is the only non-genetic method to extend
the maximum lifespan in mammals (Michan and Sinclair, 2007).
Resveratrol mediated anti-aging effect of calorie restriction
activates SIRT1, which regulates the longevity pathways and
related factors including increased insulin sensitivity, decreased
IGF-I expression, increased AMP-activated protein kinase
(AMPK) activity, and increased number of mitochondria
(Baur et al., 2006). In addition, resveratrol inhibits MMP-13
expression in human OA chondrocytes after activation of SIRT1
(Elayyan et al., 2017). Further, it effectively prevents destruction
of articular cartilage in OAmice by inhibiting NF-κB and HIF-2α
pathway in a SIRT1-dependent mechanism (Li et al., 2015).
Preclinical studies have demonstrated that resveratrol
significantly lowers the serum levels of IL-1β, IL-6, and TNF-α
and effectively reduces the severity of pain and stiffness.
Therefore, it can improve knee joint function in OA patients
and exhibit excellent safety profile and tolerability (Hussain et al.,
2018; Marouf et al., 2018). Cyanidin, a SIRT6 activator, is able to
upregulate SIRT6 expression in a dose-dependent manner. It
significantly decreases IL-1β-induced expression of TNF-α, IL-6,
COX-2, MMP-13, and ADAMTS-5, thereby preventing synovial

inflammation and cartilage degradation. In articular cartilage of
OA mice, cyaniding downregulates the expression of MMP-13
and upregulates the expression of Col-II, preventing matrix
degradation in articular cartilage (Jiang et al., 2019).

To improve the efficacy and specificity of STACs, researchers
have focused on synthetic STACs. After high-throughput
screening, several promising agents have been identified,
including SRT1460, SRT1720, SRT2183 (Milne et al., 2007),
SRT2104 (Libri et al., 2012), and SRT3025 (Artsi et al., 2014).
Different scaffolds have been tested such as imidazolothiazole,
oxazolopyridine, benzimidazole, azabendazole (Bemis et al.,
2009), and urea-based scaffolds (Dai et al., 2010). Compared
to natural STACs, synthetic STACs have higher potency,
solubility, specificity, and bioavailability (Sinclair and
Guarente, 2014).

SRT1720, a potent SIRT1 activator, can significantly decrease
the expression of MMP-13 and ADAMTS-5 in chondrocytes,
reduce articular cartilage degeneration. Besides, it inhibits
osteophyte formation and attenuates synovial inflammation.
As such, it delays OA progression in mice (Nishida et al.,
2018). Moreover, SRT1720 can prolong the lifespan and
improve health status of mice (Mitchell et al., 2014). SRT2104
is a novel STAC with high selectivity for SIRT1 and able to
prevent the progression of knee OA in mice. It can reduce the
levels of MMP-13, ADAMTS-5, IL-1β, IL-6 and acetylated NF-κB
p65, and increase Col-II synthesis in cartilage (Miyaji et al., 2020).
Similar to SRT1720, SRT2104 also improves systemic physiology
and prolongs healthy lifespan of mice. Its anti-inflammatory and
antioxidant effects are related to reduced NF-κB activity
(Mercken et al., 2014). Non-therapeutic clinical studies show
that SRT2104 has excellent safe profile and tolerability (Libri
et al., 2012; Hoffmann et al., 2013). Collectively, these studies
demonstrate the potential of STACs for the treatment of OA, and
preclinical studies and clinical trials may be conducted to confirm
their efficacy and safety profile. Preclinical and clinical studies are
summarized in Table 1.

Senolytics
As mentioned above, the senescence of articular chondrocyte
plays a key role in the development and progression of OA, and
accumulation of senescent chondrocytes accelerates the
formation of OA. Senolytics are a novel class of anti-
senescence drugs that can target and kill SnCs. Anti-apoptotic
and pro-survival pathways are upregulated in SnCs (Zhu et al.,
2015). Multiple factors are involved in this pathophysiological
process such as BCL-2, BCL-W, and BCL-XL in the BCL-2
protein family, and p53, p21CIP1, phosphatidylinositol 3-kinase
(PI3K), AKT, FOXO4, tyrosine kinase, and heat shock protein 90
(HSP90) (von Kobbe, 2019; Martel et al., 2020). Pro-survival
pathways can protect SnCs from their own SASP effect
(Romashkan et al., 2021), and these survival networks mainly
include PI3K-AKT pathway, BCL-2/BCL-Xl pathway, p53/
p21CIP1, different kinases, etc. (Zhu et al., 2017). Therefore, a
variety of senolytics have emerged to target anti-apoptotic and
pro-survival pathways of SnCs, and these include kinase
inhibitors, BCL-2-family protein inhibitors, natural
compounds, FOXO4-DRI peptides, HSP90 inhibitor, UBX0101
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(Niedernhofer and Robbins, 2018), and galactose-encapsulated
cytotoxic drugs that specifically kill SnCs (Muñoz-Espín et al.,
2018).

In 2015, the first senolytics, dasatinib (a tyrosine kinase
inhibitor) (Montero et al., 2011) and quercetin (a flavonoid
with antioxidant and estrogenic activities that inhibit PI3K
and other kinases), were demonstrated to be able to
specifically kill SnCs. The combination of these two drugs may
eliminate different types of SnCs, reduce the burden of SnCs in
aged mice, significantly enhance body function and prolong
healthy lifespan (Zhu et al., 2015; Xu et al., 2018). In skeletal
tissues, such a combination may remove senescent osteocytes,
reduce age-related bone loss, and improve the microarchitecture
of both trabecular and cortical bone in aged mice (Farr et al.,
2017). In addition, they can selectively induce apoptosis of
senescent chondrogenic progenitor cells and ameliorate the
harmful effect of SASP, therefore, promoting chondrogenesis
and cartilage regeneration in rat OA (Dai et al., 2020). A
clinical trial shows that dasatinib together with quercetin can
improve lung function in patients with idiopathic pulmonary
fibrosis caused by senescence of lung cells through their anti-
senescence effect (Justice et al., 2019). Preliminary results from a
phase I clinical trial to treat diabetic patients with chronic kidney
disease using these two drugs reduces SnCs expressing p16INK4A

and p21CIP1 in adipose and epidermal tissues, and decreases the
critical SASP factors levels in plasma, implying senolytics could
reduce the burden of SnCs in the human (Hickson et al., 2019).
However, their effect on OA remains unknown.

Fisetin, a member of the flavonoid family, is a naturally
polyphenolic compound with antioxidant and anti-
inflammatory properties (Khan et al., 2013). It has similar
mechanism to quercetin in that it may take effect through
PI3K/AKT/mTOR and NF-κB pathways (Myrianthopoulos,
2018). It significantly downregulates the expression of
p16INK4A and effectively removes SnCs in premature aging
mice. It also prolongs the healthy lifespan of aged mice and
reduces age-related pathological changes (Yousefzadeh et al.,
2018). Meanwhile, fisetin also significantly decreases IL-1β-
induced expression levels of IL-6, TNF-α, MMP-3, MMP-13,
ADAMTS-5, prevents degradation of aggrecan and Col-II in
human OA cartilage by activating SIRT1. In OA mice, fisetin
prevents cartilage destruction and synovial inflammation (Zheng
et al., 2017). Clinical trial of fisetin for the treatment of OA is
under way.

Piperlongumine, a natural senolytics, is able to selectively
induce apoptosis in senescent humans WI38 fibroblast (Wang
et al., 2016; Zhang et al., 2018). Its working mechanism is not
clear although it may induce proteasomal degradation of OXR1,
an important antioxidant protein regulating the expression of
multiple antioxidant enzymes (Zhang et al., 2018). Interestingly,
piperlongumine also exhibits senomorphic activity in that it
significantly reduces serum levels of IL-1β, MMP-1, MMP-3 in
OA rats (Ye et al., 2020).

BCL-2 family protein inhibitors demonstrate senolytic
properties via inhibition of anti-apoptotic proteins such as
BCL-2, BCL-Xl, and BCL-W in SnCs. Small molecule inhibitor
ABT-737 may specifically induce apoptosis of different SnCs by

repressing anti-apoptotic proteins BCL-2, BCL-Xl, and BCL-W.
This study also shows that BCL-W and BCL-XL are more
important with regards to anti-apoptotic property of SnCs
compared BCL-2 (Yosef et al., 2016). However, ABT-737 is
not orally bioavailable, which would limit flexibility. Based on
the pharmacological properties of ABT-737, navitoclax (ABT-
263) is a second-generation, orally bioavailable small-molecule
Bcl-2 family protein inhibitor which also targets BCL-2, BCL-XL,
and BCL-W (Tse et al., 2008). It selectively eliminates senescent
hematopoietic stem cells from bone marrow and muscle stem
cells in aged mice through inhibition of anti-apoptotic pathway
(Chang et al., 2016). A recent study showed that navitoclax may
effectively remove accumulated senescent chondrocytes by
inducing cell apoptosis in isolated human OA articular
cartilage tissues. In addition, navitoclax downregulated the
expression of SASP-related factors and increased chondrogenic
phenotype, alleviated inflammation, prevented cartilage matrix
degradation, and enhanced ECM deposition. Intra-articular
injection of ABT-263 prevented the pathological changes in
articular cartilage and subchondral bone in OA rats (Yang
et al., 2020). However, severe adverse effect such as
thrombocytopenia prevents its widespread use (Cang et al.,
2015). In contrast, the selective BCL-2 inhibitor ABT-199, and
the BCL-XL inhibitors A1331852 and A1155463, exhibits less
hematotoxicity compared to ABT-263 (Cang et al., 2015;
Leverson et al., 2015).

UBX0101, an inhibitor of protein interaction between MDM2
and p53, exhibits senolytic activity through p53-mediated
clearance of SnCs (Thoppil and Riabowol, 2019). It induces
apoptosis of senescent chondrocytes from human OA
cartilage. In the OA mice, UBX0101 effectively removes SnCs
from articular cartilage by enhancing apoptotic pathways,
reduces the expression levels of p16INK4A, p21CIP1, IL-1β, and
MMP-13, alleviates joint pain, reduces destruction of articular
cartilage, and promotes cartilage regeneration. Even in the late
stages, it may still lessen the OA-like pathological changes (Jeon
et al., 2017). The results of the phase I clinical trial showed that
UBX0101 reduced joint pain and improved function in OA
patients with satisfactory safety and tolerability (Hsu et al.,
2020). However, a phase II clinical trial failed to confirm the
properties of UBX0101 in OA. (https://clinicaltrials.gov/ct2/
show/NCT04349956). Similarly, the FOXO4-DRI peptide
interferes with FOXO4 interaction with p53. It also specifically
eliminates SnCs by inducing p53-dependent apoptosis and
restores tissue homeostasis in aged mice (Baar et al., 2017).

Heat shock protein 90 (HSP90) inhibitors may become
potential senolytics. HSP90 is a highly conserved protein
involved in a variety of physiological and pathological
processes (Taipale et al., 2010). Although there is no
significant difference in the expression level of HSP90 between
senescent and non-senescent cells, its downstreammolecule AKT
is upregulated in SnCs (Thoppil and Riabowol, 2019). HSP90
inhibitors can dephosphorylate and block interaction between
HSP90 and phosphorylated AKT, interrupting PI3K/AKT
pathway and inducing the apoptosis of SnCs (Fuhrmann-
Stroissnigg et al., 2017). 17-DMAG (Alvespimycin), a
geldanamycin-derived HSP90 inhibitor, can selectively kill
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SnCs without affecting healthy cells, thus reducing the age-related
symptoms and extending the lifespan of Ercc1–/Δ premature
senescent mice (Fuhrmann-Stroissnigg et al., 2017). Meanwhile,
17-DMAG downregulates the expression of p21CIP1. It promotes
fibrocartilage formation in mouse ears (Bertram et al., 2018),
whereas its role in articular cartilage remains unknown.

Celastrol, another HSP90 inhibitor, can prevent IL-1β-
induced activation of NF-κB signaling pathway and upregulate
the expression of MMPs, resulting in reduced catabolism and
attenuated inflammatory responses in human OA chondrocytes
(Ding et al., 2013). Data from a study of transcriptomics and
network pharmacology suggest that celastrol may target multiple
genes involved in cell senescence in OA including TP53, mTOR,
mitogen-activated protein kinase (MAPK) 1, STAT3, and others
(Dai et al., 2021). Due to the low solubility, hollow mesoporous
silica nanoparticles were used to deliver celastrol, and the results
showed that such system can improve the bioavailability of
celastrol. After intra-articular injection, such combination
significantly reduces the production of inflammatory factors,
prevents the destruction of articular cartilage, and improves
the therapeutic effect of rat OA (Jin et al., 2020).

Peroxisome associated-activated receptor-α (PPARα) agonists
are FDA-approved drugs regulating lipid metabolism. A recent
study shows that fenofibrate, a PPARα agonist, has senolytic
activity. It induces apoptosis of senescent human OA
chondrocytes and enhances cell autophagy, resulting in
reduced inflammation and cartilage degradation, alleviation of
joint pain and preservation of joint structures in OA patients
(Nogueira-Recalde et al., 2019). More trials need to be conducted
before its wide use in clinic.

Senolytics appear to be cell type-specific (Y et al., 2017). One
explanation is that senescence is involved in multiple pathways
and proteins that may differ in different cell types and the
sensitivities to senolytics may vary in different SnCs. Thus, it
is unlikely that a single senolytic drug will eliminate all types of
SnCs. For example, dasatinib is more potent in elimination of
senescent human pre-adipocytes, while quercetin is more
specific for senescent human vein endothelial cells, human
endothelial cells and mouse bone marrow mesenchymal stem
cells. The combination of dasatinib and quercetin significantly
reduces the number of mouse embryonic fibroblasts (Zhu et al.,
2015).

A new approach has been developed in order to improve the
specificity of senolytics to certain types of SnCs. The oligo-
galactose was used as a delivery system to carry different
senolytics drugs. It takes advantage of the increased lysosomal
β-galactosidase activity in SnCs and high affinity of galactose to
SnCs for targeted elimination. For example, the encapsulation of
cytotoxic drug adriamycin in oligo-galactose nanoparticles can
selectively kill SnCs in aged mice through endocytosis. Such
system also reduces organ damages due to off-target effect
(Muñoz-Espín et al., 2018). Galactose-conjugation of
navitoclax (Nav-Gal) is used as a prodrug with senolytic
property, which can be preferentially activated by enhanced
SA-β-Gal activity in SnCs, leading to targeted release into
SnCs to induce their apoptosis. Compared with navitoclax,
Nav-Gal has higher specificity and lower hematological

toxicity (González-Gualda et al., 2020). SSK1 is another
promising prodrug. In aged mice, SSK1 is specifically cleaved
in SnCs and gemcitabine is released, leading to activation of
MAPK pathway and apoptosis of SnCs. It also reduced SASP
levels, thereby alleviating senescence-related detrimental effects,
downregulating inflammatory responses and restoring motor
function (Cai et al., 2020). This strategy paves a new way for
OA treatment. Preclinical and clinical studies are summarized in
Table 2.

Senomorphics
Senomorphics, another type of anti-cellular senescence drugs, can
ameliorate the deleterious effects of SnCs by inhibiting SASP
factors without inducing apoptosis of SnCs (Kim and Kim, 2019).
SASP is primarily driven by the inflammatory transcription factor
NF-κB, and other regulatory pathways including mTOR, MAPK,
and JAK/STAT pathways (Soto-Gamez and Demaria, 2017;
Hernandez-Segura et al., 2018). Senomorphics reduce the
production of SASP factors, or neutralize specific SASP
components. These properties render senomorphics the
potential to become promising agents for OA treatment.

Senomorphics Targeting SASP Regulatory Pathways
Rapamycin, the inhibitor of a mammalian target of rapamycin
(mTOR), is an FDA-approved drug primarily for rejection of
transplants. It mainly affects mTORC1, which regulates major
cellular processes including protein and lipid synthesis,
autophagy and aging (Laplante and Sabatini, 2012). Recent
studies have demonstrated that rapamycin is a potent SASP
inhibitor although it is unable to reverse cellular senescence. It
inhibits the expression of IL-1 by suppressing mTORC1 activity,
while the reduction of IL-1α blocks the production of other SASP
factors including IL-6, IL-8, CSF-2, CCL-8, and BMP-4 through
inhibition of NF-κB pathway, thus, alleviating the senescence-
related inflammation (Laberge et al., 2015). Alternatively, during
aging, mTOR regulates the translation of MAPKAPK2, a
downstream factor of p38 MAPK. It can phosphorylate
ZFP36L1 and inhibit the disruption of SASP mRNA stability
maintained by ZFP36L1 (Herranz et al., 2015). In addition,
rapamycin may promote chondrocyte autophagy by inhibiting
mTORC1, therefore, attenuating OA (Caramés et al., 2012).
Another study shows that mTORC1 may inhibit chondrocytes
hypertrophy in mouse OA via Wnt 16-PCP/JNK and PTHrP
pathways (Tong et al., 2019). Rapamycin also reduces the
numbers of p16 INK4A and p21CIP1 positive cells, activates
autophagy pathway and inhibits cell cycle arrest (Wang et al.,
2017). Besides, it inhibits IL-18-mediated production of the SASP
factors such as MMP-1, MMP-13, and IL-6. Reduced
inflammatory responses, suppressed cartilage degradation and
enhanced autophagy prevent cartilage destruction and ameliorate
rat OA lesions (Bao et al., 2020). However, rapamycin may have
side effects such as diarrhea, vomiting, and vasculitis (Abraham
and Wiederrecht, 1996). In order to avoid side effects, PLGA
microparticles were utilized as a drug carrier to deliver rapamycin,
and results showed that such system effectively inhibited
chondrocyte senescence under oxidative stress and prolonged
the half-life of rapamycin in joint cavity (Dhanabalan et al., 2020).
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Histone deacetylase inhibitors (HDACi) repress the enzymatic
activity of HDAC and promote the acetylation of proteins. These
agents have been trialed for the treatment of a variety of diseases
including OA. Although HDACi exhibits senolytic activity in
other diseases (Samaraweera et al., 2017), it seems to have the
properties of senomorphics in OA models. Both broad-spectrum
HDACi trichostatin-A and selective HDACi entinostat (MS-275)
may downregulate the expression of ADAMTS-5 and MMP-3
induced by mechanical stress through suppressing MAPK
signaling pathway in human chondrocytes (Saito et al., 2013).
Treatment with trichostatin-A significantly repressed the
expression of MMPs including MMP-1, MMP-3, and MMP-

13 and the pro-inflammatory cytokines including TNF-α, IL-1β,
and IL-6, thereby, inhibiting matrix degradation in mouse OA
cartilage. The protective effect of HDACi on articular cartilage
in OA is dependent on Nrf2, a key transcription factor that can
regulate antioxidant defense system and suppress inflammation
(Cai et al., 2015). Some other HDACi have been trialed and these
include orinostat (SAHA), ricolinostat (ACY-1215), givinostat
(ITF2357), butyrateacid, and valproicacid (VPA). The results
showed that they had chondroprotective effects through
inhibition of the expression of MMPs and pro-inflammatory
cytokines in human OA chondrocytes via NF-κB and MAPK
signaling pathways (Zhang H. et al., 2020).

TABLE 1 | STACs on OA treatment.

STACs Targets Preclinical and clinical research of OA and others

Resveratrol SIRT1 Prevented articular cartilage damage in OA mice Li et al. (2015); Alleviated pain and stiffness in knee OA patients Hussain
et al. (2018); Marouf et al. (2018).

SRT1720 SIRT1 Delayed OA progression in mice Nishida et al. (2018).
SRT2104 SIRT1 Delayed knee OA progression in mice Miyaji et al. (2020).
Cyanidin SIRT6 Inhibited degradation of ECM in human OA chondrocytes in vitro and delayed OA progression in mice Jiang et al. (2019).

TABLE 2 | Senolytics on anti-aging therapy.

Senolytics Targets Preclinical and clinical research of OA and others

Dasatinib Tyrosine kinase The combination of dasatinib and quercetin reduced age-related bone loss Farr et al. (2017).
Improved articular cartilage integrity in post-traumatic OA rats Dai et al. (2020).
Showed promising effects in clinical trials in idiopathic pulmonary fibrosis patients and diabetic
nephropathy patients Hickson et al. (2019); Justice et al. (2019).

Quercetin PI3K As above
Fisetin PI3K/AKT/mTOR; SIRT1; NF-κB Reduced IL-1β-induced inflammatory response and human chondrocyte ECM degradation; delayed

OA progression in mice Zheng et al. (2017).
The clinical trial of fisetin for the treatment of OA is recruiting (https://clinicaltrials.gov/ct2/show/
NCT04210986).

Piperlongumin OXR1 Protected articular cartilage in OA rats Ye et al. (2020).
ABT-737 BCL-2; BCL-XL; BCL-W Induced apoptosis of multiple senescent cells Yosef et al. (2016).
ABT-263 (Navitoclax) BCL-2; BCL-XL; BCL-W Induced apoptosis of senescent chondrocytes isolated human OA articular cartilage and protected

articular cartilage in OA rats Yang et al. (2020).
A1331852 BCL-XL Killed several tumor cells Leverson et al. (2015).
A1155463 BCL-XL Killed several tumor cells Leverson et al. (2015).
ABT-199 (Venetoclax) BCL-2 FDA approved for chronic lymphocytic leukemia Cang et al. (2015).
UBX0101 MDM2/p53 Induced apoptosis of senescent chondrocytes isolated from cartilage of OA patients and reduced

erosion of articular cartilage in OA mice Jeon et al. (2017).
Reduced joint pain of OA patients in the phase I clinical trial Hsu et al. (2020).
The phase II clinical trial failed (https://clinicaltrials.gov/ct2/show/NCT04349956).

FOXO4-DRI FOXO4/p53 Eliminated senescent cells restored tissue homeostasis in aged mice Baar et al. (2017).
17-DMAG (Alvespimycin) HSP90; p21 Extended the lifespan of Ercc1-/Δ premature aging mouse Fuhrmann-Stroissnigg et al. (2017).

Promoted auricular cartilage formation in the mice Bertram et al. (2018).
Celastrol HSP90; TP53; mTOR; MAPK1; STAT3;

NF-κB
Attenuated inflammatory responses in human OA chondrocytes Ding et al. (2013).
Reduced articular cartilage destruction in OA rats Jin et al. (2020).

Fenofibrate PPARα Induced apoptosis of senescent human OA chondrocytes and alleviated joint pain and joint
destruction in OA patients Nogueira-Recalde et al. (2019).

Gal-encapsulated
cytotoxic

SA-β-Gal Killed senescent cells specifically and reduced off-targets Muñoz-Espín et al. (2018).

Gal-encapsulated
navitoclax

SA-β-Gal Killed senescent cells specifically and reduced off-targets González-Gualda et al. (2020).
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Scutellariae is a natural flavonoid with various biological
activities, and apigenin derived from scutellariae inhibits IL-
1β-induced gene expression, secretion, and enzyme activity of
MMP-3 in articular chondrocytes in vitro and in vivo. In addition,
Apigenin may protect articular cartilage by repressing the
expression of MMP-1, MMP-13, ADAMTS-4, and ADAMTS-
5 (Park et al., 2016). Furthermore, several studies have
demonstrated that scutellariae exerts its cartilage protective
effects by downregulating the expression of SASP factors,
mainly through deactivating NF-κB and PI3K/AKT signaling
pathways (Wang et al., 2019). Subsequent studies reveal that it
can halt OA progression by regulatingWnt/β-catenin andMAPK
signaling pathways (Liu et al., 2020).

Vitexin, the active component isolated from hawthorn leaves,
can deactivate NF-κB signaling pathway caused by endoplasmic
reticulum stress (ERS) and downregulate the expression of SASP
factors including IL-6, TNF-α, and MMP-3, which inhibits
cartilage degradation and prevents OA progression in rats (Xie
et al., 2018). In addition, vitexin alleviates IL-1β-mediated
inflammatory response in chondrocytes derived from OA
patients, significantly lowers the expression levels of IL-6,
TNF-α, MMP-1, MMP-3, and MMP-13, and effectively
protects chondrocytes (Yang et al., 2019).

Ruxolitinib, an FDA-approved JAK1/2 inhibitor, can
ameliorate the senescence-related systemic inflammation in
aged mice by suppressing the production of SASP factors in
the SnCs via JAK/STAT pathway (Xu et al., 2015). Ruxolitinib
may also prevent the age-related bone loss by down-regulating
the expression of inflammatory SASP factors, such as IL-6, IL-8,
PAI-1 (Farr et al., 2017). In addition, it inhibits the senescence-
associated cell cycle arrest and suppresses the progeria-like
phenotype in progeria mice (Griveau et al., 2020).

Metformin, a commonly used drug for type II diabetes
(T2DM), demonstrates senomorphic activity. It attenuates pain
and cartilage degeneration, and delays cartilage senescence in OA
mice by activating AMPK signaling and inhibiting the mTOR
signaling pathway, which causes downregulate expression of
MMP-3, MMP-13, and upregulated expression of Col-II (Li H.
et al., 2020; Li J. et al., 2020; Feng et al., 2020). Simvastatin inhibits
the expression of MMP-3 in human OA chondrocytes cultured
in vitro by blocking 3-hydroxy-3-methyl glutaryl coenzyme A
reductase (HMG-CoA) and interfering with the prenylation
process (Lazzerini et al., 2004). In vitro, simvastatin inhibits
the MMP-1 and MMP-13 induced by IL-1β in human
articular chondrocytes and prevents the senescence of
chondrocytes (Yudoh and Karasawa, 2010). Intra-articular
administration of simvastatin significantly reduces the
expressions of MMP-13 and IL-1β in chondrocytes of OA
mice, inhibits articular cartilage degeneration, and delays OA
progression. It also activates autophagy signaling by decreasing
mTOR phosphorylation in chondrocytes (Tanaka et al., 2019).

Senomorphics That Neutralize Specific SASP
Components
In addition to these senomorphic drugs targeting SASP
regulatory pathways mentioned above, other types of
senomorphics are able to neutralize specific SASP components

or their receptors, such as IL-1β, IL-6, and TNF-α, thereby
preventing chondrocyte senescence. In fact, some monoclonal
antibodies (mAbs) have already been used in clinic, and their
senomorphic potential is promising in aging-related OA.

Canakinumab, a human mAb that neutralizes IL-1β, can
significantly downregulate the expression of MMP-1, MMP-3,
andMMP-13 in human OA chondrocytes induced by TNF-α and
IL-1β by blocking IL-1β interaction with its receptor, exerting
potential chondroprotective effects (Cheleschi et al., 2015). In an
exploratory clinical trial, canakinumab reduced the overall hip or
knee arthroplasty rate in patients with a history of OA at baseline
(Schieker et al., 2020). This study suggests that IL-1β inhibition
may be used as OA treatment. More studies are needed before its
clinical use in OA.

Tocilizumab, a humanized mAb to IL-6R, can block the
binding of IL-6 and IL-6R, and it is currently used in clinic to
treat some different autoimmune rheumatoid diseases. IL-6
increases the production of MMP-3, MMP-13, ADAMTS-4,
and ADAMTS-5 in chondrocytes, causing degradation of
cartilage matrix proteins. Blocking IL-6 causes inhibition of
cellular senescence, and alleviates the aging-related
inflammation in premature senescent mice (Squarzoni et al.,
2021). In addition, tocilizumab ameliorates allyodynia of rat
OA (Lin et al., 2017). Another mAb to IL-6R attenuates
cartilage damage and reduces osteophyte formation in mouse
OA (Latourte et al., 2017).

Both etanercept and infliximab are TNF-α inhibitors, and they
decrease the production of some SASP factors in human OA
chondrocytes stimulated by TNF-α in vitro, including IL-6, IL-8,
CCL-2, MMP-3, MMP-13, and ADAMTS-4 (Žigon-Branc et al.,
2017). Etanercept reduces the serum levels of MMP-3 in patients
with hand OA (Kroon et al., 2020). Besides, etanercept alleviates
bone marrow lesions in hand OA patients, especially active joint
inflammation already present at baseline, but its effect on
synovitis-related pain is not evident (Kloppenburg et al.,
2018). Adalimumab, an mAb to TNF-α, reduces MMP-13
expression, inhibits the degradation of cartilage matrix, and
preserves the structure of articular cartilage in rat OA (Ma
et al., 2015). In clinical trials, it effectively reduces pain and
joint swelling in patients with knee OA (Maksymowych et al.,
2012; Wang, 2018). However, clinical trials on hand OA do not
yield satisfactory results with regards to pain-relieving and
attenuating bone marrow lesions (Chevalier et al., 2015;
Aitken et al., 2018). Similar to tocilizumab, the results from
clinical trials of etanercept and adalimmumab in the treatment
of hand OA are somewhat disappointing, warranting more
studies.

Senomorphics on OA and other age-related diseases have been
summarized in Table 3.

DISCUSSION

Our review summarizes the recent progresses in the biology
related to the senescence of articular chondrocytes and novel
anti-cellular senescence strategies for OA. Accumulating data
suggest that OA is not a simple degenerative disease, instead,
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multifaceted factors are involved in its pathogenesis, including
low-grade joint inflammation, and the senescence and autophagy
of articular chondrocytes and synoviocytes. We focused on
cellular senescence as this process plays a pivotal role in the
development and progression of OA. Senescent chondrocytes
secrete a variety of SASP components, including inflammatory
cytokines, proteases, chemokines, etc., which may lead to
destruction of joint integrity and aggravation of OA. There is
an accumulation of SnCs in the articular cartilage from OA
patients, and consistently, injection of the senescent
chondrocytes into mouse knee joints induces OA-like changes.
Removal of these SnCs may alleviate OA symptoms, lower the
levels of the SASP factors, relieve joint pain, and prevent cartilage
destruction. Collectively, these studies suggest a critical role of cell
senescence and SASP factors in the pathogenesis of OA, and anti-
cellular senescence strategies hold great promise for the treatment
of OA. In fact, some anti-cellular senescence drugs have been
trialed in OA, and the results show that some of them are
inspiring, whereas others have been halted during efficacy and
safety issues. Modifications of these agents or re-design of the
clinical trials are needed to get reproducible data supporting their
potential use in OA. Several critical questions need to be
answered. Firstly, as aging plays an important role in many
age-related diseases, it is reasonable to postulate that different
types of SnCs may have a leading role in different diseases, and
that senescent chondrocytes may be the major cells responsible
for OA formation. Indeed, previous studies have shown that
senescent chondrocytes can induce or exacerbate OA. Secondly,
different types of SnCs may have different survival pathways, and
senolytics drugs targeting specific molecules in specific survival
pathways may be more effective in the elimination of senescent
cells. As SA-β-Gal is a marker of senescent cells and can be used as

prodrug to accurately kill SnCs. More Gal-like drug delivery
systems are expected to be developed in order to obtain the
systems with high specificity and less off-target effects. In
addition, senomorphics should be optimized based on SASP
secreted by senescent chondrocytes and the pathway regulating
the production of SASP factors such as IL-1β, IL-6, MMP-3, and
ADAMTS-5. Thirdly, does the combined therapy with STACs,
senolytics, and senomorphics have better efficacy than a single
drug in OA treatment? Improved understanding of the
pharmacokinetics and interactions of these drugs may help
answer this question. We expect that the combined therapy
may have a higher efficacy in OA treatment, but the incidence
of adverse effects might also increase. Finally, which mode of
treatments will maximize the treatment outcome, intermittent or
continuous? Since it takes several weeks for SnCs to re-
accumulate, intermittent rather than long-term administration
could be adopted to reduce off-target damage to normal cells
(Farr et al., 2017). Meanwhile, intermittent administration may
reduce the risk of adverse reactions and the possibility of drug
resistance (Khosla et al., 2020). However, the modes of
administration of senomorphics still remain a matter of
debate. Animal experiment indicates that intermittent
administration is sufficient (Laberge et al., 2015). However,
long-term administration may cause off-target effects, because
of the multiple mechanisms involved in SASP inhibitors (Khosla
et al., 2020). Controversy still remains regarding the modes of
administration of these SASP inhibitors, whereas it is well
accepted that senolytics should be given intermittently. Further
animal studies and clinical trials are needed to determine the
efficacy and safety profiles of intermittent vs continuous
administration, and local vs systemic administration. In
summary, senolytics able to kill SnCs may have some

TABLE 3 | Senomorphics on anti-aging therapy.

Senomorphics Targets Preclinical and clinical research of OA and others

Rapamycin mTOR Inhibited articular cartilage destruction in OA rats Bao et al. (2020).
Trichostatin A HDAC Reduced cartilage matrix degradation in OA mice Cai et al. (2015).
Scutellariae NF-κB; PI3K/AKT Inhibited articular cartilage damage in OA mice Wang et al. (2019).
Vitexin NF-κB Delayed the progression of OA rats Xie et al. (2018).

Alleviated IL-1β-mediated inflammatory response in chondrocytes derived from OA patients Yang et al. (2019).
Ruxolitinib JAK1/2 Alleviated aging-related systemic inflammation in aged mice Xu et al. (2015).

Prevented age-related bone loss Farr et al. (2017).
Metformin AMPK; mTOR Attenuated pain and cartilage degeneration, and delayed cartilage senescence in OA mice Li et al (2020a); Li et al. (2020b);

Feng et al. (2020).
Simvastatin HMG-CoA; mTOR Inhibited human articular chondrocyte senescence in vitro Yudoh and Karasawa (2010).

Inhibited articular cartilage degeneration and delayed OA progression in mice Tanaka et al. (2019).
Canakinumab IL-1β Decreased MMPs expression in human OA chondrocytes Cheleschi et al., 2015).

Reduced the overall hip or knee arthroplasty rate in patients with a history of OA at baseline Schieker et al. (2020).
Tocilizumab IL-6 receptor Reduced age-related inflammatory responses in premature aging mice Squarzoni et al. (2021).

Attenuated central sensitization and pain in OA rats Lin et al. (2017).
Failed in relieving pain in hand OA patient Richette et al. (2020).

Etanercept TNF-α Decreased some SASP expression in human OA chondrocytes in vitro Žigon-Branc et al. (2017).
Reduced serum levels of MMP-3 in hand OA patients Kroon et al. (2020).
Alleviated bone marrow lesions in hand OA patients, but failed in relieving synovitis and pain Kloppenburg et al. (2018).

Adalimmumab TNF-α Inhibited the degradation of cartilage matrix in OA rats Ma et al. (2015).
Reduced pain and joint swelling in knee OA patients Maksymowych et al. (2012); Wang (2018).
Failed in alleviating pain and bone marrow lesions in hand OA patients Chevalier et al. (2015); Aitken et al. (2018).
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advantages over senomorphics as the latter cannot induce
apoptosis of SnCs. Senolytics can be given intermittently to
avoid the potential harmful effects after long-term administration.

Whether in preclinical research or ongoing clinical trials, these
anti-cellular senescence strategies show great potential for the
treatment of OA. More clinical trials are needed to determine the
feasibility and reliability of anti-cellular senescence drugs. Great
endeavors should be made to optimize these drugs before clinical
use in OA.

CONCLUSION

OA is the most common type of chronic debilitating disease, and
no DMOADs are currently available. Preventing OA formation
and progression and preserving joint structure remain an unmet
medical need. Emerging data suggest that aging and cell
senescence are of critical importance in OA pathogenesis.
Intensive studies have been conducted to discover and develop
the anti-cellular senescence drugs targeting senescent
chondrocytes. They have also been continuously discovered
and developed, and have shown considerable potential in
preclinical studies to delay senescence, reduce senescence-
related phenotypes, and improve senescence-related symptoms.

And some anti-cellular senescence drugs for the treatment of OA
and other diseases have now entered clinical trials. This emerging
anti-cellular senescence strategy holds considerable future clinical
promise and may become a revolutionary OA treatment
modality.
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MicroRNAs (MiRNAs) are small endogenous non-coding RNAs that bind to the 3′-
untranslated region of target genes and promote their degradation or inhibit
translation, thereby regulating gene expression. MiRNAs are ubiquitous in biology and
are involved in many biological processes, playing an important role in a variety of
physiological and pathological processes. MiRNA-21 (miR-21) is one of them. In recent
years, miR-21 has received a lot of attention from researchers as an emerging player in
orthopedic diseases. MiR-21 is closely associated with the occurrence, development,
treatment, and prevention of orthopedic diseases through a variety of mechanisms. This
review summarizes its effects on osteoblasts, osteoclasts and their relationship with
osteoporosis, fracture, osteoarthritis (OA), osteonecrosis, providing a new way of
thinking for the diagnosis, treatment and prevention of these bone diseases.

Keywords: miRNAs, miR-21, osteoblasts, osteoclasts, bone diseases

INTRODUCTION

MiRNAs, first discovered by Lee et al. in elegans, are a class of endogenous non-coding small RNAs
that play an important regulatory role in gene expression at the post-transcriptional level (Lee et al.,
1993; Zhang et al., 2012). The biogenesis of mature miRNA undergoes the following stages. Firstly,
primary miRNA (pri-miRNA) is produced in the nucleus by RNA polymerase II/III, then cleaved
into precursor miRNA (Pre-miRNA) by the DROSHA-DGCR8 complex, which is exported via the
nuclear membrane protein Exportin5 to the cytoplasm. In the cytoplasm, Pre-miRNA is further
processed by the RNase III enzyme Dicer and the double-stranded RNA-binding domain proteins
TRBP into miRNA duplex, one strand of which is referred to as the miR-5p strand and the other as
the miR-3p strand. The duplex is incorporated into the RNA-induced silencing complex (RISC), in
which Argonaute (AGO) directs the mature strand (guide strand) to bind to the complementary site
in the 3′ untranslated region of the target mRNA, leading to degradation of the target mRNA or
inhibition of translation of the target mRNA, thereby regulating gene expression (Sayed and
Abdellatif, 2011; Takada and Asahara, 2012; Lo et al., 2013; Báez-Vega et al., 2016; Michlewski
and Caceres, 2019; Gareev et al., 2020). The other strand (passenger strand), on the other hand, is
degraded due to its low steady-state level. However, there is growing evidence that passenger strands
can be accumulated to substantial levels and can also play biological roles as microRNAs (Guo and
Lu, 2010; Lo et al., 2013; Doberstein et al., 2014) (Figure 1).

MiRNAs are ubiquitous in all organisms, and it is estimated that miRNAs regulate approximately
more than 60% of protein-coding genes (Smirnova et al., 2014), indicating that miRNAs play a vital
role in a variety of physiological and pathological processes. Currently, there is increasing evidence
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that miRNAs are involved in skeletal development and play an
important role in regulating bone homeostasis (Gamez et al.,
2014; Zhao et al., 2014). Also miRNAs are closely related to a
variety of orthopedic diseases, which includes participation in the
occurrence and development of bone diseases, and have an
impact on the diagnosis, treatment and prognosis of bone
diseases (Gordon et al., 2014; Gennari et al., 2017; Yang and
Fang, 2017; Feichtinger et al., 2018; van Meurs et al., 2019).
MiR-21 is one of the miRNAs that has received a lot of attention
as an emerging player in bone diseases. Therefore, this article will
review the relationship between miR-21 and osteoblasts,
osteoclasts, osteoporosis, fractures, OA and osteonecrosis.

MIR-21 REGULATES OSTEOGENIC
DIFFERENTIATION

MiR-21 has a regulatory role in osteogenic differentiation. As we
all know, mesenchymal stem cells (MSCs) are a kind of
multipotent stem cell with the potential of multi-directional
differentiation (Lin et al., 2019). It is the precursor cell of
osteoblasts and osteocytes in the process of bone formation
(Hou et al., 2021). A variety of mechanisms are involved in
regulating the differentiation of MSCs into osteoblasts and
osteocytes by miR-21. MiR-21 has been reported to activate

the ERK-MAPK signaling pathway, and activation of the ERK-
MAPK signaling pathway can promote osteogenesis in MSCs.
For example, Yang et al. found that miR-21 promoted
osteogenic differentiation of MSCs by suppressing the
expression of its target gene SPRY1, a process that indirectly
activates the ERK-MAPK signaling pathway (Yang et al., 2013).
MiR-21 maintains the activation of ERK-MAPK signaling by
decreasing the level of SPRY2, thereby increasing the expression
of osteogenic differentiation-related transcription factors (Mei
et al., 2013). Valproic acid, a flavonoid, activates the ERK/
MAPK signaling pathway by upregulating the expression of
mir-21 in mouse MSCs, thereby promoting the differentiation
of mouse MSCs into osteoblasts (Akshaya et al., 2021).
Furthermore, in fetal amniotic fluid-derived MSCs, induction
of miR-21 expression accelerates bone formation, a process
associated with miR-21 suppressing the expression of the
transcription factor SOX2 and regulating the differentiation
properties of amniotic fluid-derived MSCs (Trohatou et al.,
2014). In human umbilical cord mesenchymal stem cells
(HUMSCs), miR-21 promotes osteogenic differentiation by
inhibiting PTEN and activating the PI3K-AKT-GSK3β
pathway (Meng et al., 2015). MiR-21 can also promote
osteogenic differentiation of bone marrow mesenchymal stem
cells (BMMSCs) by targeting the SMAD7-SMAD1/5/8-RUNX2
pathway (Li et al., 2017).

FIGURE 1 | Biogenesis and function of miRNAs.
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In addition, miR-21 positively regulates the osteogenic
differentiation of MC3T3-E1 cells, murine multilineage cells
(MMCs) and periodontal ligament cells (PDLCs). In
MC3T3-E1 cells, icariin attenuated the inhibitory effect of
titanium particles on osteoblast differentiation and matrix
mineralization by upregulating miR-21-5p (A mature sequence
from the 5′ end of the miR-21 stem-loop precursor for the
miR-21 guide strand) expression, revealing the promotional
role of miR-21-5p in osteoblast differentiation and
mineralization (Lian et al., 2018). Oka et al. further
demonstrated that miR-21 positively regulated osteogenic
differentiation and mineralization by promoting the expression
of key osteogenic factors ALP, RUNX2, OPN and OSX in
MC3T3-E1 cells, and this result was verified in miR-21
knockout mice (Oka et al., 2021). Similarly, in MC3T3-E1
cells, miR-21 promotes osteogenic differentiation by inhibiting
the translation of SMAD7 protein (Li et al., 2015). And in MMCs
cells, SONG et al. further showed that by upregulating miR-21
expression, the level of SMAD7 could be reduced to maintain the
activation of BMP9/SMAD signaling, thus promoting osteogenic
differentiation (Song et al., 2015). In 2012, Li et al. initially found
that miR-21 regulates the expression of PLAP-1, and they are
inversely correlated, while PLAP-1 plays a negative role in
osteogenic differentiation in maintaining the homeostasis of
the periodontium. This finding suggests that miR-21 may be
involved in the osteogenic differentiation of PDLCs (Li et al.,
2012). Later, miR-21 was further demonstrated to promote
stretch-induced osteogenic differentiation in human
periodontal ligament stem cells (HPDLSCs), and this effect
may be achieved by miR-21 inhibiting the expression of its
target gene ACVR2B (Wei et al., 2015). Also in HPDLSCs,
tumor necrosis factor-α (TNF-α) inhibition of miR-21
expression impaired osteogenic differentiation. The elevated
SPRY1 level caused by inhibition of miR-21 may be one of the
reasons for the impaired osteogenic differentiation in HPDLSCs
(Yang et al., 2017), which is consistent with the previous finding
of Yang et al. in MSCs (Yang et al., 2013).

However, some of the studies were not consistent with these
results. Sheng et al. detected that downregulation of miR-21 in a
rabbit tibial fracture model promoted osteoblast proliferation by

positively regulating the expression of growth factors
downstream of the ERK signaling pathway (Sheng et al.,
2019). MiR-21-5p was raised in glucocorticoid-induced rat
BMMSCs, and the overexpression of miR-21-5p significantly
suppressed osteogenic differentiation and proliferation of
BMMSCs and promoted apoptosis (Hao et al., 2021) (Table 1;
Figure 2A).

MIR-21 REGULATES OSTEOCLASTIC
DIFFERENTIATION

The regulatory effects of miR-21 on osteoclasts are complex and
involve multiple mechanisms. First, the study by Sugatani et al.
showed that miR-21 expression was upregulated during RANKL-
induced osteoclastogenesis, while they proposed a new molecular
mechanism regarding osteoclastogenesis, namely the C-Fos/miR-
21/PDCD4 positive feedback loop. C-Fos upregulated miR-21
expression and downregulated PDCD4 protein expression, and
attenuated PDCD4 eliminated the inhibitory effect of C-Fos,
which in turn promoted osteoclastogenesis (Sugatani et al.,
2011). This positive feedback loop was also validated in the
mouse model of particle-induced osteolysis (Zhou et al., 2012).
Later, usingmiR-21 knockout mice models, miR-21 was shown to
promote bone resorption in vivo by directly regulating osteoclast
function through targeting PDCD4 (Hu et al., 2017). Lung
adenocarcinoma cell-derived exosomal miR-21 also promotes
osteoclast formation by targeting PDCD4 (Xu et al., 2018). In
periodontal accelerated osteogenesis orthodontics (PAOO)
facilitated orthodontic tooth movement (TM), the positive
feedback loop of C-Fos/miR-21/PDCD4 leads to an increase in
osteoclast production, thus increasing movement of orthodontic
teeth (Zhang Y. et al., 2020). Second, Wang et al. confirmed by
bioinformatics and dual-luciferase reporter assays that PTEN is a
target gene of miR-21, which promotes osteoclast formation and
bone resorption by targeting Pten to activate the PI3K/AKT
signaling pathway (Wang et al., 2020). Circulating miR-21 of
lung cancer cell origin also targets PTEN and promotes
osteoclastogenesis (Zhao et al., 2020). However, an inhibitory
effect of miR-21 on osteoclast differentiation has also been

TABLE 1 | Targets of miR-21 for osteogenic differentiation.

Experimental
model

Gene
target

Effects References

MSCs SPRY1 promotes MSCs osteogenesis through the miR-21/SPRY1 functional axis Yang et al. (2013)
MSCs SPRY2 inhibits the expression of SPRY2, activates ERK-MAPK signal pathway, and increases the level of

transcription factors related to osteogenic differentiation
Mei et al. (2013)

MSCs SOX2 inhibits the expression of SOX2 and accelerates osteogenesis Trohatou et al.
(2014)

MSCs PTEN activates the PI3K-AKT-GSK3β pathway and promotes the entry of β-catenin into the nucleus, thus
promoting osteogenic differentiation

Meng et al. (2015)

MSCs SMAD7 promotes osteogenic differentiation through SMAD7-SMAD1/5/8-RUNX2 pathway Li et al. (2017)
MC3T3-E1 SMAD7 promotes osteogenic differentiation and mineralization by inhibiting the expression of SMAD7 Li et al. (2015)
MMCs SMAD7 promotes osteogenic differentiation by reducing the level of SMAD7 to maintain the activation of BMP9/

SMAD signal
Song et al. (2015)

PDLCs PLAP-1 promotes the osteogenic differentiation of PDLCs by regulating the expression of PLAP-1 Li et al. (2012)
HPDLSCs ACVR2B promotes stretch-induced osteogenic differentiation by inhibiting the expression of ACVR2B Wei et al. (2015)

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7228043

Chen et al. MicroRNA-21 in bone diseases

108

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


reported, for instance, Huang et al. investigated that miR-21-5p
was significantly decreased during osteoclast differentiation and
that miR-21-5p inhibited osteoclast differentiation by acting on
its target gene SKP2 (Huang et al., 2021). In juvenile idiopathic
arthritis, miR-21 could inhibit the production of osteoclasts
induced from rheumatoid arthritis fibroblast-like synovial cells
by M-CSF (Li and Zeng, 2020).

MiR-21 also affects osteoclasts by influencing the RANKL/
OPG ratio. It was shown that OPG is a potential target of miR-21.
MiR-21 expression was significantly enhanced in bone marrow
stromal cells (BMSCs) adherent to multiple myeloma cells, while
OPG expression was significantly reduced. Inhibition of miR-21
expression restored the RANKL/OPG balance and significantly
impaired the resorptive activity of mature osteoclasts (Pitari et al.,
2015). In the miR-21 knockout mice orthodontic TM model,
miR-21 was revealed to enhance osteoclast differentiation by
inducing RANKL secretion from activated T cells, which in
turn regulated the RANKL/OPG balance and partially relieved
the decreased orthodontic TM distance in miR-21 knockout mice
(Wu et al., 2020). A study by Li et al. yielded different findings.
They demonstrated that in the presence of mechanically induced
maxillary expansion, by comparing miR-21 knockout and wild-
type mice, it was found that miR-21 deficiency induced more
osteoclasts by downregulating OPG expression and upregulating
RANKL expression. And after intraperitoneal injection of
agomir-21 to miR-21 knockout mice, the OPG/RANKL ratio
was rescued (Li et al., 2020). Clinical studies have discovered that
serum miR-21 is positively correlated with RANKL levels and
negatively correlated with OPG levels in postmenopausal
hypoestrogenic women with osteoporosis (PMOP). Moreover,
MiR-21 overexpression leads to an increase in RANKL/OPG
ratio, and a higher RANKL/OPG ratio increases the number of
osteoclasts and bone resorption activity (Suarjana et al., 2019).

MiR-21 is also involved in osteoclast apoptosis. It has been
reported that estrogen causes osteoclast apoptosis by down-
regulating miR-21 biogenesis and increasing the post-
transcriptional levels of the FasL protein, the target of miR-21
(Sugatani and Hruska, 2013). MiR-21 was also found to interact
directly with lncRNA GAS5 to promote apoptosis in osteoclasts
(Cong et al., 2020) (Table 2; Figure 2A).

POTENTIAL ROLE OF MIR-21 IN
DIAGNOSIS AND TREATMENT OF
OSTEOPOROSIS
Osteoporosis is a bone disease with a high prevalence, which is
common in the elderly, especially in postmenopausal women.
Osteoporosis is characterized by decreased bone mass and
destruction of bone tissue microstructure, resulting in
increased bone brittleness and fracture risk. It has brought a
serious economic burden to human society (Wu et al., 2021). The
clinical diagnosis of osteoporosis is mainly based on bone mineral
density (BMD). Low BMD often increases the risk of
osteoporosis. The imbalance between osteoblast-induced bone
formation and osteoclast-induced bone resorption plays an
important role in the pathogenesis of osteoporosis (Khosla
et al., 2011; Lu et al., 2021). MiR-21 has effects on both
osteoblasts and osteoclasts, so miR-21 may also play an
important role in osteoporosis.

In laboratory studies, Zhao et al. showed that miR-21 regulates
osteoporosis by targeting RECK. They established a cell model of
osteoporosis by adding TNF-α to the medium ofMSCs and found
that miR-21 mimics as well as RECK siRNA attenuated the effects
of TNF-α on apoptosis, proliferation and differentiation of MSCs,
and increased the expression of MT1-MMP. A luciferase reporter

FIGURE 2 | (A) Schematic representation of the role of miR-21 and its targets in osteogenesis and osteoclastic. (B) Schematic representation of the role of miR-21
and its targets in orthopedic diseases.
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gene assay showed that RECK was a direct target of miR-21. They
further used ovariectomy (OVX) mouse model of osteoporosis,
and discovered that the expression of miR-21 decreased while
RECK increased in the OVXmice; when treatment with lentiviral
RECK shRNA, the osteoporosis of OVX mice could be inhibited
(Zhao et al., 2015). In addition, miR-21 can also regulate
osteoporosis by affecting osteoclastogenesis, as mentioned
earlier in the study by Huang et al. who noticed that miR-21-
5p targeting SKP2 inhibited osteoclast differentiation. They also
revealed that miR-21-5p treatment inhibited bone resorption and
maintained bone cortex and trabecular structures (Huang et al.,
2021). All of these results suggest that miR-21 is a new target for
the treatment of osteoporosis (Figure 2B; Table 3).

In clinical studies, miR-21 is differentially expressed in
patients with osteoporosis and may serve not only as a new
biomarker for the diagnosis of osteoporosis, but also as a potential
target for therapeutic inhibition. Li et al. measured the level of
miR-21 in plasma of 120 Chinese postmenopausal women and
divided them into normal group, osteopenia group and

osteoporosis group. MiR-21 expression was downregulated in
plasma of patients with osteoporosis and osteopenia compared
with the normal group, and plasma miR-21 levels were positively
correlated with BMD (Li et al., 2014). Yavropoulou et al.
examined the serum miR-21 level in 100 postmenopausal
women and found that the expression of miR-21-5p in serum
of postmenopausal women with low bone mass, at least one case
of moderate vertebral fracture and low bone mass without
fracture was significantly lower than that of the control group
with normal BMD and no history of fracture (Yavropoulou et al.,
2017). Zhao et al. collected bone tissue and serum from 48
osteoporotic patients and 48 normal subjects, concluded that
miR-21 was expressed at low levels in bone tissue and serum in
osteoporotic patients (Zhao et al., 2019).

However, the results of some clinical studies are not consistent
with the above results. Seeliger et al. and Kelch et al. showed that
miR-21-5p was significantly up-regulated in serum and bone
tissue of osteoporotic patients, and Kelch et al. also studied miR-
21-5p in bone tissue was negatively correlated with BMD

TABLE 2 | Targets of miR-21 that affect osteoclast differentiation.

Experimental model Gene
target

Effects References

Murine bone marrow monocytes and mice animal model PDCD4 promotes osteoclastogenesis through a positive feedback loop of
C-Fos/miR-21/PDCD4

Sugatani et al. (2011)

Mice animal model PDCD4 MiR-21 deficiency inhibits bone resorption and osteoclast function
through miR-21 targeting PDCD4

Hu et al. (2017)

Lung adenocarcinoma cell line and Murine bone marrow
monocytes

PDCD4 Lung adenocarcinoma cell-derived exosome miR-21 promotes
osteoclastogenesis by targeting PDCD4

Xu et al. (2018)

Rat animal model PDCD4 MiR-21 negatively regulates the target gene PDCD4, leading to
increased expression of C-Fos and increased RANKL-mediated
osteoclastogenesis

Zhang et al. (2020b)

Macrophage cell line RAW264.7 PTEN MiR-21 promotes osteoclast formation and bone resorption by
targeting Pten to activate the PI3K/AKT signaling pathway

Wang et al. (2020)

Human small cell lung cancer (SCLC) cells, macrophage cell
line RAW264.7 and Human primary monocytes

PTEN Circulating miR-21 of lung cancer cell origin promotes
osteoclastogenesis via PTEN.

Zhao et al. (2020)

Bone marrow macrophages, macrophage cell line RAW264.7
and mice animal model

SKP2 MiR-21-5p inhibited osteoclast differentiation by acting on its target
gene SKP2

Huang et al. (2021)

Bone marrow stromal cells, multiple myeloma cells and
peripheral blood mononuclear cells

OPG Inhibition of miR-21 expression restored the balance of RANKL/OPG
and significantly weakened the absorptive activity of mature
osteoclasts

Pitari et al. (2015)

Murine bone marrow monocytes and mice animal model FasL Estrogen promotes osteoclast apoptosis by down-regulating miR-21
biogenesis while post-transcriptionally increasing FasL production

Sugatani and
Hruska, (2013)

TABLE 3 | Targets of miR-21 in bone diseases.

Types
of bone diseases

Experimental model Gene target References

Osteoporosis MSCs and mice animal model RECK Zhao et al. (2015)
Osteoporosis Bone marrow macrophages, macrophage cell line RAW264.7 and mice animal model SKP2 Huang et al. (2021)
Fracture Rat animal model PI3K/AKT signaling pathway Liu et al. (2019)
Fracture Rabbit animal model ERK signaling pathway Sheng et al. (2019)
OA Chondrocyte cell line GDF-5 Zhang et al. (2014)
OA Human chondrocytes and mice animal model FGF18 Wang et al. (2019)
TMJOA Mouse condylar chondrocytes and mice animal model SPRY1 Ma et al. (2020)
TMJOA Mandibular condylar chondrocytes and mice animal model GDF-5 Zhang et al. (2020a)
SIONFH BMSCs and rat animal model Smad7/TGFβ signaling pathway Hao et al. (2021)
GIONFH HWJ-MSCs, murine osteocyte-like MLO-Y4 cells and rat animal model PTEN/AKT signal pathway Kuang et al. (2019)
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(Seeliger et al., 2014; Kelch et al., 2017). Perksanusak et al.
analyzed the expression of miR-21 in the plasma of
postmenopausal women in Thailand and found that miR-21
expression was significantly higher in the low BMD group
(osteopenia and osteoporosis) compared to the normal BMD
group, and miR-21-5p was mildly negatively correlated with
BMD (Perksanusak et al., 2018). By comparing 60
postmenopausal women with hypoestrogenism with
osteoporosis and 60 postmenopausal women with
hypoestrogenism without osteoporosis, Suarjana et al. revealed
that the expression of serum miR-21 was higher in
postmenopausal hypoestrogenism with osteoporosis than in
non-osteoporotic patients and was negatively correlated with
spinal BMD (Suarjana et al., 2019) (Table 4).

The above findings reveal that the role of miR-21 in regulating
osteogenic differentiation and osteoclast formation remains
controversial, due to the different regulatory mechanisms.
Apart from that, it may also be related to the number of
patients involved in each study, different research groups, etc.
First of all, the number of patients involved in the above study is
relatively small, so it is necessary to further clarify the diagnostic
value of miR-21 in osteoporosis in larger samples. Secondly, the
subjects selected in the above studies are not the same. For
example, fracture patients were included in the studies of
Seeliger et al. and Kelch et al. (Seeliger et al., 2014; Kelch
et al., 2017), but not in the studies of Li et al. and Zhao et al.
(Li et al., 2014; Zhao et al., 2019). Fracture is a complex biological
process that leads to an imbalance in the endoskeletal dynamics of
the body and also leads to significant changes in the signaling
pathways of the molecules involved in the bone reconstruction
process, thus having a significant impact on the expression level
of miR-21. Also, different inclusion and exclusion criteria for
study subjects in each study as well as different methods of
measuring outcomes during the study can have an impact on
miR-21 expression. Suarjana et al. detected the level of estrogen in

the subjects. However, estrogen inhibits miR-21 expression and
induces apoptosis in osteoclasts (Sugatani and Hruska, 2013). In
summary, due to the inconsistent results of miR-21, more studies
are needed to confirm the clinical application of miR-21 to
determine whether it can be used as an indicator to assess the
occurrence of osteoporosis and as a potential target for the
treatment of osteoporosis.

THE REGULATORY ROLE OF MIR-21 IN
FRACTURE

Fracture is a common clinical disease, which refers to the loss of
bone integrity, pain, swelling and dysfunction at the fracture site.
Although bone has the ability to reconstruct and repair itself,
there are still about 5–10% of fractures result in delayed unions or
non-unions. The disorder of fracture healing will cause not only
personal losses, but also economic losses (Jayankura et al., 2021).
Therefore, it is necessary to deeply study the mechanism of
promoting fracture healing in order to lighten the burden for
human society.

As we all know, Fracture healing is a complex biological
process, which includes the inflammation stage, callus stage
and bone remodeling stage (Hadjiargyrou and O’Keefe, 2014;
Liao et al., 2017). Studies have shown that miR-21 plays an
important role in the above stages. Sun et al. discovered that in a
rat osteoporotic fracture model, local injection of miR-21
nanocapsules promoted early bone repair in osteoporotic
fractures, thereby accelerating bone healing into the molding
phase earlier (Sun et al., 2020). Overexpression of miR-21 in a rat
fracture model was found to accelerate endochondral ossification,
increase the volume of callus and restore biomechanical strength
of femur fractures (Sun et al., 2015). Liu et al. obtained the same
results and found that miR-21 promotes fracture healing in rats
by activating PI3K/AKT signaling pathway (Liu et al., 2019).

TABLE 4 | Relevance of miR-21 in bone diseases.

Types
of bone diseases

Organs or tissue Status of miR-21 References

Osteoporosis Patient sample Downregulated Li et al. (2014)
Osteoporosis Patient sample Downregulated Yavropoulou et al. (2017)
Osteoporosis Patient sample Downregulated Zhao et al. (2019)
Osteoporosis, Fracture Patient sample Upregulated Seeliger et al. (2014)
Osteoporosis, Fracture Patient sample Upregulated Kelch et al. (2017)
Osteoporosis Patient sample Upregulated Perksanusak et al. (2018)
Osteoporosis Patient sample Upregulated Suarjana et al. (2019)
Fracture Patient sample Upregulated Panach et al. (2015)
Fracture Patient sample Upregulated Zarecki et al. (2020)
Fracture Patient sample Downregulated Yavropoulou et al. (2017)
OA Patient sample Downregulated Song et al. (2014)
OA Patient sample Downregulated Zhu et al. (2019)
OA Patient sample Upregulated Zhang et al. (2014)
OA Patient sample Upregulated Wang et al. (2019)
OA Rat animal model Upregulated Hoshikawa et al. (2020)
Osteonecrosis Mice animal model Upregulated Wang et al. (2015)
Osteonecrosis Patient sample, Rat animal model Upregulated Yang et al. (2018)
Osteonecrosis Patient sample Upregulated Musolino et al. (2018)
Osteonecrosis Rat animal model Upregulated Hao et al. (2021)
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However, in a rabbit tibial fracture model, miR-21
downregulation activated the ERK signaling pathway, which
promoted the proliferation of osteoblasts and provided
collagen and fibrous connective tissue required for fracture
healing, thus shortening the formation time of bone callus and
accelerating fracture healing (Sheng et al., 2019). The above
different results show that miR-21 has a complex regulation
mechanism in the process of fracture healing. Therefore, we
need to analyze its role in fracture healing more deeply and
comprehensively, to lay a good foundation for clinical research
(Figure 2B; Table 3).

It is well known that osteoporosis increases the risk of fracture.
Clinical studies have reported that miR-21 is also differentially
expressed in patients with osteoporotic fracture and is related to
bone turnover markers. This represents a possible association of
miR-21 with an increased risk of osteoporotic fractures, while
providing a new target for the prevention and treatment of
osteoporotic fractures. The study of Seeliger et al. and Kelch
et al. found that miR-21 was significantly up-regulated in patients
with osteoporotic hip fracture (Seeliger et al., 2014; Kelch et al.,
2017), and Panach et al. got the same results, in further, they
showed that miR-21-5p was positively correlated with serum
C-telopeptide (CTx) levels (Panach et al., 2015). Zarecki et al.
detected significant upregulation of miR-21 in patients with
vertebral fractures and low BMD, but they did not find any
correlation between miR-21-5p and CTx (Zarecki et al., 2020).
The findings of Yavropoulou et al. were contrary to the three
studies mentioned above, and serummiR-21-5p levels were lower
in patients who had suffered at least one vertebral fracture
compared to those who had no fracture (Yavropoulou et al.,
2017) (Table 4).

These opposite results may be related to the different control
groups selected in the study population. Seeliger et al. and Kelch
et al. chose a control group that included patients with fractures,
while Panach et al. chose a control group of women with severe
hip osteoarthritis requiring hip prosthesis implantation. Zarecki
et al. and Yavropoulou et al. used postmenopausal women with
normal BMD values and no fractures as a control group. Both
fracture and OA affect miR-21 expression in vivo. In addition,
Panach et al. found that there was a positive correlation between
miR-21-5p and CTx levels, which also reflected that miR-21 was
closely related to osteoclast production, but Zarecki et al. did not
find any correlation between miR-21-5p and CTx, which
indicated that the correlation between bone transition markers
and miR-21 was not consistent, so more large-scale studies may
be needed to further confirm the correlation between them.

THE REGULATORY ROLE OF MIR-21 IN OA

OA is a chronic debilitating disease that affects millions of people
around theworld (Ghouri andConaghan, 2020). Joint pain, stiffness,
swelling and dysfunction caused by it have brought great physical
and mental damage to patients. Progressive destruction of articular
cartilage is a major feature of OA (Sun et al., 2021).

MiR-21 is reported to be differentially expressed in OA
cartilage and regulates cartilage degeneration. Clinical studies

have shown that miR-21 is expressed at lower levels in cartilage
from OA patients compared to normal cartilage biopsy, and that
inhibition of miR-21 led to apoptosis of chondrocytes and
degeneration of cartilage (Song et al., 2014). In contrast, Wang
et al. identified significant upregulation of miR-21-5p expression
in OA cartilage tissue compared to trauma patients without a
history of OA (Wang et al., 2019). Zhang et al. reported that the
expression level of miR-21 in the cartilage of patients with OA is
higher than that of traumatic amputees. Meanwhile, they
investigated the effect of miR-21 on chondrogenesis in a
chondrocyte cell line and found that miR-21 promotes OA
pathogenesis by targeting GDF-5. MiR-21 inhibits the
expression of GDF-5 and its overexpression attenuates the
progression of OA (Zhang et al., 2014). This finding was
validated in the mouse temporomandibular joint osteoarthritis
(TMJOA) model, where Zhang et al. claimed that knockdown of
miR-21-5p reduced cartilage matrix degradation in TMJOA by
targeting GDF-5 (Zhang A. et al., 2020). Also in the mouse
TMJOA model, researchers discovered that miR-21-5p knockout
mice had less temporomandibular joint cartilage destruction than
wild-type mice, and in vitro experiments showed that miR-21-5p
promotes extracellular matrix degradation and angiogenesis in
TMJOA by suppressing the expression of target gene SPRY1,
which in turn promotes the development of TMJOA (Ma et al.,
2020). Furthermore, miR-21-5p upregulation also initiates and
promotes OA by targeting FGF18, and intra-articular injection of
antagomiR-21 attenuates cartilage degeneration in OA model
mice, suggesting that targeting miR-21-5p is a promising option
for the treatment of OA (Wang et al., 2019). However, the
laboratory findings of Zhu et al. were not consistent with the
above, as they discovered that miR-21-5p was significantly
downregulated in OA chondrocytes and, more importantly,
that miR-21-5p expression levels were negatively correlated
with cartilage degeneration. Upregulation of miR-21-5p in OA
chondrocytes improved changes in cartilage extracellular matrix-
associated factors. These results suggest that miR-21-5p can act as
a disease modifier in OA and play an important role in the
pathological development of OA (Zhu et al., 2019).

Pain is the most prominent symptom in patients with OA
(Abramoff and Caldera, 2020). MiR-21 was also associated with
chronic pain in OA. MiR-21 was highly expressed in the synovial
tissue and synovial fluid of OAmodel rats, and extracellular miR-
21 released from synovial tissue caused knee joint pain in OA
model rats through activation of TLR7. Notably, intra-articular
injection of miR-21 inhibitors or TLR7-9 antagonists alone
provided the long-term relief of pain in OA model rats.
Therefore, extracellular miR-21 may be a possible target for
OA pain treatment (Hoshikawa et al., 2020) (Figure 2B;
Tables 3, 4).

MIR-21 INVOLVEMENT IN THE DIAGNOSIS
AND TREATMENT OF OSTEONECROSIS

Osteonecrosis is a common and refractory disease in orthopedics,
which is caused by temporary or permanent interruption of blood
supply in the affected bone area, resulting in bone structure
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collapse, joint pain and loss of related function (Lespasio et al.,
2019).

Abnormal expression of miR-21 in osteonecrosis may be
relevant to the diagnosis and treatment of osteonecrosis. MiR-
21-3p (Another mature sequence, from the 3′ end of the miR-21
stem-loop precursor, is the miR-21 passenger strand) was
discovered to be upregulated in BMMSCs in mice with
steroid-induced osteonecrosis of the femoral head (SIONFH)
(Wang et al., 2015). In the rat SIONFH model, miR-21-5p
expression was also significantly upregulated, and it was
further found circular RNA PVT1 attenuated SIONFH
through regulation of the miR-21-5p-mediated Smad7/TGFβ
signaling pathway (Hao et al., 2021). Yang et al. established
rat bisphosphonate-related osteonecrosis of the jaw (BRONJ)
model and found that miR-21 expression was upregulated in
the serum of BRONJ rats, and miR-21 together with miR-23 and
miR-145 could be used as a combined indicator for diagnosing or
predicting the initiation and development of BRONJ. They
obtained the same result in the serum of BRONJ patients
(Yang et al., 2018). Another clinical study detected the total
RNAs of circulating lymphocytes in healthy people and in
multiple myeloma patients with BRONJ, they found that the
expression profile of miRNA changed, and the expression level of
14 miRNAs increased in multiple myeloma patients with
BRONJ. Targeting these miRNAs can provide a new
opportunity for the prevention or treatment of BRONJ, and
miR-21 is one of them (Musolino et al., 2018). In addition,
miR-21 is also involved in osteocyte apoptosis in
osteonecrosis. Kuang et al. showed that human Wharton’s jelly
of umbilical cord mesenchymal stem cells (hWJ-MSCs) derived
exosomes inhibit osteocyte apoptosis in glucocorticoid-induced
osteonecrosis of the femoral head (GIONFH) in rats, and this
effect was achieved through the miR-21-PTEN-AKT signaling
pathway, which provides a new idea for the treatment of
GIONFH (Kuang et al., 2019) (Figure 2B; Tables 3, 4).

CONCLUSIONS AND PERSPECTIVES

To sum up, miR-21 is a multi-target miRNA that plays an
important role in bone metabolism, affecting the

differentiation of osteoblasts and osteoclasts, and is closely
related to osteopathic diseases such as osteoporosis, fracture,
osteoarthritis and osteonecrosis. Firstly, there is differential
expression of miR-21 in patients with osteoporosis, which can
not only be used as a new biomarker for the diagnosis of
osteoporosis, but also provide a new potential target for the
treatment of osteoporosis. Secondly, miR-21 is also
differentially expressed in patients with osteoporotic fractures,
which may be related to the increased risk of osteoporotic
fracture. MiR-21 can also promote fracture healing through a
variety of mechanisms. Thirdly, in OA, miR-21 is differentially
expressed in articular cartilage and thus regulates cartilage
degeneration, providing a new target for the treatment of OA,
and miR-21 is also associated with chronic pain caused by OA.
Finally, miR-21 also showed changes in expression levels in
osteonecrosis, which suggests that miR-21 may be relevant to
the diagnosis and treatment of osteonecrosis. The function of
miR-21 is complex and controversial, and the development,
progression, and treatment of these orthopedic diseases is also
a complex biological process that involves multiple cell types,
multiple signaling pathways, and changes in the expression of
related factors. Furthermore, clinical studies are inconsistent due
to individual differences, many variables and difficulty to control,
etc. Therefore, to further clarify the effect of miR-21 on
osteoblasts and osteoclasts and its role in the above orthopedic
diseases needs to be studied in depth.
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GLOSSARY

ACVR2B activin receptor type IIB

AGO Argonaute

ALP alkaline phosphatase

BMP9 Bone morphogenetic protein 9

BMMSCs bone marrow mesenchymal stem cells

BMD bone mineral density

BMSCs bone marrow stromal cells

BRONJ bisphosphonate-related osteonecrosis of the jaw

CTx C-telopeptide

DGCR8 DiGeorge critical region 8

ERK extracellular signal-regulated kinase

ERK-MAPK extracellular signal–regulated kinase-mitogen-activated
protein kinase

FasL fas ligand

FGF18 fibroblast growth factor 18

GDF-5 growth differentiation factor 5

GIONFH glucocorticoid-induced osteonecrosis of the femoral head

GSK3β Glycogen synthase kinase 3β

HPDLSCs human periodontal ligament stem cells

HUMSCs human umbilical cord mesenchymal stem cells

M-CSF macrophage colony-stimulating factor

miR-21 miRNA-21

MiRNAs MicroRNAs

MMCs murine multilineage cells

MSCs mesenchymal stem cells

MT1-MMP Membrane type 1 metalloprotease

OPG osteoprotegerin

OPN osteocalcin

OSX Osterix

OVX ovariectomy

PAOO periodontal accelerate osteogenesis orthodontics

PDCD4 programmed cell death 4

PDLCs periodontal ligament cells

PI3K phosphatidylinositol 3-kinase

PLAP-1 periodontal ligament-associated protein-1

PMOP postmenopausal hypoestrogenic women with osteoporosis

pri-miRNA primary miRNA

Pre-miRNA precursor miRNA

PTEN phosphatase and tensin homologue deleted on chromosome 10

RANKL receptor activator of nuclear factor κB ligand

RECK reversion-inducing cysteine-rich protein with Kazal motifs

RISC RNA-induced silencing complex

RUNX2 runt-related gene-2

SIONFH steroid-induced osteonecrosis of the femoral head

SMAD7 small mothers against decapentaplegic 7

SMAD1/5/8 small mothers against decapentaplegic 1/5/8

SOX2 SRY sex determination SRY region Y-box2

SPRY1 Sprouty1

SPRY2 Sprouty2

SKP2 s-phase kinase associated protein 2

TLR7 Toll-like receptor

TM tooth movement

TMJOA temporomandibular joint osteoarthritis

TNF-α tumor necrosis factor-α
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Nicorandil Inhibits Osteoclast
Formation Base on NF-κB and p-38
MAPK Signaling Pathways and
Relieves Ovariectomy-Induced Bone
Loss
Shenggui Xu1†, Xiankun Cao2†, Zhenxing Yu1, Wenxin He2, Yichuan Pang3, Wang Lin1,
Zhiqian Chen2, Weizhong Guo1, Xiongwei Lu2* and Chengshou Lin1*

1Department of Orthopaedics, Mindong Hospital Affiliated to Fujian Medical University, Fuan, China, 2Shanghai Key Laboratory of
Orthopedic Implants, Department of Orthopaedics Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiaotong University
School of Medicine, Shanghai, China, 3Shanghai Key Laboratory of Stomatology, Department of Oral Surgery, National Clinical
Research Center of Stomatology, Shanghai Ninth People’s Hospital, Shanghai Jiaotong University School of Medicine, Shanghai,
China

Osteolytic bone disorders are characterized by an overall reduction in bone mineral density
which enhances bone ductility and vulnerability to fractures. This disorder is primarily
associated with superabundant osteoclast formation and bone resorption activity.
Nicorandil (NIC) is a vasodilatory anti-anginal drug with ATP-dependent potassium
(KATP) channel openings. However, NIC is adopted to manage adverse cardiovascular
and coronary events. Recent research has demonstrated that NIC also possesses anti-
inflammatory peculiarity through the regulation of p38 MAPK and NF-κB signaling
pathways. Both MAPK and NF-κB signaling pathways play pivotal roles in RANKL-
induced osteoclast formation and bone resorption function. Herein, we hypothesized
that NIC may exert potential biological effects against osteoclasts, and revealed that NIC
dose-dependently suppressed bone marrow macrophage (BMM) precursors to
differentiate into TRAP + multinucleated osteoclasts in vitro. Furthermore, osteoclast
resorption assays demonstrated anti-resorptive effects exhibited by NIC. NIC had no
impact on osteoblast differentiation or mineralization function. Based on Biochemical
analyses, NIC relieved RANKL-induced ERK, NF-κB and p38 MAPK signaling without
noticeable effects on JNK MAPK activation. However, the attenuation of NF-κB and p38
MAPK activation was sufficient to hamper the downstream induction of c-Fos and NFATc1
expression. Meanwhile, NIC administration markedly protected mice from ovariectomy
(OVX)-induced bone loss through in vivo inhibition of osteoclast formation and bone
resorption activity. Collectively, this work demonstrated the potential of NIC in the
management of osteolytic bone disorders mediated by osteoclasts.

Keywords: nicorandil, osteoclast, nuclear factor kappa-B, phospho-p38 (p-p38), ovariectomy, osteoporosis
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INTRODUCTION

With the ageing population, numerous bone-related diseases and
morbidity including osteoporosis are increasingly becoming a
worldwide public health concern. This is attributed to the
substantial bone-associated morbidities and mortality,
associated socio-economic and healthcare costs (Harvey et al.,
2010; Rachner et al., 2011; Yedavally-Yellayi et al., 2019a).
Excessive osteoclast-mediated bone resorption underlies the
pathological manifestations of bone loss characterized by
thinning of cortical bones, reduction in trabecular bone mass
and an overall reduction in bone mineral density. These events
contribute to an overall deterioration in bone microarchitecture
and high risks of bone fractures (Del Puente et al., 2015).

The formation of multinucleated osteoclast transpires from
the fusion between mononuclear precursor cells of the
macrophage/monocyte lineage in response to two key
cytokines, macrophage colony-stimulating factor (M-CSF) and
nuclear factor-κB (NF-κB) ligand (RANKL) (Yasuda et al., 1998;
Qi et al., 2017). M-CSF drives the initial step to promote precursor
cell survival and proliferation, subsequently enhancing the
expression of the RANK receptor on the surface of cells
(Dougall et al., 1999). Besides, RANKL is the foremost
cytokine that drives committed precursors towards the
osteoclast lineage (Kong et al., 1999). The binding of RANKL
to its sole receptor RANK recruit tumor necrosis factor receptor-
associated factor 6 (TRAF6) and activate an array of downstream
signaling cascades that induce cellular differentiation and fusion
(Sitara and Aliprantis, 2011). Signaling cascades activated by
RANKL include NF-κB, extracellular signal-regulated kinase
(ERK), and mitogen-activated protein kinases (MAPKs)
comprising p38, Akt, and c-jun N-terminal kinase (JNK),
leading to the activation of nuclear factor of activated T-cells
cytoplasmic 1 (NFATc1) and the transcription factors c-Fos
(Wong et al., 1994; Matsumoto et al., 2000; David et al., 2002;
Li et al., 2002; Takayanagi et al., 2002; Huang et al., 2006; He et al.,
2011; Moon et al., 2012). Therefore, pharmacological chemicals
capable of inhibiting RANKL-RANK signaling transmission have
great potential in the therapeutical management of osteolytic
diseases.

Nicorandil (NIC), a nicotinamide nitrate compound, has
agonistic effects against ATP-dependent potassium (KATP)
channels. It is clinically used as a vasodilatory drug to treat
angina and other cardiovascular and coronary events (Sahara
et al., 2012; He et al., 2018). In recent years, accumulating studies
have demonstrated the benefits associated with the use of NIC in
the management of bronchial asthma, urinary incontinence,
erectile dysfunction, diabetes and neurodegenerative disorders
(Ahmed et al., 2015; Dong et al., 2016). These effects have been
linked to both its established properties, but also non-canonical
effects including anti-oxidative and anti-inflammatory effects. In
particular, NIC has been demonstrated to regulate the NF-κB and
p38 MAPK in several disease models (He et al., 2019a; Khames
et al., 2019a). Since NF-κB and MAPK signaling are vital in the
formation of osteoclast, we hypothesized that NIC could
potentially exert biological effects against RANKL-induced
osteoclast differentiation and/or bone resorption.

Thus, in this study, complementary in vitro cellular and
biochemical assays was carried out to investigate these effects.
Additionally, using the in vivo murine model of ovariectomy
(OVX)-induced bone loss, we further established the therapeutic
benefits of NIC administration against osteoclast-mediated bone
destruction. The OVX bone loss model is often adopted to mimic
the conditions of post-menopausal osteoporosis and for
investigating the biological effects of pharmacological agents.
We found that NIC effectively inhibited RANKL-induced
osteoclast formation and bone resorption, at least in part via
the attenuation of early RANKL-induced activation of NF-κB and
p38 signaling cascades. This consequently hampered the
downstream induction of c-Fos and NFATc1, and osteoclast
gene expression. The in vivo administration of NIC was also
found to alleviate the effects of OVX-induced bone loss by
suppressing osteoclast formation and bone resorbing activity.

MATERIALS AND METHODS

Regents and Antibodies
Nicorandil (NIC) purchased from Sigma-Aldrich (St. Louis., MO,
United States) was dissolved in 100%DMSO to a concentration of
50 mM and stored at −20°C for subsequent use. The NIC solution
was retrieved from storage and further diluted to desirable
working concentrations for culturing media. Asset
recombinant murine macrophage-colony stimulating factor
(M-CSF) and receptor activator of nuclear factor-κB (NF-κB)
ligand (RANKL) were obtained from R&D Systems
(Minneapolis, MN, United States). Minimal Essential Medium
Eagle–Alpha Modification was procured from Shanghai
Basalmedia Technologies Co., Ltd. (Shanghai, China). Fetal
bovine serum (FBS) and penicillin/streptomycin were sourced
from Gibco (Thermo Fisher Scientific, Waltham, MA,
United States). The Cell Counting Kit-8 (CCK-8) was
procured from Dojindo Molecular Technologies, Inc.
(Kumamoto, Japan) and the TRAP staining kit from Sigma-
Aldrich (St. Louis, MO, United States). The PrimeScript RT
Reagent Kit and SYBR® Premix Ex Taq™ were bought from
Takara Bio, Shiga, Japan. Specific primary antibodies against
GAPDH, phospho-ERK (p-ERK), total ERK, phospho-p38
(p-p38), total p38, phospho-p65 (p-p65), total p65, IκBα and
associated secondary antibodies were purchased from Cell
Signaling Technology (Danvers, MA, United States). A specific
primary antibody against the nuclear factor of activated T-cells 1
(NFATc1) was purchased from Absin Bioscience Inc. (Shanghai,
China).

Isolation of Primary Murine Bone Marrow
Macrophages and Bone Marrow-Derived
Stroma Cells
Six-week-old C57/BL6 male mice were sacrificed under
anesthesia with 1% pentobarbital (40 mg/kg body weight).
Long bones were rapidly separated, and then we isolated the
primary murine BMMs and BMSCs through marrow flushing of
the long bones. The isolation and culture of bone mesenchymal
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stem cells (BMSCs) were prepared as previously described (Xu
et al., 2018). The extracted BMMs were cultured in α-MEM with
30 ng/ml M-CSF (complete α-MEM), 10% heat-inactivated FBS,
and 100 U/ml penicillin-streptomycin (Xie et al., 2018). BMSCs
were maintained in α-MEM with 100 U/ml penicillin-
streptomycin and 15% FBS. Both cells were maintained at
37°C with a moist ambient in a 5% CO2 incubator.

In Vitro Osteoclastogenesis Assay
Osteoclastogenesis assay was applied to examine the in vitro
effects of NIC on osteoclast formation. Multinucleated osteoclasts
were generated from BMM precursor cells as follows; 1 × 104

BMMs/well were incubated in triplicates in 96-well plates and
reincubated in a complete α-MEM for at least 18 h; The next day,
cells were stimulated with 50 ng/ml RANKL without (positive
control) or with various concentrations of NIC (25, 50, 100, or
200 μM). Culture media containing M-CSF, RANKL, and NIC
were replenished every other day until large well-spread
multinucleated osteoclasts were observed on day 5 in groups
treated with RANKL only. At this stage, the cells were gently
washed with PBS, fixed in 4% paraformaldehyde (PFA) for
20 min, and then stained for tartrate-resistant acid
phosphatase (TRAP) activity (Chen et al., 2019). Phase-
contrast images were captured on a digital camera-equipped
Olympus light microscope (Olympus Life Science, Tokyo,
Japan). The number and cell-spread area of TRAP-positive
multinucleated osteoclasts with either three or more nuclei
were quantified using ImageJ software [National Institute of
Health (NIH), Bethesda, MD, United States]. The experiment
was repeated in triplicate.

Cell Viability Assay
Cellular toxicity of NIC on BMMs were assessed using the CCK-8
cell proliferation/cytotoxicity assay in accordance with
manufacturer’s protocol. Briefly, BMMs seeded at a density of
8 × 103 cells/well in 96-well plates in triplicates in complete
α-MEM for 24 h were incubated with increasing concentrations
of NIC (6.25, 12.5, 25, 50, 100, 200, or 400 μM) for 48, 72, and
96 h. The final stages of the experiment involved the re-
incubation of cells with 10 µl of CCK-8 reagent for further 2 h
after which we determined the absorbance or optical density
(OD) on a microplate absorbance spectrophotometer at 450 nm.
The experiment was repeated in triplicate.

In Vitro Bone Resorption Assay
Herein, we evaluated the effect of NIC on osteoclast base on bone
resorption assay. BMMs were incubated onto the bone-
mimicking hydroxyapatite-coated OsteoAssay Stripwell Plates
(Corning, NY) at a density of 1 × 104 cells/well in triplicates
for each experimental condition in a complete α-MEM. Cells
were stimulated in 50 ng/ml RANKLwithout (positive control) or
with different concentrations of NIC (12.5, 25, 50, or 100 μM) for
5 days. Culture media containing M-CSF, RANKL, and NIC were
replenished daily. On fifth day, cells were treated with 6% sodium
hypochlorite solution and then gently washed with PBS for twice.
Phase-contrast images were captured on a digital camera-
equipped Olympus light microscope (Olympus Life Science,

Tokyo, Japan). The number and cell-spread area of TRAP-
positive multinucleated osteoclasts with three or more nuclei
were quantified using ImageJ software [National Institute of
Health (NIH), Bethesda, MD, United States]. The experiment
was repeated at least three times.

RNA Extraction and Real-Time Quantitative
PCR Analyses
The effects of NIC on osteoclast marker gene expression was
assessed through real-time quantitative PCR analyses. BMMs
incubated at a density of 8 × 103 cells/well in 96-well plates
(in triplicates) in the detailed α-MEMwere stimulated with 50 ng/
ml RANKL without (positive control) or with different
concentrations of NIC (0, 12.5, 25, or 50 μM) for 5 days. The
Oxygen RNA Miniprep Kit (Oxygen, Union City, CA,
United States) was used to extract total RNA from each group
based on the manufacturer’s instructions. The PrimeScript RT
Reagent Kit and 1 μg of extracted RNA templates were used for
reverse transcription and in the generation of cDNA. The
resulting cDNA was used as templates in real-time qPCR
reaction mixtures containing SYBR® Premix Ex TaqTM and
specific primers as shown in Table 1 qPCR reactions were
performed on an ABI 7500 Real-Time PCR System (Applied
Biosystems, Foster City, CA, United States) with the following
cycling parameters: 30 cycles of 96°C for 5 s, and 58°C for 30 s,
and 72°C for 20 s (amplification); and a final extension at 72°C for
90 s. We adopted the comparative 2−ΔΔCT method to normalize
the relative expression levels of each gene against the GAPDH
housekeeping gene. All reactions were performed in triplicates.

Protein Extract and Immunoblotting
Western blot analyses were used to investigate the effect of NIC
from the beginning to end of RANKL signaling events. During the
initial RANKL signaling events, 5 × 105 of BMMs/well were
seeded in 6-well plates with complete α-MEM for 24 h and pre-
treated without or with 25 μM NIC (in serum-free α-MEM
containing 30 ng/ml M-CSF) for 2 h followed by its
stimulation with 50 ng/ml RANKL for 10, 20, 30, and 60 min.
In the assessment of terminal RANKL signaling events, 3 × 105 of
BMMs/well were seeded in 6-well plates with complete α-MEM
and stimulated with 50 ng/ml RANKL without or with 25 μM
NIC for 1, 3, and 5 days. Unstimulated BMMs acted as negative
controls. In the final stage of the experimental period,
radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime
Biotechnology, Jiangsu, China) containing phosphatase/protease
inhibitor cocktail (Sigma-Aldrich) was used to extract the total

TABLE 1 | Primer pairs sequences against osteoclast genes used in qPCR.

Gene Forward 5ʹ → 3ʹ Reverse 5ʹ → 3ʹ

Nfatc1 TGCTCCTCCTCCTGCTGCTC GCAGAAGGTGGAGGTGCAGC
cFos CCAGTCAAGAGCATCAGCAA AAGTAGTGCAGCCCGGAGTA
Ctsk CTTCCAATACGTGCAGCAGA TCTTCAGGGCTTTCTCGTTC
Trap CAAAGAGATCGCCAGAACCG GAGACGTTGCCAAGGTGATC
Dcstamp AAAACCCTTGGGCTGTTCTT AATCATGGACGACTCCTTGG
Gapdh GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
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cellular proteins. The cell lysates were subsequently cleared via
centrifugation at 12,000 × g for 15 min. The resultant protein
supernatants were retained. The protein concentrations were
quantified using the bicinchoninic acid (BCA) assay following
the manufacturer’s protocol. Proteins were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride membranes
(Millipore, Bedford, MA). Membranes were then blocked in 5%
(w/v) skim milk in Tris-buffered saline-Tween 20 (TBST) for 1 h
at room temperature followed by their incubation with specific
primary antibodies (diluted in 1% (w/v) skimmilk-TBST) against
GAPDH (1:1,000), p-p38 (1:1,000), p38 (1:1,000), p-ERK (1:
1,000), ERK (1:1,000), NFATc1 (1:1,000), p-p65 (1:1,000), p65
(1:1,000), IκBα (1:1,000), and c-Fos (1:1,000) overnight at 4°C
with gentle agitation. Membranes were extensively washed with
TBST and re-incubated with appropriate HRP-conjugated
secondary antibodies [diluted in 1% (w/v) skim milk-TBST] for
1 h at room temperature. The protein-antibody was subjected to a
chemiluminescence substrate to detect its reactivity on anOdyssey Fc
Imaging System (LI-COR Biosciences, Lincoln, NE, United States).

Nuclear Translocation of p-p65
To explore the change of NF-κB nuclear translocation after NIC
treatment, 1 × 105 BMMs/well were seeded in 6-well plates on 2-
mm glass coverslips in complete α-MEM (α-MEM containing
10% FBS and 30 ng/ml M-CSF) and treated with or without
25 μM NIC for 24 h. The coverslips were collected, washed twice
with PBS, fixed in 4% paraformaldehyde for 10 min, and resolved
with 0.1% Triton X-100 (Sigma, United States) for 10 min.
Nonspecific binding of was blocked by Goat serum (4%) for
1 h. After washed glass coverslips twice with PBS, cells were
incubated with p-p65 primary antibodies (CST, Danvers, MA,
United States; dilution 1:100) in TBST at 4°C. The fluorescent
secondary antibodies were used to visualize the relevant subsets
after 12 h. After 1 h, cells were washed twice with PBS and then
stained in 4,6-diamidino- 2-phenylindole (DAPI) for 5 min and
examined under a confocal fluorescence microscope (Leica TCS-
SP5, DM6000-CFS).

Osteoblast Differentiation and
Mineralization Function Assays In Vitro
To examine the effects of NIC on osteoblast differentiation and
function, primary mouse BMSCs were seeded into 48-well plates at a
density of 8 × 104 cells/well where they grew to 90% confluence.
BMSCs were stimulated with osteogenic media containing 10mM
β-glycerophosphate, 50 μg/ml ascorbic acid, and 10−7 mM
dexamethasone without or with various concentrations of NIC
(12.5, 25, or 50 μM). Half of the osteogenic medium was
replenished every 2 days. BMSCs were stimulated under
osteogenic conditions for 7 days and the cells fixed in 4% PFA
before stained for alkaline phosphatase (ALP) (Beyotime
Biotechnology) activity to determine the effects of NIC on
osteoblast differentiation. On the other hand, BMSCs were
cultured under osteogenic conditions for 21 days and the cells
fixed in 4% PFA were washed three times with 70% ethanol and
stained with 1% Alizarin Red S (ARS) solution for 30min (Beyotime

Biotechnology) to determine the effects of NIC on osteoblast
mineralization function. ImageJ software (NIH) was adopted to
evaluate the ALP and mineralization activity of osteoblast.

In Vivo Murine Model of
Ovariectomy-Induced Bone Loss
All animal experiments and surgical procedures were approved
by the Animal Care and Experiment Committee of Shanghai Jiao
Tong University School of Medicine. The study was conducted
following the Guide for the Care and Use of Laboratory Animals
of the National Institute Health (United States). Twenty-four
female C57/BL6 mice (7-week-old; 20–25 g) were obtained and
housed in the Department of Laboratory Animal Science at
Shanghai Ninth People’s Hospital. All mice were kept in a
temperature control environment of 22–25°C and 60 ± 5%
humidity with 12 h of light and dark cycles. All mice were fed
on standard rodent feed and a sufficient supply of fresh water.
After 1 week of acclimatization, the mice were randomly
categorized into four groups (n � 6 mice per group): (Rachner
et al., 2011) Sham control + vehicle (sham-operated with PBS
injections); (Harvey et al., 2010) OVX + vehicle (with PBS
injections); (Yedavally-Yellayi et al., 2019a) OVX + low dose
NIC (3 mg/kg body weight/day); and (Del Puente et al., 2015)
OVX + high dose NIC (6 mg/kg body weight/day). The dose of
nicorandil used was as previously reported (Ahmed et al., 2011).
Mice were anaesthetized with intraperitoneal injections of 1%
pentobarbital (40 mg/kg body weight) and received either sham
or bilateral ovariectomy to remove the ovaries via back incisions.
An equal weight of adipose tissue was excised from the sham-
operative mice. NIC administration commenced 1-week after
surgery to enable post-operative recovery. NIC was administered
by oral gavage once daily for 8 weeks. At the end of the 8-weeks
experimental period, all mice were euthanized by overdosing with
1% pentobarbital injection. Then, whole tibias and femurs were
excised, cleaned of soft tissues, and then fixed in 4% PFA in
preparation for downstream micro-computed tomography (cT)
and histological assessments.

Micro-cT Scanning
The fixed distal femur specimens were subjected to a micro-CT
analysis on a μCT 40 desktop cone-beam system (SCANCOMedical
AG, Brüttisellen, Switzerland). Images were acquired using an X-ray
energy set at 70 kV, 114 μA, and scanning isotropic resolution of
10 μm with a fixed exposure time of 300 ms. Quantitative
morphometric measurements were implemented within a defined
square region of interest 0.5 mm below the femoral growth plate.
Quantitative morphometric parameters analyzed included the
percentage bone volume fraction (BV/TV; %), trabecular number
(Tb.N; mm−1), trabecular thickness (Tb.Th; mm), and trabecular
separation (Tb.Sp; mm).

Histological and Histomorphometric
Assessment
The fixed tibial bones were decalcified in 10% EDTA for 2 weeks
and embedded into paraffin blocks before cut into 5 μm thick
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slices. The slices were stained with hematoxylin and eosin (H&E)
for TRAP activity. Stained histological sections were imaged
under an Olympus light microscope equipped with a high-
resolution digital CCD camera. ImageJ software (NIH) was
used to quantify the number of TRAP-positive multinucleated
cell per bone surface (N.Oc/BS).

Statistical Analyses
All data were compared among multiple groups by one-way
analysis of variance (ANOVA), SPSS 22.0 software (IBM
Corporation, New York, NY, United States) was applied to
perform the Students t-test and one-way analysis of variance
(ANOVA) for multifactorial comparisons in this study. Presented
as the mean ± SD or representative images from three or more

independent experiments. p-values ≤ 0.05 (*), ≤ 0.01 (**), and ≤
0.01 (***)were considered statistically significant, highly
statistically signifificant, and extremely statistically signifificant.

RESULTS

NIC Inhibits In VitroOsteoclast Formation in
Response to RANKL Stimulation
We first examined the in vitro effects of NIC against the ability of
mononuclear precursors to form multinucleated osteoclasts in
response to RANKL stimulation. Thereafter, M-CSF-dependent
BMMs were stimulated with RANKL without or with suggested
concentrations of NIC for 5 days followed by the assessment of

FIGURE 1 | NIC suppresses the formation of osteoblasts in vitro in response to RANKL stimulation. (A) The BMMs that M-CSF relies on are stimulated with 50 ng/
ml RANKL (positive control) or NIC (12.5, 25, 50 or 100 μM) at different concentrations for 5 days, and then the cells were treated with 4% paraformaldehyde fix it and
stain it for TRAP. (B) Quantitative analysis of the total number of TRAP-positive multinucleated osteoblasts with three or more nuclei. (C) The viability of BMM cells was
assessed by the CCK-8 assay after treated with different concentration of the NIC in the presence of 30 ng/ml M-CSF, concentrations of NIC up to 50 μM for 48
and 72 h, and up to 25 μM for 96 h did not show cytotoxic effects. All experiments were carried out independently at least three times, independently (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001). BMMs, Bone marrow-derived macrophages; RANKL, receptor activator of nuclear factor kappa B ligand; TRAP, tartrate-resistant
acid phosphatase.
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multinucleated osteoclast formation through staining for TRAP
activity. As shown in Figures 1A,B, stimulation with RANKL
only (Ctrl) without co-treatment with NIC resulted in the
formation of numerous large and well-spread TRAP + ve
multinucleated osteoclasts. In contrast, co-treatment with NIC
dose-dependently inhibited RANKL-induced osteoclast
formation with many cells remaining as mononuclear TRAP +
ve precursor cells. To investigate whether the inhibitory effect of
NIC was due to cytotoxic effects against BMMs we carried out
CCK-8 cell viability assay. BMMs were treated with indicated
concentrations encompassing those used in the osteoclast
formation assay for 48, 72, and 96 h. As demonstrated in
Figure 1C, concentrations of NIC up to 50 μM for 48 and
72 h, and up to 25 μM for 96 h did not show cytotoxic effects.
On the other hand, high concentrations of NIC (>100 μM)
significantly inhibited BMMs viability. Therefore, these results
suggested that NIC inhibit the in vitro formation of osteoclast in a
dose-dependent manner, whereas higher concentrations
(>100 μM) had moderate levels of cytotoxicity.

NIC Suppressed RANKL-Induced Gene
Expression
To further demonstrate the inhibitory effect of NIC on osteoclast
differentiation and formation, real-time quantitative PCR was
used to examine the expression of several types of osteoblast
marker genes. In line with the cellular effects, the expression of
osteoclast marker genes significantly reduced after NIC treatment
(Figures 2A–E). Genes encoding proteins refer to precursor
differentiation and formation such as transcription factors
c-Fos and NFATc1 and the precursor cell fusion factor DC-
STAMP were markedly suppressed with NIC. Comparably, the
expression of genes encoding enzymes involved in bone

resorption such as TRAP and CTSK was significantly lessened.
Thus, the decline in osteoclast gene expression provides further
evidence that NIC inhibits osteoclast formation in vitro.

NIC Reduces Osteoclastic Bone Resorption
In Vitro
Following the identification of the NIC inhibitory effect on
osteoblasts, we further investigated the NIC effect on osteoclast
function, particularly on bone resorption. Of note, osteoclasts were
generated via stimulation of BMMs cultured on bone-mimicking
hydroxyapatite-coated OsteoAssay Stripwell plates with RANKL in
the absence or presence of indicated concentrations ofNIC. Cultured
cells were removed after 5 days to examine the bone resorption
dents. The number and area of bone resorption dents of cells treated
with NIC lessened in a dose-dependent manner (Figures 3A,B).
Treatment with high concentrations of NIC particularly 100 μM
completely abolished osteoclastic bone resorption. However,
treatment with 12.5 and 25 μM of NIC reduced bone resorption
by approximately 35 and 65%, respectively relative to RANKL only
controls (Figure 3B). Therefore, our results suggested that thus NIC
not only inhibits osteoclast formation, but also attenuates
osteoclastic bone resorption.

NIC Inhibit the RANKL-Induced Activation
of NF-κB and p38 Signaling Pathways
To better drive multinucleated osteoclast formation from
mononuclear pre-cells in response to RANKL, various signaling
pathways are essential for coordinated and timely activation. Herein,
through Western blot analyses, we examined the initial stage of two
pivotal RANKL-responsive signaling cascades, NF-κB andMAPK to
determine the potential mechanism by which NIC exerts its

FIGURE 2 | NIC suppressed RANKL-induced gene expression In the presence of 0, 12.5, 25, and 50 μM NIC, BMMs were treated with M-CSF (30 ng/ml) and
RANKL (50 ng/ml) for 5 days. Real-time quantitative PCR to analyze the expression of several types of osteoblast marker genes, including Nfatc1, c-Fos, Ctsk, Trap, and
Dc-stamp. Data were normalized against Gapdh mRNA and expressed as fold induction relative to treatment with vehicle control, which was assigned an average value
of 1. Data are presented as the mean ± SD compared to control (*p < 0.05, **p < 0.01, ***p < 0.001). All experiments were carried out independently at least
three times.
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inhibitory effects against osteoclast formation. In the NF-κB
signaling cascade, RANKL stimulation induces the rapid
dissolution of IκBα from 5 to 30min and back to basal levels by
60min (Figures 4A,B). This was concomitantly associated with
elevated p65 phosphory-lation status (Figures 4A,C), an event that is
necessary for the nuclear translocation of p65. These two inter-
related events are required in the initiation and activation of NF-κB
transcriptional activity. Conversely, treatment with 25 μM NIC
blocked RANLK-induced IκBα degradation and consequently
obstructed p65 phosphorylation (Figures 4A–C). Similarly,
RANKL stimulation rapidly induced the phosphorylation of
MAPK members p38 and ERK. However, NIC treatment
repressed p38 phosphorylation and ERK phosphorylation
(Figures 4A,D,E). Therefore, our data suggest that the inhibitory
effect of NIC is partly dependent on the inhibition of RANKL-
induced p38 MAPK and NF-κB signaling activation.

Early activation of MAPK and NF-κB is essential for efficient
induction of the two important downstream transcription factors,
c-Fos and NFATc1. c-Fos induction drives mononuclear precursor
cell down the osteoclast lineagewith other transcription factors (such
as NF-κB) to regulate the robust induction of NFATc1. NFATc1
transcription regulates the expression of numerous osteoclast genes
to initiate most distal transcription necessary for precursor cell
fusion and end-stage of osteoclast differentiation including those

analyzed in Figure 2. Figures 4F–H shows that stimulation of
RANKL induces a significantly robust and time-dependent
induction of both c-Fos and NFATc1 over the course of the
5 days of osteoclast formation. In stark contrast, treatment of
cells with NIC markedly abrogated the upregulation of both
transcription factors. In addition, through immunofluorescence,
RANKL was revealed to induce the translocation of p-p65 into
the nucleus, whereas NIC inhibited the translocation of p-p65 into
the nucleus (Figure 4I). These results suggest that anti-osteoclastic
effects of NIC partly depend on the suppression of initial RANKL-
induced activation of NF-κB and p38 MAPK signaling which
consequently hampered the downstream induction of NFATc1
and c-Fos.

NIC did not Affect Osteoblast Differentiation
and Mineralization Function
Osteoclasts and osteoblasts activities play an important role in the
mediation of bone homeostasis. Preliminary studies showed that
NIC inhibits the formation and function of osteoclast. Therefore,
we further explored whether NIC could also exert biological
effects against bone-forming osteoblasts. Extracted primary
BMSCs were cultured under osteogenic conditions without or
with the same concentrations of NIC used during osteoclast

FIGURE 3 | NIC attenuates osteoclastic bone resorption in vitro. BMM-derived osteoclasts were cultured with bone-mimicking calcium phosphate-coated Osteo
Assay Stripwell plates. After removing the osteoclasts with sodium hypochlorite, Bone resorption dents were captured using the citation three Cell Imaging Reader. The
total area of bone resorption under each treatment standard is quantitatively analyzed, and it is shown as the ratio of comparison with only RANKL treatment. All
experiments were carried out independently at least three times (*p < 0.05, **p < 0.01, ***p < 0.001). BMMs, Bonemarrow-derivedmacrophages; RANKL, receptor
activator of nuclear factor kappa B ligand.
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FIGURE 4 | NIC curbed the RANKL-induced activation of NF-κB and p38 signaling pathways. (A) NIC blocked RANLK-induced IκBαdegradation and
consequently obstructed phosphorylation of p65, p38 and ERK phosphorylation. (B–E) Quantitative analysis of IκBα, p65 phosphorylation, p38 Phosphorylation and
ERK phosphorylation expression. (F) NIC treatment inhibited the expression of c-Fos and NFATc1 signaling pathways. (G–H) Quantitative analysis of the expression of
c-Fos and NFATc1. (I) To detect NF-κB nuclear translocation, p-p65 was examined by immunostaining. All experiments were performed independently at least
three times. The data are presented as the mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001).
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assays. After 7 or 21 days of osteogenic differentiation, cells were
fixed and stained for alkaline phosphatase (ALP) activity and
mineralized nodule formation (Alizarin Red S staining; ARS),
respectively. We found that NIC did not affect the differentiation
of primary osteoblast (ALP; Figure 5A) and mineralized bone
nodule formation (ARS; Figure 5B). Thus, the result showed that
the concentration of NIC did not enhance or inhibit osteoblast
differentiation and bone formation activity.

In Vivo Administration of NIC Protects Mice
Against Ovariectomy-Induced Bone loss
The in vitro studies have clarified the inhibitory effect of NIC on
RANKL-induced osteoclasts formation and function. The OVX
model is commonly used to mimic post-menopausal
osteoporosis. During this stage, mice that underwent OVX were
daily administered with either vehicle (PBS), or NIC at 3 mg/kg
(low-dose) or 6 mg/kg (high-dose) for 8-weeks. Based on the 3D
reconstructions of the distal femur, OVXmice that received vehicle
(PBS) for the 8-weeks treatment period had significant trabecular
bone loss than the sham-operated control mice (Figure 6A).
Conversely, treatment with NIC dose-dependently protected
mice (low-dose and high-dose) from the deleterious bone effects
of OVX. Quantitative analyses of bone morphometric parameters
of OVX mice were consistent with their osteoporotic phenotype
whereby significant reductions in bone volume (BV/TV),
trabecular number (Tb.N), and trabecular thickness (Tb.Th),
with enhanced trabecular spacing (Tb.Sp) were observed. On
the other hand, NIC treatment protected mice from OVX-
induced bone loss, improved BV/TV, Tb.N, Tb.Th, and Tb.Sp
in a dose-dependent manner (Figure 6A).

Histological examination of the proximal tibial bone slices
provided additional evidence for the osteoprotective effect of NIC

against OVX-induced bone loss. For instance, the H&E stained slices
had less bone loss in NIC treatedmice whereas TRAP stained sections
showed marked reductions in TRAP + ve cells lining the trabecular
bone surface (Figure 6B). According to the histomorphometric
analyses, treatment of OVX mice with high-dose (6mg/kg body
weight/day) ofNIC significantly reduced the total number (N.Oc) and
activity (osteoclast surface/bone surface; Oc. S/BS) of TRAP + ve
osteoclasts on the trabecular bone surface inOVXmice followingNIC
treatment. Collectively, our in vitro cellular and biochemical analyses
coupled with in vivo bone loss model demonstrated the potential of
NIC in the management and/or treatment of osteoclast-mediated
osteolytic conditions including postmenopausal osteoporosis.

DISCUSSION

Bone homeostasis is maintained by the dynamic balance between
bone resorption and bone formation mediated by osteoblasts and
osteoclast, respectively. Perturbations in the bone homeostasis
balance can lead to excessive formation of osteoclast and bone
resorption which then transpire to many osteolytic bone diseases
such as osteoporosis (Kular et al., 2012; Kim et al., 2014; Langdahl
et al., 2016; Katsimbri, 2017; Myneni and Mezey, 2017; Zhu et al.,
2017; Yedavally-Yellayi et al., 2019b). Current therapeutic
interventions strategies, including selective estrogen receptor
modulators, estrogen replacements and anti-RANKL antibody
(Denosumab), and bisphosphonates have demonstrated
beneficial effects on osteoclast-mediated osteolysis. However,
their long-term clinical application is associated with serious
adverse reactions for instance cardiovascular and
cerebrovascular events, osteonecrosis of the jaw, malignant
tumor formation, nephrotoxicity, and atypical fractures
(McGreevy and Williams, 2011; Cheng et al., 2019). As a

FIGURE 5 | NIC does not affect osteoblast differentiation and mineralization function in vitro. Stimulated with ascorbic acid (A.A), dexamethasone (DXM) andβ-
glycerophosphate (β-Gly), BMSCs were treated with NIC (0, 12.5, 25, and 50 μM) for 7, 21 days. The ALP (Alkaline phosphatase) and Alizarin Red Staining indicated no
significant difference between control and treated groups. The data are presented as the mean ± SD (*p < 0.05, **p < 0.01). All experiments were carried out
independently at least three times.
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FIGURE 6 | In vivo administration of NIC protects mice against ovariectomy-induced bone loss. (A) μ-CT scanning and 3D reconstructed images of distal femurs
(coronal and axial planes) and cortical bone from the femoral midshaft showed that bone loss was attenuated by administering NIC. Quantitative analyses of bone
morphometric parameters of OVX mice was consistent with an osteoporotic phenotype showing significant reductions in bone volume (BV/TV), trabecular number (Tb.
N), and trabecular thickness (Tb. Th), with increased trabecular spacing (Tb. Sp). Data are presented as mean ± SD. (*p < 0.05, **p < 0.01, ***p < 0.01, compared
with the OVX group). (B) Histological examination of the proximal tibial bone sections provided additional evidence for the osteoprotective effect of NIC against OVX-
induced bone loss. Compare with the NIC treated group, the OVX exhibited a plentiful TRAP-positive osteoclast present in the osteolytic lesion. All experiments were
carried out independently at least three times (*p < 0.05, **p < 0.01, ***p < 0.01).
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result, a new therapeutic strategy with high efficiency and few side
effects are needed for the treatment of osteoclast-mediated bone
disorders are urgently needed.

In this research, we showed that Nicorandil (NIC) exerts anti-
osteoclastic and anti-resorptive effects in vitro and in vivo. Our
in vitro based cellular assays showed that NIC inhibited RANKL-
induced osteoclast formation and attenuated osteoclast bone
resorption. Biochemical analyses further suggest that the
inhibitory effect of NIC is partly attributable to the initial
activation of NF-κB and p38 MAPK signaling pathways which
consequently mitigate the downstream induction of transcription
factors c-Fos and NFATc1. Lack of NFATc1 induction resulted in
downregulated expression of key osteoclast genes encoding proteins
involved in the osteoclast division and bone resorption (Asagiri et al.,
2005). Our vivo study showed that the administration of NIC could
protect mice from OVX-induced bone loss by suppressing
osteoclast-mediated bone resorption. Overall, our results revealed
NIC as a promising therapeutic agent for the treatment/
management of osteoclast-mediated osteolytic diseases including
osteoporosis. NIC as a vasodilatory drug against angina also
exhibited a cardioprotective effect which is attributed to its KATP

channel-activating and nitrate/nitric oxide (NO)-like properties
(Sahara et al., 2012; He et al., 2018). Previous reports have shown
that NO production viaNO synthase (NOS) in response to RANKL
in osteoclasts inhibits osteoclast division and bone resorption in vivo
and in vitro.Hence, this is an important negative feedback loop that
limits excessive osteoclast formation and activity (Zheng et al., 2006).
A brief report by Iwaki and colleagues on cellular-based and
inhibition recovery assays showed that NIC via its KATP channel-
activating and nitrate/nitric oxide (NO)-like properties suppressed
the in vitro differentiation of osteoclasts (Iwaki et al., 2016). Similarly,
we reported similar findings in our in vitro osteoclast formation
assay within the same concentration range as that used by Iwaki and
colleagues and found extended the inhibitory effect of NIC to include
osteoclastic bone resorption. Further, we demonstrated that the
concentration of NIC that exerted inhibitory effects against
osteoclast formation and function did not adversely affect
osteoblast formation or mineralized bone nodule formation. Also,
our study explored other potential mechanistic insights of NIC
inhibitory effect on osteoclast division and bone resorption. This is in
light of reports suggesting that NIC potentially inhibit inflammatory
signaling pathways including MAPK and NF-κB under various
pathological conditions (Ye et al., 2017; Qiang et al., 2018; He
et al., 2019b; Khames et al., 2019b). However, both NF-κB and
MAPK signaling are crucial signaling pathways that are stimulated
in response to RANKL stimuli in the initial stage of osteoblast
division (Kobayashi et al., 2001; Blair et al., 2005; Park et al., 2017).
The binding of RANKL to receptor RANK on mononuclear
precursor cells recruit TRAFs (particularly TRAF6) that activates
a cascade of downstream signaling events to facilitate proliferation,
differentiation and fusion of the precursor. Of these, activation of
NF-κB transcriptional activity is driven by the phosphorylation and
proteasomal degradation of IκBα following RANKL stimulation.
IκBs are NF-κB inhibitory protein that retains NF-κB subunits (p65
and p50 heterodimers) in the cytoplasm in an inactive state (Hayden
and Ghosh, 2008; Vallabhapurapu and Karin, 2009). The loss of
IκBα results in phosphorylation and nuclear translocation of NF-κB

p65/p50 heterodimers and their combination with other co-
transcriptional activators collectively regulate gene transcription
(Franzoso et al., 1997; Hayden and Ghosh, 2004; Vaira et al.,
2008; Xing et al., 2013).

Concurrent with the activation of NF-κB is the activation of
the MAPK signaling cascade. The MAPK signaling triad of JNK,
ERK and p38 are simultaneously activated by phosphorylation
which in turn promotes their nuclear translocation and
transcriptional activity (Matsumoto et al., 2004). All three
MAPK members is required for the efficient osteoclast
formation (Ikeda et al., 2004; Lee et al., 2016; Cong et al.,
2017). Importantly, the initial activation of NF-κB and MAPK
signaling is essential for the downstream induction of c-Fos and
NFATc1. NFATc1 is a relatively remote transcription factor for
osteoclast formation. Its overexpression alone sufficiently drives
osteoclast formation without RANKL (Matsuo et al., 2004;
Asagiri et al., 2005). This is because, NFATc1 transcription
adjust the expression of various osteoclast genes including DC-
STAMP involved in precursor cell fusion (Yagi et al., 2005), TRAP
and CTSK and are key enzymes for bone resorption and NFATc1
itself via an auto-amplification loop (Franzoso et al., 1997; Yagi
et al., 2005; Fretz et al., 2008; Kim et al., 2008). Consistent with the
cellular effects, NIC was found to attenuate the activation of NF-
κB and p38 MAPK signaling cascades. Lack of induction of
NFATc1 was associated with significantly abrogated expression
of osteoclast genetic genes.

In conclusion, the present biochemical analysis provides
further insight into the mechanistic actions of NIC, at least in
part, due to the attenuation of early NF-κB and p38 MAPK
activation, and the annulling of the downstream induction
of NFATc1 and its transcriptional activity. However, the
exact mechanisms of NIC effect on NFATC1 is unclear,
We need further research to understand better other potential
pathway.

Together with the previously described KATP channel-
activating and nitrate/nitric oxide (NO)-like properties
effectually inhibited the formation of osteoclast and bone
resorption function (Iwaki et al., 2016; Kalyanaraman et al.,
2017). By replicating these in vitro results to in vivo
experiments, the administration of NIC markedly protected
mice from the deleterious bone-loss effects of ovariectomy.
Significant improvements in bone volume and trabecular bone
architecture were observed, however, histological assessment
further revealed a reduction in the numbers of osteoclast and
activity on the bone surface following NIC treatment.
Collectively, our in vitro and in vivo results demonstrated the
potential of NIC in the therapeutic management and/or
treatment of osteoclast-mediated skeletal conditions such as
osteoporosis, but the transport and absorption of NIC and the
mechanisms affects osteoclast remain to be studied in vivo.
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Osteoarthritis (OA) is a leading cause of pain and disability which results in a reduced
quality of life. Due to the avascular nature of cartilage, damaged cartilage has a finite
capacity for healing or regeneration. To date, conservative management, including
physical measures and pharmacological therapy are still the principal choices offered
for OA patients. Joint arthroplasties or total replacement surgeries are served as the
ultimate therapeutic option to rehabilitate the joint function of patients who withstand
severe OA. However, these approaches are mainly to relieve the symptoms of OA, instead
of decelerating or reversing the progress of cartilage damage. Disease-modifying
osteoarthritis drugs (DMOADs) aiming to modify key structures within the OA joints are
in development. Tissue engineering is a promising strategy for repairing cartilage, in which
cells, genes, and biomaterials are encompassed. Here, we review the current status of
preclinical investigations and clinical translations of tissue engineering in the non-operative
treatment of OA. Furthermore, this review provides our perspective on the challenges and
future directions of tissue engineering in cartilage regeneration.

Keywords: tissue engineering, osteoarthritis, scaffold, gene, cartilage regeneration, non-operative

INTRODUCTION

Osteoarthritis (OA) is a degenerative joint disease and a leading cause of pain and disability among
adults (El-Tawil et al., 2016). Over the past decades, along with both an aging population and an
increasing obese rate, the incidence and prevalence of OA have a constant growth (Collaborators,
2016). It is estimated to be 18% of females and 9.6% of males aged ≥60 years have symptomatic OA
all over the world (Hunter and Bierma-Zeinstra, 2019). The direct medical cost of OA accounts for
1–2.5% of the gross domestic product in high-income countries (March et al., 2014). Nowadays,
treatments designed for OA are various. Generally, treatments applied for subjects with mild to
moderate OA (Kellgren–Lawrence [K-L] grade 1–3) include education, exercise, weight control,
analgesics, and intra-articular (IA) injection of corticosteroids (CSs) or hyaluronic acid (HA)
(Ringdahl and Pandit, 2011). These treatments may benefit some patients by reducing pain and
improving joint mobility, but none of them can prevent the progressive destruction of cartilage. In
advanced disease (K-L grade 4), joint arthroplasty or total replacement surgery has been the ultimate
therapeutic option, especially for patients who are unsatisfied with other treatments (Ronn et al.,
2011). However, these surgeries are incursive and irreversible procedures and are often accompanied
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by serious complications (Ronn et al., 2011). In addition, many
subjects who suffer from severe OA are relatively young, and they
would undergo a second surgery to prevail a useful life. Therefore,
the research and development of new therapeutic alternatives are
urgent for OA.

On the other hand, OA has been increasingly recognized as a
complex syndrome involving the whole joint tissues, while not
defined as a single mechanical-induced disorder as before (Chen
et al., 2017). Treatments for OA, therefore, have been shifted from
the supportive to the preventive or regenerative, aiming at
decelerating or reversing the progress of cartilage degeneration
(Hunter and Bierma-Zeinstra, 2019). Many attempts have been
made to therapeutic procedures for the early treatment of
cartilage defects through non-operative approaches. A
DMOAD is a drug that prevents the structural demolition of
OA coupled with symptom relief (Oo et al., 2018). Some of the
DMOADs are being assayed in clinical trials with advanced
development (Ghouri and Conaghan, 2019).

In recent years, with the development of life sciences and
biomaterials, tissue engineering has become a promising tool for
cartilage regeneration (Liu Y. et al., 2017). Tissue engineering is
thought a reparative treatment that mainly targets interference at
the early stages of OA to maintain and restore the extracellular
matrix (ECM) of cartilage (Liu Y. et al., 2017). It offers a
possibility to regenerate cartilage by using cells, scaffolds, and
genes alone or combined (Morouco et al., 2019).

In this review, we will provide an overview of current and
potential non-surgical therapeutic alternatives for OA patients.

Representative strategies in preclinical animal models and clinical
translations of humans using tissue engineering will be
highlighted and discussed.

CARTILAGE AND OA

Human articular cartilage (AC) is a hyaline connective tissue
designed to protect the diarthrodial joints. This highly specialized
structure provides the joints with mechanical features, such as
load-bearing, low friction, and smoothmovement (Archer, 2003).
It is comprised of sparsely distributed chondrocytes and a dense
ECM, in which cells account for less than 5% of the total mass
(Sophia Fox et al., 2009). The primary components of ECM are
water, collagen, proteoglycan, and other matrix constituents. In
healthy cartilage, water, collagen, and proteoglycan together
make up 90–95% of total content, although their proportions
vary across the cartilage (Akkiraju and Nohe, 2015).

OA is a disease with involvement of the whole joint,
characterized by cartilage erosion, subchondral bone
remodeling, synovial inflammation, osteophytes formation, as
well as degeneration of ligaments and menisci (Chen et al., 2020).
It is the most common arthritis associated with several risk factors
(as indicated in Figure 1) in the pathogenesis of cartilage
degeneration (Silverwood et al., 2015). The disease is an active
variation that results from an imbalance between anabolic and
catabolic activity, while not a passive degenerative disease or
alleged “wear and tear” arthritis as described before (Chen et al.,

FIGURE 1 |Risk factors and pathogenic process of OA. Squares on the left side include the risk factors responsible for the development of OA, and the circle on the
right side represents the pathogenic process of OA. ADAMTS � a disintegrin and metalloproteinase with thrombospondin motifs; MMP �matrix metalloproteinase; ECM
� extracellular matrix; IL � interleukin; TNF � tumor necrosis factor; IFN � Interferon; BMP � bone morphogenic protein; TGF � transforming growth factor; VEGF �
Vascular endothelial growth factor.
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2017). Although much work has been conducted to understand
how the balance is perturbed, it is still not clear-cut. During the
process of OA, changes that occur in cartilage are the alteration of
cartilage composition and loss of cartilage integrity, which
increases its susceptibility to disruption (Goldring and Goldring,
2007). Degenerative shifts in the cartilage lead to increased
production of ECM fragments, which promote the release of
pro-inflammatory cytokines, like interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α)
(Scanzello and Goldring, 2012). Once secreted, these cytokines
canmodulate chondrocytes and adjacent synoviocytesmetabolism,
inducing the secretion of proteolytic enzymes, such as matrix
metalloproteinases (MMPs) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS),
which in turn aids in cartilage degradation and fragmentation
(Fernandes et al., 2002; Chen et al., 2017). Elevated ECM fragments
additionally stimulate the release of pro-inflammatory mediators
and matrix degradation products, forming a vicious circle
(Fernandes et al., 2002). Parallel to these changes in cartilage,
proliferating synoviocytes also release pro-inflammatory and
catabolic products, which adversely contribute to ECM
degradation (Scanzello and Goldring, 2012). The deviant
expression of growth factors, such as transforming growth
factor β (TGF-β), bone morphogenic protein 2 (BMP-2), and
upregulated immune response, might bring about chondrocyte
hypertrophy/apoptosis as well as osteophytes formation (Akkiraju
and Nohe, 2015). In OA joints, subchondral bone undergoes
remarkable remodeling processes in both composition and
structure, including microarchitecture damage, bone marrow
lesions, and bone cysts (Hu et al., 2021). Subchondral bone
remodeling is an adaptive change to local biomechanical and
biological signals, which correspond to Wolff’s Law (Zhu et al.,
2020). When the bone is subjected to abnormal load-bearing, a
number of bone properties change, including the increased bone
mass, subchondral bone thickening, and trabecular restructuring
(Zhu et al., 2020). These alterations are mediated by various types
of cells, such as osteoblasts, osteoclasts, and osteocytes (Sims and
Martin, 2020). Figure 1 summarizes the risk factors and
pathogenic process of OA.

Disease severity does not correspond to the level of reported
symptoms in OA patients. Some persons endure structural
destructions in cartilage while they are asymptomatic (Hunter
et al., 2008). Pain is the typical symptom presented in OA and a
major driving force for seeking a clinical solution (Hunter et al.,
2008). Pain, reduced movement, stiffness, joint instability, and
swelling are essential symptoms in diagnosing OA (Hunter and
Bierma-Zeinstra, 2019). Radiographic evidence of OA includes
narrowing of joint space, subchondral bone thickening, and
osteophytes formation (Braun and Gold, 2012).

NON-OPERATIVE THERAPIES FOR OA

Non-Pharmacological and Pharmacological
Treatments of OA
At present, there is no cure for OA. Current non-surgical
strategies for treating OA contain physical measures and

pharmacological therapies. They are normally utilized for
patients with mild or moderate OA (K-L grade 1–3) to relieve
pain, increase joint motion and improve the quality of life
(Ringdahl and Pandit, 2011).

Non-Pharmacological Treatments of OA
Nowadays, all guidelines agree that non-pharmacological
treatments such as education and self-management, exercise,
weight control, and walking aids should be central to the
management of patients with OA (Zhang et al., 2010; Nelson
et al., 2014). Most of the guidelines recommend strongly that OA
patients should acquire up-to-date information and education to
allow them to self-manage the disease to a certain extent (Zhang
et al., 2008; Block, 2014). Exercise therapy (strengthening exercise
and aerobic exercise) is helpful in reducing pain, improving joint
motion, and strengthening muscles around the joints (Jordan
et al., 2003). Obesity or overweight is associated with the
prevalence and progression of knee OA, while weight loss can
help to relieve their OA symptoms and delay the structural
damage (Messier, 2009). The benefits of knee braces and other
assistive devices for physical support and assistance are still
controversial and not well-organized (Thomas et al., 2018).
Besides, some alternative medicine treatments, like
acupuncture, thermal modalities, and therapeutic ultrasound
are likely to have little effect in reducing the pain of OA
patients (Block, 2014).

Pharmacological Treatments of OA
Clinical evidence also suggests that some of OA patients will
benefit from drugs (Ringdahl and Pandit, 2011). Drugs, including
acetaminophen, non-steroidal anti-inflammatory drugs
(NSAIDs), and opioids are essential medicine for patients who
have moderate to severe pain. Among these drugs,
acetaminophen and NSAIDs are recommended as the first-line
pain medication for OA by most guidelines (Dougados, 2006;
Hunter and Bierma-Zeinstra, 2019). Nonetheless, safety should
be an important consideration in selecting these drugs, since they
are reported to be related to considerable side effects, such as liver
toxicity, gastrointestinal and cardiovascular complications
(Sostres et al., 2010). Opioids are more potent and effective
drugs for patients with refractory pain. Both short and long-
acting opiates are effective in managing OA pain and have level 3
evidence in their support (Ringdahl and Pandit, 2011). Benefits
from the opiates may be acquired, however, frequent adverse
effects are associated with these drugs including nausea, dizziness,
vomiting, constipation, and sleepiness (Fuggle et al., 2019). In
addition, concerns about pharmacologic tolerance, physical
dependence suggest the use of opioids should be appropriately
dosed and monitored (Lipman, 2001).

There is emerging evidence that IA injections of CSs and HA
are helpful for some OA patients (Wernecke et al., 2015; Concoff
et al., 2017). CS is known to inhibit the release of inflammatory
cytokines in the affected joint and restrain further cartilaginous
destruction (Song et al., 2012). IA injections of CSs may provide
some patients with temporary symptomatic relief, and a low risk
of adverse effects (Wernecke et al., 2015). According to the
guideline from Osteoarthritis Research Society International
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(OARSI), CSs injections should be performed after patients
failing or are unsatisfactory with oral analgesic/anti-
inflammatory agents, especially for the patients with
symptomatic knee OA with effusions or other physical signs
of local inflammation (Zhang et al., 2008). HA is a constituent of
synovial fluid, while the contents of HA are decreased and
compromised in OA joints (Temple-Wong et al., 2016; Chen
et al., 2020). Exogenous supplementation of HA is thought to be a
visco-supplemental or pharmaceutical therapy for patients with
knee OA. They are inferior to CSs in terms of short-term
duration, but with likely prolonged symptomatic benefit
(Trueba Davalillo et al., 2015). Many complementary
medicines (glucosamine sulphate, chondroitin sulphate, ginger,
turmeric, etc.) and nutritional supplements have been used to
treat OA, but little detail was given and there was no consensus
has been achieved (Nelson et al., 2014).

Potential Drugs for OA
The existing treatments for the management of OA are palliative
and often associated with unacceptable side effects. To blunt the
epidemic of OA, DMOADs have become a focus of drug

development. These products are capable of modifying the
structural progression within the joints, as well as ameliorating
the symptoms of OA (Ghouri and Conaghan, 2019). These drugs
are designed mainly based on the three phenotypes or
subpopulations in OA: cartilage, synovial inflammation, and
subchondral bone (Oo et al., 2018). DMOADs are largely
more targeted than current drugs and can be administered
through local injection, which augments the efficacy while
diminishing systemic reaction (Hunter and Bierma-Zeinstra,
2019). For example, injectable biologics such as human platelet
rich plasma (PRP), Sprifermin (recombinant human fibroblast
growth factor 18, rhFGF-18), bone morphogenic protein 7 (BMP-
7), or injectable small molecules and drugs such as WNT
signaling pathway inhibitors and MMP inhibitors (Fortier
et al., 2011; Glynn et al., 2018; Oo et al., 2018; Mobasheri,
2019). There are significant ongoing efforts in this field, and
some of the putative DMOADs are in advanced development
(phase II or phase III clinical trials) (Hunter and Bierma-Zeinstra,
2019). Currently, no DMOADs have been licensed by regulatory
agencies for use but a number of products have shown promising
outcomes in clinical trials (see Table 1).

TABLE 1 | List of ongoing and completed clinical trials on potential DMOADs.

Drug class Targeted tissue Mechanism of
action

Phase ClinialTrials.
Gov

identifier

Status

FGF-18 Cartilage regeneration
and repair

Stimulating chondrogenesis and ECM through FGF
receptor 3

II NCT01919164 Completed
Sprifermin (AS902330)

PRP Directing the local MSCs to migrate, divide, and increase
collagen and matrix synthesis

II/
III

NCT04931719 Completed
Human PRP

BMP-7 Promoting the synthesis of ECM of chondrocytes II NCT01111045 Completed
Human recombinant BMP-7

Wnt/β-catenin signaling
pathway inhibitors

Cartilage catabolism Induction of protease production, especially MMPs II NCT03122860 Completed

Lorecivivint (SM04690) III NCT04520607 Recruiting
MMPs inhibitors Inhibiting the zinc-dependent MMPs II NCT00041756 Completed
PG-530,742

Senolytics/Senomorphics Eliminating or altering senescent cells selectively I/II NCT04815902 Recruiting
Fisetin I/II NCT04210986 Active, not

recruiting

PTH Subchondral bone Subchondral bone remodeling II NCT03072147 Active, not
recruitingTeriparatide

MEPE Subchondral bone remodeling II NCT01925261 Completed
TPX-100

Cathepsin K inhibitors Inhibiting osteolytic protease by osteoclasts II NCT00371670 Completed
Balicatib

Calcitonin Inhibiting osteoclast bone reabsorption through calcitonin
receptor on osteoclasts

III NCT00486434 Completed
Oral Salmon Calcitonin

(SMC021)

Anti-IL-1 Synovial inflammation Neutralizing IL-1α and IL-1β II NCT02087904 Completed
ABT-981

Anti-TNF Binds specifically to TNF-α and blocks its interaction with
endogenous TNF

II NCT00185562 Completed
Adalimumab

iNOS inhibitors Inhibiting inducible NO synthase II NCT00565812 Completed
Cindunistat hydrochloride

maleate (SD-6010)

FGF � fibroblast growth factor; PRP � platelet rich plasma; BMP � bone morphogenic protein; MMP �matrix metalloproteinase; PTH � parathyroid hormone; MEPE �matrix extracellular
phosphoglycoprotein; IL � interleukin; TNF � tumor necrosis factor; ECM � extracellular matrix; iNOS � inducible nitric oxide synthase; NO � nitric oxide.
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Sprifermin (rhFGF-18) acts on FGF receptor 3 in cartilage to
stimulate chondrogenesis and ECM production in vivo and
in vitro (Reker et al., 2017; Sennett et al., 2018). BMP-7 is a
growth factor and has been investigated as a potential drug to
repair damaged AC. In addition to the depletion in OA cartilage,
BMP-7 also has reparative effects on cartilage by promoting the
synthesis of ECM (Thielen et al., 2019). Platelets contain several
growth factors, such as insulin-like growth factor-1 (IGF-1),
TGF-β, VEGF, as well as chemokines, cytokines, and
numerous soluble proteins (Gato-Calvo et al., 2019). The
concentration of platelets in the PRP is 4–6 times higher than
that of a healthy person’s blood (Qian et al., 2017). It is believed
that the clinical efficacy of growth factors could be exerted with
PRP, including promoting MSCs recruitment, proliferation, and
chondrogenesis (Gato-Calvo et al., 2019). The activation of Wnt/
β-catenin signalling pathway can also induce cartilage damage by
upregulating the expression of catabolic genes, like ADAMTS and
MMPs (Oo et al., 2018). Lorecivivint (SM04690) is a small-
molecule Wnt pathway inhibitor and its promising results
have been shown in preclinical studies (Deshmukh et al., 2018;
Deshmukh et al., 2019). A phase II trial (NCT03122860)
conducted on 700 patients for 24 weeks reported a favorable
improvement in both pain and function as compared with
placebo (Yazici et al., 2021). A small phase-III (NCT04520607)
trial is recruiting participants. In addition, senolytics and
senomorphics which target pathogenic senescent cells are an
emerging therapy for treating aging and chronic diseases
(Lagoumtzi and Chondrogianni, 2021). These drugs are also
under clinical trials for OA therapy. Fisetin is a polyphenol
extracted from fruits and vegetables and has been shown to
have senolytic and anti-inflammatory effects (Zheng et al.,
2017). Two such clinical trials (NCT04210986, NCT04815902)
for Fisetin are underway. Previously, another clinical trial by
Unity Biotechnology studying the potential of UBX0101 as a
senolytic drug for OA has failed (Hügle and Geurts, 2017). On the
other hand, subchondral bone pathologies are indispensable for
mediating cartilage damage in OA. Therefore, therapeutic drugs
that targeting subchondral bone remodeling is an attractive
option for DMOAD development. Teriparatide is a
1–34 amino-acid fragment derived from human parathyroid
hormone (PTH) and is normally used as a bone anabolic
therapy for osteoporosis. In OA, it displays the ability to
stimulate the synthesis of ECM and improve subchondral
bone mineral density (Sampson et al., 2011). Matrix
extracellular phosphoglycoprotein (MEPE) is a protein that
regulates bone and growth plate cartilage mineralization, while
TPX-100 is a novel 23-amino-acid peptide that is derived from
MEPE (Oo et al., 2018). At the 2020 OARSI conference, it was
reported that a significant reduction in pathologic bone shape
changes of the femur after IA injection of TPX-100 at 12 months
(McGuire et al., 2020). Cathepsin K is a potent osteolytic protease
for bone resorption, and cathepsin K inhibitor has been reported
to attenuate cartilage damage in animal models of OA (Hayami
et al., 2012). Calcitonin is a hormone secreted by the
parafollicular thyroid cells and inhibits osteoclast activity in
bone through affecting the calcitonin receptor localized to
osteoclasts. Several animal studies have been demonstrated

that salmon calcitonin has positive effects on disrupt cartilage
degeneration. In a 2-years phase III trial (NCT00486434), oral
calcitonin significantly improved knee function in OA patients
and enhanced cartilage thickness compared to placebo. IL-1 and
TNF-α are the most extensively studied cytokines in preclinical
studies. However, most clinical trials investigating the inhibitor of
IL-1 and TNF-α failed to meet symptomatic benefits in OA
patients (Oo et al., 2018). Nitric oxide (NO) is an
inflammatory mediator and is produced by the inducible NO
synthase (iNOS) pathway. Cindunistat hydrochloride maleate
(SD-6010) is an orally administered inhibitor of human iNOS,
while it failed to show the rate of change in joint space narrowing
(JSN) in a 2-years phase II trial (NCT00565812) (Hellio le
Graverand et al., 2013).

NON-SURGICAL APPLICATION OF
CARTILAGE TISSUE ENGINEERING

Owing to the avascular nature of cartilage, damaged cartilage has
limited capability for healing and repairing by itself (Chen et al.,
2017). Therapies, like non- or pharmacologic treatment, only
focus on relieving the symptoms of OA, instead of regenerating
damaged or degenerative cartilage. These conditions, thus
contributing to the emergence of cartilage tissue engineering
(CTE), which is come up as a promising strategy for cartilage
regeneration by integrating methods and perspectives from life
sciences and biomaterials (Ondresik et al., 2017). The goal of CTE
is to modify the host microenvironment of OA and promote
cartilage regeneration (Ondresik et al., 2017). Successful tissue
engineering depends on multiple aspects, including appropriate
cells for implantation, well-designed scaffolds for mechanical
support, and biological factors for directing cells to
differentiate in the proper direction (Liu Y. et al., 2017;
Morouco et al., 2019). Recent investigations have highlighted
its promising, and some strategies are already available on the
market (Brittberg, 2008; Evans et al., 2018).

Cell Injection Therapy
When it comes to cell therapy, it normally refers to chondrocytes
or mesenchymal stem cells (MSCs) based regimen (Phull et al.,
2016; Lee and Wang, 2017). Considering the demerits of
complicated operation and donor site mobility in
chondrocytes-based treatment, MSCs are more prone to be
accepted as a fitting source of cells in cell-based therapies (Im,
2018). MSCs are cells of mesodermal origin and progenitors of
various cells (osteocytes, chondrocytes, adipocytes, etc.), and can
be isolated from diverse tissues, including bone marrow, adipose
tissue, placenta, and even peripheral blood (Nejadnik et al., 2015).
MSCs have a higher proliferation rate, chondrogenic
differentiation capacity and immunomodulatory abilities,
which are key features in cartilage regeneration (Gupta et al.,
2012). Additionally, the anti-inflammatory and
immunosuppressive attributes of MSCs imply that they might
inhibit synovial inflammation and reduce pain, as well as can be
used as both autografts and allografts for OA patients in clinical
trials (Im, 2018).
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MSC-Based Therapy for IA Injection of OA
The efficacy of MSC-based therapy has been proven to be
effective in different OA animal models (Gupta et al., 2012;
Grassel and Lorenz, 2014; Sasaki et al., 2019), ranging from
murine, rabbit, canine, ovine, and caprine to equine (see
Table 2). In vivo study, IA injection of human adipose tissue-
derived MSCs (AD-MSCs) engrafted into the rat joints and
increased the cartilage thickness in surgery-induced OA
animal models (Li et al., 2016). Small animal models are often
used as a proof-of-concept, owing to their AC is thinner and
smaller than humans. Large animals, such as ovine, equine, or
sheep are more suitable for modeling human AC defects and
investigating the effectiveness of MSC-based treatments (Grassel
and Lorenz, 2014). In a study conducted by Al Faqehand
colleagues, autologous bone marrow MSCs (BM-MSCs) were
performed for IA injection of surgically-induced OA sheep.
6 weeks after injection, gross evidence of retardation of
cartilage destruction was observed in the OA joints treated
with BM-MSCs (Al Faqeh et al., 2012). Consistent with this
study, the study of Ko et al. found that injected SOX-6, 9-
transfected AD-MSCs attenuated the progression of OA in
goats (Ko et al., 2019). The safety and feasibility of IA
injection of MSCs for cartilage repair have also been evaluated
in several clinical trials (Grassel and Lorenz, 2014; Lee andWang,
2017). It is suggested that subjects with mild to moderate OA
(K-L grade 1–3) are optimal candidates for MSC therapy (Lee and
Wang, 2017). Jo et al. enrolled 18 patients with knee OA (K-L
grade 2–3) and injected autologous AD-MSCs into the knee,
showing improved Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) score, decreased size of the
cartilage defect, and increased cartilage volume at 6 months

after injection in the high-dose group (1.0 × 108/L) (Jo et al.,
2014). Concomitantly, in a 2 years’ follow-up study, Orozco et al.
found that IA injection of autologous expanded BM-MSCs was
effective in improving both magnetic resonance imaging (MRI)
T2 mapping and visual analogue scale (VAS) outcomes in
patients undergoing chronic knee pain (Orozco et al., 2013;
2014). In addition, one randomized controlled trial (RCT)
study assessing the feasibility and safety of treating OA with
allogeneic BM-MSCs was reported by (Vega et al. (2015). In this
study, 30 patients with chronic knee OA were randomized into 2
groups of 15 patients: the test group received allogeneic BM-
MSCs (40 × 106 cells) by IA injection, while the control group
received HA (60 mg). After 12 months, the test group illustrated
significant improvement in algofunctional indices and
quantification of cartilage quality compared to the control
group (Vega et al., 2015). Nevertheless, patients withstanding
larger cartilage lesions exhibited significantly inferior
consequences (Im, 2018). Additionally, MSCs obtained from
subjects with severe OA have decreased potential for
proliferation and chondrogenic differentiation, resulting in a
lower cell yield and higher osteogenic differentiation (Murphy
et al., 2002).

Bottleneck of Cell Injection Therapy for OA
Although encouraging symptomatic relief has been demonstrated
in clinical reports, hyaline AC regeneration was rarely reported.
In a study with three case reports, Wakitani et al. found that the
cartilage defect had been repaired with the fibrocartilaginous
tissue in the first patient after 1 year of BM-MSCs transplantation.
MRI results of the second patient revealed complete coverage of
the defect, while not able to determine the covered materials was

TABLE 2 | Animal models using IA injection of MSCs for treating OA.

Category Cell
source

Dose/graft type Combination
use

Model Evaluation method References

Small animal
study

BM-MSCs 1*105cells/allogeneic — mouse Histology, μCT Diekman et al.
(2013)

AD-MSCs 2*104 or 2*105 cells/xenogeneic (equine) — mouse Histology Maumus et al.
(2016)

SM-MSCs 1*106 cells/allogeneic — mouse Clinical score, histology Yan et al. (2017)
BM-MSCs 6*105 or 1.3*106 cells/xenogeneic

(human)
HA rat Gross morphology, histology, pain

response
Gupta et al. (2016)

AD-MSCs 2.5*106cells/xenogeneic (human) — rat Histology, IHC Li et al. (2016)
SM-MSCs 1*106 cells/xenogeneic (human) — rat Gross morphology, histology, IHC Ozeki et al. (2016)
UC-MSCs 1*105 or 1*106 cells/xenogeneic (human) Microcryogel rat Gross morphology, histology, μCT Xing et al. (2020)
BM-MSCs 1*106 cells/allogeneic HA rabbit Gross morphology, histology, IHC Chiang et al.

(2016)
AD-MSCs 2*106 cells/autologous HA rabbit Gross morphology, histology, IHC Kuroda et al.

(2015)
SM-MSCs 5*106 cells/autologous — rabbit Gross morphology, histology Jia et al. (2018)

Large animal
study

BM-MSCs 7*106 cells/xenogeneic (human) HA pig Gross morphology, histology Sato et al. (2012)
BM-MSCs 1*107 cells/allogeneic HA dog Gross appearance, MRI, histology, IHC Li et al. (2018)
AD-MSCs 1*107 or 5*107 cells/allogeneic HA sheep Gross morphology, histology, MRI, μCT Feng et al. (2018)
AD-MSCs 1.8*106, 6*106 or 1.8* 107 cells/

xenogeneic (human)
— goat Histology, macroscopic and micro-

scopic scores
Ko et al. (2019)

BM-MSCs 1*107 cells/autologous — horse Clinical and radiographic scores Magri et al. (2019)

BM-MSCs � bone marrow mesenchymal stem cells; AD-MSCs � adipose-derived mesenchymal stem cells; SM-MSCs � synovial membrane-derived mesenchymal stem cells; UC-MSCs �
umbilical cord-derived mesenchymal stem cells; IHC � immunohistochemistry; HA � hyaluronic acid; MRI � magnetic resonance imaging; μCT � micro-computed tomography.
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hyaline cartilage (Wakitani et al., 2007). Discoveries from animal
researches implicated that MSCs achieve therapeutic effects in
virtue of paracrine mechanisms, rather than integrating with
cartilage directly and producing ECM in situ (Saulnier et al., 2015;
Ozeki et al., 2016). These paracrine factors consist of various
proteins and could be conveyed in extracellular vehicles (EVs)
(Lee and Wang, 2017). There are three major categories of EVs:
apoptotic bodies, exosomes or nanovesicles, and microparticles/
microvesicles (MPs) (Mianehsaz et al., 2019). Recently, it has
been increasingly supported that MSCs-derived exosomes
contribute to the reparative effects of MSC-based treatment in
OA models (Cosenza et al., 2017) (Zhang et al., 2019). An in vivo
study revealed that BM-MSCs and MSCs-derived exosomes
equally protected collagenase-induced mice from joint damage
(Cosenza et al., 2017). Other issues such as frequency of injection,
the dose of MSCs, MSC origin, and transplantation type also
should be taken into consideration (Im, 2018). Moreover, the
safety of IA injection of MSCs is one of the key points in clinical
application. In one meta-analysis, Peeters assessed the reported
adverse events of IA treatment with cultured stem cells in
humans, four serious adverse effect cases were reported,
including one infection, one pulmonary embolism, and two
tumors (Peeters et al., 2013). Lastly, a lacking of a large
number of multicenter data and high-level evidence hinders
the application of MSCs in early-stage OA. Given current
knowledge, the preliminary results indicated that IA MSCs
injection is promising in reducing pain and improving the
quality of OA patients. However, more RCTs and high-level
evidence are still required before in-depth clinical translation.

Injectable Hydrogel
Various natural or synthetic materials have been explored as
scaffolds in CTE to create three-dimensional (3D) tissue
constructs that maintain and restore the function and
structure of the cartilage. In the application of cartilage
regeneration, injectable hydrogels over the solid scaffolds
initiate the possibility of percutaneous injection, owing to their
highly aqueous 3D cross-linked network structure (Wu et al.,
2020). Hydrogels are mainly composed of natural biomaterials
(chitosan, fibrin, alginate, collagen, and silk), or synthetic
materials (polyethylene glycol (PEG), polyvinyl alcohol (PVA),
polylactic acid (PLA)) (Liu M. et al., 2017; Li et al., 2019). Their
high porosity allows encapsulated cells to adhere, diffuse, and
functionally differentiate within the materials. One of the unique
superiorities of hydrogels is that they have similar properties to
native ECM of cartilage, providing a beneficial growth
environment for chondrocytes to maintain their phenotype
(Wu et al., 2020). In addition, injectable hydrogels have the
ability to gel in situ through controlling some factors such as
PH and temperature (Singh et al., 2018). Therefore, it is widely
accepted that hydrogel is a potential promising choice for
cartilage repair.

Preclinical Studies
Notably, over the past decade, the cartilage regeneration potential
of hydrogels combined with or without cells and biologics have
been investigated and remarkable successes have been achieved in

fundamental studies (Roberts et al., 2011; Kontturi et al., 2014;
Arora et al., 2017). Kontturi et al. designed an injectable, in situ
forming type II collagen/HA hydrogel and found that it could
assist the long-term survival of the encapsulated chondrocytes as
well as maintain their round shape in vitro (Kontturi et al., 2014).
In another study, Roberts et al. demonstrated that a chondrocyte-
laden PEG-LA hydrogel (consisting of PEG and oligomers of
lactic acid (LA)) significantly improved the formation of
cartilage-like tissue comprised of glycosaminoglycan and
collagen under loading (Roberts et al., 2011). Moreover, Arora
et al. have reported that TGF-β1 loaded hydrogels enhanced cell
survival and chondrogenesis of MSCs and chondrocytes (Arora
et al., 2017). In parallel, many preclinical studies have assessed the
reparative effects of injectable hydrogels on the cartilage in large
and small animal models (Na et al., 2007;Wang et al., 2007; Vilela
et al., 2015). Na et al. developed a thermo-reversible hydrogel
construct blended with HA, which was used as an injectable
carrier for rabbit chondrocytes and TGF-β3. The results showed
that when the blended hydrogels mixed with TGF-β3 and
chondrocytes were injected subcutaneously into the nude mice,
the level of cartilage associated ECM production was significantly
higher than those without HA or TGF-β3 (Na et al., 2007). Wang
et al. used a chondroitin sulphate (CS) based adhesive-hydrogel to
stimulate cartilage formation in goat models. This study
suggested greater defects fill in the presence of the hydrogels
compared to microfracture alone (Wang et al., 2007).

Clinical Trials
Clinical trials of injectable hydrogels on OA treatment are very
limited, and their applications are mainly to boost the efficacy of
existing therapies, such as microfracture, osteochondral grafting
(Wu et al., 2020). Most of the reported trials are case reports or
case series. In a pilot clinical study, Sharma et al. recruited 18
subjects with focal cartilage defects on the medial femoral
condyle. 15 subjects (treated group) were treated with the
adhesive-hydrogel in conjunction with microfracture, while
three subjects (control group) were treated with microfracture
alone. At 6 months follow up, MRI analysis showed significant
improvement of repair tissue integration was achieved in the
treated group. The treated group also experienced pain reduction
compared to the controls, and no major adverse events were
observed (Sharma et al., 2013). Another clinical trial using
ChonDux hydrogel (consisting of a PEG/HA network and a
CS adhesive) for treating full-thickness femoral condyle defects
(Wolf et al., 2020). Researchers found that ChonDux mediated
94.2 ± 16.3% of final defects fill over 2-years of follow-up and the
treated tissue was similar to adjacent cartilage between 12 and
24 months, suggesting ChonDux is a safe accessory to
microfracture therapy (Wolf et al., 2020). In addition, a novel
medicine product (Cartistem), comprised of HA hydrogel and
allogeneic human umbilical cord blood-derived MSCs (hUCB-
MSCs) was assessed in a clinical study over 7-years of follow-up.
The results suggested this product appears to be safe and effective
for cartilage regeneration in knee OA (Park et al., 2017). The
above pilot studies confirmed the prospects of injectable hydrogel
in the treatment of OA. However, some challenges for clinical
translation remain to be addressed, including the source of the
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material, and integration to the cartilage in a stable way. Future
studies are needed to address these issues before clinical
application.

Gene-Based Therapy
As a disease with a great degree of heritability, genetic changes in
OA could contribute to defects of a structural component, or
imbalance in the metabolism of cartilage and bone (Mobasheri,
2019). In this regard, gene therapy represents an innovative
approach to the medical management of OA. It was firstly
reported in articulations by Evans et al, who utilized an anti-
arthritic cytokine (IL-1 Receptor Antagonist, IL-1Ra) gene in
human joints with rheumatoid arthritis (RA) (Evans et al., 1996).
Unlike the protein-based treatments which have a short half-life,
gene therapies aim to establish persistent, endogenous synthesis
of the trans-gene products at target sites through IA injection
(Mobasheri, 2019). Recently, this has been carried out in vivo and
ex vivo studies, using different delivery vectors (non-viral or
viral), target genes (growth factors, transcription factors, anti-
inflammatory cytokines, cell signaling protein iHH, ECM protein,
integrin-β1), and cells (stem cells, chondrocytes) with or without
biomaterials (Heiligenstein et al., 2011; Shui et al., 2013).

Gene Delivery Strategies
Delivery of the transgene can be achieved by viral or non-viral
methods. At present, viral vectors are more preferred and have
been used for IA gene delivery in animal models (Kay et al., 2009;
Wang et al., 2016) and human trials (Mease et al., 2009; Mease
et al., 2010). Retroviruses and adeno-associated virus (AVV) are
the only vectors that have been assayed in clinical studies until now.
Compared with other viral vectors, AAV has the advantage of
penetrating deeply within cartilage to transduce chondrocytes in
situ (Madry et al., 2003). In vivo experiments by Kay et al. showed
that the level of IL-1Ra expression present in the joint space of self-
complementary AAV (sc-AAV) injected rabbits for 2 weeks in
sufficient quantities to suppress inflammation of the IL-1β-induced
arthritis model (Kay et al., 2009). Similarly, in another study,Wang
et al. suggested that no local or systemic toxicity was found
following sc-AAV vector carrying IL-1Ra transgene (sc-
rAAV2.5IL-1Ra) injection in mono-iodoacetate (MIA)-induced
OA rats (Wang et al., 2016). Sustained expression of IL-1Ra
and a low rate of cartilage loss were observed in the vector-
injected knees (Wang et al., 2016). In large mammalian joints,
transgenic expression of human IL-1Ra could last for 10 weeks at
biologically relevant levels following delivery with recombinant
AAV in the forelimb joints of horses (Watson et al., 2013). In a
phase I clinical trial (NCT00617032), 15 subjects (aged ≥18 years)
with inflammatory arthritis (14 with RA and 1 with ankylosing
spondylitis) received a single IA injection of rAAV-2 containing a
TNF immunoglobulin Fc fusion gene (rAAV2-TNFR:Fc). The
result showed that rAAV2-TNFR:Fc appears to be safe and well
tolerated in patients not systemically taking TNF-α antagonists
(Mease et al., 2009). Furthermore, a phase I/II clinical trial
(NCT00126724) on 127 patients (aged 18–75 years)
demonstrated that greater improvement in patients treated with
rAAV2-TNFR:Fc compared to placebo patients (Mease et al.,
2010). Meanwhile, another phase I study (NCT02790723) using

AAV is still in progress and will evaluate the effects of IL-1Ra
expression on the OA phenotype (Bellavia et al., 2018).

Selection of Transgene
Among the numerous target genes, the expressions of GFs and
anti-inflammatory cytokines are of interest to researchers and are
being assessed in clinical trials (see Table 3). As described
aforementioned, IL-1 and TNF-α receptor antagonists are the
candidate transgenes with an anti-inflammatory action that have
been applied in clinical trials (Mease et al., 2009; Bellavia et al.,
2018). TGF-β1 is a growth factor that can augment the ability of
chondrogenesis of MSCs. Several preliminary studies have
confirmed the effects of TGF-β1 in the repair of cartilage
defects and impeding the chondrocytes hypertrophy (van
Caam et al., 2015; Xie et al., 2016). TGF-β1 is also the
exclusive gene currently being tested in clinical trials for OA
treatment (Ondresik et al., 2017). Noh et al. conducted a pre-
clinical study to evaluate the efficacy, biodistribution, and safety
of single IA injection of the cell mixture (3:1 ratio of genetically
unmodified and TGF-β1-secreting human chondrocytes, TG-C)
in SCID mice, rabbits, and goats with damaged joints. The results
showed that the mixture was tolerated well in all of the species,
and cartilage regeneration was present in defects of rabbits and
goats (Noh et al., 2010). After these positive pre-clinical results, a
phase I clinical trial (NCT00599248) performed on 12 subjects
with advanced knee OA suggested that TG-C contributed to an
improvement of OA symptoms as well as minor injection site
reactions (Ha et al., 2012). Concomitantly, a phase II clinical
study carried out on 102 patients (NCT01221441) with knee OA,
indicated that TG-C treated patients had positive effects on
function elevation and pain mitigation compared to placebo at
1-year follow-up (Cherian et al., 2015). Notably, an ex vivo TGF-
β1 gene therapy was authorized in Korea for IA injection of knee
joints with moderate-to-severe OA. The product (Invossa™) has
received marketing approval in Korea and a phase III clinical trial
is expected to begin shortly in the United States (Evans et al.,
2018). Other genes, like IGF-1, BMPs, cell signaling protein iHH,
ECM component (COMP), and integrin β1, are still in their
infancy (Bellavia et al., 2018; Tendulkar et al., 2019). Gene
combinations are also of interest, and co-infection of IL-1Ra
and IGF-1 has a positive effect on repairing cartilage defects in
vivo (Morisset et al., 2007).

Gene therapy offers a novel approach to address the issue of
transferring exogenous pharmaceuticals into joints topically and
durably. Nevertheless, safety and effectiveness are still hurdles for
clinical application. Some authors expressed their concerns about
the safety of viral vectors, in particular, after the occurrence of
severe adverse events such as leukemia and death (Frank et al.,
2009). Although these events were not correlated with viral
vectors, the proper monitoring for further clinical application
needed to be highlighted.

SUMMARY AND FUTURE OUTLOOK

Recognition of OA is a complex disease with multifactorial
nature, and the whole joints are involved in the degenerative
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process is crucial for cartilage repair. Therefore, it is necessary to
increase our knowledge in basic sciences to comprehensively
understand the mechanism of different joint components in
OA pathology. Until now, in the clinics, conservative
management, including physical measures and
pharmacological therapy are still the first choices offered for
OA patients. Joint arthroplasties or total replacement surgeries
are served as the ultimate therapeutic option to rehabilitate the
joint function of patients who withstand severe OA. However,
these approaches are not able to induce healing processes or halt
the degenerative processes in the joints. Demand for cartilage
regeneration remains a big challenge both for clinicians and
researchers.

Thanks to the innovations and advances in biomaterials and
biotechnology, more and more research efforts have been devoted
to studying cartilage repair through non-surgical approaches. Stem
cell therapies and injectable hydrogels targeting articular cartilage
are being largely explored (Lee andWang, 2017; Yang et al., 2017).
Human clinical trials using IA injection of MSCs have taken place,
with more and more pending trials listed on Clinicaltrials.gov (Lee
and Wang, 2017). The main problem of cell-based therapy is the
chondrogenesis of stem cells is often followed by osteogenesis and
hypertrophy. Moreover, increasing evidence demonstrates that the
number and life expectancy of injected MSCs in situ is much lower
than expected (Sasaki et al., 2019). Significant efforts have been
made to address these issues. Excitingly, it was found that the
presence of anti-angiogenic factors, such as gremlin-1,
chondromoduli-1, and PTH-related protein was able to
suppress chondrocyte hypertrophy and enhance MSC
chondrogenesis (Vortkamp et al., 1996; Shukunami et al., 2005;
Nagai et al., 2010). Recently, advances in the development of cell-
laden hydrogels have opened up new possibilities for cell therapy.

Cells in hydrogels adhere to and extend on a 3D environment,
which is similar to the morphology and distribution of cells in
native cartilage (Wu et al., 2020). In addition, hydrogels are usually
used as controlled release carriers for bioactive molecules or target
drugs. Bioactive molecules, such as growth factors and cytokines,
play essential roles in the metabolism and differentiation of
chondrocytes (Fortier et al., 2011; Wojdasiewicz et al., 2014).
However, it is challenging to maintain the effectiveness of the
medicines encapsulated in the hydrogels. In this regard, Spiller et al.
have recently developed a hybrid scaffold consisting of degradable
poly (lactic-co-glycolic acid) (PLGA) microparticles and PVA
hydrogel in which IGF-1 was loaded, resulting in the release of
IGF-1 in a sustained manner over 6 weeks (Spiller et al., 2012).
Another challenge for injectable hydrogel is how to firmly integrate
the hydrogels with local structures, in particular, utilizing an
injectable approach. The emergence of gene transfer provides a
novel way to solve some of the widespread, demanding, and
intractable problems of modern medicine. Theoretically, gene
therapy permits longer-lasting, targeted, location-specific
expression of a protein of interest, in a more physiologically
relevant way. Preclinical studies have confirmed the efficacy and
safety of gene therapy and implicated its prospects. Progress
towards clinical application appears to be distant, due to the
concerns about viral vectors. It is noteworthy that the first gene
product, Invossa™, has received a license in Korea in 2017 (Evans
et al., 2018). Its approval will arouse interest in this field to
accelerate the development of genetic therapeutics for defective
joints.

Overall, each type of treatment has its merits and demerits
concerning the application. To date, no technique has indicated
the ability to generate native cartilage in the joints. Therefore, to
design more efficient therapies that minimize adverse

TABLE 3 | Registered clinical trials on the gene therapy of OA.

Gene Method of
delivery

Number of
participants

Evaluations Phase ClinialTrials.gov
identifier

Status

TGF-
β1

Retrovirus, ex
vivo

12 Safety and biological activity of TissueGene-C in degenerative arthritis
patients

I NCT00599248 Completed

TGF-
β1

Retrovirus, ex
vivo

12 Efficacy and safety of TissueGene-C in degenerative arthritis patients I NCT02341391 Completed

TGF-
β1

Retrovirus, ex
vivo

102 Efficacy and safety of TissueGene-C in Patients with grade 3 chronic
degenerative joint disease of the knee

II NCT01221441 Completed

TGF-
β1

Retrovirus, ex
vivo

28 Efficacy and safety of TissueGene-C in degenerative arthritis patients II NCT02341378 Completed

TGF-
β1

Retrovirus, ex
vivo

18 Efficacy and safety of TissueGene-C mixed with Fibrin-glue in patients
with degenerative arthritis

II NCT01825811 Completed

TGF-
β1

Retrovirus, ex
vivo

54 Efficacy and safety of TissueGene-C in degenerative arthritis patients II NCT01671072 Completed

TGF-
β1

Retrovirus, ex
vivo

163 Efficacy and safety of TissueGene-C in degenerative arthritis patients III NCT02072070 Completed

TGF-
β1

Retrovirus, ex
vivo

510 Safety and efficacy of TissueGene-C in patients with grade 2–3 knee OA III NCT03203330 Active, not
recruiting

IL-1Ra AAV, in vivo 9 Safety of IA Sc-rAAV2.5IL-1Ra in patients with moderate OA of the Knee I NCT02790723 Recruiting
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consequences, it is mandatory to implement interdisciplinary and
translational studies. Tissue engineering should be directed to
identify the interactions between cells, scaffolds, and the
microenvironment of the implant. Recently, Madry et al.
designed an injectable and thermosensitive hydrogel on basis
of poly (ethylene oxide) (PEO)–poly (propylene oxide)
(PPO)–PEO poloxamers, capable of controlling the release of a
therapeutic (SOX9) rAAV vector in a clinically relevant minipig
model with full-thickness chondral defects (Madry et al., 2020).
Four weeks postoperatively, multiple standardized analyses
(integration, morphology, matrix staining, and histological
scoring of cartilage repair) indicated SOX9/hydrogel construct
significantly improved cartilage repair. In addition, the absence of
immune cells in all the defects confirmed the benefits of utilizing
biomaterial-guided carriers for gene delivery in the clinical
application (Madry et al., 2020). Novel scientific technologies
would also aid in the development of tissue engineering
(Figure 2). CRISPR/Cas9 system is an advanced genome-
editing technique that is able to make gene deletion,
correction, and substitution, or other changes at specific sites
of the genome (Tanikella et al., 2020). For example, CRISPR/Cas9

has been employed to regulate MMP-13 protein levels and
enzymatic activity in human chondrocytes. The results showed
CRISPR/Cas9 mediated genome editing significantly reduced the
level of MMP-13 protein and enhanced collagen II accumulation
(Seidl et al., 2019). On the other hand, advanced manufacturing
techniques, such as microfluidic biofabrication, 3D bioprinting
are required to fabricate complex tissue constructs (Lopa et al.,
2018; Roseti et al., 2018). For example, in order to mimic the
nature of AC, Stichler’s group utilized a thiol-functionalized HA
(HA-SH) hybrid hydrogel embedded with human and equine
MSCs as bioink for 3D bioprinting. Embedded MSCs showed a
good survival for at least 21 days in vitro culture. Concomitantly,
double printing with thermoplastic poly (ε-caprolactone) (PCL)
made the constructs more mechanically stable and robust
(Stichler et al., 2017). Furthermore, with the development of
machine learning and artificial intelligence (AI), we may be able
to accelerate the process of trial and design better materials for
cartilage regeneration in the future (Liu et al., 2020).

In conclusion, there is no doubt that tissue engineering has the
potential to reproduce the cartilage through a non-operative
approach. Despite the relatively successful preclinical
investigations and advanced development of clinical trials have
been achieved, several hurdles still exist in the routine to the final
clinical practice. In particular, ethical concerns and safety issues
regarding cell and gene delivery. Another challenge is the precise
design of hydrogels with good biocompatibility, excellent
biodegradability, and proper mechanical features. Lastly, it is
challenging to integrate the hydrogels with the adjacent cartilage
tissues in a stable way. Notably, some tissue engineering-based
products, like Invossa™, ChonDux, Cartistem have received
marketing approval. It is desirable that these approvals will
provoke research interests in this field and therefore accelerate
clinical translations in the future.

AUTHOR CONTRIBUTIONS

TC and JX: conceptual design. TC and WW: data mining and
collection. TC andWW: article preparation. WW, YL, AKN, RA-
W, and JX: article editing. TC, WW, and YL: data interpretation.
All authors contributed to the article and approved the submitted
version.

ACKNOWLEDGMENTS

We would like to thank all the authors who contributed to
the study.

REFERENCES

Akkiraju, H., and Nohe, A. (2015). Role of Chondrocytes in Cartilage Formation,
Progression of Osteoarthritis and Cartilage Regeneration. J. Dev. Biol. 3 (4),
177–192. doi:10.3390/jdb3040177

Al Faqeh, H., Nor Hamdan, B. M., Chen, H. C., Aminuddin, B. S., and Ruszymah,
B. H. (2012). The Potential of Intra-articular Injection of Chondrogenic-

Induced Bone Marrow Stem Cells to Retard the Progression of
Osteoarthritis in a Sheep Model. Exp. Gerontol. 47 (6), 458–464.
doi:10.1016/j.exger.2012.03.018

Archer, C. W., and Francis-West, P. (2003). The Chondrocyte. Int. J. Biochem. Cel
Biol. 35, 401–404. doi:10.1016/s1357-2725(02)00301-1

Arora, A., Mahajan, A., and Katti, D. S. (2017). TGF-β1 Presenting Enzymatically
Cross-Linked Injectable Hydrogels for Improved Chondrogenesis. Colloids
Surf. B Biointerfaces 159, 838–848. doi:10.1016/j.colsurfb.2017.08.035

FIGURE2 | Future trends of tissue engineering in treatingOA. Proper cell
selection, appropriate bioactive stimulus, and perfect design of scaffolds are
central to tissue engineering. Novel scientific technologies, including CRISPR
gene editing, 3D bioprinting, and AI should be used to facilitate the
development of tissue engineering in treating OA.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 75523010

Chen et al. Tissue Engineering Osteoarthritis Non-Operative Treatment

139

https://doi.org/10.3390/jdb3040177
https://doi.org/10.1016/j.exger.2012.03.018
https://doi.org/10.1016/s1357-2725(02)00301-1
https://doi.org/10.1016/j.colsurfb.2017.08.035
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Bellavia, D., Veronesi, F., Carina, V., Costa, V., Raimondi, L., De Luca, A., et al.
(2018). Gene Therapy for Chondral and Osteochondral Regeneration: Is the
Future Now?. Cell Mol Life Sci 75 (4), 649–667. doi:10.1007/s00018-017-2637-3

Block, J. A. (2014). Osteoarthritis: OA Guidelines: Improving Care or Merely
Codifying Practice?. Nat. Rev. Rheumatol. 10 (6), 324–326. doi:10.1038/
nrrheum.2014.61

Braun, H. J., and Gold, G. E. (2012). Diagnosis of Osteoarthritis: Imaging. Bone 51
(2), 278–288. doi:10.1016/j.bone.2011.11.019

Brittberg, M. (2008). Autologous Chondrocyte Implantation-Ttechnique and
Long-Term Follow-Up. Injury 39 Suppl 1, S40–S49. doi:10.1016/
j.injury.2008.01.040

Chen, D., Shen, J., Zhao, W., Wang, T., Han, L., Hamilton, J. L., et al. (2017).
Osteoarthritis: toward a Comprehensive Understanding of Pathological
Mechanism. Bone Res. 5, 16044. doi:10.1038/boneres.2016.44

Chen, T., Ehnert, S., Tendulkar, G., Zhu, S., Arnscheidt, C., Aspera-Werz, R. H.,
et al. (2020). Primary Human Chondrocytes Affected by Cigarette Smoke-
Therapeutic Challenges. Int. J. Mol. Sci. 21 (5), 1901. doi:10.3390/ijms21051901

Cherian, J. J., Parvizi, J., Bramlet, D., Lee, K. H., Romness, D. W., and Mont, M. A.
(2015). Preliminary Results of a Phase II Randomized Study to Determine the
Efficacy and Safety of Genetically Engineered Allogeneic Human Chondrocytes
Expressing TGF-β1 in Patients with Grade 3 Chronic Degenerative Joint
Disease of the Knee. Osteoarthritis Cartilage 23 (12), 2109–2118.
doi:10.1016/j.joca.2015.06.019

Chiang, E. R., Ma, H. L., Wang, J. P., Liu, C. L., Chen, T. H., and Hung, S. C. (2016).
Allogeneic Mesenchymal Stem Cells in Combination with Hyaluronic Acid for
the Treatment of Osteoarthritis in Rabbits. PLoS One 11 (2), e0149835.
doi:10.1371/journal.pone.0149835

Collaborators, G. D. a. I. I. a. P. (2016). Global, Regional, and National Incidence,
Prevalence, and Years Lived with Disability for 310 Diseases and Injuries, 1990-
2015: a Systematic Analysis for the Global Burden of Disease Study 2015. Lancet
388 (10053), 1545–1602. doi:10.1016/S0140-6736(16)31678-6

Concoff, A., Sancheti, P., Niazi, F., Shaw, P., and Rosen, J. (2017). The Efficacy of
Multiple versus Single Hyaluronic Acid Injections: a Systematic Review and
Meta-Analysis. BMC Musculoskelet. Disord. 18 (1), 542. doi:10.1186/s12891-
017-1897-2

Cosenza, S., Ruiz, M., Toupet, K., Jorgensen, C., and Noël, D. (2017). Mesenchymal
Stem Cells Derived Exosomes and Microparticles Protect Cartilage and Bone
from Degradation in Osteoarthritis. Sci. Rep. 7 (1), 16214. doi:10.1038/s41598-
017-15376-8

Deshmukh, V., Hu, H., Barroga, C., Bossard, C., Kc, S., Dellamary, L., et al. (2018).
A Small-Molecule Inhibitor of the Wnt Pathway (SM04690) as a Potential
Disease Modifying Agent for the Treatment of Osteoarthritis of the Knee.
Osteoarthritis Cartilage 26 (1), 18–27. doi:10.1016/j.joca.2017.08.015

Deshmukh, V., O’Green, A. L., Bossard, C., Seo, T., Lamangan, L., Ibanez, M., et al.
(2019). Modulation of the Wnt Pathway through Inhibition of CLK2 and
DYRK1A by Lorecivivint as a Novel, Potentially Disease-Modifying Approach
for Knee Osteoarthritis Treatment. Osteoarthritis Cartilage 27 (9), 1347–1360.
doi:10.1016/j.joca.2019.05.006

Diekman, B. O., Wu, C. L., Louer, C. R., Furman, B. D., Huebner, J. L., Kraus, V. B.,
et al. (2013). Intra-articular Delivery of Purified Mesenchymal Stem Cells from
C57BL/6 or MRL/MpJ Superhealer Mice Prevents Posttraumatic Arthritis. Cel
Transpl. 22 (8), 1395–1408. doi:10.3727/096368912X653264

Dougados, M. (2006). Why and How to Use NSAIDs in Osteoarthritis.
J. Cardiovasc. Pharmacol. 47 Suppl 1, S49–S54. doi:10.1097/00005344-
200605001-00009

El-Tawil, S., Arendt, E., and Parker, D. (2016). Position Statement: the
Epidemiology, Pathogenesis and Risk Factors of Osteoarthritis of the Knee.
J. Isakos 1 (4), 219–228. doi:10.1136/jisakos-2015-000002

Evans, C. H., Robbins, P. D., Ghivizzani, S. C., Herndon, J. H., Kang, R., Bahnson,
A. B., et al. (1996). Clinical Trial to Assess the Safety, Feasibility, and Efficacy of
Transferring a Potentially Anti-arthritic Cytokine Gene to Human Joints with
Rheumatoid Arthritis. Hum. Gene Ther. 7 (10), 1261–1280. doi:10.1089/
hum.1996.7.10-1261

Evans, C. H., Ghivizzani, S. C., and Robbins, P. D. (2018). Gene Delivery to Joints
by Intra-Articular Injection. Hum. Gene Ther. 29 (1), 2–14. doi:10.1089/
hum.2017.181

Feng, C., Luo, X., He, N., Xia, H., Lv, X., Zhang, X., et al. (2018). Efficacy and
Persistence of Allogeneic Adipose-Derived Mesenchymal Stem Cells Combined

with Hyaluronic Acid in Osteoarthritis After Intra-articular Injection in a Sheep
Model. Tissue Eng. Part. A. 24 (3-4), 219–233. doi:10.1089/ten.tea.2017.0039

Fernandes, J. C., Martel-Pelletier, J., and Pelletier, J. P. (2002). The Role of
Cytokines in Osteoarthritis Pathophysiology. Biorheology 39 (1-2), 237–246.

Fortier, L. A., Barker, J. U., Strauss, E. J., McCarrel, T. M., and Cole, B. J. (2011). The
Role of Growth Factors in Cartilage Repair. Clin. Orthop. Relat. Res. 469 (10),
2706–2715. doi:10.1007/s11999-011-1857-3

Frank, K. M., Hogarth, D. K., Miller, J. L., Mandal, S., Mease, P. J., Samulski, R. J.,
et al. (2009). Investigation of the Cause of Death in a Gene-Therapy Trial. N.
Engl. J. Med. 361 (2), 161–169. doi:10.1056/NEJMoa0801066

Fuggle, N., Curtis, E., Shaw, S., Spooner, L., Bruyère, O., Ntani, G., et al. (2019).
Safety of Opioids in Osteoarthritis: Outcomes of a Systematic Review andMeta-
Analysis. Drugs Aging 36 (Suppl. 1), 129–143. doi:10.1007/s40266-019-00666-9

Gato-Calvo, L., Magalhaes, J., Ruiz-Romero, C., Blanco, F. J., and Burguera, E. F.
(2019). Platelet-rich Plasma in Osteoarthritis Treatment: Review of Current
Evidence. Ther. Adv. Chronic Dis. 10, 2040622319825567. doi:10.1177/
2040622319825567

Ghouri, A., and Conaghan, P. G. (2019). Update on Novel Pharmacological
Therapies for Osteoarthritis. Ther. Adv. Musculoskelet. Dis. 11,
1759720X19864492. doi:10.1177/1759720X19864492

Glynn, L. G., Mustafa, A., Casey, M., Krawczyk, J., Blom, J., Galvin, R., et al. (2018).
Platelet-rich Plasma (PRP) Therapy for Knee Arthritis: a Feasibility Study in
Primary Care. Pilot Feasibility Stud. 4, 93. doi:10.1186/s40814-018-0288-2

Goldring, M. B., and Goldring, S. R. (2007). Osteoarthritis. J. Cel Physiol. 213 (3),
626–634. doi:10.1002/jcp.21258

Grässel, S., and Lorenz, J. (2014). Tissue-engineering Strategies to Repair Chondral
and Osteochondral Tissue in Osteoarthritis: Use of Mesenchymal Stem Cells.
Curr. Rheumatol. Rep. 16 (10), 452. doi:10.1007/s11926-014-0452-5

Gupta, P. K., Das, A. K., Chullikana, A., andMajumdar, A. S. (2012). Mesenchymal
Stem Cells for Cartilage Repair in Osteoarthritis. Stem. Cel. Res. Ther. 3 (4), 25.
doi:10.1186/scrt116

Gupta, P. K., Chullikana, A., Rengasamy, M., Shetty, N., Pandey, V., Agarwal, V.,
et al. (2016). Efficacy and Safety of Adult Human Bone Marrow-Derived,
Cultured, Pooled, Allogeneic Mesenchymal Stromal Cells (Stempeucel®):
Preclinical and Clinical Trial in Osteoarthritis of the Knee Joint. Arthritis
Res. Ther. 18 (1), 301. doi:10.1186/s13075-016-1195-7

Ha, C. W., Noh, M. J., Choi, K. B., and Lee, K. H. (2012). Initial Phase I Safety of
Retrovirally Transduced Human Chondrocytes Expressing Transforming
Growth Factor-Beta-1 in Degenerative Arthritis Patients. Cytotherapy 14 (2),
247–256. doi:10.3109/14653249.2011.629645

Hayami, T., Zhuo, Y., Wesolowski, G. A., Pickarski, M., and Duong, L. T. (2012).
Inhibition of Cathepsin K Reduces Cartilage Degeneration in the Anterior
Cruciate Ligament Transection Rabbit and Murine Models of Osteoarthritis.
Bone 50 (6), 1250–1259. doi:10.1016/j.bone.2012.03.025

Heiligenstein, S., Cucchiarini, M., Laschke, M. W., Bohle, R. M., Kohn, D., Menger,
M. D., et al. (2011). Evaluation of Nonbiomedical and Biomedical Grade
Alginates for the Transplantation of Genetically Modified Articular
Chondrocytes to Cartilage Defects in a Large Animal Model In Vivo.
J. Gene Med. 13 (4), 230–242. doi:10.1002/jgm.1557

Hellio le Graverand, M. P., Clemmer, R. S., Redifer, P., Brunell, R. M., Hayes, C.W.,
Brandt, K. D., et al. (2013). A 2-year Randomised, Double-Blind, Placebo-
Controlled, Multicentre Study of Oral Selective iNOS Inhibitor, Cindunistat
(SD-6010), in Patients with Symptomatic Osteoarthritis of the Knee. Ann.
Rheum. Dis. 72 (2), 187–195. doi:10.1136/annrheumdis-2012-202239

Hu, Y., Chen, X., Wang, S., Jing, Y., and Su, J. (2021). Subchondral Bone
Microenvironment in Osteoarthritis and Pain. Bone Res. 9 (1), 20.
doi:10.1038/s41413-021-00147-z

Hügle, T., and Geurts, J. (2017). What Drives Osteoarthritis?-Synovial versus
Subchondral Bone Pathology. Rheumatology (Oxford) 56 (9), 1461–1471.
doi:10.1093/rheumatology/kew389

Hunter, D. J., and Bierma-Zeinstra, S. (2019). Osteoarthritis. Lancet 393 (10182),
1745–1759. doi:10.1016/s0140-6736(19)30417-9

Hunter, D. J., McDougall, J. J., and Keefe, F. J. (2008). The Symptoms of
Osteoarthritis and the Genesis of Pain. Rheum. Dis. Clin. North. Am. 34 (3),
623–643. doi:10.1016/j.rdc.2008.05.004

Im, G. I. (2018). Tissue Engineering in Osteoarthritis: Current Status and Prospect
of Mesenchymal Stem Cell Therapy. BioDrugs 32 (3), 183–192. doi:10.1007/
s40259-018-0276-3

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 75523011

Chen et al. Tissue Engineering Osteoarthritis Non-Operative Treatment

140

https://doi.org/10.1007/s00018-017-2637-3
https://doi.org/10.1038/nrrheum.2014.61
https://doi.org/10.1038/nrrheum.2014.61
https://doi.org/10.1016/j.bone.2011.11.019
https://doi.org/10.1016/j.injury.2008.01.040
https://doi.org/10.1016/j.injury.2008.01.040
https://doi.org/10.1038/boneres.2016.44
https://doi.org/10.3390/ijms21051901
https://doi.org/10.1016/j.joca.2015.06.019
https://doi.org/10.1371/journal.pone.0149835
https://doi.org/10.1016/S0140-6736(16)31678-6
https://doi.org/10.1186/s12891-017-1897-2
https://doi.org/10.1186/s12891-017-1897-2
https://doi.org/10.1038/s41598-017-15376-8
https://doi.org/10.1038/s41598-017-15376-8
https://doi.org/10.1016/j.joca.2017.08.015
https://doi.org/10.1016/j.joca.2019.05.006
https://doi.org/10.3727/096368912X653264
https://doi.org/10.1097/00005344-200605001-00009
https://doi.org/10.1097/00005344-200605001-00009
https://doi.org/10.1136/jisakos-2015-000002
https://doi.org/10.1089/hum.1996.7.10-1261
https://doi.org/10.1089/hum.1996.7.10-1261
https://doi.org/10.1089/hum.2017.181
https://doi.org/10.1089/hum.2017.181
https://doi.org/10.1089/ten.tea.2017.0039
https://doi.org/10.1007/s11999-011-1857-3
https://doi.org/10.1056/NEJMoa0801066
https://doi.org/10.1007/s40266-019-00666-9
https://doi.org/10.1177/2040622319825567
https://doi.org/10.1177/2040622319825567
https://doi.org/10.1177/1759720X19864492
https://doi.org/10.1186/s40814-018-0288-2
https://doi.org/10.1002/jcp.21258
https://doi.org/10.1007/s11926-014-0452-5
https://doi.org/10.1186/scrt116
https://doi.org/10.1186/s13075-016-1195-7
https://doi.org/10.3109/14653249.2011.629645
https://doi.org/10.1016/j.bone.2012.03.025
https://doi.org/10.1002/jgm.1557
https://doi.org/10.1136/annrheumdis-2012-202239
https://doi.org/10.1038/s41413-021-00147-z
https://doi.org/10.1093/rheumatology/kew389
https://doi.org/10.1016/s0140-6736(19)30417-9
https://doi.org/10.1016/j.rdc.2008.05.004
https://doi.org/10.1007/s40259-018-0276-3
https://doi.org/10.1007/s40259-018-0276-3
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Jia, Z., Liu, Q., Liang, Y., Li, X., Xu, X., Ouyang, K., et al. (2018). Repair of Articular
Cartilage Defects with Intra-articular Injection of Autologous Rabbit Synovial
Fluid-Derived Mesenchymal Stem Cells. J. Transl Med. 16 (1), 123. doi:10.1186/
s12967-018-1485-8

Jo, C. H., Lee, Y. G., Shin, W. H., Kim, H., Chai, J. W., Jeong, E. C., et al. (2014).
Intra-articular Injection of Mesenchymal Stem Cells for the Treatment of
Osteoarthritis of the Knee: a Proof-Of-Concept Clinical Trial. Stem Cells 32 (5),
1254–1266. doi:10.1002/stem.1634

Jordan, K. M., Arden, N. K., Doherty, M., Bannwarth, B., Bijlsma, J. W., Dieppe, P.,
et al. (2003). EULAR Recommendations 2003: an Evidence Based Approach to
the Management of Knee Osteoarthritis: Report of a Task Force of the Standing
Committee for International Clinical Studies Including Therapeutic Trials
(ESCISIT). Ann. Rheum. Dis. 62 (12), 1145–1155. doi:10.1136/ard.2003.011742

Kay, J. D., Gouze, E., Oligino, T. J., Gouze, J. N., Watson, R. S., Levings, P. P., et al.
(2009). Intra-articular Gene Delivery and Expression of interleukin-1Ra
Mediated by Self-Complementary Adeno-Associated Virus. J. Gene Med. 11
(7), 605–614. doi:10.1002/jgm.1334

Ko, J. Y., Lee, J., Lee, J., Ryu, Y. H., and Im, G. I. (2019). SOX-6, 9-Transfected
Adipose Stem Cells to Treat Surgically-Induced Osteoarthritis in Goats. Tissue
Eng. Part. A. 25 (13-14), 990–1000. doi:10.1089/ten.TEA.2018.0189

Kontturi, L. S., Järvinen, E., Muhonen, V., Collin, E. C., Pandit, A. S., Kiviranta, I.,
et al. (2014). An Injectable, In Situ Forming Type II Collagen/hyaluronic Acid
Hydrogel Vehicle for Chondrocyte Delivery in Cartilage Tissue Engineering.
Drug Deliv. Transl Res. 4 (2), 149–158. doi:10.1007/s13346-013-0188-1

Kuroda, K., Kabata, T., Hayashi, K., Maeda, T., Kajino, Y., Iwai, S., et al. (2015). The
Paracrine Effect of Adipose-Derived Stem Cells Inhibits Osteoarthritis
Progression. BMC Musculoskelet. Disord. 16, 236. doi:10.1186/s12891-015-
0701-4

Lagoumtzi, S. M., and Chondrogianni, N. (2021). Senolytics and Senomorphics:
Natural and Synthetic Therapeutics in the Treatment of Aging and Chronic
Diseases. Free Radic. Biol. Med. 171, 169–190. doi:10.1016/
j.freeradbiomed.2021.05.003

Lee, W. Y., and Wang, B. (2017). Cartilage Repair by Mesenchymal Stem Cells:
Clinical Trial Update and Perspectives. J. Orthop. Translat 9, 76–88.
doi:10.1016/j.jot.2017.03.005

Li, M., Luo, X., Lv, X., Liu, V., Zhao, G., Zhang, X., et al. (2016). In Vivo human
Adipose-Derived Mesenchymal Stem Cell Tracking after Intra-articular
Delivery in a Rat Osteoarthritis Model. Stem. Cel. Res. Ther. 7 (1), 160.
doi:10.1186/s13287-016-0420-2

Li, L., Duan, X., Fan, Z., Chen, L., Xing, F., Xu, Z., et al. (2018). Mesenchymal Stem
Cells in Combination with Hyaluronic Acid for Articular Cartilage Defects. Sci.
Rep. 8 (1), 9900. doi:10.1038/s41598-018-27737-y

Li, J., Chen, G., Xu, X., Abdou, P., Jiang, Q., Shi, D., et al. (2019). Advances of
Injectable Hydrogel-Based Scaffolds for Cartilage Regeneration. Regen.
Biomater. 6 (3), 129–140. doi:10.1093/rb/rbz022

Lipman, A. G. (2001). Treatment of Chronic Pain in Osteoarthritis: Do Opioids
Have a Clinical Role?. Curr. Rheumatol. Rep. 3 (6), 513–519. doi:10.1007/
s11926-001-0066-6

Liu, M., Zeng, X., Ma, C., Yi, H., Ali, Z., Mou, X., et al. (2017a). Injectable Hydrogels
for Cartilage and Bone Tissue Engineering. Bone Res. 5, 17014. doi:10.1038/
boneres.2017.14

Liu, Y., Zhou, G., and Cao, Y. (2017b). Recent Progress in Cartilage Tissue
Engineering-Our Experience and Future Directions. Engineering 3 (1),
28–35. doi:10.1016/j.eng.2017.01.010

Liu, Y. Y. F., Lu, Y., Oh, S., and Conduit, G. J. (2020). Machine Learning to Predict
Mesenchymal Stem Cell Efficacy for Cartilage Repair. Plos Comput. Biol. 16
(10), e1008275. doi:10.1371/journal.pcbi.1008275

Lopa, S., Mondadori, C., Mainardi, V. L., Talò, G., Costantini, M., Candrian, C.,
et al. (2018). Translational Application of Microfluidics and Bioprinting for
Stem Cell-Based Cartilage Repair. Stem Cell Int. 2018, 6594841. doi:10.1155/
2018/6594841

Madry, H., Cucchiarini, M., Terwilliger, E. F., and Trippel, S. B. (2003).
Recombinant Adeno-Associated Virus Vectors Efficiently and Persistently
Transduce Chondrocytes in normal and Osteoarthritic Human Articular
Cartilage. Hum. Gene Ther. 14 (4), 393–402. doi:10.1089/104303403321208998

Madry, H., Gao, L., Rey-Rico, A., Venkatesan, J. K., Müller-Brandt, K., Cai, X., et al.
(2020). Thermosensitive Hydrogel Based on PEO-PPO-PEO Poloxamers for a
Controlled In Situ Release of Recombinant Adeno-Associated Viral Vectors for

Effective Gene Therapy of Cartilage Defects. Adv. Mater. 32 (2), e1906508.
doi:10.1002/adma.201906508

Magri, C., Schramme, M., Febre, M., Cauvin, E., Labadie, F., Saulnier, N., et al.
(2019). Comparison of Efficacy and Safety of Single versus Repeated Intra-
articular Injection of Allogeneic Neonatal Mesenchymal Stem Cells for
Treatment of Osteoarthritis of the Metacarpophalangeal/
metatarsophalangeal Joint in Horses: A Clinical Pilot Study. PLoS One 14
(8), e0221317. doi:10.1371/journal.pone.0221317

March, L., Smith, E. U., Hoy, D. G., Cross, M. J., Sanchez-Riera, L., Blyth, F., et al.
(2014). Burden of Disability Due to Musculoskeletal (MSK) Disorders. Best
Pract. Res. Clin. Rheumatol. 28 (3), 353–366. doi:10.1016/j.berh.2014.08.002

Maumus, M., Roussignol, G., Toupet, K., Penarier, G., Bentz, I., Teixeira, S., et al.
(2016). Utility of a Mouse Model of Osteoarthritis to Demonstrate Cartilage
Protection by IFNγ-Primed Equine Mesenchymal Stem Cells. Front. Immunol.
7, 392. doi:10.3389/fimmu.2016.00392

McGuire, D., Bowes, M., Brett, A., Miller, M., and Kumugai, Y. (2020). Study TPX-
100-5: Significant Reduction in Femoral Bone Shape Change 12 Months after
IA TPX-100 Correlates with Tibiofemoral Cartilage Stabilization. Osteoarthritis
Cartilage 28, S37–S38. doi:10.1016/j.joca.2020.02.062

Mease, P. J., Hobbs, K., Chalmers, A., El-Gabalawy, H., Bookman, A., Keystone, E.,
et al. (2009). Local Delivery of a Recombinant Adenoassociated Vector
Containing a Tumour Necrosis Factor Alpha Antagonist Gene in
Inflammatory Arthritis: a Phase 1 Dose-Escalation Safety and Tolerability
Study. Ann. Rheum. Dis. 68 (8), 1247–1254. doi:10.1136/ard.2008.089375

Mease, P. J., Wei, N., Fudman, E. J., Kivitz, A. J., Schechtman, J., Trapp, R. G., et al.
(2010). Safety, Tolerability, and Clinical Outcomes after Intraarticular Injection
of a Recombinant Adeno-Associated Vector Containing a Tumor Necrosis
Factor Antagonist Gene: Results of a Phase 1/2 Study. J. Rheumatol. 37 (4),
692–703. doi:10.3899/jrheum.090817

Messier, S. P. (2009). Obesity and Osteoarthritis: Disease Genesis and
Nonpharmacologic Weight Management. Med. Clin. North. Am. 93 (1),
145–xii. xi-xii. doi:10.1016/j.mcna.2008.09.011

Mianehsaz, E., Mirzaei, H. R., Mahjoubin-Tehran, M., Rezaee, A., Sahebnasagh, R.,
Pourhanifeh, M. H., et al. (2019). Mesenchymal Stem Cell-Derived Exosomes: a
New Therapeutic Approach to Osteoarthritis? Stem. Cel. Res. Ther. 10 (1), 340.
doi:10.1186/s13287-019-1445-0

Mobasheri, A. (2019). Future Cell and Gene Therapy for Osteoarthritis (OA):
Potential for Using Mammalian Protein Production Platforms, Irradiated and
Transfected Protein Packaging Cell Lines for Over-Production of Therapeutic
Proteins and Growth Factors. Adv. Exp. Med. Biol. 1247, 17–31. doi:10.1007/
5584_2019_457

Morisset, S., Frisbie, D. D., Robbins, P. D., Nixon, A. J., and McIlwraith, C. W.
(2007). IL-1ra/IGF-1 Gene Therapy Modulates Repair of Microfractured
Chondral Defects. Clin. Orthop. Relat. Res. 462, 221–228. doi:10.1097/
BLO.0b013e3180dca05f

Morouço, P., Fernandes, C., and Santos-Rocha, R. (2019). Osteoarthritis, Exercise,
and Tissue Engineering: A Stimulating Triad for Health Professionals. J. Aging
Res. 2019, 1935806. doi:10.1155/2019/1935806

Murphy, J. M., Dixon, K., Beck, S., Fabian, D., Feldman, A., and Barry, F. (2002).
Reduced Chondrogenic and Adipogenic Activity of Mesenchymal Stem Cells
from Patients with Advanced Osteoarthritis. Arthritis Rheum. 46 (3), 704–713.
doi:10.1002/art.10118

Na, K., Kim, S., Woo, D. G., Sun, B. K., Yang, H. N., Chung, H. M., et al. (2007).
Synergistic Effect of TGFbeta-3 on Chondrogenic Differentiation of Rabbit
Chondrocytes in Thermo-Reversible Hydrogel Constructs Blended with
Hyaluronic Acid by In Vivo Test. J. Biotechnol. 128 (2), 412–422.
doi:10.1016/j.jbiotec.2006.09.025

Nagai, T., Sato, M., Kutsuna, T., Kokubo, M., Ebihara, G., Ohta, N., et al. (2010).
Intravenous Administration of Anti-vascular Endothelial Growth Factor
Humanized Monoclonal Antibody Bevacizumab Improves Articular
Cartilage Repair. Arthritis Res. Ther. 12 (5), R178. doi:10.1186/ar3142

Nejadnik, H., Diecke, S., Lenkov, O. D., Chapelin, F., Donig, J., Tong, X., et al.
(2015). Improved Approach for Chondrogenic Differentiation of Human
Induced Pluripotent Stem Cells. Stem Cel Rev Rep 11 (2), 242–253.
doi:10.1007/s12015-014-9581-5

Nelson, A. E., Allen, K. D., Golightly, Y. M., Goode, A. P., and Jordan, J. M. (2014).
A Systematic Review of Recommendations and Guidelines for the Management
of Osteoarthritis: The Chronic Osteoarthritis Management Initiative of the U.S.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 75523012

Chen et al. Tissue Engineering Osteoarthritis Non-Operative Treatment

141

https://doi.org/10.1186/s12967-018-1485-8
https://doi.org/10.1186/s12967-018-1485-8
https://doi.org/10.1002/stem.1634
https://doi.org/10.1136/ard.2003.011742
https://doi.org/10.1002/jgm.1334
https://doi.org/10.1089/ten.TEA.2018.0189
https://doi.org/10.1007/s13346-013-0188-1
https://doi.org/10.1186/s12891-015-0701-4
https://doi.org/10.1186/s12891-015-0701-4
https://doi.org/10.1016/j.freeradbiomed.2021.05.003
https://doi.org/10.1016/j.freeradbiomed.2021.05.003
https://doi.org/10.1016/j.jot.2017.03.005
https://doi.org/10.1186/s13287-016-0420-2
https://doi.org/10.1038/s41598-018-27737-y
https://doi.org/10.1093/rb/rbz022
https://doi.org/10.1007/s11926-001-0066-6
https://doi.org/10.1007/s11926-001-0066-6
https://doi.org/10.1038/boneres.2017.14
https://doi.org/10.1038/boneres.2017.14
https://doi.org/10.1016/j.eng.2017.01.010
https://doi.org/10.1371/journal.pcbi.1008275
https://doi.org/10.1155/2018/6594841
https://doi.org/10.1155/2018/6594841
https://doi.org/10.1089/104303403321208998
https://doi.org/10.1002/adma.201906508
https://doi.org/10.1371/journal.pone.0221317
https://doi.org/10.1016/j.berh.2014.08.002
https://doi.org/10.3389/fimmu.2016.00392
https://doi.org/10.1016/j.joca.2020.02.062
https://doi.org/10.1136/ard.2008.089375
https://doi.org/10.3899/jrheum.090817
https://doi.org/10.1016/j.mcna.2008.09.011
https://doi.org/10.1186/s13287-019-1445-0
https://doi.org/10.1007/5584_2019_457
https://doi.org/10.1007/5584_2019_457
https://doi.org/10.1097/BLO.0b013e3180dca05f
https://doi.org/10.1097/BLO.0b013e3180dca05f
https://doi.org/10.1155/2019/1935806
https://doi.org/10.1002/art.10118
https://doi.org/10.1016/j.jbiotec.2006.09.025
https://doi.org/10.1186/ar3142
https://doi.org/10.1007/s12015-014-9581-5
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Bone and Joint Initiative. Semin. Arthritis Rheum. 43 (6), 701–712. doi:10.1016/
j.semarthrit.2013.11.012

Noh, M. J., Copeland, R. O., Yi, Y., Choi, K. B., Meschter, C., Hwang, S., et al.
(2010). Pre-clinical Studies of Retrovirally Transduced Human Chondrocytes
Expressing Transforming Growth Factor-Beta-1 (TG-C). Cytotherapy 12 (3),
384–393. doi:10.3109/14653240903470639

Ondrésik, M., Azevedo Maia, F. R., da Silva Morais, A., Gertrudes, A. C., Dias
Bacelar, A. H., Correia, C., et al. (2017). Management of Knee Osteoarthritis.
Current Status and Future Trends. Biotechnol. Bioeng. 114 (4), 717–739.
doi:10.1002/bit.26182

Oo, W. M., Yu, S. P., Daniel, M. S., and Hunter, D. J. (2018). Disease-Modifying
Drugs in Osteoarthritis: Current Understanding and Future Therapeutics.
Expert Opin. Emerg. Drugs 23 (4), 331–347. doi:10.1080/
14728214.2018.1547706

Orozco, L., Munar, A., Soler, R., Alberca, M., Soler, F., Huguet, M., et al. (2013).
Treatment of Knee Osteoarthritis with Autologous Mesenchymal Stem Cells: a
Pilot Study. Transplantation 95 (12), 1535–1541. doi:10.1097/
TP.0b013e318291a2da

Orozco, L., Munar, A., Soler, R., Alberca, M., Soler, F., Huguet, M., et al. (2014).
Treatment of Knee Osteoarthritis with Autologous Mesenchymal Stem Cells:
Two-Year Follow-Up Results. Transplantation 97 (11), e66–8. doi:10.1097/
tp.0000000000000167

Ozeki, N., Muneta, T., Koga, H., Nakagawa, Y., Mizuno, M., Tsuji, K., et al. (2016).
Not single but Periodic Injections of Synovial Mesenchymal Stem Cells
Maintain Viable Cells in Knees and Inhibit Osteoarthritis Progression in
Rats. Osteoarthritis Cartilage 24 (6), 1061–1070. doi:10.1016/j.joca.2015.12.018

Park, Y. B., Ha, C. W., Lee, C. H., Yoon, Y. C., and Park, Y. G. (2017). Cartilage
Regeneration in Osteoarthritic Patients by a Composite of Allogeneic Umbilical
Cord Blood-Derived Mesenchymal Stem Cells and Hyaluronate Hydrogel:
Results from a Clinical Trial for Safety and Proof-Of-Concept with 7 Years
of Extended Follow-Up. Stem Cell Transl Med. 6 (2), 613–621. doi:10.5966/
sctm.2016-0157

Peeters, C. M., Leijs, M. J., Reijman, M., vanOsch, G. J., and Bos, P. K. (2013). Safety
of Intra-articular Cell-Therapy with Culture-Expanded Stem Cells in Humans:
a Systematic Literature Review. Osteoarthritis Cartilage 21 (10), 1465–1473.
doi:10.1016/j.joca.2013.06.025

Phull, A. R., Eo, S. H., Abbas, Q., Ahmed, M., and Kim, S. J. (2016). Applications of
Chondrocyte-Based Cartilage Engineering: An Overview. Biomed. Res. Int.
2016, 1879837. doi:10.1155/2016/1879837

Qian, Y., Han, Q., Chen,W., Song, J., Zhao, X., Ouyang, Y., et al. (2017). Platelet-Rich
Plasma Derived Growth Factors Contribute to Stem Cell Differentiation in
Musculoskeletal Regeneration. Front. Chem. 5, 89. doi:10.3389/fchem.2017.00089

Reker, D., Kjelgaard-Petersen, C. F., Siebuhr, A. S., Michaelis, M., Gigout, A.,
Karsdal, M. A., et al. (2017). Sprifermin (rhFGF18) Modulates Extracellular
Matrix Turnover in Cartilage Explants Ex Vivo. J. Transl Med. 15 (1), 250.
doi:10.1186/s12967-017-1356-8

Ringdahl, E., and Pandit, S. (2011). Treatment of Knee Osteoarthritis. Am. Fam.
Physician 83 (11), 1287–1292.

Roberts, J. J., Nicodemus, G. D., Greenwald, E. C., and Bryant, S. J. (2011).
Degradation Improves Tissue Formation in (Un)loaded Chondrocyte-Laden
Hydrogels. Clin. Orthop. Relat. Res. 469 (10), 2725–2734. doi:10.1007/s11999-
011-1823-0

Rönn, K., Reischl, N., Gautier, E., and Jacobi, M. (2011). Current Surgical
Treatment of Knee Osteoarthritis. Arthritis 2011, 454873. doi:10.1155/2011/
454873

Roseti, L., Cavallo, C., Desando, G., Parisi, V., Petretta, M., Bartolotti, I., et al.
(2018). Three-Dimensional Bioprinting of Cartilage by the Use of Stem Cells: A
Strategy to Improve Regeneration. Materials (Basel) 11 (9), 1749. doi:10.3390/
ma11091749

Sampson, E. R., Hilton, M. J., Tian, Y., Chen, D., Schwarz, E. M., Mooney, R. A.,
et al. (2011). Teriparatide as a Chondroregenerative Therapy for Injury-
Induced Osteoarthritis. Sci. Transl Med. 3 (101), 101ra93. doi:10.1126/
scitranslmed.3002214

Sasaki, A., Mizuno, M., Mochizuki, M., and Sekiya, I. (2019). Mesenchymal Stem
Cells for Cartilage Regeneration in Dogs. World J. Stem Cell 11 (5), 254–269.
doi:10.4252/wjsc.v11.i5.254

Sato, M., Uchida, K., Nakajima, H., Miyazaki, T., Guerrero, A. R., Watanabe, S.,
et al. (2012). Direct Transplantation of Mesenchymal Stem Cells into the Knee

Joints of Hartley Strain guinea Pigs with Spontaneous Osteoarthritis. Arthritis
Res. Ther. 14 (1), R31. doi:10.1186/ar3735

Saulnier, N., Viguier, E., Perrier-Groult, E., Chenu, C., Pillet, E., Roger, T., et al.
(2015). Intra-articular Administration of Xenogeneic Neonatal Mesenchymal
Stromal Cells Early after Meniscal Injury Down-Regulates Metalloproteinase
Gene Expression in Synovium and Prevents Cartilage Degradation in a Rabbit
Model of Osteoarthritis. Osteoarthritis Cartilage 23 (1), 122–133. doi:10.1016/
j.joca.2014.09.007

Scanzello, C. R., and Goldring, S. R. (2012). The Role of Synovitis in Osteoarthritis
Pathogenesis. Bone 51 (2), 249–257. doi:10.1016/j.bone.2012.02.012

Seidl, C. I., Fulga, T. A., and Murphy, C. L. (2019). CRISPR-Cas9 Targeting of
MMP13 in Human Chondrocytes Leads to Significantly Reduced Levels of the
Metalloproteinase and Enhanced Type II Collagen Accumulation.
Osteoarthritis Cartilage 27 (1), 140–147. doi:10.1016/j.joca.2018.09.001

Sennett, M. L., Meloni, G. R., Farran, A. J. E., Guehring, H., Mauck, R. L., and Dodge,
G. R. (2018). Sprifermin Treatment Enhances Cartilage Integration in an In Vitro
Repair Model. J. Orthop. Res. 36 (10), 2648–2656. doi:10.1002/jor.24048

Sharma, B., Fermanian, S., Gibson, M., Unterman, S., Herzka, D. A., Cascio, B.,
et al. (2013). Human Cartilage Repair with a Photoreactive Adhesive-Hydrogel
Composite. Sci. Transl Med. 5 (167), 167ra6. doi:10.1126/scitranslmed.3004838

Shui, W., Yin, L., Luo, J., Li, R., Zhang, W., Zhang, J., et al. (2013). Characterization
of Chondrocyte Scaffold Carriers for Cell-Based Gene Therapy in Articular
Cartilage Repair. J. Biomed. Mater. Res. A. 101 (12), 3542–3550. doi:10.1002/
jbm.a.34661

Shukunami, C., Oshima, Y., and Hiraki, Y. (2005). Chondromodulin-I and
Tenomodulin: a New Class of Tissue-specific Angiogenesis Inhibitors Found
in Hypovascular Connective Tissues. Biochem. Biophys. Res. Commun. 333 (2),
299–307. doi:10.1016/j.bbrc.2005.05.133

Silverwood, V., Blagojevic-Bucknall, M., Jinks, C., Jordan, J. L., Protheroe, J., and
Jordan, K. P. (2015). Current Evidence on Risk Factors for Knee Osteoarthritis
in Older Adults: a Systematic Review and Meta-Analysis. Osteoarthritis
Cartilage 23 (4), 507–515. doi:10.1016/j.joca.2014.11.019

Sims, N. A., and Martin, T. J. (2020). Osteoclasts Provide Coupling Signals to
Osteoblast Lineage Cells Through Multiple Mechanisms. Annu. Rev. Physiol.
82, 507–529. doi:10.1146/annurev-physiol-021119-034425

Singh, Y. P., Moses, J. C., Bhardwaj, N., and Mandal, B. B. (2018). Injectable
Hydrogels: A New Paradigm for Osteochondral Tissue Engineering. J. Mater.
Chem. B. 6 (35), 5499–5529. doi:10.1039/c8tb01430b

Song, Y. W., Zhang, T., and Wang, W. B. (2012). Gluococorticoid Could Influence
Extracellular Matrix Synthesis Through Sox9 via P38 MAPK Pathway.
Rheumatol. Int. 32 (11), 3669–3673. doi:10.1007/s00296-011-2091-8

Sophia Fox, A. J., Bedi, A., and Rodeo, S. A. (2009). The Basic Science of Articular
Cartilage: Structure, Composition, and Function. Sports Health 1 (6), 461–468.
doi:10.1177/1941738109350438

Sostres, C., Gargallo, C. J., Arroyo, M. T., and Lanas, A. (2010). Adverse Effects of
Non-Steroidal Anti-Inflammatory Drugs (NSAIDs, Aspirin and Coxibs) on
Upper Gastrointestinal Tract. Best Pract. Res. Clin. Gastroenterol. 24 (2),
121–132. doi:10.1016/j.bpg.2009.11.005

Spiller, K. L., Liu, Y., Holloway, J. L., Maher, S. A., Cao, Y., Liu, W., et al. (2012). A
Novel Method for the Direct Fabrication of Growth Factor-Loaded
Microspheres within Porous Nondegradable Hydrogels: Controlled Release
for Cartilage Tissue Engineering. J. Control. Release 157 (1), 39–45. doi:10.1016/
j.jconrel.2011.09.057

Stichler, S., Böck, T., Paxton, N., Bertlein, S., Levato, R., Schill, V., et al. (2017).
Double Printing of Hyaluronic Acid/poly(glycidol) Hybrid Hydrogels with
Poly(ε-Caprolactone) for MSC Chondrogenesis. Biofabrication 9 (4), 044108.
doi:10.1088/1758-5090/aa8cb7

Tanikella, A. S., Hardy, M. J., Frahs, S. M., Cormier, A. G., Gibbons, K. D.,
Fitzpatrick, C. K., et al. (2020). Emerging Gene-Editing Modalities for
Osteoarthritis. Int. J. Mol. Sci. 21 (17), 6046. doi:10.3390/ijms21176046

Temple-Wong, M.M., Ren, S., Quach, P., Hansen, B. C., Chen, A. C., Hasegawa, A.,
et al. (2016). Hyaluronan Concentration and Size Distribution in Human Knee
Synovial Fluid: Variations with Age and Cartilage Degeneration. Arthritis Res.
Ther. 18, 18. doi:10.1186/s13075-016-0922-4

Tendulkar, G., Ehnert, S., Sreekumar, V., Chen, T., Kaps, H. P., Golombek, S., et al.
(2019). Exogenous Delivery of Link N mRNA into Chondrocytes and MSCs-
The Potential Role in Increasing Anabolic Response. Int. J. Mol. Sci. 20 (7),
1716. doi:10.3390/ijms20071716

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 75523013

Chen et al. Tissue Engineering Osteoarthritis Non-Operative Treatment

142

https://doi.org/10.1016/j.semarthrit.2013.11.012
https://doi.org/10.1016/j.semarthrit.2013.11.012
https://doi.org/10.3109/14653240903470639
https://doi.org/10.1002/bit.26182
https://doi.org/10.1080/14728214.2018.1547706
https://doi.org/10.1080/14728214.2018.1547706
https://doi.org/10.1097/TP.0b013e318291a2da
https://doi.org/10.1097/TP.0b013e318291a2da
https://doi.org/10.1097/tp.0000000000000167
https://doi.org/10.1097/tp.0000000000000167
https://doi.org/10.1016/j.joca.2015.12.018
https://doi.org/10.5966/sctm.2016-0157
https://doi.org/10.5966/sctm.2016-0157
https://doi.org/10.1016/j.joca.2013.06.025
https://doi.org/10.1155/2016/1879837
https://doi.org/10.3389/fchem.2017.00089
https://doi.org/10.1186/s12967-017-1356-8
https://doi.org/10.1007/s11999-011-1823-0
https://doi.org/10.1007/s11999-011-1823-0
https://doi.org/10.1155/2011/454873
https://doi.org/10.1155/2011/454873
https://doi.org/10.3390/ma11091749
https://doi.org/10.3390/ma11091749
https://doi.org/10.1126/scitranslmed.3002214
https://doi.org/10.1126/scitranslmed.3002214
https://doi.org/10.4252/wjsc.v11.i5.254
https://doi.org/10.1186/ar3735
https://doi.org/10.1016/j.joca.2014.09.007
https://doi.org/10.1016/j.joca.2014.09.007
https://doi.org/10.1016/j.bone.2012.02.012
https://doi.org/10.1016/j.joca.2018.09.001
https://doi.org/10.1002/jor.24048
https://doi.org/10.1126/scitranslmed.3004838
https://doi.org/10.1002/jbm.a.34661
https://doi.org/10.1002/jbm.a.34661
https://doi.org/10.1016/j.bbrc.2005.05.133
https://doi.org/10.1016/j.joca.2014.11.019
https://doi.org/10.1146/annurev-physiol-021119-034425
https://doi.org/10.1039/c8tb01430b
https://doi.org/10.1007/s00296-011-2091-8
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1016/j.bpg.2009.11.005
https://doi.org/10.1016/j.jconrel.2011.09.057
https://doi.org/10.1016/j.jconrel.2011.09.057
https://doi.org/10.1088/1758-5090/aa8cb7
https://doi.org/10.3390/ijms21176046
https://doi.org/10.1186/s13075-016-0922-4
https://doi.org/10.3390/ijms20071716
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Thielen, N. G. M., van der Kraan, P. M., and van Caam, A. P. M. (2019). TGFβ/
BMP Signaling Pathway in Cartilage Homeostasis. Cells 8 (9), 969. doi:10.3390/
cells8090969

Thomas, S., Browne, H., Mobasheri, A., and Rayman, M. P. (2018). What Is the
Evidence for a Role for Diet and Nutrition in Osteoarthritis?. Rheumatology
(Oxford) 57 (Suppl. l_4), iv61–iv74. doi:10.1093/rheumatology/key011

Trueba Davalillo, C. Á., Trueba Vasavilbaso, C., Navarrete Álvarez, J. M., Coronel
Granado, P., García Jiménez, O. A., Gimeno Del Sol, M., et al. (2015). Clinical
Efficacy of Intra-articular Injections in Knee Osteoarthritis: a Prospective
Randomized Study Comparing Hyaluronic Acid and Betamethasone. Open
Access Rheumatol. 7, 9–18. doi:10.2147/OARRR.S74553

van Caam, A., Blaney Davidson, E., Garcia de Vinuesa, A., van Geffen, E., van
den Berg, W., Goumans, M. J., et al. (2015). The High Affinity ALK1-Ligand
BMP9 Induces a Hypertrophy-like State in Chondrocytes that Is Antagonized
by TGFβ1. Osteoarthritis Cartilage 23 (6), 985–995. doi:10.1016/
j.joca.2015.02.007

Vega, A., Martín-Ferrero, M. A., Del Canto, F., Alberca, M., García, V., Munar, A.,
et al. (2015). Treatment of Knee Osteoarthritis with Allogeneic Bone Marrow
Mesenchymal Stem Cells: A Randomized Controlled Trial. Transplantation 99
(8), 1681–1690. doi:10.1097/tp.0000000000000678

Vilela, C. A., Correia, C., Oliveira, J. M., Sousa, R. A., Espregueira-Mendes, J., and
Reis, R. L. (2015). Cartilage Repair Using Hydrogels: A Critical Review of In
Vivo Experimental Designs. ACS Biomater. Sci. Eng. 1 (9), 726–739.
doi:10.1021/acsbiomaterials.5b00245

Vortkamp, A., Lee, K., Lanske, B., Segre, G. V., Kronenberg, H. M., and Tabin, C. J.
(1996). Regulation of Rate of Cartilage Differentiation by Indian Hedgehog
and PTH-Related Protein. Science 273 (5275), 613–622. doi:10.1126/
science.273.5275.613

Wakitani, S., Nawata, M., Tensho, K., Okabe, T., Machida, H., and Ohgushi, H.
(2007). Repair of Articular Cartilage Defects in the Patello-Femoral Joint with
Autologous Bone Marrow Mesenchymal Cell Transplantation: Three Case
Reports Involving Nine Defects in Five Knees. J. Tissue Eng. Regen. Med. 1
(1), 74–79. doi:10.1002/term.8

Wang, D. A., Varghese, S., Sharma, B., Strehin, I., Fermanian, S., Gorham, J., et al.
(2007). Multifunctional Chondroitin Sulphate for Cartilage Tissue-Biomaterial
Integration. Nat. Mater. 6 (5), 385–392. doi:10.1038/nmat1890

Wang, G., Evans, C. H., Benson, J. M., Hutt, J. A., Seagrave, J., Wilder, J. A., et al.
(2016). Safety and Biodistribution Assessment of sc-rAAV2.5IL-1Ra
Administered via Intra-articular Injection in a Mono-Iodoacetate-
Induced Osteoarthritis Rat Model. Mol. Ther. Methods Clin. Dev. 3, 15052.
doi:10.1038/mtm.2015.52

Watson, R. S., Broome, T. A., Levings, P. P., Rice, B. L., Kay, J. D., Smith, A. D., et al.
(2013). scAAV-Mediated Gene Transfer of Interleukin-1-Receptor Antagonist
to Synovium and Articular Cartilage in Large Mammalian Joints. Gene Ther. 20
(6), 670–677. doi:10.1038/gt.2012.81

Wernecke, C., Braun, H. J., and Dragoo, J. L. (2015). The Effect of Intra-articular
Corticosteroids on Articular Cartilage: A Systematic Review. Orthop. J. Sports
Med. 3 (5), 2325967115581163. doi:10.1177/2325967115581163

Wojdasiewicz, P., Poniatowski, Ł. A., and Szukiewicz, D. (2014). The Role of
Inflammatory and Anti-inflammatory Cytokines in the Pathogenesis of
Osteoarthritis. Mediators Inflamm. 2014, 561459. doi:10.1155/2014/561459

Wolf, M. T., Zhang, H., Sharma, B., Marcus, N. A., Pietzner, U., Fickert, S., et al.
(2020). Two-Year Follow-Up and Remodeling Kinetics of ChonDux Hydrogel
for Full-Thickness Cartilage Defect Repair in the Knee. Cartilage 11 (4),
447–457. doi:10.1177/1947603518800547

Wu, J., Chen, Q., Deng, C., Xu, B., Zhang, Z., Yang, Y., et al. (2020). Exquisite
Design of Injectable Hydrogels in Cartilage Repair. Theranostics 10 (21),
9843–9864. doi:10.7150/thno.46450

Xie, L., Tintani, F., Wang, X., Li, F., Zhen, G., Qiu, T., et al. (2016). Systemic
Neutralization of TGF-β Attenuates Osteoarthritis. Ann. N. Y Acad. Sci. 1376
(1), 53–64. doi:10.1111/nyas.13000

Xing, D., Liu, W., Wang, B., Li, J. J., Zhao, Y., Li, H., et al. (2020). Intra-articular
Injection of Cell-Laden 3DMicrocryogels Empower Low-Dose Cell Therapy for
Osteoarthritis in a Rat Model. Cel Transpl. 29, 963689720932142. doi:10.1177/
0963689720932142

Yan, M., Liu, X., Dang, Q., Huang, H., Yang, F., and Li, Y. (2017). Intra-Articular
Injection of Human Synovial Membrane-Derived Mesenchymal Stem Cells in
Murine Collagen-Induced Arthritis: Assessment of Immunomodulatory
Capacity In Vivo. Stem Cell Int. 2017, 9198328. doi:10.1155/2017/9198328

Yang, J., Zhang, Y. S., Yue, K., and Khademhosseini, A. (2017). Cell-laden
Hydrogels for Osteochondral and Cartilage Tissue Engineering. Acta
Biomater. 57, 1–25. doi:10.1016/j.actbio.2017.01.036

Yazici, Y., McAlindon, T. E., Gibofsky, A., Lane, N. E., Lattermann, C., Skrepnik,
N., et al. (2021). A Phase 2b Randomized Trial of Lorecivivint, a Novel Intra-
articular CLK2/DYRK1A Inhibitor and Wnt Pathway Modulator for Knee
Osteoarthritis. Osteoarthritis Cartilage 29 (5), 654–666. doi:10.1016/
j.joca.2021.02.004

Zhang, W., Moskowitz, R. W., Nuki, G., Abramson, S., Altman, R. D., Arden, N.,
et al. (2008). OARSI Recommendations for the Management of Hip and Knee
Osteoarthritis, Part II: OARSI Evidence-Based, Expert Consensus Guidelines.
Osteoarthritis Cartilage 16 (2), 137–162. doi:10.1016/j.joca.2007.12.013

Zhang, W., Nuki, G., Moskowitz, R. W., Abramson, S., Altman, R. D., Arden, N. K.,
et al. (2010). OARSI Recommendations for the Management of Hip and Knee
Osteoarthritis: Part III: Changes in Evidence Following Systematic Cumulative
Update of Research Published through January 2009.Osteoarthritis Cartilage 18
(4), 476–499. doi:10.1016/j.joca.2010.01.013

Zhang, S., Teo, K. Y. W., Chuah, S. J., Lai, R. C., Lim, S. K., and Toh, W. S. (2019).
MSC Exosomes Alleviate Temporomandibular Joint Osteoarthritis by
Attenuating Inflammation and Restoring Matrix Homeostasis. Biomaterials
200, 35–47. doi:10.1016/j.biomaterials.2019.02.006

Zheng, W., Feng, Z., You, S., Zhang, H., Tao, Z., Wang, Q., et al. (2017). Fisetin
Inhibits IL-1β-induced Inflammatory Response in Human Osteoarthritis
Chondrocytes through Activating SIRT1 and Attenuates the Progression of
Osteoarthritis in Mice. Int. Immunopharmacol. 45, 135–147. doi:10.1016/
j.intimp.2017.02.009

Zhu, X., Chan, Y. T., Yung, P. S. H., Tuan, R. S., and Jiang, Y. (2020). Subchondral
Bone Remodeling: A Therapeutic Target for Osteoarthritis. Front. Cel. Dev.
Biol. 8, 607764. doi:10.3389/fcell.2020.607764

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

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

Copyright © 2021 Chen, Weng, Liu, Aspera-Werz, Nüssler and Xu. 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.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 75523014

Chen et al. Tissue Engineering Osteoarthritis Non-Operative Treatment

143

https://doi.org/10.3390/cells8090969
https://doi.org/10.3390/cells8090969
https://doi.org/10.1093/rheumatology/key011
https://doi.org/10.2147/OARRR.S74553
https://doi.org/10.1016/j.joca.2015.02.007
https://doi.org/10.1016/j.joca.2015.02.007
https://doi.org/10.1097/tp.0000000000000678
https://doi.org/10.1021/acsbiomaterials.5b00245
https://doi.org/10.1126/science.273.5275.613
https://doi.org/10.1126/science.273.5275.613
https://doi.org/10.1002/term.8
https://doi.org/10.1038/nmat1890
https://doi.org/10.1038/mtm.2015.52
https://doi.org/10.1038/gt.2012.81
https://doi.org/10.1177/2325967115581163
https://doi.org/10.1155/2014/561459
https://doi.org/10.1177/1947603518800547
https://doi.org/10.7150/thno.46450
https://doi.org/10.1111/nyas.13000
https://doi.org/10.1177/0963689720932142
https://doi.org/10.1177/0963689720932142
https://doi.org/10.1155/2017/9198328
https://doi.org/10.1016/j.actbio.2017.01.036
https://doi.org/10.1016/j.joca.2021.02.004
https://doi.org/10.1016/j.joca.2021.02.004
https://doi.org/10.1016/j.joca.2007.12.013
https://doi.org/10.1016/j.joca.2010.01.013
https://doi.org/10.1016/j.biomaterials.2019.02.006
https://doi.org/10.1016/j.intimp.2017.02.009
https://doi.org/10.1016/j.intimp.2017.02.009
https://doi.org/10.3389/fcell.2020.607764
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Nox4 Promotes RANKL-Induced
Autophagy and Osteoclastogenesis
via Activating ROS/PERK/eIF-2α/ATF4
Pathway
Jing Sun1, Wugui Chen1, Songtao Li1, Sizhen Yang1, Ying Zhang1, Xu Hu1, Hao Qiu1,
Jigong Wu2, Shangcheng Xu3* and Tongwei Chu1*

1Department of Orthopedics, Xinqiao Hospital of ArmyMedical University, Chongqing, China, 2Department of Spinal Surgery, 306
Hospital of PLA, Beijing, China, 3The Center of Laboratory Medicine, The Sixth People’s Hospital of Chongqing, Chongqing,
China

Receptor activator of nuclear factor-κB ligand (RANKL) has been found to induce
osteoclastogenesis and bone resorption. However, the underlying molecular
mechanisms remain unclear. Via conducting a series of biochemical experiments with
in vitro cell lines, this study investigated the role and mechanism of NADPH oxidase 4
(Nox4) in RANKL-induced autophagy and osteoclastogenesis. In the current study, we
found that RANKL dramatically induced autophagy and osteoclastogenesis, inhibition of
autophagy with chloroquine (CQ) markedly attenuates RANKL-induced
osteoclastogenesis. Interestingly, we found that the protein level of Nox4 was
remarkably upregulated by RANKL treatment. Inhibition of Nox4 by 5-O-methyl
quercetin or knockdown of Nox4 with specific shRNA markedly attenuated RANKL-
induced autophagy and osteoclastogenesis. Furthermore, we found that Nox4 stimulated
the production of nonmitochondrial reactive oxygen species (ROS), activating the critical
unfolded protein response (UPR)-related signaling pathway PERK/eIF-2α/ATF4, leading to
RANKL-induced autophagy and osteoclastogenesis. Blocking the activation of PERK/eIF-
2α/ATF4 signaling pathway either by Nox4 shRNA, ROS scavenger (NAC) or PERK
inhibitor (GSK2606414) significantly inhibited autophagy during RANKL-induced
osteoclastogenesis. Collectively, this study reveals that Nox4 promotes RANKL-
induced autophagy and osteoclastogenesis via activating ROS/PERK/eIF-2α/ATF4
pathway, suggesting that the pathway may be a novel potential therapeutic target for
osteoclastogenesis-related disease.

Keywords: NOX4, RANKL, autophagy, ROS, osteoclastogenesis, UPR, PERK/eIF-2α/ATF4 pathway

INTRODUCTION

Bone homeostasis is maintained through elaborate bone remodeling via coordinated bone formation
and bone resorption (Upadhyay et al., 2015). Osteoclasts are the principal cells responsible for bone
resorption (Chung et al., 2014). Osteoclasts, characterized as tartrate-resistant acid phosphatase
(TRAP)-positive, are derived from the hematopoietic monocyte/macrophage lineage, and fuse to
form multinucleated cells by an orchestrated process (Bloemen et al., 2010; Boyce, 2013a). The
excessive differentiation of osteoclasts is the pathological basis of a variety of osteolytic diseases, such
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as postmenopausal osteoporosis, inflammatory arthritis, and
Paget disease of bone (Chung and Van Hul, 2012; Johnson
et al., 2015). Therefore, there is no doubt that identifying
pharmacological inhibitors targeting osteoclasts differentiation
will help the development of new prophylactic and therapeutic
strategies for osteolytic bone lesions (Boyce, 2013b). The
differentiation and maturation of osteoclasts is a complicated
process that is regulated by various cytokines (Oikawa et al.,
2013). RANKL, one of the tumor necrosis factor superfamily
(Pacifici, 2012), has been demonstrated to interact with the
RANK receptor, expressed on osteoclast precursors, to activate
multiple osteoclastogenesis-related signaling pathways (NF-κB,
Src, MAPK, etc.), releasing nuclear transcription factors
(NFATc1, AP-1, etc.) and regulating the expression of
osteoclastogenesis-related genes, which induce the
differentiation and maturation of osteoclasts in the bone
microenvironment (Feng and Teitelbaum, 2013; Kimura et al.,
2014). Moreover, denosumab, a monoclonal antibody with
activity against RANKL, has been demonstrated to be effective
in the prevention and treatment of osteolytic disease (Dahiya
et al., 2015). However, the detailed mechanisms of
osteoclastogenesis induced by RANKL remain unclear.

Autophagy delivers cellular components to the lysosome for
degradation (Kim and Lee, 2014), which is strongly associated
with the development and differentiation of multiple cell types,
including lymphocytes, adipocytes, chondrocytes, neurons, and
erythrocytes (Zeng and Zhou, 2008; Colosetti et al., 2009; Singh
et al., 2009; Stappenbeck, 2010; Rogov et al., 2014; DeMeyer et al.,
2015). Previous studies have revealed that the induction of
autophagy contributes to osteoclastogenesis in response to
glucocorticoid treatment, hypoxic conditions and microgravity
in vitro (Zhao et al., 2012; Sambandam et al., 2014; Shi et al.,
2015). Moreover, several key autophagy-regulated proteins such
as Atg5 and LC3 have been shown to participate in osteoclast
bone resorption by directing lysosomal content secretion into the
extracellular space (DeSelm et al., 2011). But it is still unclear that
the molecular mechanism of RANKL-induced autophagy in
osteoclastogenesis.

Nox4 is a member of NADPH oxidase family that is a cellular
enzyme devoted to the production of reactive oxygen species
(ROS). Nox4, first identified by Shiose et al. in kidney in 2001, is
widely distributed in human tissues. The human Nox4 gene is
located on chromosome 11q14.2-q21 (Shiose et al., 2001). The
transcriptional regulation of Nox4 by a series of stimulus such as
hypoxia, shear stress, high glucose, angiotensinII (AngII). A large
number of transcription factors (E2F, Nrf2, HIF-1α, NF-κB, oct-
1, sp3, and sp1, c-jun, STAT3) have been demonstrated to
binding the promoter region of Nox4 gene and enhance the
mRNA level ofNox4 (Guo and Chen, 2015). Nox4 is composed of
conserved transmembrane domains, FAD- and NADPH-binding
domains in the C-terminal region, and two heme groups (Zhang
et al., 2013; Panday et al., 2015). Previous studies have
demonstrated that Nox4 participates in different kinds of
physiological and pathological process such as cell
proliferation (Ateghang et al., 2006), cell migration (Meng
et al., 2008), cell death (Pedruzzi et al., 2004), fibrosis (Piera-
Velazquez and Jimenez, 2015), hypertension (Paravicini et al.,

2004), and cancer (Tang et al., 2018). Recently, several studies
reported that Nox4 plays an important role in autophagy
induction (Sciarretta et al., 2013; Chen et al., 2019). However,
whether Nox4-induced autophagy is involved in RANKL
promoted osteoclastogenesis is still unclear.

In the current study, we firstly found that the upregulation of
Nox4 protein level contributes to the activation of autophagy
during RANKL-induced osteoclastogenesis. Furthermore, we
observed that Nox4-mediated nonmitochondrial ROS
upregulation dramatically promoted RANKL-induced
autophagy activation and osteoclastogenesis. Either knockdown
of Nox4 or blocking ROS inhibited the activation of the PERK/
eIF-2α/ATF4 signaling pathway and autophagy during RANKL-
induced osteoclastogenesis. In summary, our study reveals that
Nox4 promotes RANKL-induced autophagy and
osteoclastogenesis via activating ROS/PERK/eIF-2α/ATF4
pathway, which may facilitate the development of novel
therapeutic strategies for osteoclastogenesis-related diseases.

MATERIALS AND METHODS

Reagents and Antibodies
Recombinant murine soluble RANKL (315-11) was purchased
from Peprotech (Rocky Hill, NJ, United States). CQ phosphate
(S4157) was obtained from Selleck (Shanghai, China). ML171
(492002) was acquired from Millipore Corporation (Temecula,
CA, United States). Diphenyleneiodonium chloride (DPI) (sc-
202584) and 5-O-methyl quercetin (sc-483298) were purchased
from Santa Cruz Biotechnology (Dallas, TX, United States).
N-acetyl-L-cysteine (NAC) (A9165) and Mito-TEMPO
(SML0737) were purchased from Sigma-Aldrich (St. Louis,
MO, United States). GSK2795039 (HY-18950) and
GSK2606414 (HY-18072) were purchased from MCE
(Shanghai, China).

Both the mouse Nox4 short hairpin RNA (shRNA)-containing
retrovirus and the corresponding empty vector were designed and
synthesized by HanBio (Shanghai, China). The mRFP-GFP-LC3-
containing adenovirus (HB-AP210 0001) was provided by
HanBio. Primary antibodies against Nox3 (20065-1-AP), Nox4
(14347-1-AP), ATF6 (24169-1-AP), ATF4 (10835-1-AP), XBP1S
(24868-1-AP), GAPDH (60004-1-Ig), ERp57/ERp60 (15967-1-
AP), and VDAC1/Porin (55259-1-AP) were obtained from
Proteintech (Wuhan, Hubei, China). Primary antibodies
against LC3A/B (4108S), PERK (C33E10) (3192S), phospho-
PERK (Thr980; 16F8) (3179S), eIF2α (D7D3) XP® (5324T),
and phospho-eIF2α (Ser51; D9G8) XP® (3398T) were
purchased from Cell Signaling Technology (Danvers,
Massachusetts, United States). Primary antibodies against
Nox1 (ab131088) and Nox2/gp91phox (ab129068) were
obtained from Abcam (Cambridge, United Kingdom).

Cell Culture
The RAW264.7 mouse monocyte/macrophage cell line was
purchased from the Cell Culture Center of the Chinese
Academy of Sciences (Shanghai, China) and cultured in
Dulbecco’s modified Eagle’s medium (11995065, Gibco, Grand
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Island, NY, United States) supplemented with 10% fetal bovine
serum (10091148, Gibco) and 100 U/ml penicillin and 100 mg/ml
streptomycin (15070063, Gibco). The cells were incubated in a
humidified atmosphere with 95% air and 5% CO2 at 37°C. To
induce osteoclast differentiation, RAW264.7 cells were stimulated
with 100 ng/ml RANKL and further cultured for the
indicated times.

Retrovirus-Mediated Stable Knockdown of
Nox4
RAW264.7 cells were plated and cultured in 35 mm dishes. When
the confluence reached 50%, the cells were transfected with
retrovirus encoding Nox4 shRNAs or scrambled shRNA at a
multiplicity of infection (MOI) of 100 for 24 h according to the
manufacturer’s instructions (HanBio). The nucleotide sequences
were as follows: sh-Nox4-1, 5′-GCAGGAGAACCAGGAGAT
TGT-3′; sh-Nox4-2, 5′-GCATGGTGGTGGTGCTATTCC-3′;
sh-Nox4-3, 5′-GGTATACTCATAACCTCTTCT-3′; and sh-
NC, 5′-TTCTCCGAACGTGTCACGT-3′. RAW264.7 cells
with stable knockdown of Nox4 expression were screened by
the addition of 2 µg/ml puromycin (HB-PU-1000, HanBio) to the
culture medium for 48 h. Then, the stable cells were digested with
0.25% trypsin (T1350, Solarbio, Beijing, China) and seeded on
35 mm dishes at a density of 8 × 104 cells/dish and incubated
overnight for attachment. The next day, adherent cells were
treated with or without RANKL (100 ng/ml) for 3 days. The
knockdown efficiency of the three Nox4 shRNAs was
measured using western blotting, and the most effective was
selected for use in subsequent experiments.

Osteoclast Differentiation Assay
Osteoclast formation wasmeasured by quantifying cells positively
stained with TRAP. Briefly, RAW264.7 cells were incubated at a
density of 1 × 104 cells/well in 24-well plates (Corning, New York,
NY, United States) overnight. After stimulation with RANKL
(100 ng/ml) and various concentrations of different
pharmacological reagents for 6 days, the cells were fixed with
4% paraformaldehyde (AR1069, BOSTER, Wuhan, Hubei,
China) for 30 min at room temperature and then stained by
using a Tartrate Resistant Acid Phosphatase Assay Kit (P0332,
Beyotime Biotechnology, Shanghai, China) according to the
manufacturer’s instructions. TRAP-positive and multinucleated
cells containing three or more nuclei were considered osteoclasts.
For each well, the osteoclasts were observed and counted under a
light microscope (Leica, Wetzlar, Germany).

Osteoclast Bone Resorption Pit Formation
Assay
To confirm the bone resorption ability of differentiated
osteoclasts, RAW264.7 cells were seeded at a density of 2 ×
104 cells/well overnight in 24-well Osteo Assay Surface plates
(Corning) coated with hydroxyapatite matrix. Then, the cells
were incubated with RANKL (100 ng/ml) or in the presence of
various concentrations of different pharmacological reagents.
The medium was replaced every 3 days. After 7 days of

culture, the cells were removed using a 10% sodium
hypochlorite solution, and the wells were stained with 1%
toluidine blue. The plate was washed twice with distilled water
and air dried at room temperature. The bone resorption pits in
each well were observed and photographed by a light microscope.
The pit formation area was analyzed using the ImageJ software
(National Institutes of Health, Bethesda, MD, United States).

Quantitative Real-Time PCR
Total cellular RNA was extracted using RNAiso plus reagent
(9,108, Takara, Kyoto, Japan) according to the manufacturer’s
instructions. Subsequently, the total RNA concentration was
determined with a NanoDrop 2.0 spectrophotometer (Thermo
Fisher Scientific, Pittsburgh, PA, United States) and the RNA was
reverse transcribed to cDNA using a PrimeScript™ RT reagent kit
with gDNA Eraser (RR047A, Takara) according to the
manufacturer’s instructions. Subsequently, qRT-PCR assays
were performed by using a SYBR Premix Ex Taq™ II (2×) kit
(RR820A, Takara) according to the manufacturer’s instructions
and run on an ABI 7500 Real-Time PCR Detection System
(Foster City, CA, United States). The reactions were
performed using the following parameters: 95°C for 30 s
followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The
primer nucleotide sequences used for qRT-PCR are listed in
Supplementary Table S1. All primer sets for mRNA
amplification were purchased from Sangon Biotech (Shanghai)
Co., Ltd. (Shanghai, China). The relative expression levels of the
target gene were normalized with respect to the levels of β-actin
expression and calculated using the 2−△△CT method.

Transmission Electron Microscopy
RAW264.7 cells were cultured with the indicated treatments for
3 days. Then, the cells were digested with 0.25% trypsin,
centrifuged (2000 rpm) for 10 min and fixed with 2.5%
glutaraldehyde overnight at 4°C. Subsequently, the cells were
postfixed with 1% osmium tetroxide for 1.5 h, washed and
stained in 3% aqueous uranyl acetate for 1 h. Thereafter, the
samples were washed again, dehydrated with a graded series of
increasing ethanol concentrations to 100% and embedded in
Epon-Araldite resin. Subsequently, the ultrathin sections were
cut using a Reichert ultramicrotome (Reichert, New York, NY,
United States) and counterstained with 0.3% lead citrate. Then,
the ultrastructure of autophagic vacuoles (autophagosomes and
autolysosomes) was observed under a transmission electron
microscope (Leica), and images were captured.

Autophagic Flux Assessment
After growth to 50% confluence in 35 mm dishes, the cells were
transfected with adenovirus expressing mRFP-GFP-LC3 for 24 h
using a MOI of 1,000, according to the manufacturer’s
instructions (HanBio). Then, the cell growth medium was
replaced with fresh complete medium for another 24 h.
Afterward, the transfected cells were digested with 0.25%
trypsin and seeded on confocal Petri dishes (NEST, Wuxi,
Jiangsu, China) at a density of 5 × 104 cells/dish and incubated
overnight for attachment. Thereafter, adherent cells were treated
with the various indicated treatments for 3 days. The treated cells
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were washed with phosphate buffer saline (PBS) (AR0032,
BOSTER) and viewed with a laser scanning confocal
microscope (Leica). GFP loses its fluorescence in acidic
lysosomal conditions, whereas mRFP does not. Therefore,
yellow (merged GFP signal and RFP signal) puncta represent
early autophagosomes, whereas puncta detectable only as red
(RFP signal alone) indicate late autolysosomes that are formed by
autophagosome fusion with lysosomes. Autophagic flux was
ultimately assessed by quantifying the mRFP and GFP puncta
per cell. The number of GFP and mRFP puncta was determined
by manually counting 30 cells randomly in 5 fields per dish, and
the average number of puncta per cell was calculated.

Endoplasmic Reticulum-Tracker Staining in
Living Cells
RAW264.7 cells (5 × 104) were plated on confocal Petri dishes
and allowed to attach overnight. Then, the cells were cultured
with the indicated treatments for the indicated times. Next, ER-
Tracker (E34250, Thermo Fisher Scientific) was added directly to
the culture medium at 500 nM and incubated with cells for
30 min in a 37°C humidified incubator containing 5% CO2.
Then, the cells were washed with PBS and immediately
observed under a laser scanning confocal microscope.

Immunofluorescence Staining for Nox4
Localization
The colocalization of Nox4 with the ER was detected by double-
labeling immunofluorescence. Briefly, RAW264.7 cells were
seeded on confocal Petri dishes at a density of 5 × 104 cells/
dish overnight. Then, the cells were incubated with or without
RANKL (100 ng/ml) for 3 days. Thereafter, the cells were stained
with ER-Tracker (the detailed experimental procedure is
described above) and fixed in 4% paraformaldehyde for
20 min at 37°C. Then, the cells were permeabilized with 0.1%
Triton X-100 (P1080, Solarbio) for 10 min and blocked with 10%
normal goat serum (AR0009, BOSTER) for 1 h at 37°C.
Subsequently, the cells were incubated with a rabbit polyclonal
anti-Nox4 antibody (1:25) in a humidified chamber at 4°C
overnight. Then, the cells were washed and incubated with
Alexa Fluor 488-labeled goat anti-rabbit IgG (1:500) (A0423,
Beyotime Biotechnology) for 1.5 h at 37°C in the dark. DAPI
Staining Solution (C1005, Beyotime Biotechnology) was used to
counterstain the cell nuclei. Finally, the cells were observed using
a laser scanning confocal microscope.

Subcellular Fractionation Assay
RAW264.7 cells were seeded in 6 cm dishes overnight. Then, the
cells were cultured with the indicated treatments for the indicated
times. Subsequently, the cells were digested with 0.25% trypsin
and centrifuged (1,000 rpm) for 5 min. Mitochondria and the ER
were extracted from cells using a Cell Mitochondria Isolation kit
(C3601, Beyotime Biotechnology) and Endoplasmic Reticulum
Isolation kit (BB-31454-1, BestBio Science, Shanghai, China)
according to the manufacturer’s instructions. The fractions of
mitochondria and ER were lysed in RIPA buffer (P0013,

Beyotime Biotechnology) that contained a protease and
phosphatase inhibitor cocktail (P1050, Beyotime
Biotechnology) for subsequent western blot analysis.

Western Blot Analysis
RAW264.7 cells were lysed in RIPA buffer that contained a
protease and phosphatase inhibitor cocktail. After
centrifugation at 14,000 g for 5 min at 4°C, the concentrations
of protein were measured using a BCA protein assay kit (P0010,
Beyotime Biotechnology). Subsequently, equal amounts of
protein (40 μg) were separated by 6, 8 or 12%/5% (w/v)
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(Bio-Rad, Hercules, CA, United States) and transferred to
polyvinylidene difluoride membranes (Millipore). The
membranes were incubated with anti-GAPDH, anti-Nox4,
anti-LC3A/B, anti-ERp57/ERp60, anti-VDAC1/Porin, anti-
Nox3, anti-Nox2/gp91phox, anti-Nox1, anti-PERK (C33E10),
anti-phospho-PERK (Thr980) (16F8), anti-ATF6, anti-ATF4,
anti-XBP1S, anti-eIF2α (D7D3) XP®, and anti-phospho-eIF2α
(Ser51; D9G8) XP® antibodies separately overnight at 4°C. Then,
the membranes were incubated with horseradish peroxidase-
conjugated goat anti-mouse/rabbit IgG (H + L) secondary
antibodies (1:5,000) (ZB-2305/ZB-2301, ZSGB-BIO, Beijing,
China) for 1 h at room temperature. Finally, the protein bands
of interest on the membranes were visualized with a
chemiluminescence substrate kit (WBKLS0100, Millipore
Corporation) using an Image Quant LAS4000 instrument (GE,
Boston, MA, United States). The band intensity was quantified by
densitometric analysis using Image J software.

Determination of Intracellular and ER ROS
The intracellular production of ROS was detected by staining cells
with a ROS Assay kit (S0033S, Beyotime Biotechnology). Briefly,
RAW264.7 cells (5 × 104) were seeded in confocal Petri dishes
overnight. Then, the adherent cells were cultured under
conditions with various treatments for the indicated times.
Subsequently, the cells were stained with ER-Tracker (the
detailed experimental procedure is described above) and
washed with PBS. Then, 2′, 7′-dichlorodihydrofluorescein
diacetate (DCFH-DA), which was added directly to serum-free
medium, was diluted to a final concentration of 10 μM and
incubated with cells for 30 min at 37°C in a humidified
incubator containing 5% CO2. DCFH-DA diffuses into cells
and is deacetylated by cellular esterases to nonfluorescent
2′,7′-dichlorodihydrofluorescein, which can be oxidized by
ROS to produce highly fluorescent 2′,7′-dichlorofluorescein
(DCF). The green fluorescence intensity is proportional to the
levels of ROS within a cell. The cells were then washed three times
with PBS, and the fluorescence intensity was observed using a
laser scanning confocal microscope.

Measurement of Mitochondrial ROS
The levels of mitochondrial ROS were measured by staining cells
with MitoSOX™ Red Mitochondrial Superoxide Indicator
(M36008, Thermo Fisher Scientific). Briefly, RAW264.7 cells
were seeded at a density of 3 × 103 cells/well on 96-well plates
and allowed to attach overnight. Then, the cells were cultured
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with various treatments for the indicated times. Subsequently, the
cells were incubated with MitoSOX at a final concentration of
5 μM for 15 min at 37°C in a humidified incubator containing 5%
CO2. Then, the cells were washed three times with PBS, and the
fluorescence intensity was immediately measured with a
Varioskan Flash Spectral Scanning Multimode Reader
(Thermo Fisher Scientific). The red fluorescence intensity is
proportional to the levels of mitochondrial ROS within the cell.

Statistical Analysis
The SPSS software, version 13.0 (SPSS, Inc., Chicago, IL,
United States) and GraphPad Prism 7.0 (GraphPad Software)
were used for statistical analysis. Data are presented as the mean
± standard deviation (SD). The unpaired Student’s t-test was
utilized to calculate the p value of the statistic difference between 2
independent datasets. One-way analysis of variance (ANOVA)
was used to analyze the significance among three or more
independent datasets, and the Tukey’s post-hoc multiple
comparison testing was performed for multiple comparisons
when the probability for ANOVA was statistically significant.
Methods of non-parametric statistics such as the Mann–Whitney
and Kruskal–Wallis tests were used when variances did not pass
the Levene test for normality or homogeneity. All the statistical
tests were two-sided and a p value of <0.05 was considered
statistically significant in all cases.

RESULTS

RANKL Induces Osteoclastogenesis and
Bone Resorption via Autophagy
Consistent with previous studies, we found that RANKL
enhanced the proportion of fused multinuclear cells
(Supplementary Figure S1A) and the expression levels of
osteoclastogenesis-related genes (TRAP, Cath K and MMP-9;
Supplementary Figure S1B), inducing the formation of TRAP-
positive multinuclear (≥3) osteoclasts and bone resorption pits in
RAW264.7 cells (Supplementary Figure S1C). These results
indicate that RANKL induced the differentiation and
subsequent bone resorption activity of osteoclasts in vitro,
which is consistent with previous findings (Asai et al., 2014).

Autophagy has been demonstrated to play critical roles in
enhanced osteoclastogenesis under many conditions, such as
hypoxia, oxidative stress, and microgravity (Wang et al., 2011;

FIGURE 1 |RANKL induces osteoclastogenesis and bone resorption via
autophagy. (A) RAW264.7 cells were seeded overnight and incubated with or
without RANKL (100 ng/ml) for the indicated times. The protein levels of LC3-I
and LC3-II were tested by western blot, and the ratio of LC3-II/LC3-I was
quantified by Image J. (B) RAW264.7 cells were seeded overnight and treated
with the autophagy inhibitor CQ (5 and 10 μM) in the presence of RANKL
(100 ng/ml) for 3 days. The ratio of LC3-II/LC3-I was quantified as described
in (A). (C) RAW264.7 cells were seeded overnight and treated with CQ
(10 μM) in the presence of RANKL (100 ng/ml) for 3 days. The autophagic
vacuoles (autophagosomes and autolysosomes) were monitored by TEM.
Representative TEM images are shown, and the typical autophagic vacuoles
are marked with red arrows. (D) After transfection with Ad-mRFP-GFP-LC3
for 48 h, RAW264.7 cells were treated as described in (C). Then, autophagic
flux was assessed by quantifying the number of mRFP and GFP puncta per

(Continued )

FIGURE 1 | cell under a laser scanning confocal microscope. Representative
images of mRFP and GFP puncta are shown, together with the quantification
of autophagosomes and autolysosomes. (E) RAW264.7 cells were treated as
described in (B). Then, the mRNA expression levels of TRAP, Cath K and
MMP-9 were detected by qRT-PCR. (F) RAW264.7 cells were treated as
described in (B) for the indicated times. Then, TRAP staining and bone
resorption assays were performed to evaluate the formation of TRAP-positive
multinucleated (≥3) osteoclasts and bone resorption pits respectively. All the
data derived from at least three independent replicates and were presented as
mean ± SD. *p < 0.05 versus corresponding control group; #p < 0.05 versus
corresponding RANKL group; ns, no significance, versus corresponding
control group.
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Sambandam et al., 2014; Sun et al., 2015). First, we assayed the
level of autophagy after RANKL treatment. Western blot analysis
showed that the LC3-II/LC3-I ratio was significantly upregulated
from day 3 in a time-dependent manner during RANKL-induced
osteoclastogenesis (Figure 1A). The TEM showed that the
number of autophagic vacuoles was dramatically increased
after 3 days of treatment with RANKL (Figure 1C). Then, the
autophagic flux activity was further determined by using the
adenovirus-mRFP-GFP-tagged LC3 system. The data showed
that the number of yellow and red puncta in merged images
was significantly increased after 3 days of RANKL-induced
differentiation, indicating the activation of both
autophagosome formation and lysosomal degradation in the
RANKL-treated group (Figure 1D). Collectively, these
observations indicate that autophagy is activated during
RANKL-induced osteoclastogenesis. Second, using a
pharmacological inhibitor of autophagy (CQ), we explored
whether autophagy is essential in RANKL-induced
osteoclastogenesis. The results showed that CQ treatment
markedly increased the LC3-II/LC3-I ratio (Figure 1B) and
inhibited autolysosomal degradation (Figures 1C,D). More
importantly, we found that CQ treatment suppressed the
RANKL-induced upregulation of osteoclastogenesis-related
genes (TRAP, Cath K and MMP-9; Figure 1E), reduced the
number of TRAP-positive multinuclear (≥3) osteoclasts and
reduced the area of the bone resorption pits (Figure 1F).
Taken together, the above data reveal that RANKL induces
osteoclastogenesis and bone resorption through autophagy.

Pharmacological Inhibition of Nox4
Suppresses RANKL-Induced Autophagy
and Osteoclastogenesis
The above experiments showed that RANKL induced
osteoclastogenesis and bone resorption through autophagy. It
is well known that NADPH oxidase (Nox) family proteins
promote the activation of autophagy in many cell types by
generating ROS (Sciarretta et al., 2013). Recent evidence
indicated that RANKL increases the generation of intracellular
ROS by promoting the expression and activity of intracellular
Nox family proteins during osteoclastogenesis (Lee et al., 2005;
Goettsch et al., 2013; Kang and Kim, 2016). Therefore, we
explored whether Nox family proteins are involved in
RANKL-induced autophagy.

Western blot analysis showed that RANKL time-dependently
upregulated the levels of Nox1 and Nox4 proteins and decreased
the levels of Nox2 protein but had no significant influence on the
levels of Nox3 protein (Figure 2A). Nox pharmacological
inhibitor DPI treatment obviously downregulated the RANKL-
induced increase in the LC3-II/LC3-I ratio (Figure 2B). To

FIGURE 2 | Drug inhibition of Nox4 suppresses RANKL-induced
autophagy and osteoclastogenesis. (A) RAW264.7 cells were seeded
overnight and incubated with or without RANKL (100 ng/ml) for the indicated
times. The levels of Nox family proteins (Nox1, Nox2, Nox3, and Nox4)
were assessed by western blot. (B–D) RAW264.7 cells were seeded
overnight and treated with the Nox inhibitor DPI (B), Nox2 inhibitor
GSK2795039 (C), Nox1 inhibitor ML171 and Nox4 inhibitor 5-O-methyl
quercetin (D) in the presence of RANKL (100 ng/ml) for 3 days. The protein
levels of LC3-I and LC3-II were tested by western blot, and the ratio of LC3-II/
LC3-I was quantified by Image J. (E) RAW264.7 cells were seeded overnight
and incubated with ML171 (2 and 5 μM) and 5-O-methyl quercetin (5 and
10 μM) in the presence of RANKL (100 ng/ml) for 3 days. The mRNA
expression levels of TRAP, Cath K and MMP-9 were detected by qRT-PCR.
(F) RAW264.7 cells were treated as described in (E) for the indicated times.
Then, TRAP staining and bone resorption assays were performed to evaluate

(Continued )

FIGURE 2 | the formation of TRAP-positive multinucleated (≥3) osteoclasts
and bone resorption pits respectively. All the data derived from at least three
independent replicates and were presented as mean ± SD. *p < 0.05 versus
corresponding control group; #p < 0.05 vs. corresponding RANKL group; ns,
no significance, versus corresponding RANKL group.
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further investigate which Nox isoforms are involved in RANKL-
induced autophagy and osteoclastogenesis, pharmacological
inhibitors targeting specific Nox isoforms were used. The data
showed that the inhibition of Nox1 or Nox4 (not Nox2)
separately by ML171 and 5-O-methyl quercetin significantly
inhibited the RANKL-induced increase in the LC3-II/LC3-I
ratio and osteoclastogenesis-related gene (TRAP, Cath K and
MMP-9) expression and reduced the number of TRAP-positive
multinuclear (≥3) osteoclasts and the area of the bone resorption
pits (Figures 2C–F). Importantly, the inhibitory effect of 5-O-
methyl quercetin on RANKL-induced autophagy,
osteoclastogenesis and bone resorption was significantly
greater than that of ML171. Therefore, compared with Nox1,
Nox4 may play a leading role in autophagy activation induced by
RANKL. We selected Nox4 for the subsequent experiments.

Knockdown of Nox4 Suppresses
RANKL-Induced Autophagy and
Osteoclastogenesis
To further determine the functional significance of Nox4 in
RANKL-induced autophagy and osteoclastogenesis,
retroviruses encoding three different Nox4 shRNAs or
scrambled shRNA were utilized. The results showed that the
expression levels of Nox4 were dramatically decreased after the
transfection of sh-Nox4-1, sh-Nox4-2, and sh-Nox4-3
(Figure 3A). Importantly, sh-Nox4-2 had the greatest Nox4
silencing effect. Therefore, sh-Nox4-2 was selected for the
subsequent experiments. The knockdown of Nox4 markedly
inhibited the RANKL-induced increase in the LC3-II/LC3-I
ratio, autophagic flux activity, and expression of
osteoclastogenesis-related genes (TRAP, Cath K and MMP-9)
and decreased the number of TRAP-positive multinuclear (≥3)
osteoclasts and bone resorption pit area (Figures 3B–E).
Collectively, the above results indicate that knockdown of
Nox4 suppresses RANKL-induced autophagy and
osteoclastogenesis.

RANKL Upregulates the Protein Level of
Nox4 in the ER
Recent studies have indicated that Nox4 is localized on
intracellular membranes, mainly in mitochondria and the ER
(Lassegue et al., 2012). Western blot analysis showed that RANKL
treatment markedly increased the protein level of Nox4 in the ER

FIGURE 3 | Nox4 knockdown suppresses RANKL-induced autophagy
and osteoclastogenesis. (A) RAW264.7 cells were transfected with retrovirus
encoding Nox4 shRNA (sh-Nox4) or scrambled shRNA (sh-NC). Then, the
cells were seeded overnight and incubated with or without RANKL
(100 ng/ml) for 3 days. The protein levels of Nox4 were assessed by western
blot. (B) RAW264.7 cells were treated as described in (A). Then, the protein
levels of LC3-I and LC3-II were tested by western blot, and the ratio of LC3-II/
LC3-I was quantified by Image J. (C) After sh-NC or sh-Nox4 transfection,
RAW264.7 cells were transfected with Ad-mRFP-GFP-LC3 for 48 h. Then,
the cells were seeded overnight and incubated with or without RANKL
(100 ng/ml) for 3 days. Autophagic flux was assessed by quantifying the
number of mRFP and GFP puncta per cell under a laser scanning confocal

(Continued )

FIGURE 3 | microscope. Representative images of mRFP and GFP puncta are
shown, together with the quantification of autophagosomes and autolysosomes.
(D) RAW264.7 cells were treated as described in (A). Then, the mRNA expression
levels of TRAP, Cath K, and MMP-9 were detected by qRT-PCR. (E) RAW264.7
cells were treated as described in (A) for the indicated times. Then, TRAP staining
and bone resorption assays were performed to evaluate the formation of TRAP-
positivemultinucleated (≥3) osteoclasts and bone resorption pits respectively. All the
data derived from at least three independent replicates and were presented as
mean ± SD. *p < 0.05 versus corresponding control group; #p < 0.05 versus
corresponding RANKL group; ns, no significance, versus corresponding
RANKL group.
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FIGURE 4 | RANKL treatment specifically upregulates the level of Nox4 protein in the ER. (A-B) RAW264.7 cells were seeded overnight and incubated with or
without RANKL (100 ng/ml) for the indicated times. The mitochondrial (A) and ER (B) fractions were isolated from cells. The protein levels of Nox4 in each fraction were
assessed by western blot. VDAC1 and ERp57 were separately used as loading controls for mitochondria and the ER. (C) After sh-NC or sh-Nox4 transfection,
RAW264.7 cells were seeded overnight and incubated with or without RANKL (100 ng/ml) for 3 days. The ER fraction was isolated from cells. The protein level of
Nox4 in the ER was assessed by western blot. (D) RAW264.7 cells were treated as described in (C). Then, the cells were stained with ER-Tracker. Immunofluorescence
staining of Nox4 was performed to detect the colocalization of Nox4 with the ER.
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(not in the mitochondria) of RAW264.7 cells (Figures 4A,B). As
shown in Figure 4C, Nox4 shRNA treatment significantly
downregulated the RANKL-induced elevation of Nox4 protein
in the ER of RAW264.7 cells. To further ascertain the ER
localization of Nox4 protein induced by RANKL, an
immunofluorescence staining assay was utilized. The results
showed that RANKL treatment significantly enhanced the
localization of Nox4 in the ER, which was markedly
suppressed by Nox4 silencing (Figure 4D). Collectively, the
above data reveal that RANKL markedly upregulates the
protein level of Nox4 in the ER. These results are consistent
with the fact that Nox4, mainly synthesized in the ER, contains
multiple ER-specific signal sequences in the N-terminal portion
of Nox4. (Chen et al., 2008; Stephens and Nicchitta, 2008).

Nox4 Promotes RANKL-Induced Autophagy
Activation and Osteoclastogenesis by
Generating Nonmitochondrial ROS
It has been reported that Nox family proteins can promote the
production of intracellular ROS (Finkel, 2011). As shown in
Figure 5A, RANKL treatment markedly enhanced the level of
intracellular ROS and ER ROS in RAW264.7 cells, which was
reduced by Nox4 silencing. As shown in Figure 5C, the level of
mitochondrial ROS was increased in RAW264.7 cells during
RANKL-induced osteoclastogenesis. As ROS have been
reported to play an important role in autophagy regulation
(Kongara and Karantza, 2012), we explored whether ROS are
involved in RANKL-induced autophagy and osteoclastogenesis.
Intracellular ROS scavenger (NAC) treatment significantly
inhibited the RANKL-induced accumulation of intracellular
ROS and ER ROS (Figure 5B). Mitochondrial-targeted
antioxidant (Mito-TEMPO) treatment significantly inhibited
RANKL-induced mitochondrial ROS accumulation
(Figure 5C). Importantly, Mito-TEMPO treatment did not
affect the RANKL-induced increase in the LC3-II/LC3-I ratio

FIGURE 5 | Nox4 promotes RANKL-induced autophagy and
osteoclastogenesis via generating nonmitochondrial ROS. (A) After sh-NC or
sh-Nox4 transfection, RAW264.7 cells were cultured with or without RANKL
(100 ng/ml) for the indicated times. Then, the cells were stained with ER-
Tracker. DCF fluorescence staining was performed to evaluate the level of
intracellular ROS. (B) RAW264.7 cells were treated with the intracellular ROS
scavenger NAC (10 and 20 mM) in the presence of RANKL (100 ng/ml) for

(Continued )

FIGURE 5 | 3 days. The intracellular ROS and ER ROS were measured as
described in (A). (C) RAW264.7 cells were treated with the mitochondrial-
targeted antioxidant Mito-TEMPO (200 and 500 μM) in the presence of
RANKL (100 ng/ml) for the indicated times. The level of mitochondrial ROS
was measured by MitoSOX. (D) RAW264.7 cells were treated with NAC (10
and 20 mM) or Mito-TEMPO (200 and 500 μM) in the presence of RANKL
(100 ng/ml) for 3 days. Protein levels of LC3-I and LC3-II were tested by
western blot, and the ratio of LC3-II/LC3-I was quantified by Image J. (E) After
transfection with Ad-mRFP-GFP-LC3 for 48 h, RAW264.7 cells were treated
with NAC (20 mM) in the presence of RANKL (100 ng/ml) for 3 days. Then,
autophagic flux was assessed by quantifying the number of mRFP and GFP
puncta per cell under a laser scanning confocal microscope. Representative
images of mRFP and GFP puncta are shown, together with the quantification
of autophagosomes and autolysosomes. (F) RAW264.7 cells were treated as
described in (B). Then, the mRNA expression levels of TRAP, Cath K and
MMP-9 were detected by qRT-PCR. (G) RAW264.7 cells were treated as
described in (B) for the indicated times. TRAP-positive multinucleated (≥3)
osteoclasts and bone resorption pits were evaluated by TRAP staining and
bone resorption assays, respectively. All the data derived from at least three
independent replicates and were presented as mean ± SD. *p < 0.05 versus
corresponding control group; #p < 0.05 versus corresponding RANKL group;
ns, no significance, versus corresponding RANKL group.
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(Figure 5D), whereas NAC treatment obviously reduced the
RANKL-induced increase in the LC3-II/LC3-I ratio
(Figure 5D) and the number of yellow and red puncta in
merged images, which implies an impairment in autophagic
flux activity (Figure 5E). Additionally, NAC treatment also
significantly downregulated the RANKL-induced upregulation
of the expression of osteoclastogenesis-related genes (TRAP,
Cath K and MMP-9; Figure 5F) and reduced the number of
TRAP- positive multinuclear (≥3) osteoclasts and bone
resorption pit area (Figure 5G). In summary, these data
indicate that Nox4 promotes RANKL-induced autophagy
activation and osteoclastogenesis by generating
nonmitochondrial ROS. Furthermore, we also found that the
majority of Nox4-derived ROS colocalize with ER-Tracker
(Figure 5A). These results suggest that Nox4 may promote the
activation of autophagy via the generation of ER-derived ROS
during RANKL-induced osteoclastogenesis.

Nox4-DerivedROSPromotes Autophagy via
the PERK/eIF-2α/ATF4 Pathway
Previous studies have demonstrated that UPR-related signaling
pathways (ATF6, PERK/eIF-2α/ATF4, and IRE-1α/XBP-1) are
involved in ROS-induced autophagy (Avivar-Valderas et al.,
2011; Walter and Ron, 2011). Therefore, we further explored
whether UPR-related signaling pathways mediate ROS-induced
autophagy during RANKL-induced osteoclastogenesis. Western
blot analysis showed that RANKL treatment time-dependently
increased the phosphorylation of PERK (Thr980) and eIF-2α
(Ser51) and upregulated the expression levels of ATF4 and XBP-
1S in RAW264.7 cells but had little influence on the level of ATF6
(Figure 6A). Moreover, knockdown of Nox4 significantly
repressed the RANKL-induced phosphorylation of PERK
(Thr980) and eIF-2α (Ser51) and the upregulation of ATF4
expression but had little influence on XBP-1S (Figure 6B).
Furthermore, NAC treatment significantly inhibited the
RANKL-induced activation of the PERK/eIF-2α/ATF4 pathway
(Figure 6C). These results reveal that RANKL activates the
PERK/eIF-2α/ATF4 pathway by elevating Nox4-mediated ROS

FIGURE 6 | Nox4-derived ROS promotes autophagy via the PERK/eIF-
2α/ATF4 pathway. (A) RAW264.7 cells cultured with or without RANKL
(100 ng/ml) for the indicated times. The protein levels of ATF6, XBP-1S,
phospho-PERK (Thr980), PERK, phospho-eIF-2α (Ser51), eIF-2α, and
ATF4 were evaluated by western blot. (B) After sh-NC or sh-Nox4
transfection, RAW264.7 cells were incubated with or without RANKL (100 ng/
ml) for 3 days. The proteins mentioned in (A) were assessed by western blot.
(C) RAW264.7 cells were treated with NAC (10 and 20 mM) and RANKL
(100 ng/ml) for 3 days. The proteins mentioned in (A) were assessed by
western blot. (D) RAW264.7 cells were incubated with PERK inhibitor

(Continued )

FIGURE 6 | GSK2606414 (5 and 10 μM) in the presence of RANKL (100 ng/
ml) for 3 days. The protein levels of phospho-eIF-2α (Ser51), eIF-2α, and ATF4
were evaluated by western blot. (E) RAW264.7 cells were treated as de-
scribed in (D). Then, the protein levels of LC3-I and LC3-II were tested by
western blot, and the ratio of LC3-II/LC3-I was quantified by Image J. (F) After
transfection with Ad-mRFP-GFP-LC3 for 48 h, RAW264.7 cells were treated
with GSK2606414 (10 μM) in the presence of RANKL (100 ng/ml) for 3 days.
Autophagic flux was assessed by quantifying the number of mRFP and GFP
puncta per cell under a laser scanning confocal microscope. Representative
images of mRFP and GFP puncta are shown, together with the quantification
of autophagosomes and autolysosomes. (G) RAW264.7 cells were treated as
described in (D). Then, the mRNA expression levels of TRAP, Cath K and
MMP-9 were detected by qRT-PCR. (H) RAW264.7 cells were treated as
described in (D) for the indicated times. TRAP-positive multinucleated (≥3)
osteoclasts and bone resorption pits were evaluated by TRAP staining and
bone resorption assays, respectively. All the data derived from at least three
independent replicates and were presented as mean ± SD. *p < 0.05 versus
corresponding control group; #p < 0.05 vs. corresponding RANKL group.
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production in RAW264.7 cells. To further confirm the
involvement of the PERK/eIF-2α/ATF4 pathway in the
activation of autophagy, osteoclastogenesis and bone
resorption, a pharmacological inhibitor of PERK
(GSK2606414) was utilized. The data revealed that
GSK2606414 treatment dose-dependently reduced the
RANKL-induced phosphorylation of eIF-2α (Ser51) and the
upregulation of ATF4 expression in RAW264.7 cells
(Figure 6D). More importantly, GSK2606414 treatment
obviously inhibited the RANKL-induced increase in the LC3-
II/LC3-I ratio (Figure 6E) and the number of yellow and red
puncta in merged images, which implies that autophagic flux is
impaired (Figure 6F). Additionally, GSK2606414 treatment also
significantly abrogated the RANKL-induced upregulation of
osteoclastogenesis-related genes (TRAP, Cath K and MMP-9;
Figure 6G) and reduced the number of TRAP-positive
multinuclear (≥3) osteoclasts and bone resorption pit area
(Figure 6H). These results indicate that Nox4-derived ROS
promote autophagy via the PERK/eIF-2α/ATF4 pathway
during RANKL-induced osteoclastogenesis.

DISCUSSION

Autophagy, an evolutionarily conserved and dynamic catabolic
process, plays a critical role in maintaining bone homeostasis
(Shapiro et al., 2014). Recently, it has been demonstrated that
autophagy plays an important role in osteoclastogenesis.
However, it is still unclear that the molecular mechanism of
RANKL-induced autophagy in osteoclastogenesis. In the present
study, we identified a new mechanism of autophagy regulation
during RANKL-induced osteoclastogenesis. Specifically, Nox4
promotes RANKL-induced autophagy activation and
osteoclastogenesis by increasing the level of nonmitochondrial

ROS and subsequent activation of the PERK/eIF-2α/ATF4
signaling pathway (Figure 7). Our results provide a new
insight into the molecular mechanisms of RANKL-induced
osteoclastogenesis and may help the development of new
therapeutic strategies for osteoclastogenesis-related diseases.

Nox, which is widely distributed in various tissues and organs,
is the key enzyme of redox signaling (Kleniewska et al., 2012). The
Nox family includes seven members as Nox1-5 and Duox1-2
(Youn et al., 2013). The protein levels of Nox1 and Nox4 are
increased, the protein level of Nox2 is decreased, and the protein
level of Nox3 remains unchanged during RANKL-induced
osteoclastogenesis (Sasaki et al., 2009; Goettsch et al., 2013).
Compared with the other isoforms, Nox1 plays more
prominent roles in stimulating RANKL-induced
osteoclastogenesis (Lee et al., 2005). In our study, we found
that RANKL treatment caused similar Nox protein expression
patterns. However, we found that Nox4 plays a more critical role
in regulating RANKL-induced autophagy activation than other
Nox isoforms, including Nox1. This specific role of Nox4 in
regulating autophagy may be dependent upon its intracellular
localization. Nox4 is localized to intracellular membranes,
particularly in the ER and mitochondria, while Nox1 is mainly
located on the plasma membrane. (Lassegue et al., 2012). ER-
localized Nox4 has been found to promote the proliferation,
migration, differentiation, and survival of cells (Ago et al., 2010;
Auer et al., 2017). The activity of ER-localized Nox4 in the
regulation of cellular processes may be dependent upon its
ability to produce H2O2 (Wu et al., 2010). Here, we observed
for the first time that the level of ER-localized (not mitochondria-
localized) Nox4 was dramatically increased during RANKL-
induced osteoclastogenesis. This result may be explained by
the fact that Nox4 is a membrane-bound protein and,
therefore, is mainly translated in the ER through a
cotranslational translocation mechanism (Stephens and
Nicchitta, 2008). Recent study indicates that alternative
splicing of Nox4 mRNA may trigger Nox4 synthesis in
different subcellular compartments (Anilkumar et al., 2013). It
is reasonable to speculate that posttranslational modifications of
nascent Nox4 protein or other unknown mechanisms may be
associated with this selective elevation of Nox4 in the ER of
RAW264.7 cells cultured under RANKL induction conditions
(Colombo et al., 2005). However, whether the specific sub-
cellullar location of Nox4 lead to RANKL-induced autophagy
activation needs to be further studied.

ROS is a class of oxygen-containing compounds with oxidative
activity that are produced during aerobic metabolism, including
hydrogen peroxide (H2O2), superoxide anions (O2−) and free
radicals (HO•) (Kongara and Karantza, 2012). In recent years,
studies have shown that ROS can be used as a signal molecule to
participate in the transduction of a variety of intracellular signals,
and it plays an key role in various pathological and physiological
processes such as immune response, autophagy, cellular stress,
and inflammation (Wolf, 2005; Xia et al., 2007; Scherz-Shouval
and Elazar, 2011; Lee et al., 2012). Nox proteins are considered
the most important source of ROS from different parts of the cell,
including mitochondria (Canugovi et al., 2019), the ER (Sciarretta
et al., 2013) and the cytomembrane (Wang et al., 2011).

FIGURE 7 | Schematic model of the mechanism of RANKL-induced
autophagy and osteoclastogenesis. RANKL upregulates the protein level of
Nox4, enhancing the level of nonmitochondrial ROS, activating PERK/eIF-2α/
ATF4 pathway, leading to autophagy and osteoclastogenesis.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 75184511

Sun et al. Nox4 Promotes Autophagy and Osteoclastogenesis

154

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


Mitochondria, as the sites of oxidative respiration in cells, are the
main production sites of intracellular ROS (Kim et al., 2020).
Previously, we and others have found that RANKL treatment
increases mitochondrial ROS in osteoclast precursors (Srinivasan
et al., 2010); however, mitochondrial-targeted antioxidants
(Mito-TEMPO) do not block RANKL-induced autophagy
activation. These results indicate that Nox4 promotes the
activation of autophagy by generating nonmitochondrial ROS
during RANKL-induced osteoclastogenesis. Furthermore, we also
found that the majority of Nox4-derived ROS was colocalized
with ER-Tracker, which suggests that Nox4 may promote the
activation of autophagy via the generation of ER-derived ROS
during RANKL-induced osteoclastogenesis. Previous studies
have demonstrated that UPR-related signaling pathways
(ATF6, PERK/eIF-2α/ATF4, and IRE-1α/XBP-1) are involved
in ER-derived ROS-induced autophagy (Sciarretta et al., 2013).
Therefore, we further explored whether UPR-related signaling
pathways mediate ROS-induced autophagy during RANKL-
induced osteoclastogenesis. Western blot analysis showed that
RANKL treatment time-dependently increased the
phosphorylation of PERK (Thr980) and eIF-2α (Ser51) and
upregulated the expression levels of ATF4 and XBP-1S in
RAW264.7 cells but had little influence on the level of ATF6
(Figure 6A). Moreover, knockdown of Nox4 or inhibition of ROS
by NAC significantly repressed the RANKL-induced
phosphorylation of PERK (Thr980) and eIF-2α (Ser51) and
the upregulation of ATF4 expression but had little influence
on XBP-1S (Figures 6B,C). The above results suggest that
Nox4 elevates ER-derived ROS, activating PERK/eIF-2α/ATF4
pathway, leading to autophagy during RANKL-induced
osteoclastogenesis. Our finding is supported by the findings of
a recent study in which an increase in Nox4-dependent ROS
accumulation in the ER of cardiomyocytes was found to promote
the activation of autophagy and survival during energy
deprivation (Sciarretta et al., 2013).

A variety of osteolytic diseases including postmenopausal
osteoporosis, Paget disease of bone and inflammatory arthritis
are strongly correlated with the excessive differentiation of
osteoclasts/osteoclastogenesis (Chung and Van Hul, 2012;
Johnson et al., 2015). Our study is focus on the molecular
mechanism of RANKL-induced osteoclastogenesis and we
found that RANKL upregulates the protein level of Nox4,
enhancing the level of ROS, activating PERK/eIF-2α/ATF4
pathway, leading to autophagy and osteoclastogenesis.
Targeting the novel pathway “Nox4/ROS/PERK/eIF-2α/ATF4/
autophagy” may facilitate the development of novel therapeutic
strategies for osteoclastogenesis-related diseases. Currently, there
are several molecular drugs have been been successfully used
clinically to prevent and treat osteolytic disease. For example,
Bazedoxifene, agonist of estrogen receptor α, was used to treat
postmenopausal osteoporosis via activating estrogen receptor α
on osteoblast and osteocyte and increasing the ratio of OPG/
RANKL to inhibit the activity of osteoclast (Brown, 2017).
Moreover, denosumab, a monoclonal antibody against
RANKL, has been widely used in the clinical treatment of
osteolytic disease. Denosumab exerts its pharmacology
function by direct binding to RANKL and inhibiting osteoclast

differentiation (Dahiya et al., 2015). In addition, previous study
revealed that chloroquine, inhibitor of autophagy, ameliorated
glucocorticoid-induced and ovariectomy-induced bone loss by
inhibiting osteoclastogenesis in preclinical models (Lin et al.,
2016), suggesting that inhibitors of autophagy such as CQ are
already in clinical use may be used to treat for activated
osteoclastogenesis disease. Importantly, GSK137831, an
inhibitor of Nox1/4, has been passed through Phase 1 clinical
trials (NCT02010242) for treatment of Type 2 Diabetes and
Albuminuria, suggesting that GSK137831 may be used in the
clinical treatment of activated osteoclastogenesis disease.

In conclusion, we identified a novel role and mechanism of
Nox4 in regulating autophagy during RANKL-induced
osteoclastogenesis. Specifically, Nox4 promotes RANKL-
induced autophagy by increasing the level of
nonmitochondrial ROS and activating the UPR-related
signaling pathway (PERK/eIF-2α/ATF4). These findings
provide a new insight into the processes of RANKL-induced
osteoclastogenesis, which may help the development of new
potential therapeutic strategies for osteoclastogenesis-related
diseases.

CONCLUSION

In the present study, we found that RANKL induced
osteoclastogenesis via autophagy. The investigation for the
corresponding mechanism revealed that RANKL promoted
autophagy via upregulating the protein level of NADPH
oxidase 4 (Nox4). Additionally, we found that Nox4
stimulated the production of nonmitochondrial reactive
oxygen species (ROS), activating the critical unfolded protein
response (UPR)-related signaling pathway PERK/eIF-2α/ATF4,
leading to RANKL-induced autophagy and osteoclastogenesis.
Collectively, this study reveals that Nox4 promotes RANKL-
induced autophagy and osteoclastogenesis via activating ROS/
PERK/eIF-2α/ATF4 pathway, suggesting that the pathway may
be a novel potential therapeutic target for osteoclastogenesis-
related disease.
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Network Pharmacology-Based
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Anti-Osteoporosis Effects and
Underlying Mechanism of
Zhuangguguanjie Formulation
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As the society is aging, the increasing prevalence of osteoporosis has generated huge
social and economic impact, while the drug therapy for osteoporosis is limited due to
multiple targets involved in this disease. Zhuangguguanjie formulation (ZG) is extensively
used in the clinical treatment of bone and joint diseases, but the underlying mechanism has
not been fully described. This study aimed to examine the therapeutic effect and potential
mechanism of ZG on postmenopausal osteoporosis. The ovariectomized (OVX) mice were
treated with normal saline or ZG for 4 weeks after ovariectomy following a series of
analyses. The bone mass density (BMD) and trabecular parameters were examined by
micro-CT. Bone remodeling was evaluated by the bone histomorphometry analysis and
ELISA assay of bone turnover biomarkers in serum. The possible drug–disease common
targets were analyzed by network pharmacology. To predict the potential biological
processes and related pathways, GO/KEGG enrichment analysis was performed. The
effects of ZG on the differentiation phenotype of osteoclasts and osteoblasts and the
predicted pathway were verified in vitro. The results showed that ZG significantly improved
the bone mass and micro-trabecular architecture in OVX mice compared with untreated
OVX mice. ZG could promote bone formation and inhibit bone resorption to ameliorate
ovariectomy-induced osteoporosis as evidenced by increased number of osteoblast
(N.Ob/Tb.Pm) and decreased number of osteoclast (N.Oc/Tb.Pm) in treated group
compared with untreated OVX mice. After identifying potential drug–disease common
targets by network pharmacology, GO enrichment analysis predicted that ZG might affect
various biological processes including osteoblastic differentiation and osteoclast
differentiation. The KEGG enrichment analysis suggested that PI3K/Akt and mTOR
signaling pathways could be the possible pathways. Furthermore, the experiments
in vitro validated our findings. ZG significantly down-regulated the expression of
osteoclast differentiation markers, reduced osteoclastic resorption, and inhibited the
phosphorylation of PI3K/Akt, while ZG obviously up-regulated the expression of
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osteogenic biomarkers, promoted the formation of calcium nodules, and hampered the
phosphorylation of 70S6K1/mTOR, which can be reversed by the corresponding pathway
activator. Thus, our study suggested that ZG could inhibit the PI3K/Akt signaling pathway
to reduce osteoclastic bone resorption as well as hamper the mTORC1/S6K1 signaling
pathway to promote osteoblastic bone formation.

Keywords: osteoporosis, Zhuangguguanjie, network pharmacology, PI3K/AKT, mTOR/S6K1

INTRODUCTION

Osteoporosis has been defined as a systemic skeletal disease
characterized by reduced bone mineral density and micro-
architecture deterioration (Weitzmann and Ofotokun, 2016),
with an increase in susceptibility to fractures (Fuggle et al.,
2019). The prevalence of osteoporosis is extremely high in
older population (10.4% for males, 31.2% for females) (Zhu
et al., 2010). The search for anti-osteoporosis medications still
remains a challenge. Currently, standard antiresorptive
therapeutic schedules for osteoporosis mainly include
bisphosphonate and estrogen replacement therapy (Gatti and
Fassio, 2019) and were restricted by single target and adverse
effects (Khosla and Hofbauer, 2017). Anabolic therapies have
been approved to protect osteoporosis via facilitating bone
formation alone or with antiresorptive agents (Estell and
Rosen, 2021). However, there is no proposed curative
treatment for osteoporosis that could simultaneously inhibit
bone resorption and promote bone formation.

Recently, traditional Chinese medicine (TCM) has been
widely applied due to significant therapeutic efficiency and
fewer adverse effects (Chao et al., 2017). Zhuangguguanjie
formulation (ZG) is a classical TCM consisted of twelve
Chinese medicinal herbs. It is widely used clinically to treat
bone and joint diseases (Zhang XL. et al., 2016). Previous
study has confirmed that ZG could protect articular cartilage
via the p-Akt/Caspase 3 pathway (Lu et al., 2018). ZG has also
been reported to treat osteoporosis with less adverse effects (Liu
et al., 2014). Some components of ZG such as icariin and psoralen
have been reported that could attenuate osteoclast differentiation
or promote osteoblast functions to cure osteoporosis. Icariin
could promote osteogenic differentiation of BMSCs through
the Wnt/β-Catenin signaling pathway (Gao et al., 2021) and
inhibit osteoclastogenic differentiation via the MAPK pathway
(Xu et al., 2019). Psoralen is reported to decrease osteoclast
differentiation and bone resorption via inhibition of the AKT
pathway (Chai et al., 2018). However, the dosage of single
components used in clinical treatment still brings some side
effects compared with ZG formulation (Indran et al., 2016).

Despite intensive clinical application and research, the
function and mechanism of ZG on osteoporosis have not been
fully investigated. As a systematic biological method, network
pharmacology provides a network visualization of components
and targets that are applied for the comprehensive study of TCM
compounds (WANG et al., 2021). In this study, we examined the
effect of ZG on osteoporosis in ovariectomized (OVX) mice. Both

network pharmacology and experiments in vitro/vivo were used
to unravel the underlying mechanisms.

MATERIALS AND METHODS

Reagents
Traditional Chinese medicine ZG was obtained from Sanjiu
Medical & Pharmaceutical Co., Ltd. (Beijing, China). It was
dissolved in normal saline as a vehicle for animal experiment
while using phosphate-buffered saline (PBS) as vehicle for cell
experiment. Fetal bovine serum (FBS) was purchased from Gibco
(United States). Alpha-minimal essential medium (a-MEM),
PBS, trypsin−EDTA, penicillin, and streptomycin were
purchased from Wisent (Canada). Cell Counting Kit-8 (CCK-
8) and MHY1485 were from MCE (China). IGF-1, M-CSF,
RANKL were from R&D systems (United States). Osteogenic
Differentiation Medium and Alizarin Red staining kit were
purchased from Cyagen (China).

LC-MS/MS and HPLC Analysis
LC-MS/MS analysis was performed using Thermo QE HF-X
mass spectrometer and Thermo U3000 liquid chromatography.
The analysis was conducted usingWaters, ACQUITY UPLC HSS
T3 1.7 µm, 2.1 mm× 150 mm column. The mobile phase A
consisted of 5 mM ammonium formate in H2O, mobile phase
B consisted of acetonitrile, mobile phase C consisted of 0.1%
formic acid in H2O, mobile phase D consisted of 0.1% formic acid
in acetonitrile. The liquid chromatography was carried out using
a gradient program at a flow rate of 0.4 ml/min; the injection
volume was 10 μl; the column oven temperature was 40°C. The
acquisition of high-resolution mass spectra was conducted in the
positive and negative ion modes. Optimized ionization
conditions were as follows: sheath gas flow, 8 L/min; capillary
voltage, 2,500 V; gas temperature, 300°C; the analysis was carried
out using a scan from 80 to 1,000 m/z. Identification of
metabolites was conducted by searching the OCTML
database according to exact mass matching (<10 ppm) and
secondary spectrum matching. HPLC was performed to
determine the content of psoralen, isopsoralen, icariin, and
osthole. The ZG extract was dissolved to a final concentration
of 20 mg/ml in methyl alcohol. The diluted solution was
passed through a 0.45 µM filter membrane prior to HPLC
analysis. The wavelength of UV detection was set at 254 nm
for psoralen, isopsoralen, and icariin, while was set at 320 nm
for osthole.
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Animals
Eight-week-old male C57BL/6 mice (weighing 20 ± 2 g) were fed
under pathogen-free conditions, supplied by the Model Animal
Research Center of Nanjing University. The animals were
maintained in a 12-h light/dark cycle. A total of 36 mice were
equally divided into the following groups: sham with vehicle
treatment group, ovariectomy with vehicle treatment group, and
ovariectomy with ZG treatment group, 12 mice used per group.
Subsequently, the OVX group and the OVX + ZG group
underwent ovariectomy, anesthetized by isoflurane. A similar
incision was made to the sham group, which was subsequently
sutured, without any other procedures. All mice were monitored
on a daily basis for postoperative complications within the first
week after surgery. Both saline and ZG (468 mg/kg/day)
administration started at 4 weeks after surgery. The mice were
sacrificed by isoflurane overdose following 4 weeks of continuous
treatment. After sacrifice, the bilateral femora were isolated and
collected, as well as blood serum. The experimental protocols
were reviewed and approved by the Animal Care Committee of
the Affiliate Drum Tower Hospital, Medical school of Nanjing
University in accordance with the Institutional Animal Care and
Use Committee guidelines (2021AE01031).

Morphometric and Histological
Assessments
Femurs and tibias were fixed in 4% paraformaldehyde for 24 h
immediately after death. The fixed samples were imaged by
micro-CT (vivaCT80, SCANCO Medical AG, Switzerland). To
analyze the trabecular bone, a region of interest was selected
0.5 mm below the growth plate of the femur and tibia. Bone
mineral density (BMD), bone volume to total volume (BV/TV),
trabecular number (Tb. N), trabecular separation (Tb. Sp), and
trabecular thickness (Tb. Th) were analyzed with the built-in
software. After micro-CT analyses, femurs were decalcified with
5% EDTA and were embedded in paraffin blocks, and 5 mm
sections were cut in serial incisions in the coronal plane. The
sections were stained with hematoxylin and eosin (HE), and then
TRAP staining was used to detect osteoclast activity. The
expression of osteocalcin was examined by
immunohistochemistry. Briefly, tissue sections were treated
with 3% H2O2 to remove endogenous peroxidase, incubated
with anti-osteocalcin antibody (ab93876, Abcam,
United Kingdom) at 4°C overnight prior to addition of
secondary antibody (AS014, ABclonal, China), incubated at
37°C for 120 min, then colored by diaminobenzidine (DAB)
reaction staining. Finally, sections were evaluated by
microscopy (BX53, Olympus) in a blinded manner.
Quantitative analyses were performed using ImageJ Software.

Xylenol Orange-Calcein Double Labeling
Analyses
Mice were injected with calcein (10 mg/kg) at 10 days before
euthanasia and xylenol orange (30 mg/kg) at 3 days before
euthanasia. The femurs were collected and prepared for hard
tissue sections with EXAKT 300CP. Fluorescence images

were then obtained using confocal microscope (FV3000,
Olympus).

Serum Biochemistry
A total of 500 μl of blood was collected from the hearts of the mice
following anesthesia. Serum samples were obtained by
centrifugation of blood at 3,000 rpm for 15 min, and they were
stored at −80°C prior to analysis. An ELISA assay was used to
measure the plasma concentration of the biomarkers PINP, CTX-
1, and TNF-α (Cloud Clone Corp, China) according to the
manufacturer’s instructions. The optical absorbance at 450 nm
was determined using amicroplate absorbance reader (Model 680
Microplate Reader, Bio-Rad).

Screening for Potential Targets of
Zhuangguguanjie Formulation
All components in ZG were searched from the Traditional
Chinese Medicine Systems Pharmacology Database and
Analysis Platform (TCMSP) and Bioinformatics Analysis Tool
for Molecular mechanism (BATMAN). Then related chemical
compositions were supplemented according to literature. All
results were saved in SDF format. In the Swiss Target
Prediction database, species was restricted to “Homo sapiens”,
and the candidate targets with prediction scores >0 were selected
as the potential targets of ZG.

Potential Targets Intersection of
Zhuangguguanjie Formulation With
Osteoporosis
Disease targets were retrieved using “osteoporosis” as the
keywords based on the Disgenet database. All drug targets and
disease targets were introduced into Venny2.1.0 to obtain
common targets of ZG and osteoporosis. Cytoscape (version
3.2.1) was used to establish the drug-bioactive ingredient-
target-disease network of ZG acting on osteoporosis. Finally,
we used Network Analyzer function to analyze the main active
components of traditional Chinese medicine compound
prescription.

Protein–Protein Interaction Network
Construction
The 212 common targets were uploaded to the STRING database
to obtain the network relation of target interaction, with
minimum required interaction score>0.4. All data were
imported in Cytoscape for constructing the PPI network, in
which the color and size of nodes represent the degree of
the node.

Enrichment Analysis of GO and KEGG
Pathways
To convert the drug–disease common target into entrez ID, we
installed the Bioconductor package “org.Hs.eg.db” in R software
and ran it. After that, the “cluster Profiler” package was installed
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in R software, and enrichment analysis of GO and KEGG was
carried out according to the transformed entrez ID, with p < 0.05
and Q < 0.05. The results were output in the form of bar chart and
bubble chart, respectively.

CCK-8-Based Cytotoxicity Assay
The cytotoxicity of ZG was determined by CCK-8 assay. Briefly,
the bone marrow monocytes (BMMs) and preosteoblasts were
seeded onto 96-well plates independently at a concentration of
1 × 104 cells/ml and cultured until they adhered completely.
Then, cells were treated with ZG at different concentrations (0 µg/
ml, 30 µg/ml, 60 µg/ml, 90 µg/ml, 180 µg/ml, 360 µg/ml, 720 µg/
ml) for 24 h. After that, 10 µl of CCK-8 was added and incubated
for 1 h. The absorbance was recorded at 450 nm, and experiments
were performed in triplicate and repeated three times
independently.

In Vitro Osteoclastogenesis Assay
BMMs were isolated from 4-week-old C57/BL6 male mice by
separating the long bones and rinsing the medullary cavity.
BMMs were cultured in a-MEM supplemented with 10% FBS,
1% penicillin-streptomycin solution, and 30 ng/ml M-CSF. After
48 h, the cell mediumwas removed, and the adherent BMMs were
considered as osteoclast precursor cells that used for subsequent
experiments. Then BMMs were seeded in 96-well plates and
cultured to100% confluence. Osteoclast formation was induced
through medium replacement with a-MEM containing 30 ng/ml
M-CSF and 50 ng/ml RANKL, with different concentrations of
ZG (0 µg/ml, 90 µg/ml, 180 µg/ml) and IGF-1 (0 ng/ml, 10 ng/ml)
depending on experimental design. After 10 days, the cells were
fixed in 4% PFA and stained for TRAP using an acid phosphatase
leucocyte staining kit (Sigma-Aldrich), according to the
instructions. To study the actin ring formation, the cells were
permeabilized with 0.3% Triton-X 100 and cultured with
phalloidin to visualize F-actin after fixed in 4% PFA. Both
TRAP staining and phalloidin staining were photoed by a
fluorescence microscope (Ti2 U, Nikon).

In Vitro Bone Resorption Assay
BMMs were cultured as previously described. The adherent
BMMs were planted onto bovine bone slices (Lushen,
Shanghai, China) in a-MEM containing 30 ng/ml M-CSF and
50 ng/ml RANKL. They were also treated with different
concentrations of ZG (0 µg/ml, 90 µg/ml, 180 µg/ml) and IGF-
1 (100 ng/ml) depending on experimental design. After 10 days,
the bovine bone slices were ultrasonically cleaned and cleared
with PBS followed by air-drying for 2–3 h. Finally, the samples
were subjected to vacuum drying, sprayed with gold, and imaged
by SEM (FEI Quanta 200). Quantitative analyses were performed
using ImageJ Software.

In Vitro Osteogenesis Assay
Preosteoblast was isolated from calvariae of newborn mice by
serial digestion in 1 mg/ml of collagenase type 2. After
centrifugation and filtration, preosteoblast was seeded onto
six-well plates at a density of 1×105 cells/well in a-MEM
supplemented with 10% FBS and 1% penicillin-streptomycin

solution. After being cultured to 100% confluence, osteoblast
formation was induced through medium replacement with
osteogenic differentiation medium (α-MEM supplemented
with 50 μg/ml ascorbic acid, 0.1 μM dexamethasone, and
10 mM β-glycerol phosphate). They were also treated with
different concentrations of ZG (0 µg/ml, 90 µg/ml, 180 µg/ml)
and MHY1485 (10 μM) depending on experimental design. ALP
staining (Sigma-Aldrich) was performed on Day 7, and Alizarin
red staining was conducted on Day 21, according to the
instructions. Both ALP staining and Alizarin red staining were
photoed by microscopy (BX53, Olympus) in a blinded manner.

Western Blot Analysis
The cells were homogenized and lysed in RIPA buffer. Total
proteins were extracted by centrifugation at 4°C for 15 min at
13,000 g. Subsequently, total proteins were subjected to 7.5/10/
15% SDS-PAGE and transferred onto PVDF membranes (Bio-
Rad, CA). The membranes were blocked in 4% nonfat milk, and
primary antibodies of TRAP (ab191406, Abcam), CTSK (A1782,
ABclonal), TRAF6 (A16991, ABclonal), p-Akt (4060, CST), Akt
(4691, CST), p-PI3K (17366, CST), PI3K (4257, CST), mTOR
(ab2732, Abcam), p-mTOR (ab109268, Abcam), p-70S6K1
(ab194521, Abcam), Collagen 1 (ab255809, Abcam), RUNX2
(ab236639, Abcam), and β-actin (AC026, ABclonal) were added
and incubated at 4°C overnight. HRP-goat anti-rabbit or mouse
antibodies (AS003, AS014, ABclonal) were added and incubated at
room temperature for 40min. Finally, the membranes were scanned
with chemiluminescence system (Tanon, China).

QUANTITATIVE REAL-TIME POLYMERASE
CHAIN REACTION

Total RNA was extracted from the cultured cells using TRIzol
(Takara, Japan). cDNA was subsequently reverse transcribed
from total RNA using cDNA synthesis kit (Takara, Japan),
according to the manufacturer’s instructions. Real-time PCR was
carried out by incubation of cDNA, ddH2O, primers, ROX, and
SYBR Premix Ex Taq (Takara, Japan). The reagents comprised a total
volume of 10 μl per reaction. The samples were subjected to 40 cycles
of amplification according to the manufacturer’s instructions. The
PCR reactions were carried out in Viia 7 Real-Time PCR System
(Applied Biosystems, United States). All data were normalized to
β-actin by the 2̂(−ΔΔCt) method, and the tests were carried out in
triplicate. The sequences of the used primers are indicated in
Supplementary Table S1.

Luciferase Reporter Assays of NF-κB
The BMMs were seeded in 48-well plates at a density of 1.5 × 105

cells/well in a-MEM containing 30 ng/ml M-CSF. Cells were then
transfected with pNFκB-TA-luc and pRL-TK responsive
luciferase plasmid (Beyotime). After 48 h, the BMMs were
treated with or without ZG (90 µg/ml, 180 µg/ml) and RANKL
(50 ng/ml) for 2 h. At the end of the time points, cells were lysed,
and luciferase activity was measured using the luciferase reporter
assay kit (Beyotime) and a luminescence reader (Molecular
Devices M3, United States).
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Statistical Analysis
In this study, original data obtained from three or more
independent experiments were analyzed by one-way
ANOVA with Tukey’s HSD post hoc test and presented

as mean ± standard deviation (SD). The results of
statistical analysis with p-values < 0.05 were
considered to be statistically significant (95% confidence
interval).

FIGURE 1 | ZGpromotes bone formation and inhibits bone resorption to ameliorate ovariectomy-induced bone loss in vivo. (A) The representativeH&E staining images
of distal femoral sections from each group. Scale bar � 200 μm. (B) The representative reconstructed images of three-dimensional trabecular architecture in distal femur from
sham mice without treatment (sham) and ovariectomized mice treated without (OVX) or with (OVX + ZG) ZG obtained by micro-CT examination at 4 weeks after treatment.
Scale bar � 100 μm. (C)Micro-CT analysis for the architectural parameters of trabecular bone at distal femur including bone mineral density (BMD), bone volume/total
volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) from sham, OVX, and OVX + ZG group. (D) The representative
TRAP staining images of distal femur sections from each group, scale bar � 100 μm. (E) The representative images of immunohistochemical staining for osteocalcin (OCN) at
distal femur from each group, scale bar � 100 μm. (F) The representative fluorescent micrographs of newly formed bone at distal femur metaphysis during 7-day interval of
double labeling with the xylenol (red) and calcein (green) labels in respective groups. Scale bar � 20 μm. (G–I)Bone histomorphometric analysis of osteoclast number (N.Oc/
Tb.Pm) (G), osteoblast number (N.Ob/Tb.Pm) (H), and mineral apposition rate (MAR) (I) at distal femur from respective groups. (J) The ELISA assay for the serum levels of
tumor necrosis factor (TNF-α), cross-linked carboxy-terminal telopeptide of type I collagen (CTX-1), and procollagen I N-terminal propeptide (PINP) in each group. (K) The
representative H&E staining images of liver and kidney from each group. Scale bar � 200 μm. Notes: Data are presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 by one-way ANOVA with Tukey’s HSD post hoc test, n � 6 per group.
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RESULTS

Quality Control of Zhuangguguanjie
Formulation
ZG is a TCM formulation recorded in the Chinese
Pharmacopoeia and approved by the CFDA (Approval No:
S20080055). Each batch of ZG is manufactured in strict
accordance with national execution standard (WS3-709 (Z-
141)-2010Z), and the conformity of main components was
identified and compared. We used LC-MS/MS to determine
the major components of ZG for every batch experiment. The
total positive and negative ion chromatograms of ZG are shown
in Supplementary Figures S1, S2. The identification of possible
compound names of the main ingredients in ZG is listed in
Supplementary Tables S2, S3. The content determination of the
main compounds was shown in Supplementary Table S4.

Oral Administration of Zhuangguguanjie
formulation Alleviated Bone Loss via
Inhibiting Bone Resorption and Promoting
Bone Formation in Ovariectomized Mouse
Model
To investigate the therapeutic effects of ZG on osteoporosis, we
orally administrated ovariectomized (OVX) mice with ZG at a
dosage of 468 mg/kg every day. We observed better organized
trabecular micro-architecture with a higher bone mass in OVX +
ZG group than that in OVX group after treatment both in HE
staining (Figure 1A) and 3D reconstruction (Figure 1B) images.
Comparing to the sham-operated group, the micro-CT analysis
also showed that administration of ZG significantly increased
bone mineral density (BMD), relative bone volume (BV/TV),
trabecular thickness (Tb.Th), trabecular number (Tb.N), and
reduced trabecular separation (Tb.Sp) in OVX + ZG group
(Figure 1C). Consistent with the results in distal femur, ZG
also improved the bone mass and micro-trabecular architecture
in both femoral neck (Supplementary Figure S3A,B) and
proximal tibia (Supplementary Figure S3C,D). We observed
lesser osteoclast number by TRAP staining (Figure 1D) and more
osteoblast number by OCN immunostaining (Figure 1E) in OVX
+ ZG than those in OVX group. The quantitative bone
histomorphometric analysis further confirmed that osteoclast
number (N.Oc/Tb.Pm) decreased (Figure 1G), whereas the
osteoblast number (N.Ob/Tb.Pm) increased (Figure 1H) in
OVX + ZG compared to these in OVX group, respectively.
Finally, we used double labeling with the xylenol (red) and
calcein (green) labels to measure newly formed bone at distal
femur metaphysis. The fluorescent micrographs suggested that
treatment with ZG increased the mineralization of bone matrix
(Figure 1F). This result was further confirmed by quantification
of MAR (Figure 1I). Subsequently, the serum levels of TNF-α,
CTX-1, and PINP were tested by ELISA. Compared with OVX
group, ZG reduced the level of serum TNF-α and bone resorption
marker CTX-1, while increased the serum level of bone formation
marker PINP (Figure 1J). No adverse events in hepatic and renal
toxicity were observed during ZG treatment as evidenced that

H&E staining of liver and kidney sections displayed no obvious
changes among sham, OVX, and OVX + ZG groups (Figure 1K).
Our findings indicated that ZG may restrain ovariectomy-
induced bone loss by inhibiting osteoclastic bone resorption
and promoting osteoblastic bone formation.

PI3K/Akt/mTOR Pathway Was Identified as
the Potential Underlying Mechanism of ZG
Action on Osteoporosis by Network
Pharmacology-Based Analysis
Identification for Potential Targets of
Zhuangguguanjie Formulation
The active components of ZG formula comprising multiple herbs,
including Radix Angelicae Biseratae, Drynariae Rhizoma,
Spatholobus Suberectus Dunn, Myrrha, Aucklandiae Radix,
Olibanun, Herba Taxilli, Rehmanniae Radix Praeparata,
Dipsaci Radix, and Epimrdii Herba were identified based on
TCMSP with the criteria of OB ≥ 30% and DL ≥ 0.18, besides that
the effective components of Psoralea corylifolia and Cibotium
barometz were screened under setting score ≥20 in the Batman
database. The extra verified active elements were added in
combination based on the literature data mining, such as
naringin, hederagenin, Asperosaponin VI, and so on. At last,
the reported active ingredients of ZG were confirmed, and the
potential targets were identified based on the Swiss Target
Prediction database (Table 1).

Compound-Target Network Construction
A total of 1,098 disease targets were obtained from the Disgenet
database with “Osteoporosis” as the keyword. Then we generated
212 common targets by taking the intersection of 1,018 drug
targets and 1,098 disease targets. The 196 potential active
components in ZG and 212 drug–disease common targets
were inputted into the Cytoscape software, and the network
diagram of “drug-component-target-disease” interaction was
drawn (Figure 2A). Among these bioactive components,
luteolin exhibited the highest correlation with osteoporosis
targets based on the degree value, and the rest were
kaempferol, quercetin, stigmasterol, sitosterol, and so on.

TABLE 1 | Statistical table for basic information of traditional Chinese medicine-
composition-target in ZG.

Herb Name Bioactive Ingredient Predicted Target

Psoralea corylifolia 29 461
Radix Angelicae Biseratae 9 276
Cibotium barometz 29 480
Drynariae Rhizoma 20 398
Spatholobus Suberectus Dunn 24 509
Myrrha 45 528
Aucklandiae Radix 8 216
Olibanun 8 193
Herba Taxilli 4 153
Rehmanniae Radix Praeparata 5 119
Dipsaci Radix 9 359
Epimrdii Herba 29 447
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PPI Network Analysis
The 212 common targets were submitted to the STRING
database, which provided the information of predicted
interaction, and they were imported in Cytoscape to analyze

and construct the PPI network (Figure 2B), in which targets with
a higher degree played a momentous role in the correlation. The
top 10 targets were GAPDH, IL6, AKT1, TP53, ALB, VEGFA,
TNF, MAPK3, EGFR, and JUN, ranked by the degree value.

FIGURE 2 | Network pharmacology-based analysis for target genes and underlying pathways of ZG in osteoporosis treatment. (A) The drug-bioactive ingredient-
target-disease network of ZG acting on osteoporosis based on the interaction of drug (ZG), bioactive ingredients, target genes, and disease. Purple nodes represent the
drug; blue nodes represent the bioactive ingredients; green nodes represent the osteoporosis-related targets; red node represents the disease. (B) The proteinprotein
interaction (PPI) network of overlapping genes between ZG and osteoporosis was obtained from the STRING database and constructed by Cytoscape. The nodes
represent the overlapping genes. The edges indicate the interaction among the nodes. The size and colors of the nodes from red to orange to blue were illustrated in
descending order of degree values. (C–E) The gene ontology (GO) enrichment analysis for overlapping genes between ZG and osteoporosis associated with molecular
functions (C), biological processes (D), and cellular components (E). The x-axis showing the significant enrichment in the genes counts. The y-axis showing the
categories in the GO of the target genes. (F) The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of overlapping genes between ZG
and osteoporosis.
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GO Enrichment Analysis
The biological process, cellular composition, and molecular
function were selected by GO analysis of 212 common targets.
The results of GO showed that the set of overlapping genes was
enriched into 197 molecular functions, which were mainly
involved in protein serine/threonine kinase activity, protein
tyrosine kinase activity, hormone receptor binding, etc
(Figure 2C). The set of overlapping genes was enriched into
2748 biological processes including response to peptide hormone,
ossification, cellular response to oxidative stress, osteoblast
differentiation, osteoclast differentiation, etc (Figure 2D). The
set of overlapping genes was enriched into 75 cellular
components including neuronal cell body, membrane raft,
membrane region, etc (Figure 2E).

KEGG Enrichment Analysis
To further explore the potential pathways of ZG on osteoporosis,
a total of 162 KEGG pathways were selected by KEGG analysis of
212 common targets. As a result, a bubble diagram with
functional enrichment of KEGG pathways was formed
(Figure 2F). The result showed that common targets mainly
enriched in the PI3K/Akt signaling pathway, MAPK signaling
pathway, osteoclast differentiation, mTOR signaling pathway,
and PPAR signaling pathway were also included. The PI3K/
Akt/mTOR pathway plays an important role in the regulation
of both osteoclast and osteoblast differentiation, suggesting that
ZG may change the PI3K/Akt/mTOR pathway to affect the
balance of bone formation and resorption.

Cytotoxicity Study of Zhuangguguanjie Formulation in
BMMs and Preosteoblast
We first examined the effect of ZG on viability of BMMs. BMMs
were incubating with ZG at concentrations of 0, 30, 60, 90,
180,360, and 720 µg/ml for 24 h. The results showed that cell
viability of BMMs was significantly inhibited after ZG treatment
at the concentration of 360 µg/ml for 24 h while lower
concentrations had no significant effect (Supplementary
Figure S4). The same method was used to test cytotoxicity of
ZG on preosteoblast. When cultured with ZG for 24 h, the cell
viability of preosteoblast was significantly inhibited when the
concentration of ZG was greater or equal to 360 µg/ml
(Supplementary Figure S5). Therefore, 90 and 180 µg/ml ZG
were selected as suitable doses in subsequent experiments to
exclude interference from suppression of the proliferation of
BMMs and osteoblast.

Zhuangguguanjie Formulation Inhibited Osteoclast
Differentiation Through the PI3K/Akt Pathway in vitro
To explore the inhibitory effects of ZG on osteoclast
differentiation, we administrated ZG during osteoclast
differentiation in vitro at the concentration of 90 or 180 μg/ml,
which was determined by CCK-8 as the optimal low and high
concentration of ZG for in vitro administration. After treated
with ZG for 24 h, the number of multinuclear TRAP-positive cells
was significantly lesser than that in control group (Figures 3A,D).
We next used phalloidin staining to assay the formation of actin
ring which was an important indicator of maturity during the

process of differentiation from macrophages to osteoclasts.
Consistently, ZG treatment significantly reduced the number
of the newly formed actin rings during osteoclast
differentiation in a dose-dependent manner (Figures 3B,E).
To further investigate the functional activity of osteoclast on
resorption of organic bone matrix and dissolution of inorganic
components, we planted osteoclasts onto bovine bone slices to
assess osteoblast resorptive ability by measuring the resorption
area. Electronmicroscopy imaging and semi-quantitative analysis
showed that the resorptive area on bovine slice was reduced after
ZG treatment (Figures 3C,F). In addition, the mRNA levels
(Figure 3G) and the protein levels (Figure 3H) of osteoclast
differentiation markers, including NFATc1, TRAP, and CTSK,
were suppressed by ZG treatment, respectively.

In order to validate the underlying signaling pathway for ZG
action on osteoclasts predicted by network pharmacology, we
detected the expression changes of key genes in the PI3K/Akt
signaling pathway with the highest enrichment index in the
network pharmacology. Western blot indicated that ZG
reduced the phosphorylation levels of PI3K and Akt
(Figure 3H). To further confirm that ZG inhibited osteoclast
differentiation via the suppression of the PI3K/Akt signaling
pathway, we test that whether the PI3K/Akt activator IGF-1
could restrain the inhibitory effects of ZG on the PI3K/Akt
signaling pathway. As showed in the images of TRAP staining,
the addition of IGF-1 rescued the number of multinuclear TRAP-
positive cells which was reduced by ZG (Figures 3I,J). The
formation of actin ring was also enhanced after treated with
IGF-1 (Figures 3K,L). As one of the intuitive indicators for
osteoclast function, IGF-1 significantly recovered the resorptive
ability of osteoclast represented by pit formation assay (Figures
3M,N). Meanwhile, the addition of IGF significantly reversed the
inhibitory effects of ZG treatment on the expression of osteoclast
differentiation genes including NFATc1, TRAP, and CTSK
(Figure 3O). Finally, we observed that IGF-1 treatment
rescued the ZG-mediated depression of TRAP, CTSK, TRAF6,
p-PI3K, and p-Akt in protein levels (Figure 3P). Overall, we
confirmed that ZG could inhibit osteoclast differentiation
through inhibiting the PI3K/Akt pathway.

Zhuangguguanjie formulation Promoted Osteoblast
Differentiation Through the mTORC1/S6K1 Pathway
in vitro
To investigate the effects of ZG on osteoblast differentiation, the
primary preosteoblasts isolated from calvaria were treated with
vehicle (Ctrl) and ZG at 90 or 180 μg/ml for 24 h, respectively.
The optimal low and high concentrations of ZG were determined
by CCK-8. We observed that the expression levels of osteogenic
differentiation marker genes, including osteocalcin (OCN),
collagen 1, RUNX2, and osteopontin (OPN), in osteoblasts
treated with ZG were all obviously higher than those in
osteoblast-treated vehicle, respectively (Figure 4A). Following
7 days of osteogenic induction, ZG treatment also enhanced ALP
expression, as evidenced by lager positive ALP staining areas in
ZG group than that in Ctrl group (Figures 4B,C). The protein
levels of osteoblastic differentiation marker including Collagen 1
and RUNX2 were also enhanced with ZG treatment, detected by
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FIGURE 3 | ZG inhibits the PI3K/Akt signaling pathway to reduce osteoclast differentiation in vitro. (A–C) The representative images of TRAP staining (A), phalloidin
staining (B), and resorption pits (C) for BMMs at day 10 after treatment with vehicle (ctr) and ZG at 90 or 180 μg/ml concentration, respectively. (A,B) Scale bar � 100 μm,
(C) Scale bar � 20 μm. (D) The number of multinucleated osteoclasts with TRAP-positive staining per well in indicated groups. (E) The number of actin ring per well in
indicated groups. (F) Quantification for the percentage of resorption pit area relative to total bovine bone slices area in indicated groups. (G) Q-PCR analysis for
mRNA expression of osteoclast differentiation marker genes including NFATc1, TRAP, and CTSK in BMMs treated with vehicle (ctr) and ZG at 90 or 180 μg/ml
concentration, respectively. (H)Western blot analysis for protein levels of osteoclast differentiation markers (TRAP, CTSK, and TRAF6) and PI3K/Akt signaling pathway

(Continued )
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western blot (Figure 4D). To validate the mTOR signaling
pathway as the potential mechanism for ZG action on
osteoblasts predicted by network pharmacology, we examined
the changes of protein levels of p-mTOR and p-70S6K1 in
preosteoblast during ZG treatment by western blot. We found
that the protein level of p-mTOR and p-70S6K1 in preosteoblast
significantly decreased after ZG treatment. To further confirm
whether ZG promotes osteoblast differentiation via inhibiting the
mTOR/S6K1 pathway, we respectively added the mTORC1
activator MHY1485 in combination with or without ZG into
cell culture as described in experimental design. Indeed, we
demonstrated that MHY1485 supplement obviously attenuated
the expression levels of osteogenic genes (Figure 4E), the ALP
activity (Figures 4F,H), and the capability of extracellular matrix
mineralization (Figures 4G,I) in osteoblasts treated with ZG,
whereas depressed the protein levels of p-mTOR and p-70S6K1 in
osteoblasts treated with ZG (Figure 4J). Thus, our findings
confirmed that ZG promotes osteoblastic differentiation
through inhibiting the mTOR/S6K1 pathway, and the process
could be restrained by mTORC1 activator MHY1485.

DISCUSSION

During the development of osteoporosis, the balance between
osteoclast-mediated bone resorption and osteoblast-mediated
bone formation was disrupted (Rodan and Martin, 2000).
Multiple targets and pathways were involved in the
pathological process of osteoporosis, leading to lower efficacy
of single-target drugs than expected (Yang et al., 2020). TCM was
considered as an appropriate treatment strategy due to its
advantage of multi-components targeting multiple genes
involved in the pathway of osteoporosis (Zhang ND. et al.,
2016). There was a long history of TCM for treating
osteoporosis with remarkable curative effect, while the
underlying mechanism still remained unknown (Zhao et al.,
2021). Network pharmacology provided visual analysis of drug
components, disease targets, and pathways of action, which was
helpful to explore the potential mechanism of TCM compounds
(Zhou et al., 2020). This study aims to verify the efficacy and
mechanism of ZG in the treatment of osteoporosis through
network pharmacology and experiments in vivo and in vitro.

As the ovariectomized mouse model has widely been used to
mimic clinical features of postmenopausal osteoporosis, we orally
administrated OVX mice with ZG at dosage of 468 mg/kg every
day according to dosage conversion formula based on body
surface area (Reagan-Shaw et al., 2008). Both H&E staining

and micro-CT analysis showed higher bone mass (BMD and
BV/TV) and better organized trabecular micro-architecture
(Tb.N, Tb.Th, and Tb. Sp) in OVX after ZG treatment than
those parameters in OVX mice without treatment. Thus, it
revealed that ZG could exert beneficial effect on OVX mouse
model. During the process of postmenopausal osteoporosis, the
balance between bone formation and bone resorption was
disrupted, in which the bone resorption was over-activated
and greater than bone formation, resulting in progressive bone
loss (Kim and Koh, 2019). In our study, bone histomorphometric
analysis suggested that ZG could not only increase the number of
osteoblast and promote the mineralization of bone matrix but
also reduce osteoclast differentiation and finally prevent bone loss
in OVXmouse model. Consistent with previous findings, ZG also
reduced the level of serum bone resorption marker CTX-1, while
increased the serum level of bone formation marker PINP in
OVX mice compared with those in untreated OVX mice.

Since ZG could affect both osteoclastic bone resorption and
osteoblastic bone formation in vivo, we further explored the
potential action mechanism using network pharmacology,
which could facilitate exploring the potential interaction
mechanism between drug components, diseases, and molecular
targets based on network visualization. In the present study, we
identified the active components in ZG and drawn the network
diagram of “drug–component–target–disease” interaction. A
total of 212 drug–disease common targets were predicted. The
mutual regulation of various targets creates the occurrence and
development of biological processes. PPI network analysis
demonstrated the priority of interactions between targets.
Targets such as GAPDH, Akt, JUN, and mTOR showed a
more important position in the process of affecting other
targets. However, a single target with higher influence in PPI
network does not necessarily mean that it will participate in the
best pathway which common targets enriched. After GO
enrichment analysis, we found that these overlapping genes
were enriched into 2,748 biological processes including
response to peptide hormone, ossification, cellular response to
oxidative stress, osteoblast differentiation, osteoclast
differentiation, and so on. Further KEGG analysis showed that
common targets mainly enriched in the PI3K/Akt signaling
pathway, MAPK signaling pathway, mTOR signaling pathway,
and PPAR signaling pathway. Combined with the results of
KEGG and PPI network, PI3K/Akt and mTOR signaling
pathways were predicted to be the possible targets for ZG to
exert its anti-osteoporosis effect. It was reported that the PI3K/
Akt signaling pathway was responsible for activation of osteoclast
differentiation (Moon et al., 2012) and enhancement of

FIGURE 3 | markers (PI3K, p-PI3K, Akt, and p-Akt) in BMMs treated with vehicle (ctr) and ZG at 90 or 180 μg/ml concentration, respectively. (I,J) The representative
images of TRAP staining (I) and quantification of multinucleated osteoclasts (J) for BMMs treated with ZG in combination with or without IGF-1. Scale bar � 100 μm.
(K,L) The representative images of phalloidin staining (K) and quantification of actin ring (L) for BMMs treated with ZG in combination with or without IGF-1. Scale bar �
100 μm. (M,N) The representative images of resorption pits (M) and quantification of resorption area (N) for BMMs treated with ZG in combination with or without IGF-1.
Scale bar � 20 μm. (O)Q-PCR analysis for mRNA expression of osteoclast differentiation marker genes including NFATc1, TRAP, and CTSK in BMMs treated with ZG in
combination with or without IGF-1. (P) Western blot analysis for protein levels of osteoclast differentiation markers (TRAP, CTSK, TRAF6, and β-actin) and PI3K/AKT
signaling pathway markers (PI3k, p-PI3K, Akt, and p-Akt) in BMMs treated with ZG in combination with or without IGF-1. Notes: Data are presented as mean ± SD, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVAwith Tukey’s HSD post hoc test. Each experiment was performed in triplicate and repeated three times
independently.
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FIGURE 4 | ZG inhibits the mTORC1/S6K1 signaling pathway to promote osteoblast differentiation in vitro. (A)Q-PCR analysis for mRNA expression of osteogenic
differentiationmarker genes including osteocalcin (OCN), collagen 1, RUNX2, and osteopontin (OPN) in preosteoblast treated with vehicle (ctr) and ZG at 90 or 180 μg/ml
concentration, respectively. (B) The representative images of ALP staining for preosteoblast at day 7 after treatment with vehicle (Ctrl) and ZG at 90 or 180 μg/ml
concentration, respectively. (C)Quantification for the percentage of ALP staining area relative to total area in indicated groups. (D)Western blot analysis for protein
levels of osteoblastic differentiation markers (collagen1, RUNX2, and β-actin) and mTORC1/S6K1 signaling pathway markers (p-70S6K1, p-mTOR, and mTOR) in
preosteoblast treated with vehicle (ctr) and ZG at 90 or 180 μg/ml concentration, respectively. (E) Q-PCR analysis for mRNA expression of osteogenic differentiation
marker genes including OCN, collagen 1, RUNX2, and OPN in preosteoblast treated with ZG in combination with or without MHY1485. (F) The representative images of

(Continued )
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osteoclastic bone resorption (Zhao et al., 2020), whereas the
mTOR signaling pathway contributed to proliferation of
osteoblast and participated in regulation of osteoblast
differentiation (Dai et al., 2017). Thus, it was indicated that
ZG may promote osteoblastic bone formation and inhibit
osteoclastic bone resorption via above-predicted molecular
pathways. These results provided a basis for us to further
explore and validated the predicted mechanism for ZG acting
on osteoporosis.

As the progressive bone loss in postmenopausal osteoporosis
is mainly due to overactivation of osteoclast (Eastell et al., 2016),
ZG may inhibit osteoblastic bone resorption via predicted the
PI3K/Akt pathway. To validate above findings in animal study
and network pharmacology, we used bone marrow mononuclear
macrophages to induce osteoclast differentiation in vitro and
subsequently examine the effects of ZG on osteoclast
differentiation. The results proved that ZG could significantly
reduce the number of TRAP-positive staining osteoclasts and the
formation ability of actin rings. Meanwhile, the mRNA
expressions of osteoclast differentiation-related genes such as
TRAP, CTSK, and NFATc1 were inhibited, and the protein
levels of TRAP, CTSK, and TRAF6 in osteoblasts were also
decreased by ZG treatment in vitro. These results suggested
that ZG could inhibit the differentiation and function of
osteoclast.

The PI3K/Akt pathway plays an important role in cell
proliferation and differentiation (Mosca et al., 2012).
Phosphatidylinositol 3-kinase (PI3K) is an intracellular
phosphatidylinositol kinase. Various growth factors and signal
transduction complexes could activate receptor tyrosine kinases,
resulting in autophosphorylation of PI3K. The phosphorylated
PI3K further binds to the protein kinase B (Akt) binding site and
activates Akt through phosphorylation (Chan and Tsichlis, 2001).
Phosphorylated Akt has a variety of cellular functions, including
regulation of metabolism, proliferation, survival, transcription,
and protein synthesis (Hoxhaj and Manning, 2020). Previous
studies had shown that RANKL and M-CSF, which were
necessary for osteoclast differentiation, could activate the
PI3K/Akt signaling pathway, and activated Akt could then
induced osteoclast differentiation through GSK3β/NFATc1
signaling cascade (Moon et al., 2012). The results showed
that ZG significantly reduced the levels of phosphorylated
PI3K and phosphorylated Akt. The addition of PI3K/Akt
activator IGF-1 reversed the inhibition of ZG on osteoclast
differentiation and bone resorption ability and restored the
expression levels of related genes and proteins. Combined
with the experimental results in vivo, it was verified that ZG
could inhibit osteoclast differentiation by inhibiting the
PI3K/Akt pathway.

Although the relative/absolute decreased osteoblastic bone
formation was equally contributed to the bone loss in senile/
postmenopausal osteoporosis, most of the current therapies for
osteoporosis focus on bone resorption, and there is lack of
therapeutic strategies to promote bone formation for
osteoporosis treatment (Brommage, 2020). Our experimental
results in vivo showed that ZG up-regulated the expression of
osteogenic markers during osteoporosis, increased the number of
osteoblast, and promoted the mineralization of new bone.
Network pharmacological analysis also predicted that ZG
might affect the differentiation process of osteoblast. To
validate the findings in animal study and network
pharmacological analysis, we evaluated the effects of ZG on
the differentiation of primary osteoblast from calvariae of
newborn mice. The data demonstrated that different
concentrations of ZG could promote the expression of ALP
during induced differentiation of preosteoblast, which was a
specific marker of osteoblast maturation. ZG also promoted
the expression of mRNA and protein levels of osteogenic
markers such as OCN and RUNX2. In short, ZG enhanced
osteoblastic differentiation of preosteoblast.

Network pharmacology predicted that the mTOR pathway
may be the target pathway of ZG functioning on osteoblasts.
Mammalian target of rapamycin (mTOR) was an evolutionarily
conserved protein kinase including mTORC1 and mTORC2
protein complexes with different structures and functions. S6
kinase 1 (S6K1) was a downstream target and phosphorylated
substrate of mTORC1 (Holz et al., 2021). The mTORC1/S6K1
pathway played an important role in the regulation of cell
metabolism, autophagy, and proliferation (Liu and Sabatini,
2020). In different studies, the mTORC1/S6K1 pathway
showed opposite results in osteogenic function. Recent studies
had shown that mTORC1/S6K1 promoted the proliferation of
osteoblast but down-regulated the expression of RUNX2 through
activation of the Notch pathway during osteoblast differentiation,
thereby inhibiting osteoblast differentiation (Huang et al., 2015).
Our results showed that ZG inhibited the phosphorylation levels
of mTORC1 and S6K1.Meanwhile, MHY1485, an activator of the
mTORC1/S6K1 pathway, could restore the phosphorylation of
mTORC1 and S6K1 and subsequently reverse the enhancement
effects of ZG on osteogenic differentiation. Our findings could
prove that ZG promotes osteogenic differentiation by inhibiting
the mTORC1/S6K1 pathway.

There were also many other pathways that have been screened
by network pharmacology as potential targets of ZG for
osteoporosis, such as the NF-κB signaling pathway. NF-κB
signaling was considered to be the first event in early
osteoclast development from precursors. As the key factor of
osteoclast differentiation, RANKL could activate the NF-κB

FIGURE 4 | ALP staining for preosteoblast treated with ZG in combination with or without MHY1485. (G) The representative images of alizarin red staining for
preosteoblast treated with ZG in combination with or without MHY1485. (H) Quantification for the percentage of ALP staining area relative to total area in indicated
groups. (I)Quantification for the percentage of Alizarin red staining area relative to total area in indicated groups. (J)Western blot analysis for protein levels of osteoblastic
differentiation markers (collagen1, RUNX2, and β-catenin) and mTORC1/S6K1 signaling pathway markers (p-70S6K1, p-mTOR and mTOR) in preosteoblast treated
with ZG in combination with or without MHY1485. Notes: Scale bar � 100 μm. Data are presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by
one-way ANOVA with Tukey’s HSD post hoc test. Each experiment was performed in triplicate and repeated three times independently.
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pathway and thus release the inhibition of NFATc1 to positively
regulate osteoclast formation and functions (Chen et al., 2019).
By constructing the luciferase reporter of NF-κB, we found that
ZG could also reduce the nuclear translocation of NF-κB in
BMMs stimulated by RANKL (Supplementary Figure S6),
suggesting that ZG may also inhibit osteoclast differentiation
and treat osteoporosis via inhibiting the NF-κB pathway. There
were still many potential pathways that may be involved in the
treatment of osteoporosis by ZG, which need more attention in
future studies.

We studied ZG as a whole herb formulation consisting of
many components by network pharmacology and experimental
verification. It would be needed to further integrate active
components of metabolomics determination with the
bioavailability and medicinal properties of these components
for better analysis of network pharmacology. This will help us
to improve the beneficial anti-osteoporosis effects and avoid side
effects of ZG herb formulation for further clinical application. In
addition, our study mainly used OVX mice to simulate
postmenopausal osteoporosis. In future, other types of
osteoporotic animal models would be carried out to determine
whether ZG still has significant efficacy for other clinical types of
osteoporosis, such as senile osteoporosis and secondary
osteoporosis.

Overall, ZG excreted beneficial effects on preventing bone loss
in osteoporosis. Based on current mechanism, exploration
data from experiments in vivo and in vitro as well as network
pharmacological analysis, ZG could inhibit the PI3K/Akt
signaling pathway to reduce osteoclastic bone resorption as
well as hamper the mTORC1/S6K1 signaling pathway to
promote osteoblastic bone formation. Thus, ZG can be
used as an appropriate clinical strategy for the treatment
of osteoporosis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
Committee of the Affiliate Drum Tower Hospital, Medical School
of Nanjing University.

AUTHOR CONTRIBUTIONS

WG, XRC, and TS designed and performed experimental procedures,
including network pharmacology analysis and in vitro experiments.
XA developed the osteoporosis mouse models. XS helped with in vivo
experiments and provided professional consultancy about
pharmaceutical use. JQ and XC assisted in preparing samples and
provided medical materials. BG and QJ revised the manuscript
critically for important intellectual content.

FUNDING

This work was supported by research grants from the National
Key Research and Development Program of China (No.
2020YFC2004900); the National Science Foundation of China
(Nos. 82000069, 81730067, 81991514, and 81972124); the
Natural Science Foundation of Jiangsu Province of China (No.
BK20200314); the Youth Thousand Talents Program of China
(No. 13004001); the Research Team Start-up Funds of Nanjing
University (No. 14912203), the Jiangsu Provincial Key Medical
Center Foundation, the Jiangsu Provincial Medical Outstanding
Talent Foundation, the Jiangsu Provincial Medical Youth Talent
Foundation, and the Jiangsu Provincial Key Medical Talent
Foundation; and the Fundamental Research Funds for the
Central Universities (Nos. 14380493 and 14380494).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.727808/
full#supplementary-material

REFERENCES

Brommage, R. (2020). New Targets and Emergent Therapies for
Osteoporosis. Handb. Exp. Pharmacol. 262, 451–473. doi:10.1007/
164_2019_329

Chai, L., Zhou, K., Wang, S., Zhang, H., Fan, N., Li, J., et al. (2018). Psoralen and
Bakuchiol Ameliorate M-CSF Plus RANKL-Induced Osteoclast Differentiation
and Bone Resorption via Inhibition of AKT and AP-1 Pathways In Vitro. Cell.
Physiol. Biochem. 48, 2123–2133. doi:10.1159/000492554

Chan, T. O., and Tsichlis, P. N. (2001). PDK2: A Complex Tail in One Akt. Sci.
STKE 2001, pe1–6. doi:10.1126/stke.2001.66.pe1

Chao, J., Dai, Y., Verpoorte, R., Lam, W., Cheng, Y. C., Pao, L. H., et al. (2017).
Major Achievements of Evidence-Based Traditional Chinese Medicine in
Treating Major Diseases. Biochem. Pharmacol. 139, 94–104. doi:10.1016/
j.bcp.2017.06.123

Chen, K., Qiu, P., Yuan, Y., Zheng, L., He, J., Wang, C., et al. (2019). Pseurotin A
Inhibits Osteoclastogenesis and Prevents Ovariectomized-Induced Bone Loss

by Suppressing Reactive Oxygen Species. Theranostics 9, 1634–1650.
doi:10.7150/thno.30206

Dai, Q., Xu, Z., Ma, X., Niu, N., Zhou, S., Xie, F., et al. (2017). MTOR/Raptor
Signaling Is Critical for Skeletogenesis in Mice through the Regulation of Runx2
Expression. Cell Death Differ 24, 1886–1899. doi:10.1038/cdd.2017.110

Eastell, R., O’Neill, T.W., Hofbauer, L. C., Langdahl, B., Reid, I. R., Gold, D. T., et al.
(2016). Postmenopausal Osteoporosis. Nat. Rev. Dis. Prim. 2, 1–17.
doi:10.1038/nrdp.2016.69

Estell, E. G., and Rosen, C. J. (2021). Emerging Insights into the Comparative
Effectiveness of Anabolic Therapies for Osteoporosis. Nat. Rev. Endocrinol. 17,
31–46. doi:10.1038/s41574-020-00426-5

Fuggle, N. R., Curtis, E. M., Ward, K. A., Harvey, N. C., Dennison, E. M., and
Cooper, C. (2019). Fracture Prediction, Imaging and Screening in Osteoporosis.
Nat. Rev. Endocrinol. 15, 535–547. doi:10.1038/s41574-019-0220-8

Gao, J., Xiang, S., Wei, X., Yadav, R. I., Han, M., Zheng, W., et al. (2021). Icariin
Promotes the Osteogenesis of Bone Marrow Mesenchymal Stem Cells through
Regulating Sclerostin and Activating the Wnt/β-Catenin Signaling Pathway.
Biomed. Res. Int. 2021, 1–10. doi:10.1155/2021/6666836

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 72780813

Gong et al. ZG Inhibits Osteoporosis

170

https://www.frontiersin.org/articles/10.3389/fphar.2021.727808/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.727808/full#supplementary-material
https://doi.org/10.1007/164_2019_329
https://doi.org/10.1007/164_2019_329
https://doi.org/10.1159/000492554
https://doi.org/10.1126/stke.2001.66.pe1
https://doi.org/10.1016/j.bcp.2017.06.123
https://doi.org/10.1016/j.bcp.2017.06.123
https://doi.org/10.7150/thno.30206
https://doi.org/10.1038/cdd.2017.110
https://doi.org/10.1038/nrdp.2016.69
https://doi.org/10.1038/s41574-020-00426-5
https://doi.org/10.1038/s41574-019-0220-8
https://doi.org/10.1155/2021/6666836
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Gatti, D., and Fassio, A. (2019). Pharmacological Management of Osteoporosis in
Postmenopausal Women: The Current State of the Art. J. Popul. Ther. Clin.
Pharmacol. 26, E1–E4. doi:10.15586/jptcp.v26.i4.646

Holz, M. K., Ballif, B. A., Gygi, S. P., and Blenis, J. (2021). mTOR and S6K1Mediate
Assembly of the Translation Preinitiation Complex through Dynamic Protein
Interchange and Ordered Phosphorylation Events. Cell 184, 2255. doi:10.1016/
j.cell.2021.03.060

Hoxhaj, G., andManning, B. D. (2020). The PI3K-AKT Network at the Interface of
Oncogenic Signalling and Cancer Metabolism. Nat. Rev. Cancer 20, 74–88.
doi:10.1038/s41568-019-0216-7

Huang, B., Wang, Y., Wang, W., Chen, J., Lai, P., Liu, Z., et al. (2015). mTORC1
Prevents Preosteoblast Differentiation through the Notch Signaling Pathway.
Plos Genet. 11, e1005426–26. doi:10.1371/journal.pgen.1005426

Indran, I. R., Liang, R. L., Min, T. E., and Yong, E. L. (2016). Preclinical Studies and
Clinical Evaluation of Compounds from the Genus Epimedium for
Osteoporosis and Bone Health. Pharmacol. Ther. 162, 188–205. doi:10.1016/
j.pharmthera.2016.01.015

Khosla, S., and Hofbauer, L. C. (2017). Osteoporosis Treatment: Recent
Developments and Ongoing Challenges. Lancet Diabetes Endocrinol. 5,
898–907. doi:10.1016/S2213-8587(17)30188-2

Kim, B. J., and Koh, J. M. (2019). Coupling Factors Involved in Preserving Bone
Balance. Cell. Mol. Life Sci. 76, 1243–1253. doi:10.1007/s00018-018-2981-y

Liu, G. Y., and Sabatini, D. M. (2020). mTOR at the Nexus of Nutrition, Growth,
Ageing and Disease. Nat. Rev. Mol. Cel Biol. 21, 183–203. doi:10.1038/s41580-
019-0199-y

Liu, Y., Liu, J. P., and Xia, Y. (2014). Chinese Herbal Medicines for Treating
Osteoporosis. Cochrane Database Syst. Rev. 2014 (3). doi:10.1002/
14651858.CD005467.pub2

Lu, K., Shi, T., Li, L., Zhang, K., Zhu, X., Shen, S., et al. (2018). Zhuangguguanjie
Formulation Protects Articular Cartilage from Degeneration in Joint
Instability-Induced Murine Knee Osteoarthritis. Am. J. Transl. Res. 10 (2),
411–421.

Moon, J. B., Kim, J. H., Kim, K., Youn, B. U., Ko, A., Lee, S. Y., et al. (2012). Akt
Induces Osteoclast Differentiation through Regulating the GSK3β/NFATc1
Signaling Cascade. J. Immunol. 188, 163–169. doi:10.4049/jimmunol.1101254

Mosca, E., Barcella, M., Alfieri, R., Bevilacqua, A., Canti, G., and Milanesi, L.
(2012). Systems Biology of the Metabolic Network Regulated by the Akt
Pathway. Biotechnol. Adv. 30, 131–141. doi:10.1016/
j.biotechadv.2011.08.004

Reagan-Shaw, S., Nihal, M., and Ahmad, N. (2008). Dose Translation from Animal
to Human Studies Revisited. FASEB j. 22, 659–661. doi:10.1096/fj.07-9574lsf

Rodan, G. A., and Martin, T. J. (2000). Therapeutic Approaches to Bone Diseases.
Science 289, 1508–1514. Available at: http://www.embase.com/search/results?
subaction�viewrecord&from�export&id�L30677465%5Cndoi: 10.1126/science.289.
5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid�EMBASE&issn�
00368075&id�doi:10.1126/science.289.5484.1508&atitle�Therapeutic+a.
doi:10.1126/science.289.5484.1508

Wang, X., Wang, Z.-Y., Zheng, J.-H., and Li, S. (2021). TCM Network
Pharmacology: A New Trend towards Combining Computational,
Experimental and Clinical Approaches. Chin. J. Nat. Medicines 19, 1–11.
doi:10.1016/S1875-5364(21)60001-8

Weitzmann, M. N., and Ofotokun, I. (2016). Physiological and Pathophysiological
Bone Turnover - Role of the Immune System. Nat. Rev. Endocrinol. 12,
518–532. doi:10.1038/nrendo.2016.91

Xu, Q., Chen, G., Liu, X., Dai, M., and Zhang, B. (2019). Icariin Inhibits RANKL-
Induced Osteoclastogenesis via Modulation of the NF-κB and MAPK Signaling
Pathways. Biochem. Biophys. Res. Commun. 508, 902–906. doi:10.1016/
j.bbrc.2018.11.201

Yang, T. L., Shen, H., Liu, A., Dong, S. S., Zhang, L., Deng, F. Y., et al. (2020). A
Road Map for Understanding Molecular and Genetic Determinants of
Osteoporosis. Nat. Rev. Endocrinol. 16, 91–103. doi:10.1038/s41574-019-
0282-7

Zhang, N. D., Han, T., Huang, B. K., Rahman, K., Jiang, Y. P., Xu, H. T., et al.
(2016a). Traditional Chinese Medicine Formulas for the Treatment of
Osteoporosis: Implication for Antiosteoporotic Drug Discovery.
J. Ethnopharmacol. 189, 61–80. doi:10.1016/j.jep.2016.05.025

Zhang, X. L., Yang, J., Yang, L., Liu, J. G., Cai, X. Y., Fan, W. M., et al. (2016b).
Efficacy and Safety of Zhuanggu Joint Capsules in Combination with Celecoxib
in Knee Osteoarthritis: A Multi-Center, Randomized, Double-Blind, Double-
Dummy, and Parallel Controlled Trial. Chin. Med. J. (Engl) 129, 891–897.
doi:10.4103/0366-6999.179789

Zhao, H., Sun, Z., Ma, Y., Song, R., Yuan, Y., Bian, J., et al. (2020). Antiosteoclastic
Bone Resorption Activity of Osteoprotegerin via Enhanced AKT/mTOR/
ULK1-mediated Autophagic Pathway. J. Cel. Physiol. 235, 3002–3012.
doi:10.1002/jcp.29205

Zhao, J., Zeng, L., Wu, M., Huang, H., Liang, G., Yang, W., et al. (2021). Efficacy of
Chinese Patent Medicine for Primary Osteoporosis: A Network Meta-Analysis.
Complement. Ther. Clin. Pract. 44, 101419. doi:10.1016/j.ctcp.2021.101419

Zhou, Z., Chen, B., Chen, S., Lin, M., Chen, Y., Jin, S., et al. (2020). Applications of
Network Pharmacology in Traditional Chinese Medicine Research. Evidence-
Based Complement. Altern. Med. 2020, 1–7. doi:10.1155/2020/1646905

Zhu, H., Fang, J., Luo, X., Yu, W., Zhao, Y., Li, X., et al. (2010). A Survey of Bone
mineral Density of Healthy Han Adults in China. Osteoporos. Int. 21, 765–772.
doi:10.1007/s00198-009-1010-2

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

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

Copyright © 2021 Gong, Chen, Shi, Shao, An, Qin, Chen, Jiang and Guo. 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.

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 72780814

Gong et al. ZG Inhibits Osteoporosis

171

https://doi.org/10.15586/jptcp.v26.i4.646
https://doi.org/10.1016/j.cell.2021.03.060
https://doi.org/10.1016/j.cell.2021.03.060
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1371/journal.pgen.1005426
https://doi.org/10.1016/j.pharmthera.2016.01.015
https://doi.org/10.1016/j.pharmthera.2016.01.015
https://doi.org/10.1016/S2213-8587(17)30188-2
https://doi.org/10.1007/s00018-018-2981-y
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1002/14651858.CD005467.pub2
https://doi.org/10.1002/14651858.CD005467.pub2
https://doi.org/10.4049/jimmunol.1101254
https://doi.org/10.1016/j.biotechadv.2011.08.004
https://doi.org/10.1016/j.biotechadv.2011.08.004
https://doi.org/10.1096/fj.07-9574lsf
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L30677465%5Cndoi:%2010.1126/science.289.5484.1508%5Cnhttp://elvis.ubvu.vu.nl:9003/vulink?sid=EMBASE&issn=00368075&id=doi:10.1126/science.289.5484.1508&atitle=Therapeutic+a
https://doi.org/10.1126/science.289.5484.1508
https://doi.org/10.1016/S1875-5364(21)60001-8
https://doi.org/10.1038/nrendo.2016.91
https://doi.org/10.1016/j.bbrc.2018.11.201
https://doi.org/10.1016/j.bbrc.2018.11.201
https://doi.org/10.1038/s41574-019-0282-7
https://doi.org/10.1038/s41574-019-0282-7
https://doi.org/10.1016/j.jep.2016.05.025
https://doi.org/10.4103/0366-6999.179789
https://doi.org/10.1002/jcp.29205
https://doi.org/10.1016/j.ctcp.2021.101419
https://doi.org/10.1155/2020/1646905
https://doi.org/10.1007/s00198-009-1010-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Kaempferol Ameliorates the Inhibitory
Activity of Dexamethasone in the
Osteogenesis of MC3T3-E1 Cells by
JNK and p38-MAPK Pathways
Baocheng Xie1,2†, Zhanwei Zeng1,3†, Shiyi Liao1,3†, Chenhui Zhou4, Longhuo Wu5* and
Daohua Xu1,3*

1Guangdong Key Laboratory for Research and Development of Natural Drugs, The Public Service Platform of South China Sea for
R&D Marine Biomedicine Resources, Marine Biomedical Research Institute, Guangdong Medical University, Zhanjiang, China,
2Department of Pharmacy, Affiliated Dongguan Hospital, Southern Medical University, Dongguan, China, 3Key Laboratory of
Traditional Chinese Medicine and New Pharmacy Development, Guangdong Medical University, Dongguan, China, 4School of
Nursing, Guangdong Medical University, Dongguan, China, 5College of Pharmacy, Gannan Medical University, Ganzhou, China

Kaempferol has been reported to exhibit beneficial effect on the osteogenic differentiation
in mesenchymal stem cells (MSC) and osteoblasts. In our previous study, dexamethasone
(DEX) demonstrated inhibitory effect on MC3T3-E1 cells differentiation. In this study, we
mainly explored the protective effect of kaempferol on the inhibitory activity of DEX in the
osteogenesis of MC3T3-E1 cells. We found that kaempferol ameliorated the proliferation
inhibition, cell cycle arrest, and cell apoptosis and increased the activity of alkaline
phosphatase (ALP) and the mineralization in DEX-treated MC3T3-E1 cells. Kaempferol
also significantly enhanced the expression of osterix (Osx) and runt-related transcription
factor 2 (Runx2) in MC3T3-E1 cells treated with DEX. In addition, kaempferol attenuated
DEX-induced reduction of cyclin D1 and Bcl-2 expression and elevation of p53 and Bax
expression. Kaempferol also activated JNK and p38-MAPK pathways in DEX-treated
MC3T3-E1 cells. Furthermore, kaempferol improved bone mineralization in DEX-induced
bone damage in a zebrafish larvae model. These data suggested that kaempferol
ameliorated the inhibitory activity of DEX in the osteogenesis of MC3T3-E1 cells by
activating JNK and p38-MAPK signaling pathways. Kaempferol exhibited great
potentials in developing new drugs for treating glucocorticoid-induced osteoporosis.

Keywords: kaempferol, osteogenic differentiation, dexamethasone, osteoporosis, JNK and p38 MAPK signaling
pathways

INTRODUCTION

Glucocorticoids are widely used in the anti-inflammatory treatment of various immune-mediated
diseases, such as rheumatic arthritis and inflammatory bowel disease (Güler-Yüksel et al., 2018;
Vandewalle et al., 2018). However, long-term use of glucocorticoids could cause a variety of serious
adverse effects. Glucocorticoids inhibited cellular proliferation, osteoblast differentiation, and
mineralization of osteoblasts and induced cell apoptosis in vivo and in vitro (Yoon et al., 2012;
Chen et al., 2016). Glucocorticoid-induced osteoporosis (GIOP), a secondary iatrogenic
osteoporosis, is one of the most common clinical complications (Buehring et al., 2013). A
research indicated that 30–50% patients with GIOP would have the risk of fractures if they were
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treated with long-term glucocorticoids and that the risk would
never return to the baseline after discontinuing administration of
glucocorticoids (Buehring et al., 2013). Fracture is a significant
cause of increased mortality and reduced quality of life.
Therefore, it is critical to discover new drugs to counteract GIOP.

Kaempferol, a kind of flavonol and polyphenol antioxidant,
has been found in many plants, including tea, apples, and beans
and used for treating tumors and inflammatory diseases (Chen
and Chen, 2013; Song et al., 2015; Molitorisova et al., 2021; Wang
et al., 2021). Studies also demonstrated that kaempferol could
stimulate osteogenic differentiation of mesenchymal stem cells
(MSC) and osteoblasts (Yang et al., 2010; Byun et al., 2012; Kim
et al., 2016; Adhikary et al., 2018). However, the mechanism by
which kaempferol prevents dexamethasone-induced osteoporosis
remains unclear.

Mitogen-activated protein kinases (MAPK) pathway is one of
the most crucial pathways in osteoblast differentiation, and
regulated by their phosphorylation levels (Greenblatt et al.,
2013; Wang et al., 2018). It has been shown that the flavonoid
compound puerarin promotes the activity of osteogenic
differentiation in MSC, which is mediated by MAPK signaling
pathways (Yang et al., 2018). Our previous researches also
showed that amentoflavone and apigenin improved the
osteogenesis of human MSC by regulating JNK and p38-
MAPK pathways (Zhang et al., 2015; Zha et al., 2016).

In this study, we explored the roles of kaempferol on the
suppression of osteogenesis induced by dexamethasone (DEX) in
MC3T3-E1 cells and zebrafish. The experimental results revealed
that kaempferol improved osteogenesis that was suppressed by
DEX. The mechanisms might be associated with activation of
JNK and p38-MAPK pathways. These results have revealed that
kaempferol is potentially a useful candidate drug for the
treatment of GIOP.

MATERIALS AND METHODS

Cell Culture
MC3T3-E1 cells was cultured in α-MEM (A1049001, Gibco)
supplemented with 10% (v/v) fetal bovine serum (FBS)
(10099-141, Gibco) solution and were incubated at 37°C in 5%
CO2 humidified air.

Solution Preparation
Kaempferol was dissolved in dimethyl sulfoxide (DMSO) at
100 mM and kept away from light at −20°C for use, which was
diluted with α-MEM to a suitable concentration upon
experiment.

Cell Viability and Proliferation Assay
Cell counting kit-8 (CCK-8) assays were employed to assess the
cell viability, according to the instructions of manufacture
(Dojindo laboratories, Japan). Specifically, MC3T3-E1 cells
were grown in 96-well plates (3 × 103 cells/well). To assess the
effect of kaempferol on the cell viability of osteoblasts, cells were
co-cultured with 1, 5, 10, 25, 50, 75, and 100 μM kaempferol,
respectively. To evaluate the protective activity of kaempferol in

DEX-induced osteoblast viability, cells in experimental groups
were co-cultured with 5, 10, and 25 μM kaempferol, respectively,
and 1 μM DEX for 3 days. CCK-8 (10 μl) with complete medium
(90 μl) was then added, and cells were cultured in carbon dioxide
(CO2) incubator for an additional 2 h. The wavelength 450 nm
was set for the absorbance, and the assays were conducted on a
microplate reader (Thermo Fisher Scientific Inc., United States).
MC3T3-E1 cells were seeded in 24-well plates for 48 h and cell
proliferation was evaluated using the BeyoClick™ EdU-594
(C0078S, Beyotime). Briefly, EdU (10 µM) was added into the
cell culture medium and incubated for 2 h. The cells were then
treated with 4% paraformaldehyde for 15 min and 0.5% Triton X-
100 for 10 min. After washing with PBS, the cells were stained at
room temperature for 30 min with the Click Additive Solution.
Next, the cells were incubated with Hoechst 33342 stain for
10 min. Finally, a fluorescence microscope (Olympus
Corporation) was used to observe and count the percentage of
EdU+ cells from 4 optical fields/well.

Cell Cycle Analysis
Cell cycle was measured by flow cytometry. Briefly, digested cells
were harvested. Cell pellet was suspended with 70% ethanol at 4°C
overnight. The stationary cells were co-incubated with RNase-A
and propidium iodide (PI) for half an hour. Cell cycle was
analyzed by FACSCalibur (BD Biosciences Pharmingen™).

Apoptotic Assay
The cells were fixed with 4% paraformaldehyde, then stained with
Hoechst 33342 (C1026, Beyotime) for 20 min and washed with
PBS for 3 times. Apoptosis of the cells was observed under
fluorescence microscope (Olympus Corporation). Cells were
stained with PI and annexin V-FITC to evaluate apoptosis by
flow cytometry according to the manufacturer’s instructions (BD
Biosciences PharMingen). Cells were washed twice with
phosphate-buffered saline (PBS) and stained with 5 μl of
Annexin V-FITC and 5 μl of PI for 15 min in the dark.
Quantification of apoptotic cells was performed by flow
cytometry using a FACScan cytofluorometer (BD Biosciences).

ALP Activity and Staining Assay
To explore the roles of kaempferol in osteogenic differentiation,
cells in experimental groups were treated with 5, 10, and 25 μM
kaempferol, respectively, and 1 μM dexamethasone. The ALP
activity was measured by an ALP Assay Kit after 5 days. The
wavelength of 405 nm was set for detection in microplate reader.
ALP staining was conducted by BCIP/NBT Kit (C3206,
Beyotime).

Mineralization Assay
Mineralization activity was investigated by alizarin red staining.
MC3T3-E1 cells (2×105 cells/well) were induced by osteogenic
induction medium (OIM, including 50 μg/ml ascorbic acid,
10 mM β-glycerophosphate). Cells in experimental groups
were treated with 5, 10, and 25 μM kaempferol, respectively,
and 1 μM DEX for 14 days. Then, MC3T3-E1 cells were stained
using alizarin red S for half an hour, and the images of
mineralization nodes were photographed. 10% cetylpyridinium
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chloride (CPC, Sigma) was used to extract the alizarin red, and
the wavelength 562 nm was selected for detection.

Gene Expression Analysis
TRIZOL reagent was employed for extracting total RNA,
which was reversely transcribed into the cDNA, according
the instructions of a DNA Reverse Transcription Kit. Reverse
transcription reaction conditions: Ⅰ, 37°C, 15 min; Ⅱ, 85°C, 5 s;
Ⅲ, 4°C storage. The cDNA was synthesized using a Prime
Script TMRT reagent Kit with gDNA Eraser (TaKaRa). The
qRT-PCR was analyzed by SYBR Premix Ex TaqII Reverse
Transcriptase (TaKaRa). All primers used in this study were
listed as below: Runx2 forward: 5′-gaatgcactacccagccac-3′,
reverse: 5′-tggcaggtacgtgtggtag-3′; Osx forward: 5′-aggagg
cacaaagaagccatac-3′, reverse: 5′-agggaagggtgggtagtcatt-3′;
β-actin forward: 5′-gccaaccgtgaaaagatgac-3′, reverse: 5′-acc
agaggcatacagggacag-3′. Amplification conditions: Ⅰ. Pre-
denaturation: 95°C, 30 s; Ⅱ. Amplification: 95°C, 5 s, 60°C,
34 s, 40 cycles; Ⅲ. Dissolution curve: 95°C, 30 s, 65°C, 30 s,
97°C, 30 s;Ⅳ. Store at 4°C for gene amplification. In this study,
7,500 real-time quantitative fluorescence PCR system was used
for real-time quantitative PCR analysis, and all the sample
were normalized to β-actin.

Western Blot Analysis
The extracts of total protein were prepared by lysing MC3T3-E1
cells in a RIPA buffer containing protease inhibitors. BCA assays
were employed to determine the concentrations of protein. 30 μg
proteins of each sample were added to 10% SDS-PAGE and then
electrotransferred to the PVDF for further immunoblotting.
Antibodies were used: anti-Runx2 (1:1000, ab236639, Abcam),
anti-Osx (1:1000, ab209484, Abcam), anti-p53 (1:1000, 60283-2-
Ig, Proteintech), anti-CyclinD1 (1:1000, 26939-1-AP,
Proteintech), anti-Bcl-2 (1:1000, 26593-1-AP, Proteintech),
anti-Bax (1:1000, 60267-1-Ig, Proteintech), anti-p38 (1:1000,
#8690, Cell Signal Technology), anti-p-p38 (1:1000, #4511,
Cell Signal Technology), anti-JNK (1:1000, #9255, Cell Signal
Technology) anti-p-JNK (1:1000, #9255, Cell Signal Technology),
and anti-β-actin antibody (1:1000, AF0003, Beyotime). PVDF
were incubated with diluted antibodies. Goat anti-rabbit IgG
H&L (HRP) (1:5000, ab6721, Abcam) or goat anti-mouse IgG
H&L (HRP) (1:5000,ab6789, Abcam) was used to co-incubate
with PVDF at 37°C for 1 h. Proteins were detected by ECL, and
quantitatively analyzed by scanning densitometry (Bio-Rad,
United States).

Alizarin Red Staining and Quantitative
Analysis of Mineralization
Wild type zebrafish larvae (AB strain) were purchased from
Shanghai FishBio Co., Ltd. Larvae of AB strain were cultured
in medium (0.16 mmol/L MgSO4, 0.33 mmol/L CaCl2,
0.17 mmol/L KCl, 5 mmol/L NaCl, and 10 ppm methylene
blue) under isothermal conditions at 28.5°C. On 9 dpf (days
post-fertilization), the zebrafish larvae were stained with alizarin
red. First, zebrafish larvae were immobilized in 4%
polyformaldehyde for 2.5 h and dehydrated in 50% ethanol for

20 min. Then, zebrafish larvae were bleached with 1.5% H2O2 in
1% KOH for 25 min to remove the pigment and washed 3 times
with PBST. Next, zebrafish larvae were stained with 0.01%
alizarin red staining in 0.7% KOH for 4 h. Finally, the
zebrafish larvae were decolorized in different proportions of
0.5% KOH and glycerin (3:1, 1:1, 1:3) for 6–8 h. The
experimental protocols for quantifying larval skull
mineralization were similar to those previously published (Wu
et al., 2021). Zebrafish were placed on a slide covered with
glycerin. Stereomicroscope was used to photograph ventral
view and lateral view of zebrafish. The mineralization area and
integrated optical density (IOD) of skull alizarin red staining were
analyzed using Image-Pro Plus (IPP, Media Cybernetics,
United States).

Statistical Analysis
The data were expressed as mean ± standard deviations (SD).
Statistical analysis was conducted using SPSS 19.0. A one-way
analysis of variance (ANOVA) was used for multiple
comparisons in the statistical analysis and a value of p < 0.05
was considered statistically significant.

RESULTS

Kaempferol Promoted Cell Proliferation and
Ameliorated the Proliferation Inhibition of
MC3T3-E1 Cells Induced by DEX
To explore the roles of kaempferol on the proliferation of
MC3T3-E1 cells, CCK-8 assay and EdU assay were employed.
Results indicated that kaempferol (1–10 μM) significantly
promoted cell proliferation. However, kaempferol at the
concentrations of 50–100 μM inhibited the proliferation of
MC3T3-E1 cells (p < 0.01) (Figure 1A). Co-incubation of
MC3T3-E1 cells with DEX for 3 days greatly inhibited the
proliferation (p < 0.01). However, kaempferol (5 and 10 μM)
ameliorated the inhibitory effect induced by DEX (p < 0.01)
(Figure 1B). The EdU assay demonstrated that DEX significantly
inhibited cell proliferation (p < 0.01), and the kaempferol (5 and
10 μM) ameliorated the inhibition of cell proliferation caused by
DEX (p < 0.05) (Figures 1C,D).

Kaempferol Eased Cell Cycle Arrest
Induced by DEX in MC3T3-E1 Cells
Cells were co-cultured with kaempferol (1, 5, and 10 μM) and
DEX (1 μM) for 3 days. The results indicated that DEX caused cell
cycle arrest in the phase of G0/G1 (p < 0.01). However,
kaempferol (5 and 10 μM) eased cell cycle arrest induced by
DEX in MC3T3-E1 cells (Figure 2).

Kaempferol Eased Cell Apoptosis Induced
by DEX in MC3T3-E1 Cells
Cells were co-cultured with kaempferol (5, 10, and 25 μM) and
DEX (1 μM) for 3 days. The results indicated that DEX caused cell
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FIGURE 1 | The effect of kaempferol on cell proliferation in DEX-treated MC3T3-E1 cells. (A) Cells were co-cultured with kaempferol (1–100 μM) for 3 days. (B)
Cells were co-cultured with kaempferol (5, 10, and 25 μM) and DEX (1 μM) for 3 days. (C, D) Cells were treated for 24 h with kaempferol (5, 10, and 25 μM) and DEX
(1 μM) and analyzed by EdU assay. *p < 0.05, **p < 0.01.
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apoptosis (p < 0.01). However, kaempferol (5, 10, and 25 μM)
eased cell apoptosis induced by DEX in MC3T3-E1 cells
(Figure 3).

Kaempferol Attenuated Lessening of Cyclin
D1 and Bcl-2 Expression and Increase of
p53 and Bax Expression Induced by DEX
MC3T3-E1 cells were co-cultured with DEX and kaempferol
(5, 10, and 25 μM) for 3 days. The results showed that DEX
decreased the protein expression of cyclin D1 and Bcl-2 and
increased that of p53 and Bax. However, kaempferol reversed
the effect of DEX, as indicated by the increased protein
expression of cyclin D1 and Bcl-2 and the decreased
expression of p53 and Bax in DEX-treated MC3T3-E1 cells
(Figure 4).

Kaempferol Increased the ALP Activity in
MC3T3-E1 Cells Treated with DEX
Next, we evaluated whether kaempferol would increase the
ALP activity in DEX-treated MC3T3-E1 cells. MC3T3-E1 cells
were cultured in OIM and incubated with DEX (1 μM) and
kaempferol (5, 10, and 25 μM) for 5 days. As a result, DEX

significantly decreased the ALP activity in MC3T3-E1 cells. In
contrast, kaempferol (5, 10, and 25 μM) significantly enhanced
the ALP activity in DEX-treated MC3T3-E1 cells (p < 0.01)
(Figure 5).

Kaempferol Increased the Mineralization in
DEX-Treated MC3T3-E1 Cells
MC3T3-E1 cells were cultured in OIM and incubated with DEX
(1 μM) and kaempferol (5, 10 and 25 μM) for 2 weeks. Alizarin
red staining was used to visualize the calcified nodules. DEX
decayed the calcified nodules formation in MC3T3-E1 cells. In
contrast, kaempferol (5, 10, and 25 μM) significantly promoted
the calcified nodules formation, which was indicted by the
quantitative data (Figure 6).

Kaempferol Reversed the Inhibitory Effect
of DEX on the Expression of Runx2 and Osx
in MC3T3-E1 Cells
MC3T3-E1 cells were co-incubated with DEX (1 μM) and
kaempferol (5, 10, and 25 μM) for 3 days. The results
indicated that the mRNA levels of Runx2 and Osx in DEX +
kaempferol group were significantly increased compared with

FIGURE 2 | Kaempferol alleviated cell cycle arrest induced by DEX in MC3T3-E1 cells. Cells were co-cultured with kaempferol (1, 5, and 10 μM) and DEX (1 μM) for
3 days. A: Control; B: DEX (1 μM); C: DEX + kaempferol (1 μM); D: DEX + kaempferol (5 μM); E: DEX + kaempferol (10 μM); F: the bar graph of cell number (%) in cell
cycles. **p < 0.01 vs. Control; ##p < 0.01 vs. DEX.
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DEX group (Figures 7A,B). MC3T3-E1 cells were co-incubated
with DEX (1 μM) and kaempferol (5, 10, and 25 μM) for 5 days.
The results from western blot analysis showed that expressions of
Runx2 and Osx were significantly decreased in DEX (1 μM)
group, which were reverse by co-incubation with kaemoferol
(Figures 7C,D).

Kaempferol Activated p38-MAPK and JNK
MAPK Pathways in DEX-Treated MC3T3-E1
Cells
The phosphorylation levels of p38 and JNK in DEX-treated
MC3T3-E1 cells were measured. The results indicated that
DEX decreased p38 phosphorylation, and kaempferol restored
the level of phosphorylated p38 (p-p38). DEX did not
significantly change the level of phosphorylated JNK (p-JNK).

In contrast, kaempferol promoted JNK phosphorylation in DEX-
treated MC3T3-E1 cells (Figure 8).

SB203580 and SP600125 Inhibited the
Protective Effect of Kaempferol in
DEX-Treated MC3T3-E1 Cells
To further elucidate the role of p38-MAPK and JNK MAPK
pathways in the protective effect of kaempferol, cells were treated
with SB203580 (p38-MAPK inhibitor), SP600125 (JNK
inhibitor), DEX and kaempferol. As shown in Figure 9,
kaempferol (10 μM) significantly enhanced the ALP activity in
DEX-treatedMC3T3-E1 cells (p < 0.01). However, the addition of
SB203580 or SP600125 significantly inhibited the ALP activity
enhanced by kaempferol in DEX-treated MC3T3-E1 cells
(p < 0.05).

FIGURE 3 | Kaempferol alleviated cell apoptosis induced by DEX in MC3T3-E1 cells. Cells were co-cultured with kaempferol (5, 10, and 25 μM) and DEX (1 μM) for
3 days. (A) The cells were stained with Hoechst 33342 and observed under fluorescence microscope; (B) Cells were stained with PI and annexin V-FITC to evaluate
apoptosis by flow cytometry. *p < 0.05, **p < 0.01.
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FIGURE 4 | Kaempferol attenuated DEX-induced decrease of cyclin D1 and Bcl-2 expression and augment of p53 and Bax expression. (A) The proteins were
detected with specific antibodies against p53, cyclin D1, Bcl-2, and Bax. β-actin was used as the loading control. (B) The quantification of p53, cyclin D1, Bcl-2 and Bax
was indicated. *p < 0.05 vs. Control; #p < 0.05, ##p < 0.01 vs. DEX.

FIGURE 5 | The effect of kaempferol on the ALP activity in DEX-treated MC3T3-E1 cells. (A) BCIP/NBT staining was conducted. (B) The ALP activity was
determined after 5-days co-treatment of MC3T3-E1 cells with kaempferol (5, 10, and 25 μM) and DEX (1 μM) in OIM. **p < 0.01 vs. OIM; ##p < 0.01 vs. DEX.
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Kaempferol Attenuated DEX-Induced
Decrease of Skull Mineralization in
Zebrafish
Bone mineralization is a crucial indicator of bone formation. We
observed the bone formation of zebrafish by staining with alizarin
red. According to alizarin red staining area and IOD, the degree of
skull mineralization can be determined. The results showed that
bone mineralization area and IOD of skull in DEX group were
obviously inhibited. However, the addition of kaempferol (10, 25,
and 50 μM) attenuated the effect of DEX on decrease of bone
mineralization area and IOD of skull in zebrafish (Figure 10).

DISCUSSION

Clinically, glucocorticoids are frequently used to treat non-
infectious inflammatory diseases, such as asthma,
inflammatory bowel disease and severe autoimmune diseases.
It is well known that GIOP is a side effect, due to long-term
administration of glucocorticoids. The mechanism might be

associated with the pharmacological effect on bone by
glucocorticoids, which inhibits bone formation and accelerates
bone resorption (Jing et al., 2019). The proliferation and
differentiation activities of osteoblasts are crucial to bone
formation (Taipaleenmaki et al., 2012; An et al., 2016). In this
study, the effect of kaempferol on proliferation and
differentiation in MC3T3-E1 treated by DEX were explored.

We found that DEX attenuated cell proliferation and
kaempferol dose-dependently ameliorated the effect of DEX in
MC3T3-E1 cells. Cells proliferate for tissue renewal and repair
damaged areas during wound healing. The alternations of cell
cycle checkpoints are often seen in cancer cells, and regulation of
the expression of cell cycle regulators governs the fate of cells
(Urrego et al., 2014; Hardwick et al., 2015). In this study, DEX
caused the cell cycle arrest in the phase of G0/G1 and kaempferol
protected against the effect of DEX. This suggested that the effect
of kaempferol on ameliorating DEX-induced proliferation
inhibition is associated with cell cycle regulation.

P53 is considered as a guardian in the genome. When cellular
DNA in the body was damaged, the p53 signaling pathway
mediates repair and subsequent growth arrest. DEX can

FIGURE 6 | The effect of kaempferol on the mineralization of DEX-treated MC3T3-E1 cells. (A) Alizarin red S was used for staining on day 14. (B) The calcified
nodules was quantified by extraction of alizarin red S with 10% cetylpyridinium chloride (CPC) on day 14. **p < 0.01 vs. OIM; ##p < 0.01 vs. DEX.
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FIGURE 7 | The effect of kaempferol on Runx2 and Osx expression in DEX-treated MC3T3-E1 cells. The mRNA expression of Runx2 (A) and Osx (B) were
analyzed by qRT-PCR. (C) The expression of Runx2 and Osx were detected by western blot. (D) The quantification of Runx2 and Osx was indicated. *p < 0.01, **p <
0.01 vs. OIM; #p < 0.05, ##p < 0.01 vs. DEX.

FIGURE 8 | The effect of kaempferol on the phosphorylated protein of p-p38 and p-JNK in DEX-treated MC3T3-E1 cells. The phosphorylation levels of p38 (A) and
JNK (C) were detected by western blot. The quantification of p-p38/p38 (B) and p-JNK/JNK (D) was calculated. **p < 0.01 vs. OIM; #p < 0.05, ##p < 0.01 vs. DEX.
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induce osteoblast cell death through activating glucocorticoid
receptor-p53 signaling (Li et al., 2012; Zhen et al., 2014). Cyclin
D1 is an important factor regulating the proliferation of various
cells, which is negatively related to p53 (Sato et al., 2008). Bcl-2 is
the main target molecule for the study of molecular mechanism of
apoptosis. Bcl-2 can inhibit cell death caused by a variety of
cytotoxic factors. Overexpression of Bcl-2 can enhance cell
resistance to most cytotoxins. At present, the mechanism of
Bcl-2 anti-apoptosis is mainly through antagonizing the pro-
apoptotic gene Bax, inhibiting the release of pro-apoptotic
cytochrome c from mitochondria into the cytoplasm and
preventing cytochrome c in the cytoplasm from activating
caspase. The Bax gene belongs to the Bcl-2 gene family, and
the encoded Bax protein can form a heterodimer with Bcl-2 and
inhibit Bcl-2. Studies have found that the ratio of Bax/Bcl-2 is a
key factor in determining the strength of the inhibitory effect on
apoptosis, and Bax is recognized as one of the most important
pro-apoptotic genes. In this study, we found that DEX effectively
promoted the expression of p53 and Bax and down regulated that
of cyclin D1 and Bcl-2. Kaempferol alleviated DEX-induced cell
cycle arrest and apoptosis, decrease of Bcl-2 and cyclin D1

expression, and up-regulation of Bax and p53 expression.
Therefore, kaempferol attenuated the effect of DEX on
proliferation inhibition and apoptosis by regulating p53, Bax,
cyclin D1 and Bcl-2.

ALP is a marker of early osteogenesis and plays a critical role
in bone formation (Harrison et al., 1995). Mineralization occurs
in the last stage of osteogenic differentiation and is one of the
common indicators of the late osteogenic differentiation. When
the osteoblasts are cultured in the osteogenic induction solution
for 1 week, calcified nodules will appear and gradually increase
with the extension of the culture time. Alizarin red can chelate
with calcium ions and form orange-red complexes in the
mineralized nodules. Kaempferol could promote the formation
of mineralization nodes (Kim, et al., 2016). In this study, we
showed that DEX decreased the activity of ALP and the formation
of calcified nodules in MC3T3-E1 cells. Kaempferol protected
against the effect of DEX on MC3T3-E1 cells. These results
revealed that kaempferol significantly attenuated the inhibition
of DEX on osteogenic differentiation. A study showed that
dexamethasone and kaempferol have a synergistic effect and
promote cartilage differentiation synergistically (Gupta et al.,

FIGURE 9 | SB203580 and SP600125 inhibited the protective effect of kaempferol in DEX-treated MC3T3-E1 Cells. (A) ALP staining was performed with BCIP/
NBT kit after the MC3T3-E1 cells were treated with SB203580, DEX and kaempferol for 5 days. (B) ALP staining was performed with BCIP/NBT kit after the MC3T3-E1
cells were treated with SP600125, DEX and kaempferol for 5 days. OIM, osteogenic induction medium; DEX, dexamethasone. *p < 0.05, **p < 0.01.
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FIGURE 10 | kaempferol attenuated DEX-induced lessen of skull mineralization in zebrafish larvae. (A) Zebrafish larvae in control group, DEX group and DEX +
kaempferol (1,10, 25 and 50 μM)) group were stained with alizarin red to evaluate the degree of skull mineralization. (B) The area and IOD of skull alizarin red staining were
analyzed by IPP. (a) ventral area of skull mineralization, (b) ventral skull mineralization of IOD, (c) lateral area of skull mineralization, (d) lateral skull mineralization of IOD. *p
< 0.05, **p < 0.01.
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2021). However, we found that kaempferol protected against the
effect of DEX on MC3T3-E1 cells. This discrepancy can be
explained that 1) the different cell lines might exhibit
distinctive responses to reagents, 2) the biological effects of
dexamethasone are closely associated with its dosages, and 3)
the biological situations in the different stages of cells exhibit
specific pathways.

Runx2 acts as a transcription factor and plays a crucial
regulatory role in the cellular proliferation and differentiation
of osteoblasts (Komori, 2005; Wysokinski et al., 2015). Osx as
an osteoblast-specific transcription factor can activate the
expressions of an array of genes during cell differentiation
(Sinha and Zhou, 2013). Runx2 increases the activity of the
promoter of Osx through direct interactions with Runx2-
binding element. Runx2 is the upstream controller of Osx
(Sinha and Zhou, 2013). Our results found that DEX inhibited
the mRNA and protein expression of Osx and Runx2.
However, kaempferol reversed the effect of DEX.
Collectively, kaempferol attenuated the inhibitory effect of
osteogenic differentiation induced by DEX via mediating
the expression of Runx2 and Osx.

MAPK signaling pathway is found to be closely correlated with
cellular proliferation, differentiation, senescence, and apoptosis
(Kim et al., 2014; Sun et al., 2015). Particularly, MAPK pathway
exhibits a considerable role in osteoblast differentiation (Ma et al.,
2015; Yu et al., 2016). Studies showed the flavonoids compounds,
myricetin and puerarin, promoted osteogenic differentiation and
mineralization via activating MAPK pathway (Fan et al., 2018;
Yang et al., 2018). Our previous studies also showed that
amentoflavone and apigenin improved the osteogenesis of
MSC through up-regulating the activity of p38-MAPK and
JNK pathways (Zhang et al., 2015; Zha et al., 2016). Here, we
found that DEX down-regulated the expression of p-p38.
However, kaempferol significantly up-regulated the
phosphorylated protein of p-p38 and p-JNK, and it indicated
that JNK and p38-MAPK pathways potentiated the biological
effect of kaempferol. Additionally, JNK and p38-MAPK pathways
have been shown to play crucial roles on regulation of protein
expression of Osx and Runx2 (Wang et al., 2014; Wang et al.,
2017). Therefore, kaempferol attenuated the suppressive effect of
DEX on osteogenic differentiation by enhancing the expression of
Osx and Runx2, which might be associated with p38-MAPK and
JNK pathways.

The zebrafish has become a valuable disease model for
osteoporosis research because its embryo is transparent and
skeletal development is very similar to that of human
(Carnovali et al., 2016). Our results showed that DEX
decreased the bone mass and kaempferol significantly
increased the bone mass in DEX-treated zebrafish, suggesting
that kaempferol protected against GIOP.

CONCLUSION

The present study demonstrated that kaempferol alleviated the
inhibitory effect on osteogenic differentiation induced by DEX
via activation of JNK and p38-MAPK pathways. Meanwhile,
kaempferol alleviated DEX-induced inhibition of cyclin D1
and Bcl-2 via down-regulating p53 expression. Collectively,
our study demonstrated that kaempferol could be a potential
candidate for development as a new drug against GIOP.
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Traditional Chinese medicine (TCM) has demonstrated superior therapeutic effect for
musculoskeletal diseases for thousands of years. Recently, the herbal extracts of TCM
have received rapid advances in musculoskeletal tissue engineering (MTE). A literature
review collecting both English and Chinese references on bioactive herbal extracts of TCM
in biomaterial-based approaches was performed. This review provides an up-to-date
overview of application of TCMs in the field of MTE, involving regulation of multiple signaling
pathways in osteogenesis, angiogenesis, anti-inflammation, and chondrogenesis.
Meanwhile, we highlight the potential advantages of TCM, opening the possibility of its
extensive application in MTE. Overall, the superiority of traditional Chinese medicine turns it
into an attractive candidate for coupling with advanced additive manufacturing technology.

Keywords: traditional Chinese medicine, herbal extracts, orthopedics, musculoskeletal tissue engineering,
biomaterials

1 INTRODUCTION

Musculoskeletal tissues, composed of bone, cartilage, tendon, ligament, and skeletal muscle,
demonstrate poor recovery ability. In fact, the unsatisfactory regeneration of severely damaged
tissue often causes pains, joint instability, and even disabilities which remains a tricky problem for
surgeons. Although autologous tissue grafts, allografts, or xenografts have been broadly applied in the
clinic, they have several limitations, including donor site morbidity and poor plasticity in terms of
shape and structure. Furthermore, allografts and xenografts are at risk of transmitting infectious
agents or even being rejected (Campana et al., 2014).
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Musculoskeletal tissue engineering (MTE) emerged as a
promising solution to surmount the limitations of auto- and
allografts. Current strategies involve the application of tissues
grafts with embedded growth factors to accelerate tissues healing.
However, advanced molecules are frequently associated with high
production costs or deleterious side-effects, limiting wide
applicability, and therapeutic efficacy in clinical practice
(Campana et al., 2014). In an effort to discover effective
strategies for musculoskeletal tissues regeneration, much focus
has been put on the pursuit of natural-based products owing to
their availability, cost-effectiveness, and biological activity.

Traditional Chinese medicine (TCM) are becoming
increasingly popular in musculoskeletal tissue regeneration. As
an indispensable component of complementary and alternative
medicine, TCM has evolved over thousands of years and still
plays an important role in human health (Campana et al., 2014;
Deng et al., 2014; Li et al., 2014). Over the last 3 decades, the
application of scientific methodology has partly elucidated the
underlying mechanisms of some herbal treatments. The potent
bioactivity of some traditional therapies was revealed in recent
years, owing to alternative therapies rigor to the study. For
example, the 2015 Nobel Prize was awarded for discovering an
antimalarial medicine extracted from TCM. With the improved
understanding of the underlying mechanism, TCM is becoming
increasingly popular in musculoskeletal tissue regeneration
(Putnam et al., 2007; Liu et al., 2017; Song et al., 2018b; Zhu
et al., 2021).

TCM combining conventional therapies with the MTE is a
promising strategy to treat orthopedic diseases with unfavorable
outcomes previously. Scientists have successfully isolated,
identified, and purified various bioactive components in TCM,
such as flavonoids, saponins, terpenes, alkaloids, and others (Lu
and Jiang, 2012). Typically, these formulations modulate multiple
signaling pathways and exert their effects on different cellular
targets, enabling the treatment of orthopedic diseases with
multifactorial pathogenesis. This review provides an up-to-date
overview of the use of TCMs as signaling molecules and
functional materials in the field of MTE, and further
highlights their new and promising directions for the future.

2 TRADITIONAL CHINESE MEDICINE
THEORY

TCM originated over 3,500 years ago, and is enjoying a
resurgence in the late 20th century. The theoretical medical
system of TCM was gradually developed through thousands of
years of practice and refinement. It is a sophisticated set of many
systematic techniques and methods including acupuncture,
herbal medicine, acupressure, “qi gong”, and oriental massage.

Unlike modern medicine, TCM theory not only considers the
whole person, but focuses the systematic interrelatedness of the
person and nature. It is more focused on the vitalistic and
synthetic aspects of humans. The major position of TCM is
the balance of “yin” and “yang”. Moreover, it is through the
diagnosis of “qi” disturbance that the TCM practitioner restores
the “qi” balance, returning the person to a state of health.

According to TCM theories, the occurrence, development, and
outcome of diseases are closely related to TCM constitutions.
These constitutions form during an individual’s lifetime and are
based on natural and acquired endowments (Liang et al., 2020).
In addition, constitutions can not only affect disease susceptibility
but also the development, outcome, and prognosis of disease.
Some aspects of the orthopedic disease in modern mainstream
medicine are gradually coinciding with the constitution theory of
TCM. For example, the current consensus regarding the etiology
and pathogenesis of osteonecrosis states that phlegm and blood-
stasis constitutions are the main pathogenic factors (Yu et al.,
2016). The blood-stasis constitution has a strong repair ability,
but the yang-deficiency constitution has a poor repair ability and
tends to collapse, requiring positive treatment. As TCM develops
further, intervention measures can be established to improve
TCM constitutions.

3 TRADITIONAL CHINESE MEDICINE
APPLICATIONS IN ORTHOPEDICS

Recently, the application of TCM in MTE is booming and show
superior therapeutic potential. Some herbs have been proven to
be beneficial to bone health, such as Eucommiae Cortex (Du-
Zhong) (Qi et al., 2019), Achuranthes (Huai-niu-xi) (Zhang et al.,
2018; Song et al., 2018a), Dipsaci Radix (Xu-Duan) (Ke et al.,
2016), Testudinis Plastrum (Gui-ban) (Liang et al., 2016; Ren
et al., 2017; Shen et al., 2018), Drynariae Rhizoma (Gu sui-bu)
(Qiu et al., 2016; Song et al., 2017b), Du Huo Ji Sheng Tang
(Wang et al., 2017b), and zuo Gui Wan (Lai et al., 2015). Among
these TCMs, the epimedii herb and its multicomponent
formulation ‘Xian Ling Gu Bao’ have icariin as their main
ingredient and have been used to cure bone diseases such as
osteoporosis and bone fracture (Zhang et al., 2014). In parallel,
lamiophlomis rotate (Du Yi Wei) pill was used to treatment of
pain in clinic, such as bone and muscle pain, joint pain, and
dysmenorrhea. It has the effect of promoting blood circulation,
relieving pain, stopping bleeding, and removing silt form the
perspective of TCM (Li et al., 2010). Moreover, another TCM
regent named salvia miltiorrhiza injection, has therapeutic effects
in cardiovascular disease with the antioxidant, antibacterial, and
anticoagulant properties (Wang et al., 2017b). These herbal
medications were approved officially by the Chinese Food and
Drug Administration and have been widely used in clinic
nowadays. Various studies discussed in the following
paragraphs would provide further evidence of the realistic
possibility of TCM being used as a therapeutic alternative in
the foreseeable future.

4 MULTIFUNCTIONAL TRADITIONAL
CHINESE MEDICINE

4.1 Icariin
Icariin (Figure 1)is a prenyl flavonoid glycoside isolated from
Epimedium herb, demonstrating extensive therapeutic capacities
such as osteoprotective effect, neuroprotective effect,

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 7780412

Li et al. Traditional Chinese Medicine and Biomaterials

186

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


cardiovascular protective effect, anti-cancer effect, anti-
inflammation effect, immunoprotective effect, and
reproductive function (Li et al., 2015).

4.1.1 Osteogenesis
Currently, the significant osteogenic effect of icariin made it a
promising drug candidate in bone tissue engineering. As early as
2008, the osteoinductive potential of icariin on pre-osteoblastic
cells was elucidated (Zhao et al., 2008). The extremely low cost of
icariin and its high abundance makes it appealing for bone
regeneration (Fan et al., 2011). Importantly, icariin can be
steadily and locally released by using biomaterials, making it
an attractive osteoinductive candidate for bone tissue engineering
(Zhao et al., 2010; Fan et al., 2012; Zhang et al., 2013).

Previous studies have shown that icariin could induce
osteogenic differentiation of preosteoblastic cells. For
example, Zhao et al. confirmed the anabolic effect of icariin
in vivo employing a mouse calvarial defect model. Calcium
phosphate cement loaded with icariin filled in the mouse
calvarial bone defect induced significant new bone formation
and increased bone thickness. The study utilizing senescence-
accelerated mouse models further demonstrated that icariin
significantly enhanced bone formation in vivo (Zhao et al.,
2010). Moreover, Wu et al. constructed the calcium
phosphate cement scaffolds, which loaded with icariin and
then implanted into the calvarial defect of the ovariectomized
rats. The results demonstrated that icariin could up-regulate the
expression of osteogenic and angiogenic genes in bone marrow
stem cells (BMSCs) (Wu et al., 2017).

In parallel, icariin could also be loaded into porous
β-tricalcium phosphate (β-PTCP) ceramic disks to enhance
the ability of calcium phosphate-based biomaterials for bone
defect repair. β-TCP has been employed extensively as a
substitution material for bone defect repair (Park et al., 2014;
Sándor et al., 2014). It was showed that loading icariin in β-TCP
(Ica/β-TCP) disks had no effect on the attachment and
morphology of Ros17/28 cells. However, the Ica/β-TCP disks
expressed support for the proliferation and differentiation of
Ros17/28 cells better compared with the β-PTCP disks. After
back intramuscular implantation of rats for 3 months, no obvious
osteogenic evidence was detected in β-PTCP disks, but new bone
formation was observed in Ica/β-TCP disks (Zhang et al., 2011).

In addition to synthetic scaffolds, icariin could be loaded onto
the natural scaffold or small intestine submucosa (ICA-SIS) to
improve their osteoinductivity (Li et al., 2017). In vitro
experiments revealed that expression of osteogenic
differentiation markers (Alp, Bsp, and Ocn) was increased
after treatment of ICA-SIS scaffold while no significant
cytotoxicity was indicated. In an in vivo mouse calvarial defect
model, bone regeneration was enhanced by SIS implantation at
8 weeks, compared to the control defect. These results suggest
that icariin had the potential to be used for bone defect repair.

4.1.2 Angiogenesis
Vascularization is considered to be a crucial step in bone
formation (Wernike et al., 2010). It is reported that icariin
stimulated in vitro endothelial cell proliferation, migration,
and tubulogenesis, as well as increasing in vivo angiogenesis

FIGURE 1 | Illustration of icariin: the origin, molecular structure, and biomedical researches. Icariin is obtained from the leaves of Epimedium herb. As a widely used
TCM, icariin demonstrates extensive therapeutic capacities such as osteogenic differentiation, tubulogenesis, and chondrogenic factor expression. Calvarial defect,
distal femoral defect and ONFH mice/rabbits are commonly used animal models.
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(Chung et al., 2008). In a recent study, three-dimensional (3D)
printing β-TCP scaffold loaded with icariin was implanted into
the steroid-induced osteonecrosis of the femoral head rabbit
models. Immunohistochemical staining revealed that a higher
positive rate of vascular endothelial growth factor in the
composite scaffold group. This result suggested that icariin
could not only protect the injured vascular endothelial cells,
but also stimulate angiogenesis directly (Ji et al., 2005; Wang
and Huang, 2005; Xu and Huang, 2007), and it might be the
potential drugs in angiogenic therapy.

4.1.3 Chondrogenesis
Hyaline articular cartilage lacks blood vessels, lymphatics, and
nerves and exhibits limited self-repair ability after injury.
Traditional techniques of articular cartilage repair and
regeneration all have certain limitations. The development
of tissue engineering technology has brought hope to the
regeneration of articular cartilage. Icariin at a low dose of
0.94 G/kg was identified to have significantly promoted the
proliferation of chondrocytes and enhance the secretion of
glycosaminoglycan (Zhang et al., 2019). Femoral condyle from
rabbits treated with icariin conditioned serum and hyaluronic
acid was observed to regenerate more native cartilage and
subchondral bone regeneration. In vitro study, ICA
significantly upregulated the mRNA expression levels and
protein synthesis of collagen II, aggrecan, and Sox9, which
were chondrogenic differentiation markers (Wang et al.,
2014).

In a recent study, BMSCs were cultivated in a self-assembling
peptide nanofiber hydrogel scaffold in a chondrogenic medium
for 3 weeks (Wang et al., 2018). Icariin was added to the medium
throughout the culture period. The results demonstrated that
icariin significantly enhanced cartilage extracellular matrix
synthesis and gene expression levels of collagen II and Sox9,
and additionally promoted more chondrocyte-like rounded
morphology in BMSCs. In another study, icariin was added
into cell-hydrogel constructs derived from neonatal rabbit
chondrocytes and collagen type I (Li et al., 2012). The results
showed that icariin-added cell-hydrogel constructs obviously up-
regulated the expressions included aggrecan, Sox9, and collagen
type II of seeded chondrocytes from 99.7 to 248%. Moreover, the
icariin-loaded hydrogel improved the restoration efficiency of
supercritical-sized osteochondral defects in adult rabbit model,
and enhanced the integration of new-formed cartilage with
subchondral bone. These results demonstrated the potential of
icariin to promote a reparative response in cartilage defects and
the possible application in bioactive material-based cartilage
regeneration therapies.

4.2 Ginseng
Ginseng (Figure 2), regards as the king of all herbs, has been used
as a traditional medicine for the treatment of diseases for
thousands of years in East Asian countries. The principal
bioactive components of ginseng are ginsenosides such as Rb1,
Rb2, Rc, Rd, Re, and Rg1, showing various anti-inflammatory,
antioxidant, antibacterial, antiviral, and antifungal functions.

FIGURE 2 | Illustration of ginseng: the origin, molecular structure, and biomedical researches. Ginsenoside is the major active ingredient in ginseng, including Rb1,
Rb2, Rc, Rd, Re, Rg1, and so on. Thus far, ginseng has been frequently studied form the aspects of cells, biomaterials, and animals. It shows potent angiogenesis,
osteogenesis, and anti-inflammation activity by inducing osteogenic cell proliferation, tube formation, and macrophage chemotaxis.
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Based on the advantages above, ginseng may provide the basis for
the development of novel therapeutic agents.

4.2.1 Osteogenesis
Previous studies have demonstrated that Rg1 could improve the
anti-aging ability of BMSCs, whichwas attributed to the anti-oxidant
and anti-inflammatory capacities (Hu et al., 2015; Zeng et al., 2018).
Moreover, differentiation culture analysis showed that Rg1 could
guide human bone marrow-derived mesenchymal stem cells (hBM-
MSCs) towards osteogenic lineage while suppressing adipogenic
differentiation (Wang et al., 2020c). Additionally, Hong et al.
observed that Rg3 increased proliferation and suppressed
senescence of hBM-MSCs (Hong et al., 2020). Suitable scaffold
materials were prepared using fish scale collagen, hydroxyapatite,
chitosan, and beta-tricalcium phosphate. Ginseng compound K was
incorporated into the composite scaffold. In vitro analysis showed
that the prepared scaffold was biocompatible and supported the
growth of MG-63 cells (human osteosarcoma cells), and therefore
has potential as an alternative approach for bone regeneration
(Muthukumar et al., 2016).

4.2.2 Angiogenesis
On the other hand, Rg1 has been proven to have estrogen-like
activity (Chan et al., 2002). It is well known that estrogen could
modulate angiogenesis via effects on endothelial cells (Morales
et al., 1995). Therefore, it suggests that Rg1 may be used to
stimulate angiogenesis.

Based on the above potential, Rg1 was encapsulated into
biodegradable poly propylene fumarate (PPF) microspheres to
facilitate osteogenesis (Salarian et al., 2016). In the presence of
Rg1 within the dose range of 1–32 μg/ml, elongated and robust
capillary-like networks were formed in vitro attributed to a
greater number of cells compared with the control, indicating
the angiogenic activity of Rg1. The previous results suggested that
Rg1 could be a novel group of angiogenic agents with superior
stability and may be used for the MTE (Liang et al., 2005).

4.2.3 Anti-Inflammation
Inflammatory cytokines induced by traumatic lesions in cartilage
and osteoarthritis (OA) are involved in lubricin catabolism and
cartilage degeneration, further disrupting the normal homeostasis
in articular cartilage to the breakdown of cartilage in the pre-OA
conditions (Billinghurst et al., 1997; Elsaid et al., 2007; Goldring
and Otero, 2011; Wojdasiewicz et al., 2014). Thus, it is vital to
maintain a proper microenvironment for the chondrogenic
differentiation of endogenous stem cells at the defected area.
Ginseng has been demonstrated to have therapeutic potential in
anti-inflammatory, anti-apoptosis, and neuroprotective
responses (Radad et al., 2004; Hashimoto et al., 2012).

Porous, stable and biodegradable bone microsphere scaffold
loading with ginseng compound was studied, and in vitro results
indicated that the composite microspheres expressed higher
osteogenic markers in rat bone marrow stem cells seeded
(Thangavelu et al., 2020). In another study, Wu et al. designed
a novel Rb1/TGF-β1 loaded silk fibroin-gelatin porous scaffold
with the advantages of inflammation attenuation and
chondrogenesis promotion (Wu et al., 2020). As the results

showed, the scaffold promoted the chondrogenic
differentiation of BMSCs and suppressed inflammation gene
expression. Moreover, it effectively promoted the regeneration
of hyaline cartilage of the osteochondral defects in rats. These
results prove Rb1 has a great potential to maintain an anti-
inflammation microenvironment for cartilage repair.

4.3 Naringin
Gu sui-bu is a commonly used Chinese medical herb for
therapeutic treatment of bone-related diseases, and naringin
(Figure 3) is the main active component in Gu sui-bu. Recent
research has focused on the potential applications as a bone
therapeutic or as a mediator of MSC osteogenic lineage
differentiation (Chen et al., 2016).

4.3.1 Osteogenesis
Pang et al. confirmed naringin significantly prompted osteogenic
in osteoblast-like cells via estrogen receptor-dependent pathways
(Pang et al., 2010). Importantly, this study demonstrated that
naringin exerts tissue-selective estrogenic effects on bone and
possibly in adipose tissue, suggesting the potential antiresorptive
capacity of naringin. The low bioavailability and extensive
metabolism of naringin motivated researchers to explore MTE
for immobilizing or protecting it from degradation and for
achieving a sustained spatiotemporally controlled release to
improve its therapeutic effect.

Initially, human periodontal dental ligament stem cells were
seeded in a nanohydroxyapatite scaffold and cultured in a naringin-
containingmedium for 1 week, following by implanting into healthy
mice. The transplant was harvested 8 weeks later and the naringin-
treated group exhibited improved trabecular bone maturity
surrounding the scaffold (Yin et al., 2015). In a recent study,
naringin was incorporated in the electrospun nanoscaffold
containing poly (ε-caprolactone) (PCL) and poly (ethylene
glycol)-block-poly (ε-caprolactone) (PEG-b-PCL) (Ji et al., 2014).
Osteoblast-nanoscaffold interactions were studied and osteoclast-
nanoscaffolds response was evaluated in a mouse calvarial defect
organ culture model. The results demonstrated that controlled-
release naringin nanoscaffolds supported osteoblast adhesion,
proliferation, differentiation, and mineralization more effectively
while suppressing osteoclast formation. Alternatively, Chen et al.
developed a porous biodegradable composite comprising genipin-
crosslinked gelatin and β-Ca3(PO4)2 ceramic microparticles (GGT)
mixed with naringin (10 mg/ml) (Chen et al., 2013). The potential of
the composites in repairing bone defects was evaluated and
compared in vivo by using the biological response of rabbit
calvarial bone to these composites. After 8 weeks of implantation,
naringin-loaded GGT composites promoted a significant deposition
of new bone formation when compared with GGT controls.

4.3.2 Anti-Inflammation
Moreover, previous studies have further demonstrated the
antibacterial function of naringin (Tsui et al., 2008). To better
exert inherent antimicrobial and pro-osteogenic effects of
naringin, Yu et al. designed a multifunctional mineralized
collagen coating on titanium with the aid of metal-organic
framework nanocrystals to control the release of naringin (Yu
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et al., 2017). The attachment, proliferation, osteogenic
differentiation, and mineralization of mesenchymal stem cells
on the coating were significantly enhanced. Meanwhile,
antibacterial abilities against Staphylococcus aureus were also
promoted.

4.3.3 Angiogenesis
In addition to the properties of osteogenesis and anti-
inflammation, naringin could also regulate the function of
endothelial cells to promote angiogenesis in bone (Shangguan
et al., 2017). Meanwhile, oral administration of naringin could
improve the expression of vascular endothelial factor, further
augmenting the vascularization of the callus in osteoporotic
fractures in ovariectomized rats (Song et al., 2017a). Although
these studies have illustrated the angiogenic activity of naringin,
the application of naringin to promote vessel ingrowth is still
scarce. Given the superior osteogenic, anti-inflammation, and
angiogenic properties, naringin is regarded as an excellent
candidate for MTE and regenerative medicine application.

5 MONOFUNCTIONAL TRADITIONAL
CHINESE MEDICINE

5.1 Psoralen
Psoralen is an active component in TCM Buguzhi which means
‘‘material for bone strengthening,” which has been reported to
have antibacterial, anti-tumor, coronary artery broadening, and

estrogen-like activity (Guo et al., 2003). It has also been reported
that the extract of psoralen could promote osteoblastic
differentiation as evidence of increased Alp (Xiong et al., 2003).

In order to determine whether psoralen could also increase the
amount of new bone formation locally, Wong and Rabie
measured the amount of new bone produced by psoralen with
collagen matrix carrier grafted into bone defects in rabbits (Wong
and Rabie, 2011). As the histological assessment showed, a total of
454%more new bone was present in defects grafted with psoralen
in collagen matrix than those grafted with collagen matrix. There
was also more amount of bone forming osteoblasts in the
psoralen group than the negative control–collagen group. This
comparison showed that psoralen was osteogenic when used with
the collagen matrix.

5.2 Kaempferol
Kaempferol (Kaem) is a widespread naturally occurring flavonoid
in plants and herbs. It is known for its activity in anti-
inflammatory, anti-oxidant, anti-cancer, and anti-ulcer
properties (Chen and Chen, 2013). In orthopedic aspects,
Kaem has been reported to reduce glucocorticoid-induced
bone loss and promote osteoblast differentiation (Prouillet
et al., 2004; Adhikary et al., 2018). Moreover, Kaem exerts
profound anti-osteoclastogenic effects by specifically
antagonizing tumor necrosis factor receptor family action on
bone cells, by disrupting production of osteoclastogenic cytokines
from osteoblasts and attenuating osteoclast precursor cell
differentiation (Pang et al., 2006).

FIGURE 3 | Illustration of naringin: the origin and biomedical researches. Naringin is a natural flavonoid present in several fruits of the Citrus genus. As a flavonoid
with multiple therapeutic targets in orthopedic tissues, naringin exhibits osteogenic, angiogenic, and anti-inflammation effects in preclinical studies.
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A recent study investigating the bioactive glass scaffold loaded
with Kaem showed that Kaem could support bioactivity and cell
attachment (Ranjbar et al., 2021). In another study, TiO2 implant-
immobilized Kaem could be an effective tool for bone
regeneration in rats (Tsuchiya et al., 2018). The results showed
that BMSCs cultured on alkali-treated TiO2 samples containing
Kaem promoted alkaline phosphatase activity, calcium
deposition, and osteogenic differentiation. The in vivo
histological analysis revealed that Kaem stimulated new bone
formation around implants.

5.3 Ursolic Acid
Ursolic acid (UA) is one of many ubiquitous triterpenoids in
medicinal herbs. It is found throughout the plant kingdom and
constitutes an integral part of the human diet (Xia et al., 2011).
Pharmacological effects of UA include anti-cancer (Hsu et al.,
1997), pro-differentiation (Lee et al., 1994), anti-viral (Quéré
et al., 1996), and anti-invasion activities (Cha et al., 1998).

Interestingly, Lee et al. reported that UA promotes bone
formation and induces bone forming activity in vivo (Lee
et al., 2008). Furthermore, they showed that the expression of
osteoblast-specific genes was enhanced after UA treatment, and
that UA could induce osteoblastogenesis and mineralization of
osteoblasts in vitro, which was associated with the activation of
mitogen-activated protein kinases (MAPKs), activator protein-1
(AP-1), and nuclear factor-kappaB (NF-kB). Studies have also
demonstrated that UA activates chondrocytes through the NF-
kB/NLRP3 inflammasome pathway, thus preventing cartilage
degeneration in osteoarthritis (Wang et al., 2020a). In
consideration of the various beneficial effects of UA, it can be
considered an effective treatment strategy for OA.

Mesoporous bioglass/chitosan porous scaffolds loaded with
UA have been demonstrated to enhance bone regeneration (Ge
et al., 2019). The as-released UA drugs from the scaffolds
increased the alkaline phosphatase activity, osteogenic
differentiation-related gene type I collagen, runt-related
transcription factor 2 expression, and osteoblast-associated
protein expression remarkably.

5.4 Curcumin
Curcumin, the active constituent for turmeric, is known for its
antioxidant, anti-inflammatory, anticancer, and osteogenic
activities. Numerous studies published in diverse in vivo
models, such as lung inflammation, asthma, sepsis, intestinal
inflammation, osteoarthritis, and psoriasis (Daily et al., 2016;
Burge et al., 2019; Karimi et al., 2019; Panahi et al., 2019; Shahid
et al., 2019; Zahedipour et al., 2020), documenting the anti-
inflammatory properties of curcumin. However, its poor
bioavailability, rapid metabolism, and rapid systemic
elimination led to limiting oral efficacy in various preclinical
and clinical studies. To enhance its bioavailability and to provide
higher release, several scaffolds loaded with curcumin have been
designed.

Cur-loaded microspheres were incorporated into a fish
collagen nano-hydroxyapatite scaffold to promote bone repair
under diabetic conditions (Li and Zhang, 2018). Curcumin
released from the composite scaffolds lasted up to 30 days and

remarkably alleviated the negative effects of diabetic serum on the
proliferation, migration, and osteogenic differentiation of
mesenchymal stem cells. Furthermore, tissue scaffolds
containing a low concentration of curcumin could increase
gene and protein expression related to osteogenesis (Jain et al.,
2016). Interestingly, in another study, liposomal curcumin
released from the three-dimensional printed scaffold showed
significant cytotoxicity toward in vitro osteosarcoma cells,
whereas it promoted osteoblast cell viability, and proliferation
(Sarkar and Bose, 2019). Moreover, the composite hydrogel
loading with Mg2+ and curcumin could simultaneously exert
anti-inflammatory and pro-differentiation effects to accelerate
rotator cuff healing (Chen et al., 2021).

Calcium silicate cements have excellent bioactivity and can
induce the bone-like apatite formation (Chen et al., 2015; Huang
et al., 2015). However, they have degradability and the dissolved
calcium silicate can cause the inflammatory response at the early
post-implantation stage. Based on these, a study designed the
curcumin-loaded mesoporous calcium silicate cement to reduce
the inflammatory reaction after implantation (Chen et al., 2017).
As the results showed, it could inhibit the expression of TNF-α
and IL-1 after inflammatory reaction induced by
lipopolysaccharides and had good anti-inflammatory ability. It
can provide an excellent strategy to inhibit the inflammatory
response for MTE and bone regenerative medicine.

5.5 Thymol
Thymol is a natural product obtained from oregano leaves and
is used for various purposes, such as for their antimicrobial,
antioxidant, and anti-inflammatory activities (Burt et al., 2005;
Liang et al., 2014). It has been shown to reduce the key
mediators of inflammatory cytokines (Fachini-Queiroz
et al., 2012; Amirghofran et al., 2016). The bioactive effects
of thymol combined with MTE is still understudied. A study
investigated the effect of thymol on osteogenesis, specifically
with osteoblast, and osteoclast cells, from surface-modified
Ti6Al4V with plasma sprayed hydroxyapatite coatings (Vu
and Bose, 2020). Thymol shows bacterial inhibition of
Staphylococcus epidermidis and no cytotoxic effects on
osteoblast proliferation in vitro. Despite the scarcity of
research, the potential application of thymol in combination
with orthopedic biomaterials has been shown.

5.6 Danshen
In order to achieve better bone formation performance, it is
necessary to develop some alternative agents with both
osteogenesis and angiogenesis, especially for the patients with
osteonecrosis of the femoral head. Danshen, or Salvia miltiorrhiza
Bunge is a TCM widely used for the treatment of cardiovascular
diseases by improving blood circulation and inhibiting
inflammatory responses (Zhou et al., 2005). Animal studies
have supported the bone protective effect of danshen, and
investigation on individual active components of danshen
showed a similar effect (Chae et al., 2004; Cui et al., 2011).
Salvianolic acid B (SB) is the most abundant molecule isolated
from the aqueous fraction of danshen (Yuan et al., 2005), and it
has been proven to have the bioactivities of both angiogenesis
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(Lay et al., 2003; Liu et al., 2007; Tang et al., 2014; Xu et al., 2014;
Guo et al., 2014a).

A recent study constructed a SB-loaded chitosan/
hydroxyapatite scaffold and loaded it onto the rabbit radius
defect model to evaluate the bone repair effect. The angiogenic
bioactivities of the SB-loaded chitosan/hydroxyapatite scaffold
were proved to be effective by in vivo and in vitro tests (Ji et al.,
2019). In another study, SB was bound to the graphene oxide
(GO) (Wang et al., 2020b),and silk fibroin (SF) substrates were
combined with functionalized GO through the freeze-drying
method. After the SF/GO/SB scaffolds were implanted in a rat
cranial defect model, the defect area showed more new bone and
angiogenesis than that following SF and SF/GO scaffold
implantation. Lin et al. developed a bioactive composite
scaffold incorporated with SB and evaluated the effects on
spinal fusion models (Lin et al., 2019). Results revealed the
effect of SB on new bone formation, mineral apposition rate,
and vessel density within the scaffold. In summary, these studies
suggested that SB could enhance bony fusion through the
promotion of angiogenesis.

6 OTHERS

In fact, in addition to the therapeutic potential of TCMs
mentioned above, there are other interesting targets. For
example, Asperosaponin VI, a natural compound isolated
from the well-known traditional Chinese herb Radix
Dipsaci, promotes osteoblast formation. The
pharmacological study has demonstrated that
Asperosaponin VI promoted MC3T3-E1 and primary rat
osteoblasts proliferation, and enhanced the formation of
bone nodules in osteoblast cells (Niu et al., 2011). In
addition, it can promote osteogenic differentiation of
adipose-derived stem cells by inducing the expression of
bone-related proteins (Ocn and RUNX2, and Smad2/3

phosphorylation) (Ding et al., 2019). Another TCM called
cinnamaldehyde, a bioactive cinnamon essential oil from
Cinnamomum cassia, has been reported to have
multipharmacological activities including anti-inflammation.
Recently, researchers have found it can suppress
proinflammatory cytokines secretion in rheumatology
arthritis synoviocyte cells by Janus kinase/signal transducer
and activator of transcription pathway (Luo et al., 2020). As
the in vivo results showed, cinnamaldehyde ameliorated
collagen-induced arthritis in rats. These findings indicate
that cinnamaldehyde is a potential traditional Chinese
medicine-derived, disease-modifying, antirheumatic
herbal drug.

There have been many in vitro and animal studies provided
multidimensional evidence of the efficacy and mechanisms of
icariin in treating OA models. Interestingly, a recent study
suggests an endocannabinoid-related pathways associated with
OA pain and a hypothalamic-related mechanism involving
icariin effects (Li et al., 2021). The quantitative proteomics
and bioinformatics analyses confirmed that relieving OA pain
might be an important mechanism involved in the effects of
icariin. These findings contribute to considering icariin as a novel
therapy for OA.

MSCs are multipotent stem cells and have the potential to
differentiate into several cell linages, including osteoblasts,
chondrocytes, adipocytes, cardiomyocytes, and endothelial cells
(Ghasroldasht et al., 2014; Oryan et al., 2017). Thus, recruiting
MSCs from surrounding tissues or circulation to the fracture
callus is very important for bone repair and regeneration
(Herrmann et al., 2015; Zhou et al., 2017). In a recent study,
Zhu et al. investigated the effect of cyasterone (exact from Radix
cyathulae) on MSCs migration and osteogenic differentiation
in vitro, as well as its role in the healing of rat fractures (Zhu
et al., 2021). As the results showed, cyasterone could promote the
migration and osteogenesis capacities of MSCs. The fractured
femurs healed faster with the treatment of cyasterone. Meanwhile,

FIGURE 4 | Schematic representation of the musculoskeletal application of traditional Chinese medicines.
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cyasterone could significantly increase the level of stromal-
derived factor-1α (SDF-1α), which is one of the main
chemokines of stem cells, in rats with femur fracture. Even
though these findings were not combing with MTE, they
enriched the function of TCM as a regenerative medicine and
shed new light for the treatment of bone defects in clinical
research.

7 FORECAST

Musculoskeletal tissues damage, which can be caused by trauma,
cancer, and bone disorders, poses formidable public health
burdens. Although the strong evidence of the effect of herbal
extracts in orthopedics and its potential when combined with
biomaterials, there are still some obstacles on the application of
herbal extracts in effective clinical use.

7.1 Current Obstacles in TCM Clinical
Translation
Despite its promising therapeutic action in several pathologies,
particularly in improving degenerative diseases and treating bone
defect, most TCM is yet to be widely used in modern medicine.
This fact is mainly related to the extensive metabolism of TCM in
vivo, a crucial factor that limits their therapeutic efficacy.
Nowadays the effects of TCM have been mainly explored via
oral absorption; due to the poor solubility and high intestinal liver
metabolism of some herbs, it showed limited oral efficacy in
various preclinical and clinical studies. Additionally, the intestinal
microbiota plays a crucial part in defining the bioavailability of
TCM such as naringin (Cassidy and Minihane, 2017). In fact, this
microbiome is characterized by substantial heterogeneity between
individuals, and defines the clinical efficacy of dietary TCM
ultimately.

Adding to this, another problem of studying TCM is to
quantify Chinese herbs. Current Chinese herb studies focus on
the identification of active components (Guo et al., 2011; Feng
et al., 2014; Guo et al., 2014b), which greatly differ from those
used in the clinical setting. TCM stresses compatibility when uses
medications, which means that active ingredients are combined
to produce a therapeutic effect, and the single active ingredient of
a single drug cannot fully prove the mechanism of action.
Concerning the compatibility of TCM, relevant literature
remains scarce and there is a great untapped potential to be
exploited for this part. Future exploration should concentrate on
enhancing the bioavailability and providing higher release
of TCMs.

7.2 Herbal Extracts and Biomaterials
On account of these limitations, there have been many in vitro
attempts for improving bioavailability and absorption, by
combining biomaterials with herbal extracts, including
encapsulation in nanoparticles or microparticles. As
recognized from previously highlighted studies with the
natural compounds (e.g., quercetin), controlled delivery via
nanocarriers can significantly improve their in vivo therapeutic

effect (Ahmad et al., 2016). These nanocarriers can provide a
sustained release profile for locally improving accumulation at the
desired locations, ultimately improving the bioavailability of
herbal extracts (Muhamad et al., 2018). Moreover, 3D bio-
printing has enabled the fabrication of well-designed 3D
constructs for use as transplants with specific shapes and
features using various biomaterials and cells (Murphy and
Atala, 2014). A new sustained release hydrogel scaffolds
composited of mesoporous bioactive glass, sodium alginate,
and gelatin were fabricated by the 3D printing technique (Wu
et al., 2019). Naringin was used to prepare drug-loaded scaffolds
by direct printing or surface absorption. The results showed that
MG-63 cells cultured with the extract containing released drugs
displayed promoted cell proliferation and the expression of
osteogenesis-related genes more effectively compared with the
drug-free extract.

In turn, biomaterials used in MTE should have homologous
mechanical properties to maintain the morphology and
function of tissues. Some herbal extracts can add specific
properties to biomaterials, and therefore improves efficacy of
the biomaterial. The incorporation of ginseng extract improved
the physical characteristics (i.e., hydrophilicity) of PCL
nanofibers, as well as the mechanical properties
(Pajoumshariati et al., 2016). Although ginseng extract
increased the degradation rate of pure PCL nanofibers, the
porous structure and morphology of fibers did not change
significantly after 42 days. Additionally, a recent study
fabricated TCMs incorporated fish collagen film, which has
good biocompatibility in mammalian cell growth. In this
study, three types of TCMs including genistein, icariin, and
naringin were used for film fabrication (Wang et al., 2021).
Mechanical properties of collagen films were improved by the
addition of TCMs, especially in collagen-naringin films.
Furthermore, the solubility and in vitro biodegradation of
collagen films were enhanced by the hydrophobicity and
chemical interaction of TCMs with collagen. Considering the
mutual effects between herb extracts and biomaterials, it can be
used to investigate the effect of in vitro stem cell culture.

7.3 Conclusion
In conclusion, TCM have triggered the enthusiasm of many
researchers due to their excellent and diverse therapeutic
properties. In the past few decades, the demand for safer
and more suitable agents has guided researchers to explore
the potential of TCM for treating chronic bone diseases. These
results reveal the novel approaches toward the fabrication of
MTE, which couples the advanced additive manufacturing
technology with the wisdom of alternative medicine; the
reported potential of TCM makes it a very attractive
candidate for coupling with the advanced additive
manufacturing technology (Figure 4). Most of these
attempts have been effective but remain in a preclinical
stage, and more efforts should be paid on in vivo studies.
Besides, studies about the regeneration of skeletal muscle
tissue are obviously less than those for hard tissues. Thus,
further research and development would be necessary to ensure
their safe and effective clinical use.
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Icariin Alleviates Wear
Particle-Induced Periprosthetic
Osteolysis via Down-Regulation of the
Estrogen Receptor α-mediated NF-κB
Signaling Pathway in Macrophages
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Periprosthetic osteolysis is one of the major long-term complications following total joint
replacement. Its cause is widely accepted to be wear particle-induced activation of
inflammatory macrophages. No effective strategy for the prevention and treatment of
periprosthetic osteolysis is yet available. Recently, considerable evidence has shown that
icariin effectively protects against estrogen deficiency-related bone loss and bone
deterioration. However, the molecular mechanism underlying the inhibitory effect of
icariin on wear particle-induced periprosthetic osteolysis is not yet clear. In this study,
nanoscale CoCrMo wear particles were obtained by high-vacuum three-electrode direct
current from the femoral head implant of a patient diagnosed with aseptic loosening. The
effects of icariin on wear particle-induced expression of proinflammatory factors, NF-κB
signaling modulation, osteolysis, and estrogen receptor α (ERα) activation were evaluated
in vitro and in vivo using bone marrow-derived macrophages and C57/BL6J mice,
respectively. A possible link between ERα and the protective effect of icariin was
further studied using an ERα antagonist and the ERα-siRNA interference. Chemical
composition analysis showed that Cr and Co were the major metallic elements of the
nanoscale particles, with a mean size of 150.2 ± 37.4 nm for the CoCrMo particles.
Following icariin treatment, significant decreases were observed in CoCrMo wear particle-
induced TNF-α and IL-6 mRNA expression in BMDMs, and osteolysis in mice calvaria.
Marked decreases in the protein expression level of p-IKKβ, p-p65 and p-IκBα were also
observed, together with significant decreases in the nuclear import of P65 and
macrophage M1 polarization. RNA sequencing revealed that ERα was closely
associated with TNF-α and IL-6 in wear particle-stimulated macrophages. Furthermore,
marked increases in phospho-ERα Ser118 and phospho-ERα Ser167 protein expression
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and the nuclear import of ERαwere also found in the icariin group. The protective effects of
icariin on CoCrMo particle-induced mouse calvarial osteolysis and on the inflammation
response in BMDMs were reversed by ERα antagonist and by ERα-siRNA interference. In
conclusion, icariin attenuates wear particle-induced inflammation and osteolysis via down-
regulation of the ERα-mediated NF-κB signaling pathway in macrophages. The potential
application of icariin as a non-hormonal therapy for wear particle-induced periprosthetic
osteolysis is worthy of further investigation.

Keywords: icariin, wear particle, osteolysis, estrogen receptor α, macrophage

INTRODUCTION

Periprosthetic osteolysis is one of the major long-term
complications following total joint replacement and is
associated with aseptic implant failure and severely impaired
joint function (Goodman et al., 2020). Demographic data show
that 16.2% of patients who underwent primary total hip
replacement were suffering from periprosthetic osteolysis-
related aseptic implant loosening at the 16th postoperative
year (Taylor et al., 2018). Since there are over 5 million total
joint replacements annually (Pincus et al., 2020), the public health
and economic burden of periprosthetic osteolysis has emerged as
a major issue.

Wear particles released from the surface of implants are the
main cause of periprosthetic osteolysis. After being phagocytized
by macrophages in the surrounding synovial tissue, wear particles
induce marked activation of the inflammatory response and
subsequent osteoclastogenesis (Goodman and Gallo, 2019).
The pattern recognition receptor on the macrophage
membrane and the downstream protein kinase cascade
signaling pathways (MAPK, PI3k/Akt/NF-κB, etc.) are heavily
involved in wear particle-induced chronic inflammatory and
periprosthetic osteolysis (Goodman et al., 2020). Consequently,
these have been proposed as potential targets for novel medical
therapies (Hu et al., 2020). There is currently no effective medical
therapy for the prevention and treatment of periprosthetic
osteolysis.

Estrogen deficiency is a common comorbidity in patients
undergoing total joint replacement, being present in nearly
60% of cases (James et al., 2014). Interestingly, a link has been
described between estrogen deficiency and wear particle-induced
osteolysis. We previously reported significantly higher
postoperative periprosthetic bone loss and wear particle-
induced mice calvarial osteolysis in conditions of estrogen
deficiency, indicating that estrogen has a protective effect
against wear particle-induced periprosthetic osteolysis (Fu
et al., 2018; Fu et al., 2019).

Icariin (ICA) is a major component of the Chinese herbHerba
Epimedii, which is commonly prescribed for the treatment of
estrogen deficiency-induced osteoporosis (Ho et al., 2018). ICA is
a bone bioactive flavonoid and phytoestrogen that exerts
estrogen-like bone protective effects without inducing
estrogenic effects in the uterus and breast (Zhou et al., 2020).
Clinical and animal studies have shown that ICA protects against
estrogen deficiency-related bone loss and bone deterioration

(Zhang et al., 2007; Zhou et al., 2021). Furthermore, the
in vitro osteogenic and anti-osteoclastic effects of ICA on bone
marrow stromal cells (Xu et al., 2020; Zhou et al., 2021),
osteoblasts (Ho et al., 2018) and macrophages (RAW264.7
cells) (Kim et al., 2018) have also been extensively
documented. Recently, an animal study reported that ICA
significantly suppressed wear particle-induced
osteoclastogenesis, local inflammation response, and osteolysis
in mice calvarias by inhibiting NF-κB signaling pathway (Shao
et al., 2015). Another in vitro study also found that ICA inhibited
wear particles-induced osteoclastogenesis via the suppression of
NF-κB signaling in RAW264.7 cells (Cui et al., 2014). However,
the underlying mechanism and upstream regulators of ICA
induced macrophage NF-κB signaling inhibition in the
circumstance of wear particle stimulation remains unclear. The
aim of the present study was therefore to investigate the
molecular mechanism and related regulatory pathways that
underlie the inhibitory effect of ICA on wear particle-induced
osteolysis and inflammation response in macrophages. This was
achieved using both in vivo and in vitro experiments.

MATERIALS AND METHODS

Clinical Specimen Collection
Synovial membranes from the involved hip were obtained from
four patients who underwent total hip revision in our institute
from Jan 1st, 2019 to Dec 31st, 2019 due to aseptic loosening of
their implant. Samples of synovial membranes were also obtained
from four patients who underwent primary total hip replacement
or hemiarthroplasties because of hip fracture. Demographic data
for these eight patients are shown in Supplementary Table S1.
This study was approved by the institutional review board of our
hospital. Signed informed consent for participation and
publication were obtained from all patients and their relatives.

Particle Preparation
Wear particles were made from the femoral head implant
(CoCrMo alloy, Modular prosthesis head, Link) of patient No.
2 (details shown in Supplementary Table S1) who was diagnosed
with aseptic loosening. All experiments were performed
according to Chinese legal requirements. The removed femoral
head was sterilized and subsequently transformed into nanoscale
wear particles using a fabricated high-vacuum three-electrode
direct current previously described by our group (Deng et al.,
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2021). The appearance of the wear particles was assessed by field
emission scanning electron microscopy (Merlin, Carl Zeiss AG,
Germany) and by transmission electron microscopy (JEM-2100,
JEOL, Japan). Size distribution analysis was performed with a
Nano Sizer and zeta-potential tester (Zetasizer Nano ZS, Malvern,
United Kingdom). The chemical composition of wear particles
was analyzed using tungsten filament scanning electron
microscopy (Q25, FEI, OR, United States). All wear particles
were washed with 75% ethanol and sterilized with ethylene oxide.
The absence of endotoxin was confirmed using a commercial
limulus assay kit (QCl-1000; Bio Whittaker, Walkersville, MD,
United States). CoCrMo particles were then suspended in PBS
and adjusted to a concentration of 8 × 10–3 g/ml for in vitro
experiments.

Bone Marrow-Derived Macrophage Culture
Bone marrow cells were collected from the femur and tibia of 12-
week-old C57BL/6J female mice. BMDMs were obtained after co-
culture of bone marrow cells in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, 10 ng/ml
recombinant M-CSF, penicillin, and streptomycin for 7 days.
All BMDMs were cultured at 37°C in 5% CO2, followed by
seeding for 24 h in high-glucose Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, penicillin, and
streptomycin. Cell counters (Countstar BioTech) were used to
show at least 98% cell viability in all trials. The identification of
BMDMs was performed by flow cytometry analysis with the
marker being F4/80 + CD11b+.

Real-Time PCR and ELISA
ICA was administrated simultaneously with wear particles in both
PCR and ELISA testing. At specific time points after stimulation,
RNA was extracted using an RNA extraction kit according to
the manufacturer’s instructions (9109, TaKaRa Biotechnology).
PrimeScript RT Master Mix (RR036D, TaKaRa Biotechnology)
was used to reverse-transcribe RNA to cDNA. Real-time PCR was
performed using UNICONTM qPCR SYBR Green Master Mix
(11198ES08, Yeasen) and a LightCycler 96 real-time PCR system
(RocheMolecular Systems, Inc) tomeasure the expression of TNF-
α and IL-6. GAPDH was used as the housekeeping gene. All
reactions were run in triplicate. Primers for the target genes are
listed in Supplementary Table S2.

For ELISA measurement, the cell supernatants were harvested
and centrifuged to remove cellular debris. TNF-α and IL-6 levels
were subsequently assessed using an instant enzyme-linked
immunosorbent assay (ELISA) kit (Neobioscience Technology
Co., Ltd) according to the manufacturer’s instructions.

Western Blot
Following stimulation by wear particles for 1 h and other
interventions, BMDMs were lysed using a RIPA buffer (9806S,
Cell Signaling Technology) containing PMSF (P0100-1, Solarbio)
and a phosphatase inhibitor cocktail (CW2383, CW Biotech).
Proteins were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred to
polyvinylidene fluoride membranes. The membranes were cut
into small pieces according to different protein molecular masses

and then probed with the relevant antibodies overnight at 4°C.
Details of the antibodies are listed in Supplementary Table S3. A
chemiluminescence detection system (Syngene, Cambridge,
United Kingdom) was used to visualize the protein bands and
further analysis was performed using Gene Tools (Syngene,
Cambridge, United Kingdom).

Immunofluorescence Staining
One hour after being stimulated with wear particles, BMDMs were
incubated with p65 (1:400, rabbit, 8242, Cell Signaling Technology)
or ERα (1:200, rabbit, ab32063, abcam) antibodies overnight at
4°C. Subsequently, BMDMs were washed three times with PBS
followed by incubation with secondary IF antibody (goat anti-
rabbit, A32740, Thermo Fisher Scientific) at 20°C for 1 h.
Thereafter, BMDMs were treated with an anti-fade, fluorescence
mounting medium with DAPI (HNFD-02, HelixGen Co., Ltd). A
confocal microscope (LSM 710, Carl Zeiss) was used to visualize IF.

Flow Cytometry
BMDMs were stimulated by wear particles for 24 h and then
treated with TrypLE Express Enzyme (12604021, Thermo Fisher
Scientific) to detach cells from the plates. They were then washed
with Perm/Wash buffer, suspended in PBS and analyzed using
flow cytometry (BD FACSVerse, BD Biosciences). After
centrifugation at 1,000 rpm for 5 min, BMDMs were
sequentially incubated with APC-conjugated CD206 antibody
(0.25ug/test, 17-2061-82, Thermo Fisher Scientific) and PE-
cyanine7-conjugated iNOS antibody (0.06ug/test, 25-5920-82,
Thermo Fisher Scientific). The isotype controls used were
APC-conjugated rat IgG2b, κ (17-4031-82, Thermo Fisher
Scientific) and PE-cyanine7-conjugated rat IgG2a, κ (25-4321-
82, Thermo Fisher Scientific).

SiRNA Synthesis and Lentivirus
Transfection
To generate ERα knockdown macrophages, siRNA that targets
Esr1 (GeneID: 13982) was constructed into the plasmid and
recombinant lentiviruses aimed at Esr1 were obtained from
Cyagen. The specific siRNA sequences are listed in Table 1. For
transient transfections, 5×105 BMDMs were seeded for 24 h and
nurtured in Opti-MEMI Reduced Serum Medium (31985070,
Thermo Fisher Scientific) for 12 h. Subsequently, 200 pmol siRNA
together with 7.5 μL Lipofectamine RNAiMAXTransfection Reagent
(13778075, Thermo Fisher Scientific) were added for a 24 h
transfection period and the ERα knockdown efficiency then
evaluated by qPCR assay. For the production of stable ERα
knockdown macrophages, BMDMs were cultivated with 1 × 107

transducing unit per mL lentiviruses for 24h and 3ug/mL
puromycin was used to screen the transfected macrophages.

Protein-Protein Interaction Network
Construction and Identification of Hub
Genes
RNA sequencing was performed after the RAW264.7
macrophages had been stimulated by wear particles for 4 h.
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PPI network construction and identification of hub genes has
been described previously (Qiu et al., 2020). Briefly, the STRING
database and Cytoscape software were used to construct a PPI
network of differentially expressed genes. The topology property
of the network was analyzed using the MCODE application of
Cytoscape software. The functional clustering of differentially
expressed genes was performed using the Metascape online tool
(https://metascape.org).

Wear Particle-Induced Mouse Calvaria
Osteolysis Model
Twenty-five C57/BL6J female mice aged 10 weeks were
purchased from the Laboratory Animal Research Center of the
South China University of Technology. All experiments were
approved by the Institutional Animal Care and Use Committee,
Guangdong Province People’s Hospital. Guidelines for the care
and use of laboratory animals were strictly followed. Each mouse
weighed 20–25 g at the beginning of the study, and all had
unlimited access to food and water.

The wear particle-induced mouse calvaria osteolysis model
was established when mice reached the age of 12 weeks. The
mice were divided into 5 groups: control (particle-free), wear
particle (Pa), wear particle + icariin (Pa + ICA), wear particle
+ icariin + ERα antagonist methyl-piperidino-pyrazole (MPP)
(Pa + ICA + MPP), and wear particle + icariin + ERα-siRNA
(Pa + ICA + siRNA) group. There were five C57BL/6J mice in
each group. As we previously described (Fu et al., 2018), the
center of the calvaria was exposed and the periosteum removed.
In the Pa, Pa + ICA, and Pa + ICA + MPP groups, 50 ul of PBS
containing 0.3 mg wear particles was spread onto the center of
the calvaria. In the Pa + ICA + siRNA group, 50 ul PBS
containing 0.3 mg wear particles, as well as 25 ul shRNA-ERα
lentivirus (titer: 1×108 TU/mL) were locally spread onto the
center of the calvaria before suturing according to our
established method (Zhang et al., 2018). In the Pa + ICA, Pa
+ ICA + MPP, and Pa + ICA + siRNA groups, ICA (2.8 mg/
50 μL, B21576, YuanYeBio, China) and MPP (5.6 μg/50 μL,
M7068, Sigma) were continuously and subcutaneously
delivered by minipumps (micro-osmotic pump, model 1,004,
0.11 μL/h*28 days, Alzet, United States). The dosages of ICA
and MPP used in this animal model were obtained from
previous studies (Davis et al., 2008; Shao et al., 2015).

Minipumps were subcutaneously implanted at a site slightly
posterior to the scapulae. No mice died and no wound
complications were observed during the experiments. All
mice were sacrificed in a CO2 chamber at day 14 after surgery.

Micro-CT Imaging
After removing all the soft tissue, the calvarias were analyzed by
micro-CT and associated analysis software (SkyScan 1176; SkyScan,
Kontich, Belgium). The scanning protocol was set at an isometric
resolution of 18 μm and radiographs were acquired at 45 kV and
500 uA through a 0.2 mm-thick aluminum filter with an exposure
time of 240ms. 3D image reconstructions were obtained using
manufacturer’s software (NRecon, SkyScan, Kontich, Belgium). The
region of interest (ROI) was set as previously described (Fu et al.,
2018). BV/TV, BMD and the total porosity of each sample were
obtained using CTAn software (SkyScan, Kontich, Belgium).

Histological and Immunohistochemical
Analysis
Cross-sections (4 µm) of the calvarias were cut and stained with
hematoxylin and eosin (H&E) and with a commercial tartrate-
resistant acid phosphatase (TRAP) staining kit (Jiancheng Bio Ins,
Nanjing, China). Histological sections were analyzed using a
standard, high-quality light microscope (DM 2000, Leica,
Germany) at a magnification of 10X with the midline suture in
its center. Histomorphometric analysis was performed on the most
central section and on four adjacent sections using image analysis
software (Image Pro-Plus 6.0, Media Cybernetics, Bethesda, MD).
The definition of ROI, as well as measurements of the eroded bone
area (mm2) and number of osteoclasts was performed as per earlier
studies (Sawyer et al., 2003; von Knoch et al., 2004). Briefly, the
eroded bone area (mm2) was determined by tracing the area of soft
tissue between the parietal bones, including resorption pits on the
superior surface of the calvaria. The presence of dark-purple-
stained granules in the TRAP staining section, which is located
on the bone perimeter within a resorption lacuna, was
automatically recognized as osteoclasts by the image analysis
software after manual setting of the color parameters.

The protocol for histological detection of TNF-α, IL-6, and ERα in
human synovial membranes and mice calvarias was as follows. All
sections first underwent endogenous peroxidase blocking and antigen
retrieval. After being incubated with goat anti-mouse IgG, sections
were then incubated overnight at 4°C with primary antibodies for
TNF-α (ab183218, abcam), IL-6 (ab233706, abcam), and ERα
(ab32063, abcam). Following incubation with the appropriate
secondary antibodies, coloration of the sections was achieved with
3,3-diaminobenzidin. Rinsed sections were counterstained with
hematoxylin. Three views of each section with the magnification
of 100x were evaluated and the Bresalier’s semiquantitative scoring
system was used to quantify the staining intensity (Bresalier et al.,
1997). Briefly, the staining intensity (0 for no stain; 1 for weak stain;
2 for moderate stain; 3 for strong stain) and the percentage of cells
with specific staining intensity (P0, P1, P2, P3) of each section were
calculated independently by two pathologists. Subsequently, the
immunoreactivity score for each section was calculated as follows:
∑(0×P0+1×P1+2×P2+3×P3).

TABLE 1 | Sequences of ERα-shRNAs.

Sequence Gene sequence (5 to 39)

shRNA-ERα#1 CCCATGATCTATTCTGAATATCTCGAGATATTCAGAATAGAT
CATGGG

shRNA-ERα#1 CCGCCTTCTACAGGTCTAATTCTCGAGAATTAGACCTGT
AGAAGGCGG

shRNA-ERα#1 GCTTTCTTTAAGAGAAGCATTCTCGAGAATGCTTCTCTTAAA
GAAAGC

Negative
control

UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGG
AGAATT

GAPDH CACUCAAGAUUGUCAGCAATT UUGCUGACAAUCUUG
AGUGAG
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Statistics
All the results of in vitro studies were obtained from at least
three independent experiments, with data expressed as mean ±
SD. The values were first assessed using the Kolmogorov-
Smirnov test to verify data normality. The two-sided
Student’s t-test was used to compare two groups. One-way
analysis of variance was used for three or more groups, and
Tukey test was used for post hoc comparisons. Statistical
analyses were performed using SPSS 20.0 software, with p <
0.05 considered to be statistically significant.

RESULTS

Physical Characteristics of the Wear
Particles
Scanning electron microscopy and transmission electron
microscopy images of the nanoscale wear particles are shown
in Figures 1A,B. The mean size of the particles was 150.2 ± 37.4 nm
and their size distribution is shown in Figure 1C. The chemical
composition of the wear particles was shown in Figure 1D and the
normalized mass of each element was available in Table 2.
Consistent with the known composition of the CoCrMo alloy

femoral head (Link), the leading metallic elements of the
nanoscale wear particles were Cr and Co.

CoCrMo Wear Particles Induce TNF-α and
IL-6 Expression via NF-κB Signaling
Activation
Marked wear particle infiltration was found in H&E-stained
sections of the synovial membranes obtained from the
involved hip of patients diagnosed with aseptic loosening
(Figure 2A). Immunohistochemical staining of the synovial
membranes revealed significantly higher staining intensities for
TNF-α (+2.10 ± 0.37, p < 0.01) and IL-6 (+1.57 ± 0.29, p < 0.01) in
the aseptic loosening group, as calculated by Bresalier’s
semiquantitative scoring system (Figures 2A,B).

Results of flow cytometry for the identification of BMDMs
were provided in Supplementary Figure S1. TNF-α and IL-6
mRNA levels increased in a time-dependent manner following
stimulation of BMDMs by CoCrMo wear particles
(Figure 2C). Similarly, ELISA revealed that TNF-α and IL-6
secretion by BMDMs increased significantly and gradually
after 4, 8, 12 and 24 h stimulation by wear particles. To
further investigate the molecular mechanism underlying

FIGURE 1 | The physical characteristics of CoCrMo nanoparticles derived from the femoral head implant of a patient who was diagnosed with aseptic loosening.
(A) Scanning electron microscopy image of CoCrMo nanoparticles. (B) Transmission electron microscopy image of CoCrMo nanoparticles. (C) Size distribution of
CoCrMo nanoparticles. (D) Chemical composition of CoCrMo nanoparticles.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7463915

Guangtao et al. Icariin Alleviates Osteolysis via ERα

202

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


wear particle-induced activation of inflammation, WB was
used to evaluate protein expression for NF-κB signaling
pathway components. Marked increases in the expression of
p-IKKβ, p-p65 and p-IκBα were observed, but no obvious
changes in the total protein expression of IKKβ, p65 and IκBα
(Figure 2D). Confocal microscopy also revealed translocation
of p65 protein (red) from the cytoplasm into the nucleus (blue)
following CoCrMo particle stimulation of BMDMs
(Figure 2E).

ICA Inhibits CoCrMo Wear Particle-Induced
Activation of NF-κB Signaling and
Proinflammatory Factor Expression in
BMDMs
Figure 3A shows the chemical structure of ICA. The inhibitory
effect of ICA on CoCrMo wear particle-induced expression of
TNF-α and IL-6 mRNA in BMDMs occurred in a dose-
dependent manner (10−8 to 10−6 M), as shown in Figure 3B.
The maximum inhibitory effect of ICA was found at a
concentration of 10−6 M. CCK-8 assay was also performed to
determine the influence of ICA concentration on the
proliferation and survival of BMDMs. No significant changes
in cell viability were observed at ICA concentrations ranging
from 10−8 to 10−6 M (Figure 3B).

ICA was therefore used at a concentration of 10−6 M in the
subsequent in vitro experiments. Compared to the CoCrMo
group, the CoCrMo + ICA group showed significantly lower
TNF-α and IL-6mRNA levels and protein secretion at 4, 8, 12 and
24 h after CoCrMo particle stimulation (Figure 3C). These
results suggest that the inhibitory effect of ICA on the
CoCrMo wear particle-induced macrophage inflammatory
response was related to the downregulation of NF-κB signaling
pathways. Marked decreases in p-IKKβ, p-p65 and p-IκBα
protein expression were observed after ICA treatment
(Figure 3D). IF staining showed that CoCrMo-induced
translocation of p65 (red) from the cytoplasm into the nucleus
(blue) was consistently inhibited in the CoCrMo + ICA group
(Figure 3E). Activation of the NF-κB pathway is thought to be
responsible for M1 polarization of macrophages, which is pivotal
for the wear particle-induced inflammatory response. Therefore,
we also evaluated macrophage polarization in the CoCrMo and
CoCrMo + ICA groups using flow cytometry. Following ICA
treatment, a significantly lower mean fluorescent expression
(-58.7 ± 12.2%, p < 0.01) of iNOS and a significantly higher
mean fluorescent expression (70.8 ± 50.6%, p < 0.05) of CD206
were observed (Figure 3F).

The Inhibitory Effect of ICA on the CoCrMo
Particle-Induced BMDM Inflammatory
Response Was Mediated by ERα
RNA sequencing and PPI network construction was performed to
further investigate the underlying mechanism of wear particle-
induced osteolysis and to identify potential hub genes. The
volcano plot and heat map for this analysis are shown in
Figures 4A,B, respectively. A total of 302 upregulated mRNAs
and 184 downregulated mRNAs were profiled (log 2 FC > 1, FDR
<0.05). The PPI network from the STRING database showed that
ERα has a close relationship with TNF-α and IL-6 (Figure 4C).

As shown in Figure 4D, ICA induced a marked increase in the
protein expression of both phospho-ERα Ser118 and phospho-
ERα Ser167 while inhibiting the wear particle-related
macrophage inflammation response. Confocal microscopy also
showed translocation of ERα from the cytoplasm into the nucleus
following ICA treatment, whereas P65 translocation towards the
nucleus was suppressed (Figure 4E).

Furthermore, both ERα antagonist (MPP) and ERα-siRNA
interference reversed the suppressive effect of ICA on the
CoCrMo particle-induced mRNA transcription and protein
secretion of TNF-α and IL-6 in BMDMs (Figure 4F). Similar
changes were also noted for activation of the NF-κB signaling
pathway. No significant differences in p-IKKβ, p-p65 or p-IκBα
protein expression were found between the CoCrMo, CoCrMo
+ ICA + MPP and CoCrMo + ICA + ERα-siRNA groups
(Figure 4D). Consistent with this, the inhibitory effect of ICA
on CoCrMo particle-induced translocation of P65 from the
cytoplasm into the nucleus was reversed by both ERα
antagonist and ERα-siRNA interference (Figure 4E). Similar
trends were also observed regarding the influence of these two
interventions on macrophage polarization (Figure 4G).

The Protective Effect of ICA on CoCrMo
Particle-Induced Mouse Calvarial
Osteolysis and Local Inflammatory
Response Was Regulated by ERα
3D reconstruction ofmicro-CT images showed thatCoCrMoparticles
induced profound changes in calvarial bone microarchitecture, as
well as significantly decreased BMD (0.044± 0.034 g/cm3, p < 0.05)
and BV/TV (−5.4 ± 2.5%, p < 0.01) (Figure 5). Consistent with
the results from in vitro experiments, 3D images (Figure 5A)
showed that ICA exerted a marked protective effect on
CoCrMo particle-induced osteolysis. No significant differences
in bone microstructure parameters were found between the ICA

TABLE 2 | Quantified measurements of the chemical composition of CoCrMo nanoparticles.

Element Cr Co C O Ti Ni

— Sample 1 22.95 59.07 16.68 1.29 0 0
Normalized mass (%) Sample 2 13.91 60.86 12.59 4.04 0.34 8.27
— Sample 3 22.15 69.95 7.14 0.76 0 0
Mean 19.67 63.29 12.14 2.03 0.11 2.76
SD 4.09 4.76 3.91 1.44 0.16 3.90
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FIGURE 2 |CoCrMo wear particles induced TNF-α and IL-6 expression viaNF-κB signaling activation. (A)H&E staining and immunohistochemical staining of TNF-
α and IL-6 in synovial membranes of four patients who were diagnosed with aseptic implant loosening and another four patients who were diagnosed with femoral neck
fracture. (B) Semiquantitative assessments of the staining intensity using Bresalier’s semiquantitative scoring system for the aseptic implant loosening group and femoral
neck fracture group. (C) mRNA expressions and secretions of TNF-α and IL-6 by BMDMs were significantly higher than the PBS group after being stimulated by
CoCrMo wear particles. (D) Increased protein concentrations of p-IKKβ, p-p65 and p-IκBα in BMDMs following CoCrMo particle stimulation. (E) p65 protein (red)
translocates from the cytoplasm into the nucleus (blue) of BMDMs after being stimulated by CoCrMo wear particles. * indicates p < 0.05, ** indicates p < 0.01, and ***
indicates p < 0.001 when compared with the control group at the same time point.
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and control groups (Figures 5B–D). It was also noted that
the protective effect of ICA on BMD, BV/TV and total
porosity was reversed by ERα antagonist and by ERα-siRNA
interference.

HE and TRAP staining showed that ICA treatment suppressed
CoCrMo wear particle-induced mouse calvarial osteolysis and
osteoclastogenesis (Figure 6A). This was confirmed by
quantitative measures of eroded bone area (−0.43 ± 0.19 mm2,

p < 0.001) and of TRAP-positive cell number (−30.0 ± 19.4,
p < 0.05) (Figures 6B,C). Significant increases in the eroded bone
area and TRAP-positive cell numbers were found in the CoCrMo
+ ICA + MPP and CoCrMo + ICA + ERα-siRNA groups
compared to the CoCrMo + ICA group. Representative images
at a higher magnification of TRAP staining sections were
provided in Supplementary Figure S2. Similar findings were
observed for local inflammatory infiltration, as evaluated by TNF-

FIGURE 3 | ICA suppressed CoCrMo wear particle-induced activation of NF-κB signaling and the expression of proinflammatory factors in BMDMs. (A) The
chemical structure of ICA. (B) The inhibitory effect of ICA on CoCrMo wear particle-induced TNF-α and IL-6 mRNA expression in BMDMs was dose-dependent (10−8 to
10−6 M). No significant changes in cell viability were observed when the ICA concentration was varied from 10−8 to 10−6 M. (C) The mRNA expression and secretion of
TNF-α and IL-6 in BMDMs decreased significantly in the ICA group. (D)Marked decreases in p-IKKβ, p-p65 and p-IκBα protein expression were observed after ICA
treatment. (E) CoCrMo-induced translocation of p65 (red) from the cytoplasm into the nucleus (blue) was reduced in the CoCrMo + ICA group. (F) A decreased mean
fluorescent expression of iNOS and an increased mean fluorescent expression of CD206 were found after ICA treatment. * indicates p < 0.05, ** indicates p < 0.01, and
*** indicates p < 0.001 when compared with the control group at the same time point.
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FIGURE 4 | The inhibitory effect of ICA on the CoCrMo particle-induced BMDM inflammatory response wasmediated by ERα. (A) Volcano plot shows a total of 302
upregulated mRNAs and 184 downregulated mRNAs in macrophages after stimulation by CoCrMo particles. (B) The heat map. (C) The PPI network from the STRING
database showed that ERα has a close relationship with TNF-α and IL-6. (D) The inhibitory effect of ICA on p-IKKβ, p-p65 and p-IκBα protein expression was blocked by
ERα antagonist and by ERα-siRNA interference. (E) Confocal microscopy showing translocation of ERα from the cytoplasm into the nucleus after ICA treatment,
whereas P65 translocation toward the nucleus was suppressed. (F) No significant differences in the mRNA transcription and protein secretion of TNF-α and IL-6 by
BMDMs were found between the CoCrMo, CoCrMo + ICA + MPP, and CoCrMo + ICA + ERα-siRNA groups. (G) The effect of ICA on CoCrMo particle-induced
macrophage M1 and M2 polarization was reversed by ERα antagonist and by ERα-siRNA interference. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates
p < 0.001.
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α staining (Figure 6A) and subsequent semiquantitative analysis
(Figure 6D). The efficiency of ERα knockout in the mice calvaria
model by the injection of shRNA-ERα lentivirus was supported
by the results of immunohistochemical staining for ERα in the
calvarial sections (Figure 6A). Semiquantitative analysis showed
that there was a significant decrease of the ERα immunoreactivity
score in the ERα-siRNA targeting group when compared to the
control group (Figure 6E).

DISCUSSION

It has been well documented that wear particles (including
alumina ceramic, polyethylene, and alloy particles) play an
important role in the development of postoperative
periprosthetic osteolysis (Harris, 1994). To better mimic the
clinical scenario, in this study LPS-free wear particles were
made from a removed CoCrMo femoral head implant by
using fabricated high-vacuum three-electrode direct current
(Deng et al., 2021). Physical characteristics of the wear
particles, including their chemical composition and diameter,
are closely related to the severity of wear particle-induced
macrophage inflammation response and osteolysis, with
nanoscale alloy particles (<200 nm) having the biggest impact

(Ding et al., 2012). The CoCrMo particles (150.2 ± 37.4 nm) used
in the present study resulted in high levels of macrophage
inflammation and osteolysis.

Although several cell types including macrophages,
osteoblasts, osteoclasts and dendritic cells are involved in the
development of wear particle-induced periprosthetic osteolysis,
the activation of macrophages is widely considered to be the
initial and vital step (Goodman et al., 2020). After being
phagocytized, wear particles induce the secretion of
proinflammatory cytokines (TNF-α and IL-6, etc.) by the
macrophages, followed by macrophage M1 polarization and
osteoclastogenesis. This eventually leads to a profound
periprosthetic osteolysis (Goodman and Gallo, 2019). The
molecular mechanism by which the wear particles are
recognized by the macrophages and subsequently trigger the
inflammation response is still not entirely clear. However,
considerable evidence now suggests that NF-κB signaling is
one of the pivotal pathways responsible for the wear particle-
induced inflammatory activation and macrophage M1
polarization (Lin et al., 2017; Gao et al., 2018; Goodman et al.,
2020). Furthermore, the NF-κB signaling pathway was proposed
as the main target of potential medical therapies for
periprosthetic osteolysis prevention and treatment (Hu et al.,
2020). Consistent with this, significantly increased expression

FIGURE 5 | The protective effect of ICA on CoCrMo particle-induced mouse calvarial osteolysis was regulated by ERα. (A) Representative 3D reconstruction
images for each group. No significant differences in BMD (B), BV/TV (C) or total porosity (D)were found between the ICA and control groups. The protective effect of ICA
on BMD, BV/TV and total porosity were reversed by ERα antagonist and by ERα-siRNA interference (B–D). * indicates p < 0.05, ** indicates p < 0.01, and *** indicates
p < 0.001. There were five C57BL/6J mice in each group.
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levels of TNF-α and IL-6 were observed in stained sections of
clinical samples and in the in vitro experiments in the present
study, along with marked activation of the NF-κB signaling
pathway.

ICA shows well-known estrogen-like protective effects against
RANKL- and estrogen deficiency-induced osteolysis, both in vitro
and in vivo (Zhang et al., 2016; Ho et al., 2018; Xu et al., 2020).
However, the influence of ICA on wear particle-induced

periprosthetic osteolysis has only rarely been studied. Shao
and others found that gavage-fed ICA protected against wear
particle-induced osteolysis and also reduced the expression of
TNF-α, IL-1β and IL-6 in a mouse calvarial model (Shao et al.,
2015). Using micro-CT scanning, histological analysis and
immunohistochemical analysis, the present study made similar
findings to those of Shao et al. Subcutaneously implanted
minipumps were also used here to obtain better accuracy and

FIGURE 6 | The protective effect of ICA on CoCrMo particle-induced osteolysis and local inflammatory infiltration in mouse calvaria was regulated by ERα. (A)
Representative histological slide images of HE, TRAP, TNF-α, and ERα staining for each group at 10x magnification. The green arrows indicate osteoclasts. Quantitative
measurements were obtained by calculating the eroded bone area (B), TRAP-positive cell number (C), TNF-α staining intensity (D), and ERα staining intensity (E).
* indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. There were five C57BL/6J mice in each group.
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continuity of drug delivery, as well as to avoid the animal
discomfort caused by gavage. The suppressive effect of ICA on
the wear particle-induced upregulation of expression and
secretion of TNF-α and IL-6 was further confirmed here in
the experiments with BMDMs.

The mechanism that underlies the protective effect of ICA on
CoCrMo particle-induced mouse calvarial osteolysis remains
largely unknown. Multiple studies suggest the NF-κB signaling
pathway plays an important role, with ICA exerting osteogenic
and anti-osteoclastic effects not only on macrophages (Kim et al.,
2018) but also on osteoblasts (Zhang et al., 2017) and osteoclasts
(Xu et al., 2019). Furthermore, bioinformatics analysis revealed
that RELA, NFKBIA, and IKBKB, which all belong to the NF-κB
family, were hub genes shared between ICA-targeted genes and
osteoporosis (Yu et al., 2020). Consistent with this, we found the
inhibitory effect of ICA on the CoCrMo wear particle-induced
inflammatory response of BMDMs was also mediated by NF-κB
signaling. Additionally, it was reported that wear particle-induced
M1 macrophages contribute to enhanced osteoclast formation
and hence the regulation of macrophage polarization was
suggested as a potential strategy to suppress wear particle-
induced osteolysis (Zhu et al., 2019). In the present study, the
percentage of M1 polarization amongst BMDMs decreased
significantly following ICA treatment compared to the
CoCrMo control group. Taken together, we propose that ICA
suppresses CoCrMo wear particle-induced osteolysis and local
inflammatory responses via downregulation of the NF-κB
signaling pathway.

ICA is a phytoestrogen and hence its protective effect on bone
tissue is thought to be mediated mostly through ERα. A recent
study found marked activation of ERα and elevated osteogenic
activity in both pre-osteoblastic cells and mature osteoblasts after
ICA treatment (Zhou et al., 2021), indicating potential links
between ERα and the bone preserving effect of ICA. Previous
studies also reported that ICA stimulated osteoblast
differentiation of bone marrow stromal cells via activation of
the ERα signaling pathway, which could be reversed by ERα
antagonist (Wei et al., 2016; Li et al., 2018). Additionally,
bioinformatic analysis in the present study found that ERα has
a close relationship with TNF-α and IL-6, indicating that ERα is a
potential regulatory target for CoCrMo particle-induced
macrophage activation. Thus, we hypothesize that the
inhibitory effect of ICA on the CoCrMo particle-induced
inflammatory activation of macrophages and on periprosthetic
osteolysis is mediated by ERα. IF assay and flow cytometry
analysis demonstrated that ICA induced a marked increase in
protein expression of phospho-ERα and in translocation of ERα
from the cytoplasm into the nucleus. These occurred
concomitantly with the multiple inhibitory effects of ICA on
wear particle-related activation of the NF-κB signaling pathway,
secretion of proinflammatory factors, and macrophage
polarization. The ERα-specific antagonist MPP and also ERα-
siRNA interference were used in the present study to further test
this hypothesis. The protective effects of ICA against the CoCrMo
particle-induced inflammatory response in macrophages and on
osteolysis were significantly reversed by both of these
interventions in our in vivo and in vitro experiments.

Therefore, we propose that ICA reduces wear particle-induced
activation of inflammation and osteolysis by inhibiting the ERα-
mediated NF-κB signaling pathway in macrophages.

To the best of our knowledge, this is the first study to
investigate the relationship between the protective effect of
ICA on wear particle-induced osteolysis and modulation of
the ERα pathway. Moreover, only one previous animal study
has investigated the relationship between wear particle-induced
activation of macrophages and ERα(Nich et al., 2013). Although
the authors proposed that ERα may be considered as a future
therapeutic target for particle-induced osteolysis, they found that
pre-treatment with the non-specific ER antagonist ICI 182780
resulted in consistent down-regulation of particle-induced TNF-
α mRNA expression in macrophages. ICI 182780 is known to
block both ERα and ERβ, although ERβ shows opposite effects to
ERα and supports pro-inflammatory immunity (Koenig et al.,
2017). Thus, we propose that inhibition of ERβ by this non-
specific ER antagonist may explain the contradictory results
between the previous study and ours. However, more evidence
is needed to clarify this issue.

The present study was subject to certain limitations. Firstly,
the specific knock-down of macrophage ERα in the mice calvaria
via ERα-siRNA interference could not be fully verified in the
present study. This established method of our group has been
used in several earlier studies (Zhang et al., 2018; Qiu et al., 2020),
and marked inhibition of ERα expression in mice calvarial
sections was found after ERα-siRNA lentivirus injection.
However, unspecific knock-down effect in other cells from the
surrounding tissue addition to the macrophages has potential
influence on the decreased therapeutic effect of ICA, as it was
reported that ICA promoted osteogenic differentiation of bone
marrow stromal cells by activating the ERα(Wei et al., 2016).
Thus, more direct evidence of the knockdown of ERα in host
macrophages of C57/BL6J mice is strongly needed. The
application of the gene-editing mice with specific ERα
knockdown in macrophages in future studies could provide
solid evidence in vivo to fully support our hypothesis.
Secondly, although previous studies showed that ICA activated
both classical (genomic) and extra-nuclear (non-genomic) ERα
signaling cascades (Arnal et al., 2017; Ho et al., 2018), these were
not fully assessed in the present study. Further ongoing research
by our group is aimed at gaining a better understanding of the
relationship between the protective effect of ICA on wear particle-
induced osteolysis and the ERα non-genomic pathway.
Furthermore, we didn’t investigate the influence of ICA
intervention on macrophage polarization in vivo in the present
study.We plan to perform the flow cytometry analyses for the soft
tissue covering the mice’s parietal bones in future studies to
further investigate this issue (Eger et al., 2018). Lastly, although
the wear particles-induced mice calvarial osteolysis model is
currently the most widely used animal model which aimed to
mimic the clinical scenario of wear particle-induced
periprosthetic osteolysis (Goodman et al., 2020), the osteolysis
process lasted for only 2 weeks, representing more likely an acute
inflammatory process rather than a chronic one. Thus, the clinical
relevance of the murine calvaria model should be considered with
caution. Besides, although our in vitro studies protocols are similar
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to previous studies (Qiu et al., 2020; Hu et al., 2021) concerning the
wear particles-induced inflammation and osteolysis, we must
admit that future cell studies with a longer stimulation time are
needed to further investigate the protective effect of ICA on chronic
inflammatory reactions caused by wear particles.

CONCLUSION

In conclusion, ICA suppresses wear particle-induced activation of
inflammation and osteolysis via ERα-mediated down-regulation
of the NF-κB signaling pathway in macrophages. ICA therefore
has potential application as a non-hormonal therapy for wear
particle-induced periprosthetic osteolysis, without inducing
undesirable estrogen-dependent transcriptional events.
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Recent Advances in Pharmacological
Intervention of Osteoarthritis: A
Biological Aspect
Jinxia Deng1, Zhixian Zong1, Zhanpeng Su1, Haicong Chen1, Jianping Huang2,3, Yanru Niu1,
Huan Zhong1* and Bo Wei1*

1Affiliated Hospital of Guangdong Medical University, Guangdong Medical University, Zhanjiang, China, 2College of Dentistry,
Yonsei University, Seoul, South Korea, 3Department of Stomatology, Guangdong Medical University, Zhanjiang, China

Osteoarthritis (OA) is a degenerative joint disease in the musculoskeletal system with a
relatively high incidence and disability rate in the elderly. It is characterized by the
degradation of articular cartilage, inflammation of the synovial membrane, and
abnormal structure in the periarticular and subchondral bones. Although progress has
been made in uncovering the molecular mechanism, the etiology of OA is still complicated
and unclear. Nevertheless, there is no treatment method that can effectively prevent or
reverse the deterioration of cartilage and bone structure. In recent years, in the field of
pharmacology, research focus has shifted to disease prevention and early treatment rather
than diseasemodification in OA. Biologic agents becomemore andmore attractive as their
direct or indirect intervention effects on the initiation or development of OA. In this review,
we will discuss a wide spectrum of biologic agents ranging from DNA, noncoding RNA,
exosome, platelet-rich plasma (PRP), to protein. We searched for key words such as OA,
DNA, gene, RNA, exosome, PRP, protein, and so on. From the pharmacological aspect,
stem cell therapy is a very special technique, which is not included in this review. The
literatures ranging from January 2016 to August 2021 were included and summarized. In
this review, we aim to help readers have a complete and precise understanding of the
current pharmacological research progress in the intervention of OA from the biological
aspect and provide an indication for the future translational studies.

Keywords: osteoarthritis, DNA, RNA, exosomes, platelet-rich plasma, protein, gene

INTRODUCTION

Osteoarthritis (OA) is a degenerative chronic joint disease mainly affects the elderly, causing pain
and loss of movement function. The trends of an aging population worldwide and increasing obesity
are likely to make OA a leading cause of disability in the elderly (Hunter et al., 2020). Although many
risk factors such as abnormal joint biomechanics, bone-mass index, joint injury, and genetic
variations have been identified in the causation of OA, the etiology of OA is still poorly
understood. In a traditional point of view, cartilage degradation was purely caused by
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mechanical imbalance (Francisco et al., 2018). Currently,
increasing evidence shows that OA is a complex condition, in
which the whole joints, including cartilage, subchondral bone,
and synovium probably, are all involved in the pathogenesis
(Goldring and Goldring, 2016), among which degradation of
cartilage caused by matrix proteases plays a pivotal role (Pérez-
García et al., 2019). In general, OA is a disease resulting from an
imbalance between catabolic and anabolic events. In recent years,
biologic agents become more and more attractive as they either
target specific catabolic events, such as inflammation or matrix
degradation, or promote anabolic events, such as anti-
inflammation or chondrogenesis. In this review, we provide an
update of the current treatment strategies and recent research
progress in the pharmacological intervention of OA from the
biology aspect (Figure 1).

METHODS

We searched PubMed for combination of the following indexed
subject headings [MeSH]: osteoarthritis, DNA, noncoding RNAs,
exosomes, platelet-rich plasma, and proteins.

Current Treatment Strategies
Clinical management for OA patients depends on their
development stages of the disease. As the pathogenesis of OA
is complicated, there is still no specific intervention for the
treatment of OA. The primary goal for OA management is to
alleviate pain and stiffness and maintain the joint function
(Hermann et al., 2018). The treatment strategies for OA can
be divided into three categories: nonpharmacological
interventions, pharmacological interventions, and surgical
interventions. Current consensus guidelines recommend the
use of combination of nonpharmacological interventions,
pharmacological interventions, and surgical intervention where
necessary. The majority of individuals with OA can be managed
successfully with a combination of nonpharmacological
interventions and pharmacological interventions. However,
surgical approaches should be considered at the late stages to
repair the cartilage lesions or even replace the joint to regain the
function.

Lifestyle modification and physical therapy are the two main
nonpharmacological interventions. Body weight control in obese
patients improves the symptoms and reduces the risk of
symptomatic OA will develop. Exercise strengthens the muscle

FIGURE 1 | The anabolic or catabolic effect of DNA, RNA, protein, or exosome in the initiation or development of osteoarthritis.
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around the joints and maintain the stability. Physical therapy,
such as pulsed electromagnetic fields (Yang et al., 2018a),
extracorporeal shock wave therapy (ESWT) (Yu et al., 2017),
acupuncture (Tu et al., 2021), and so on, improves the mobility
and relieves the symptoms. Chondroitin sulfate and glucosamine
have been used as dietary supplements.

Nonpharmacological interventions could be insufficient for
many patients who develop symptomatic OA. Pharmaceutical
agents, especially acetaminophen and nonsteroidal anti-
inflammatory drugs, play a key role in symptom control.
Other agents such as duloxetine (Weng et al., 2020), opioids,
intra-articular steroid (Wijn et al., 2020), and viscosupplement
injections are also approved for OA management. These drugs
may effectively relieve the pain. However, many safety concerns
have been raised regarding their side effects.

Surgical interventions are inevitable for many patients. Joint
reservation surgeries, such as high tibial osteotomy and joint
distraction, have shown symptomatic improvement (van der
Woude et al., 2017). However, evidence for the long-term
effectiveness is still to be confirmed. Unicompartmental knee
arthroplasty (Murray and Parkinson, 2018), total knee
arthroplasty (TKA) (Gademan et al., 2016), and total hip
arthroplasty are widely accepted by the patients with end-
stage OA.

Recent Progress in Biological Interventions
DNA- or Gene-Based Therapy
DNA (Minchin and Lodge, 2019) is a double-stranded and long-
chain polymer composed of four deoxynucleotides. DNA
fragments with genetic information are called genes. At
present, many genes are reported to be related to the
occurrence and development of OA by increasing
susceptibility, enhancing cartilaginous matrix degradation,
preventing cartilage from repair, increasing the expression of
inflammatory factors, or promoting fibroblast transformation.
First, the susceptibility genes of OA mainly include ASPN (Wang
et al., 2018), ADIPOQ (Shang et al., 2019), AKNA (Zhao et al.,
2020a), DPEP1 (Zhang et al., 2021a), rs1065080 (Lu et al., 2019a),
TLR7 (Wang et al., 2020a), RTP4 (Wang et al., 2020a), CRIP1
(Wang et al., 2020a), ZNF688 (Wang et al., 2020a), TOP1 (Wang
et al., 2020a), EIF1AY (Wang et al., 2020a), RAB2A (Wang et al.,
2020a), ZNF281 (Wang et al., 2020a), UIMC1 (Wang et al.,
2020a), and PRKACB (Zhao, 2021). Second, the genes that
promote the degradation of cartilage mainly include
ADAMTS5 (Jiang et al., 2021), ADAM12 (Lv et al., 2017),
JUN (Rhee et al., 2017), PTGS2 (Zhou et al., 2019a), MMP1
(Zhou et al., 2019a), MMP3 (Zhou et al., 2019a), MMP13 (Zhou
et al., 2019a), AGT (Wang et al., 2020b), and rs2830585 (Zhou
et al., 2019b). Third, several genes such as BMP3 (He et al., 2018),
rs1799750 (Geng et al., 2018), and CHI3L1 (Song et al., 2021)
show an inhibitory effect on cartilage repair. Fourth, the genes
that regulate the expression of inflammatory cytokines in
chondrocytes mainly include renin (Wu et al., 2019a), ACE
(Wu et al., 2019a), Ang II (Wu et al., 2019a), AT1R (Wu
et al., 2019a), AT2R (Wu et al., 2019a), ATF3 (Iezaki et al.,
2016), PTGS2 (Lin et al., 2018; Wang et al., 2020a), CCL20 (Lin
et al., 2018), CHI3L1 (Lin et al., 2018), LIF (Lin et al., 2018),

CXCL8 (Lin et al., 2018), and CXCL12 (Lin et al., 2018). Last but
not least, COL6A3/ACTG1 (Li et al., 2020a) and fibronectin1
(FN1) (Wu et al., 2020a) were found involved in fibroblast
transformation. Although many catabolic genes have been
found, there are very limited key anabolic genes that can
promote the proliferation or differentiation of chondrocytes or
encode key anchoring collagen molecules and the corresponding
genes including GDF5 (Sun et al., 2021), Gas7 (Zhong et al.,
2020), PRELP (Li et al., 2019a), TGF-β (Tao et al., 2016), SOX9
(Tao et al., 2016), and COL9A1 (Durand et al., 2020).

Genetic modification of joints has been achieved in
preclinical models by ex vivo and in vivo strategies using a
variety of vectors (Evans et al., 2018). Delivering genes from the
body to the joints through direct intra-articular injection is a
feasible way to speed up treatment. However, many vectors are
inflammatory, immunogenic, or unsafe or provide only short-
term transgene expression after successfully transferring cells
into joint tissues. In order to solve this problem, an ideal
delivery vector in vivo has been discovered; it is the adeno-
associated virus (AAV), which is safer, more effective, and less
immunogenic than other vectors (Evans et al., 2018). In
addition, AAV also prolongs the expression time of
transgenes in joints. When injected into the joint, the
recombinant AAV will transduce synovial lining cells and
chondrocytes at the thickness of the articular cartilage
(Watson Levings et al., 2018). Besides the genetic regulation,
epigenetic regulations, such as DNA methylation, may be also
involved in OA pathology. Hypermethylation leads to a
decrease in the expression of COL9A1, destroys the integrity
of cartilage, and promotes the development of OA (Miranda-
Duarte, 2018). SOX9 is a key transcription factor for cartilage
formation in chondrocytes. The DNA methylation of SOX9
gene promoter in chondrocytes of patients with OA increases.
This increase in methylation reduces the binding affinity of
transcription factors, thereby reducing the expression of SOX9
in OA chondrocytes (He et al., 2020a). The DNA
methyltransferases could be the potential targets to the
treatment of OA in the future.

Noncoding RNA-Based Therapy
As mentioned, many studies in OA have focused on the
epigenetic regulation of its pathogenesis and potential targets
for therapy, specifically noncoding RNA (ncRNA). Human
genome is estimated to contain ∼2% protein-coding RNA,
whereas a vast majority of the genome comprises ncRNA.
These ncRNAs, such as microRNA (miRNA), long noncoding
RNA (lncRNA), and circular RNA (circRNA), are involved in the
pathological development of OA, which can be used as diagnostic
and therapeutic markers for OA progression and prognosis.
Recent preclinical evidence shows that many ncRNAs can
directly affect the expression of key genes involved in OA,
which have great translational potential in OA treatment
(Duan et al., 2020). Future research on elucidating the role of
ncRNAs will also help in better understanding the etiology of OA.
In particular, research and development of therapeutic targets for
OA provide important clues (Cong et al., 2017). However, studies
also report that many ncRNAs are considered the critical
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elements in cancer development (He et al., 2021a). Sufficient
preclinical safety inspections should be performed before clinical
use (Xie et al., 2020a).

MiRNA
Among those ncRNAs, miRNAs are most popular in recent years,
with approximately 22 nucleotides, functioning in RNA silencing
and posttranscriptional regulation of gene expression. Many
studies have reported that several miRNAs could play an
important role in regulating bone and cartilage homeostasis
(Shen et al., 2019) (Table 1), through regulating the signaling

pathways involved in extracellular matrix (ECM) degradation,
apoptosis or hypotrophy of chondrocytes, or synovial
inflammation.

LncRNA
lncRNAs are another type of ncRNAs that are longer than 200
nucleotides (Zhang et al., 2021b). LncRNA–RNA interaction
controls mRNA translation and degradation, or as silent
miRNA sponges. They are also regarded as important
regulators of cartilage development (Table 2). The anti-OA
mechanism of lncRNA may be achieved by competitively

TABLE 1 | miRNA and the targets in osteoarthritis.

Functions Effects MiRNAs Targets References

Negative regulation Inhibit chondrocyte proliferation miR-21 GDF-5 Sekar (2021)
Promote osteoclast formation miR-21 Unknown Sekar (2021)
Promote chondrocyte apoptosis miR-146a SMAD4 Malemud (2018)

miR-1236 PIK3R3 Wang et al. (2020c)
miR-34a Visfatin (NF-ΚB)/ADAMTS-4 Cheleschi et al. (2019)
miR-181a GPD1L Zhai et al. (2017)
MiR-155 GPD1L Zhai et al. (2017)
miR-384-5p SOX9 Zhang et al. (2018a)
miR-9 Sirtuin-1 D’Adamo et al. (2017)
miR-335-5P HBP1 Lu et al. (2021)
miR-107 TRAF3 Zhao et al. (2019)

Promote inflammation miR-149-5p AGT Wang et al. (2020b)
Increase matrix degradation miR-33a TGF-β1/Akt/SREBP-2 Ghafouri-Fard et al. (2021)

miR-483-5p HDAC4, Matn3/Timp2 Wang et al. (2019a)
miR-101 SOX9 Chu et al. (2019)

Promote cartilage degradation miR-141/200c SIRT1 Ji et al. (2020a)
miRNA 218-5p PIK3C2A Lu et al. (2017)
miR-146b Alpha-2-macroglobulin (A2M)/SOX5 Liu et al. (2019b)
miR-21-5p FGF18 Wang et al. (2019b)
miR-98 Bcl-2 Wang et al. (2017b)

Inhibit chondrocyte differentiation miR-582-5p Runx2 Wang et al. (2019c)
miR-324-5p GLI1 and SMO Woods et al. (2019)

Positive regulation Promote chondrocyte proliferation miR-132 PTEN/PI3K/AKT Zhang et al. (2021c)
miR29a MMP-13/ADAMTS-5 Komori (2016)
miR-138 NEK2 Xu et al. (2019)
miR-4784 Col2a1/MMP-3 Liu et al. (2018)
miR-210 HIF-3α Zhao et al. (2020c)
miR-101 Sox9/Runx2 Gao et al. (2019)
miR-210-3p SOX9/COLII Yang et al. (2021b)

Promote cartilage regeneration miR-149-5p FUT-1 Çelik et al. (2019)
Inhibit chondrocyte apoptosis miR-766-3P AIFM1 Li et al. (2020b)

miR-132 PTEN/PI3K/AKT Zhang et al. (2021c)
miR-582-3p YAP1 He et al. (2020b)
miR-455-3p PI3K/AKT Wen et al. (2020)
miR-138 NEK2 Xu et al. (2019)
miR-93-5p TCF4 Xue et al. (2019)

Repression of chondrocyte autophagy miR-130a HOTAIR lncRNA Hu et al. (2019)
Inhibit osteoclast formation miR-125b Unknown Yoshiko and Minamizaki (2020)
Inhibit the degradation of cartilage miR-221 SDF1/CXCR4 Zheng et al. (2017)
Decrease metabolic enzyme activity miR-1 FZD7 Xie et al. (2020a)
Suppress inflammation miR-582-3p YAP1 He et al. (2020b)

miR-335-5p 3-MA Zhong et al. (2019)
miR-106a5p GLIS3 Ji et al. (2018)

Inhibit ECM degradation miR-582-3p YAP1 He et al. (2020b)
miRNA-140 MMP-13/ADAMTS-5 Si et al. (2017)
miR-145 MKK4 Hu et al. (2017)

Enhance cartilage repair mi-107 HMGB-1 Lin et al. (2019)
Inhibit the destruction of articular cartilage miR-204 Runx2 Huang et al. (2019a)
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binding miRNA, reducing the binding of miRNA and
downstream genes, and increasing the transcription and
expression of downstream genes (Wu et al., 2019b).

CircRNA
CircRNA is a covalently closed circRNA molecule that
contains exon sequences and is spliced at the canonical

splicing site (Tam et al., 2019), functioning as miRNA
sponges or competing endogenous RNAs that naturally
sequester and competitively inhibit miRNA activity.
CircRNAs also emerge as a new player in the development
of OA through mechanisms such as interfering chondrocyte
proliferation and apoptosis, regulating ECM degradation, and
inflammation (Yang et al., 2020) (Table 3).

TABLE 2 | lncRNAs and the targets in osteoarthritis.

Functions RNAs Target References

Negative regulation MIAI miR-132 Li et al. (2019b)
DANCR miR-216a-5p/JAK2 Zhang et al. (2018b)
TM1P3 miR-22 Li et al. (2019c)
CTD-2574D22.4 Unknown Li et al. (2019d)
CAIF miR-1246 Qi et al. (2019)
TNDSF10 miR-376-3p/FGFR1 Huang et al. (2019b)
LOC101928134 IFNA1 Yang et al. (2019a)
CASA2 Unknown Huang et al. (2019c)
CHRF microRNA-146a Yu et al. (2019)
Nespas miR-291a-3p Park et al. (2019)
H19 miR-130a Hu et al. (2019)
THRIL microRNA-125b Liu et al. (2019c)
TUG miR-195 Tang et al. (2018)
P21 miR-130b Han and Liu (2018)
CIR miR-27 Li et al. (2017a)
PVT1 miR-488-3p Li et al. (2017b)
XIST miR-211 Li et al. (2018a)
MBNL1-AS1 KCNMA1 Li et al. (2018b)
HOTAIR miR-17-5p Hu et al. (2018)

miR-130a-3p He and Jiang (2020)
FAS-AS1 MMP1/MMP13/COL2A1 Zhu et al. (2018)
TMSB4 miRNA-152 Liu et al. (2016)
HOTTIP Unknown He et al. (2021b)
LINC02288 miR-374a-3p Fu et al. (2021)
LINC01534 miR140-5p Wei et al. (2019)
MSR miR-152 Liu et al. (2016)
PART1 miR-373-3p/SOX4 Zhu and Jiang (2019)
GAS5 miR-34a/Bcl-2 Ji et al. (2020b)
NEAT1 miR-193a-3p/SOX5 Liu et al. (2020)

Positive regulation FOXD2-AS1 miR-27a-3p Wang et al. (2019d)
miR-206 Cao et al. (2018)

ANCR TGF-β1 Li et al. (2019e)
ANRIL miR-122-5p/DUSP4 Li et al. (2019f)
DILC IL-6 Huang et al. (2019d)
DNM3OS miR-126/IGF1 Ai and Yu (2019)
MIR4435-2HG Unknown Xiao et al. (2019a)
SNHG1 MAPK/NF-κB Lei et al. (2019)
HULC miR-101 Chu et al. (2019)
HOTAIRM1-1 miR-125b/BMPR2 Xiao et al. (2019b)
PACER Unknown Jiang et al. (2019)
PART1 miR-590-3p/TGFBR2/SMAD3 Lu et al. (2019b)
MEG3 miR-93 Chen et al. (2019)

miR-16 Xu and Xu (2017)
LINC00341 miR-141 Yang et al. (2019b)
ATB miR-223 Ying et al. (2019)
PMS2L2 miR-203 Li et al. (2019g)
MALAT1 miR-150-5p Zhang et al. (2019)
ROR HIF1α/p53 Yang et al. (2018b)
ZFAS1 Wnt3a Ye et al. (2018)
GACAT3 IL-6/STAT3 Li et al. (2018c)
UFC1 miR-34a Zhang et al. (2016)
NKILA miR-145/SP1/NFκB Xue et al. (2020)
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Protein-Based Therapy
The protein currently used in clinical practice is mainly
platelet-rich plasma (PRP) (Szwedowski et al., 2021). PRP is
an autologous plasma preparation rich in platelets whose
plasma concentration is higher than the normal
concentration in whole blood. The basic principle of
therapeutic potential of high-concentration platelets is
based on their ability to provide superphysiological
amounts of essential growth factors to provide regenerative
stimulation that can promote tissue repair. PRP preparations
need to be activated before use (Gentile et al., 2020). Intra-
articular injections of PRP may be an effective alternative
treatment to pain killers for knee OA (Rajan et al., 2020). It
significantly promoted the proliferation of chondrocytes,
decreased apoptosis, and increased autophagy by regulating
the markers including FOXO1, FOXO3, and HIF-1 in
osteoarthritic chondrocytes (Moussa et al., 2017). The
concentration of white blood cells during the leukocyte-rich
PRP (LR-PRP) preparation will affect its efficacy (Yaşar Şirin
et al., 2017). It is reported that compared with the LR-PRP, the
leukocyte-poor PRP (LP-PRP) has an effect on improving the
proliferation of chondrocytes. The lubricating property of
hyaluronic acid (HA) facilitates the movement of joints.
And a combination of HA and PRP (HA–PRP) (Zhao et al.,
2020b) could exert a beneficial synergistic effect for OA
treatment. However, up until now, the preparation method
and the components of PRP have still not been standardized,
making the efficacy of PRP therapy to be inconclusive.

In addition to PRP, the proteins currently studied include
nerve growth factor antibody (Grässel and Muschter, 2020) or its
antagonists (Denk et al., 2017), fibroblast growth factor (FGF)

(Xie et al., 2020b), insulin-like growth factor–binding proteins
(IGFBP) (Tanaka et al., 2021), growth and differentiation factor 5
(Kania et al., 2020), Wnt16 (Tong et al., 2019), low-density
lipoprotein receptor–related protein 5 (Wu et al., 2017a),
neuropeptide Y (NPY) (Kang et al., 2020), and so on. Among
the proteins, fasinumab (Dakin et al., 2020), tanezumab
(Berenbaum et al., 2020), sprifermin (Eckstein et al., 2020),
teriparatide (Apostu et al., 2019), and so on, have shown
various effects on the management of OA in clinical trials.
Nerve factor antibodies and their antagonists, fasinumab and
tanezumab, can improve pain, and the antagonists have the most
significant effect. Tanezumab can easily lead to rapidly
progressive OA. FGF, GDF5, Wnt16, NPY, sprifermin, and
teriparatide are related to cartilage repair. IGFBP is related to
cartilage matrix synthesis. The binding of low-density lipoprotein
receptor–related protein and sclerostin can inhibit the
degradation of normal chondrocytes, but it does not seem to
have such an effect in OA. The specific reason is not clear.

Recently, histone modifications have been recognized as
another important epigenetic regulation in OA-related genes.
LSD1 KDM4B, KDM6A, KDM6B, EZH2, and DOT1L were
reported to be the major epigenetic regulators in OA onset
and progression through their methyltransferases and
demethylase activities by binding to the OA-related gene (e.g.,
Runx2, Nfat1, and Sox9) promoters or by interplaying with OA-
associated signaling transduction pathways (Sacks et al., 2018).
Modified histone domains have thus become epigenetic
signatures, which will either mark for gene activation or gene
repression. The role of methyltransferases and demethylase in
epigenetic regulations also indicate they could be potential targets
for the management of OA.

TABLE 3 | CircRNAs and the targets in osteoarthritis.

Functions RNAs Target References

Negative regulation CircRNA-UBE2G1 miR-373/HIF-1a Chen et al. (2020a)
Circ_0136474 miR-127-5p/MMP-13 Li et al. (2019h)
CircPSM3 miRNA-296-5p Ni et al. (2020b)
has_Circ_0005105 miR-26a/NAMPT Wu et al. (2017b)
hsa_Circ_0032131 unknown Wang et al. (2019e)
hsa_Circ_0104873 Unknown Yu et al. (2018)
hsa_Circ_0104595
hsa_Circ_0101251
CircRNA-CDR1as miR-641/FGF-2 Zhang et al. (2020)
CircRNA_Atp9b miR-138-5p Zhou et al. (2018)
CircRNA.33186 miR-127-5p/MMP-13 Zhou et al. (2019c)
CircGCN1L1 miR-330-3p/TNF-α Zhu et al. (2020)
Circ-SERPINE2 miR-1271/ERG Tam et al. (2019)
CiRS-7 miR-7 Zhou et al. (2019d)
CircHYBID miR-29b-3p/TGF-β1 Liao et al. (2021)
Circ-SPG11 miR-337-3p/ADAMTS5 Liu et al. (2021)
Circ-CSNK1G1 miR-4428/FUT2 Xiao et al. (2021)

Positive regulation CircVCAN NF-κB Ma et al. (2020)
Circ9119 miR-26a/PTEN, Chen et al. (2020b)
hsa_Circ_0045714 miR-193b/IGF-1R Li et al. (2017c)
hsa_Circ_0020014 Unknown Wang et al. (2020d)
CircPDE4D miR-103a-3p/FGF18 Wu et al. (2021)
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Exosomes
Exosomes are small, single-membrane, secreted organelles with a
diameter of approximately 30–200 nm. They have the same
topological structure as cells and are rich in selected proteins,
lipids, nucleic acids, and glycoconjugates (Pegtel and Gould, 2019).
Exosomes mainly mediate cell–cell communication through direct
membrane fusion or protein–protein interaction (Wu et al.,
2020b). The source of exosomes comes in many forms (Ni
et al., 2020a), including peripheral blood (Chang et al., 2018),
synovial fluid (Gao et al., 2020), mesenchymal stem cells (Tofiño-
Vian et al., 2018), embryonic stem cells (Wang et al., 2017a),
vascular endothelial cells (Yang et al., 2021a), dental pulp stem cells
(Lin et al., 2021), monocytes (Bai et al., 2020), amniotic fluid stem
cells (Beretti et al., 2018), chondrogenic progenitor cells (Toh et al.,
2017), chondrocytes (Zheng et al., 2019), PRP (Liu et al., 2019a),
osteocytes (Lyu et al., 2020) (Table 4), and so on. Exosomes with
different origins may have different functions. Exosomes in the
joint microenvironment are involved in the development of OA.
Most therapeutic exosomes may have an anabolic effect by
promoting expression of chondrogenic markers or cartilage

ECM or exert an effect by inhibiting inflammation,
hypertrophy, or apoptosis of chondrocytes (Zhou et al., 2020)
showing great potential for OA therapy.

Sustained-release drug delivery systems have been developed
by a combination of exosomes and tissue engineering strategies,
showing great promising results in recent research by delivering
targeted drug or nucleic acids for regenerative medicine (Akbari
et al., 2020). However, because of complexity in the components
and rare understanding of their functions, exosomes remain
challenges for clinical applications (Zhou et al., 2020).

LITERATURE ANALYSIS

In order to analyze the research trends in the field of OA treatment
using the biologic agent in recent years, we have reviewed relevant
literature on DNA, RNA, protein, and exosome in the past 5 years
on PubMed and also subdivided RNA into circRNA, lncRNA, and
miRNA. We present a graphic (Figure 2) and the corresponding
table (Supplementary Table S1) to show the literature trend in the

TABLE 4 | Exosomes in the treatment of OA.

Functions Origins Mechanisms

Catabolic
effect

Synovial fluid (Gao et al., 2020), vascular endothelial cells (Yang et al., 2021a) Recruit inflammatory cells (Gao et al., 2020), inhibit cartilage proliferation (Gao
et al., 2020), promote joint degeneration (Gao et al., 2020), or induce
chondrocyte apoptosis (Yang et al., 2021a)

Anabolic
effect

Mesenchymal stem cells (Tofiño-Vian et al., 2018), embryonic stem cells
(Wang et al., 2017a), dental pulp stem cells (Lin et al., 2021), monocyte (Bai
et al., 2020), amniotic fluid stem cells (Beretti et al., 2018), chondrogenic
progenitor cells (Toh et al., 2017), chondrocytes (Zheng et al., 2019), platelet-
rich plasma (Liu et al., 2019a), osteocytes (Lyu et al., 2020)

Reduce production of catabolic enzymes (Tofiño-Vian et al., 2018), promote
chondrocytes to express cartilage ECM (Wang et al., 2017a; Kim et al., 2020;
Guillén et al., 2021), promote chondrocyte differentiation (Bai et al., 2020),
promote proliferation of chondrocytes (Liu et al., 2019a; Lyu et al., 2020),
inhibit chondrocyte apoptosis (Liu et al., 2019a; Lyu et al., 2020; Lin et al.,
2021), regulate immune response (Zheng et al., 2019), or inhibit expression of
inflammatory cytokines (Toh et al., 2017; Beretti et al., 2018; Tofiño-Vian
et al., 2018; Kim et al., 2020; Qiu et al., 2021)

FIGURE 2 | Publication trends in biologics from January 2015 to August 2021.
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past 5 years from January 2016 to August 2021. From the results,
we can see that the number of articles of each type of biological
agent has increased throughout the past 5 years. Among the four
types of biologic agents, the most abundant research on proteins
was found, followed by RNA, then DNA, and finally exosomes.
Within RNA, miRNA has been studied most intensively, followed
by lncRNA, and finally circRNA. This result shows that the
research on proteins and RNA is relatively mature, but DNA
and exosomes are new highlights in recent years. Within RNA,
there are relatively many studies on miRNA and relatively fewer
studies on lncRNA and circRNA. Therefore, DNA, exosomes,
lncRNA, and circRNA may all become new research hotspots.

DISCUSSION

DNA, RNA, and protein described in this article have shown
various regulatory effects on the pathological process of OA.
Some of those are expected to become targets in terms of
diagnosis and treatment of OA. In general, the effects of
biologic agents are divided into two aspects: catabolic or
anabolic effect by deteriorating or preventing OA occurrence
or development. The catabolic effect is mainly to recruit
inflammatory cells, inhibit chondrocyte proliferation,
accelerate matrix degradation, or induce cell apoptosis. In
opposite, the anabolic effect is mainly to reduce the
production of catabolic enzymes, promote the proliferation of
chondrocytes, inhibit chondrocyte apoptosis, promote the
expression of ECM, or inhibit the expression of inflammatory
factors. The main pathways involved in OA treatment are NF-κB,
Notch, Wnt/β-catenin, TGF-β, Erk, p38 MAPK, JAK2/STAT3,
and so on. At present, most researches on biologic agents are
in vitro experiments or animal model experiments. There are still
many obstacles to overcome for the biologics agents: (1) safety
concern is the first to be considered when applying viral vectors to
deliver plasmids, ncRNAs, which may bind to multiple targets;
and exosomes and proteins, which may result in
immunoresponse and disease transmission; (2) efficacy of
most of the biologic agents in OA therapy is various and still
yet to be verified; (3) heterogeneity of disease may also affect the
therapeutic outcomes. With the advancement of molecular

biotechnology in future research, translation research should
be considered to address the limitations before clinical trials.

CONCLUSION

We have reviewed a wide spectrum of biologic agents in OA
therapy, including DNA, RNA, protein, and exosomes, which
provide an insight in finding potential therapeutic targets.
Although significant progress has been made in this field,
translational research is needed to further address the safety
concerns, various efficacies, and heterogenetic of OA.
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Anti-Osteogenic Effect of Danshensu
in Ankylosing Spondylitis: An in Vitro
Study Based on Integrated Network
Pharmacology
Jiaxiao Li1,2†, Zexin Chen3†, Hongbo Liao4, Yanting Zhong4, Junying Hua4, Miaoling Su5,
Jiahao Li5, Jinrong Xu5*, Liao Cui4* and Yang Cui1,2*

1School of Medicine, South China University of Technology, Guangzhou, China, 2Department of Rheumatology and Immunology,
Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, China, 3Department of
Rheumatology and Immunology, South China Hospital of Shenzhen University, Shenzhen, China, 4Guangdong Provincial Key
Laboratory of Research and Development of Natural Drugs, and School of Pharmacy, GuangdongMedical University, Dongguan,
China, 5Department of Cardiology, The Second Affiliated Hospital of Guangdong Medical University, Zhanjiang, China

Ankylosing spondylitis (AS) is a chronic inflammatory disease characterized by abnormal
bone metabolism, with few effective treatments available. Danshensu [3-(3,4-dihydroxy-
phenyl) lactic acid) is a bioactive compound from traditional Chinesemedicine with a variety
of pharmacologic effects. In the present study, we investigated the pharmacologic effect
and molecular mechanism of Danshensu in AS. Potential targets of Danshensu were
identified in four drugs-genes databases; and potential pharmacologic target genes in AS
were identified in three diseases-genes databases. Differentially expressed genes related
to AS were obtained from the Gene Expression Omnibus database. Overlapping targets of
Danshensu and AS were determined and a disease–active ingredient–target interaction
network was constructed with Cytoscape software. Enrichment analyses of the common
targets were performed using Bioconductor. To test the validity of the constructed
network, an in vitro model was established by treating osteoblasts from newborn rats
with low concentrations of tumor necrosis factor (TNF)-α. Then, the in vitro model and AS
fibroblasts were treated with Danshensu (1–10 μM). Osteogenesis was evaluated by
alkaline phosphatase staining and activity assay, alizarin red staining, quantitative PCR,
and western blotting. We identified 2944 AS-related genes and 406 Danshensu targets,
including 47 that were common to both datasets. The main signaling pathways associated
with the targets were the c-Jun N-terminal kinase (JNK) and extracellular signal-regulated
kinase (ERK) pathways. A low concentration of TNF-α (0.01 ng/ml) promoted the
differentiation of osteoblasts; this was inhibited by Danshensu, which had the same
effect on AS fibroblasts but had the opposite effect on normal osteoblasts. Danshensu also
decreased the phosphorylation of JNK and ERK in AS fibroblasts. There results provide
evidence that Danshensu exerts an anti-osteogenic effect via suppression of JNK and ERK
signaling, highlighting its therapeutic potential for the treatment of AS.
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INTRODUCTION

Ankylosing spondylitis (AS) is a chronic progressive
inflammatory disease with insidious onset characterized by
chronic inflammatory back pain, bone resorption, and new
bone formation, with the latter leading to ankylosis and
functional disability (Poddubnyy and Sieper, 2017; Lories,
2018). The pathogenesis of AS and therapeutic strategies
targeting ectopic new bone formation have been the focus of
many studies (Qin et al., 2018; van Tok et al., 2019). Heterotopic
ossification involves endochondral and membranous bone
formation and cartilage metaplasia, in which fibroblasts and
bone cells such as mesenchymal stem cells, osteoblasts, and
osteoclasts play an essential role (Van Mechelen et al., 2018;
Liu et al., 2021). Inflammatory cytokines such as tumor necrosis
factor (TNF)-α, interleukin (IL)-17A, and IL-6 are also implicated
in new bone formation (Li et al., 2016; van Tok et al., 2019; Zou
et al., 2020). TNF-α is known to inhibit osteoblast differentiation
but at low concentrations, it not only enhanced proliferation but
also promoted osteoblast differentiation in AS via Wnt signaling
and subsequent bone formation via nuclear factor (NF)-κB (p65)
and c-Jun N-terminal kinase (JNK)/activator protein (AP)-1
signaling (Frost et al., 1997; Li et al., 2018). Besides, low
concentration of TNF-α enhanced the osteogenic
differentiation of AS fibroblasts, which was accompanied by
the expression of osteogenesis markers including Runt-related
transcription factor (RUNX)2, osteopontin (OPN), and
osteocalcin (OCN) (Zou et al., 2020).

As advanced ankylosis of the spine is the worst long-term
outcome of AS, preventing ectopic new bone formation is a major
focus of research. However, there are few drugs available that
prevent ankylosis progression (Poddubnyy and Sieper, 2020).
Biologic agents targeting TNF-α and IL-17A are important
treatments that alleviate AS symptoms by suppressing
inflammation and slowing spinal radiographic progression.
However, not all patients respond to these treatments, which
can increase the risk of infection; moreover, the high cost of these
agents imposes a considerable economic burden on patients (Yin
et al., 2020). The therapeutic effect of TNF-α blockers in new bone
formation of AS still leave a question open. It has been shown to
suppress inflammation but also enhance radiographic
progression in some studies (Maksymowych et al., 2009;
Pedersen et al., 2011). Therefore, there is an urgent need for
alternative, effective medicines for the treatment of AS.

Danshensu [3-(3,4-dihydroxy-phenyl) lactic acid], is a
bioactive compound from traditional Chinese medicine--Salvia
miltiorrhiza (Danshen) with a variety of pharmacologic effects
(Zeng et al., 2017; Wang et al., 2021; Xie et al., 2021). Danshensu
has been integrated into the treatment of cardiovascular diseases
(e.g., myocardial ischemia and reperfusion, atherosclerosis, and
hypertension) and cerebrovascular diseases (e.g., cerebral
embolism) owing to its capacity to modulate inflammation
and exert antioxidative and anti-apoptotic effects (Zhang et al.,
2019). Danshensu was shown to suppress neuroinflammation by
reducing the levels of proinflammatory cytokines such as TNF-α
and IL-6 in the hippocampus (Zhang et al., 2019), and exerted a
protective effect against myocardial ischemia/reperfusion injury

by blocking the phosphorylation and activation of JNK and
nuclear translocation of nuclear factor (NF)-κB, which is
involved in new bone formation in AS (Meng et al., 2016; Li
et al., 2018). Danshensu plays an important role in bone
physiology by regulating osteoblast differentiation and
function. An H2S-releasing compound derived from
Danshensu was found to have an antioxidant effect in an
H2O2-induced cell injury model in MC3T3-E1 osteoblasts by
attenuating the activation of the p38 mitogen-activated protein
kinase (MAPK), extracellular signal-regulated kinase (ERK)1/2,
and JNK–MAPK pathways (Yan et al., 2017). On the contrary, in
our previous study we found that salvianolic acid B, another
bioactive component of Danshen, promoted osteogenesis of
normal human mesenchymal stem cells (hMSCs) by
enhancing ERK1/2 signaling (Xu et al., 2014). However, little
is known about the application or effect of Danshensu in AS.

Based on the above findings, we speculated that Danshensu
can prevent ossification of osteoblasts and fibroblasts in AS. To
test this hypothesis, in this study we investigated the effect and
mechanism of action of Danshensu on osteoblast differentiation
in AS. We first conducted a network pharmacology analysis to
identify potential targets of Danshensu and analyzed the function
and pathways related to the targets. We then constructed a
disease–drug component–target–signaling pathway interaction
network to identify important pathways, and evaluated the
efficacy and mechanism of action of Danshensu using
osteoblasts and AS fibroblasts (Figure 1).

MATERIALS AND METHODS

Databases and Software
The following databases were used in the network pharmacology
analysis: Bioinformatics Analysis Tool for Molecular Mechanism
of Traditional Chinese Medicine (BATMAN-TCM; http://bionet.
ncpsb.org.cn/batman-tcm/); Traditional Chinese Medicine
Systems Pharmacology (TCMSP; https://tcmsp-e.com/),
SwissTargetPrediciton (http://swisstargetprediction.ch/);
Pharmmapper (http://lilab-ecust.cn/pharmmapper/index.html);
GeneCards (https://www.genecards.org/), PubChem (https://
pubchem.ncbi.nlm.nih.gov/); Online Mendelian Inheritance in
Man (OMIM; https://www.omim.org/); DisGeNET (https://
www.disgenet.org/home/); GeneCards (https://www.genecards.
org/); Gene Expression Omnibus (GEO; https://www.ncbi.nlm.
nih.gov/geo/), UniProt (https://www.uniprot.org/); Kyoto
Encyclopedia of Genes and Genomes (KEGG; https://www.
genome.jp/kegg/); and Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING; https://string-db.org/).
The following software programs were used: Cytoscape v3.8.2
(https://cytoscape.org/); Rx64 v4.1.0 (https://cran.r-project.org/);
and Biocondcutor (https://www.bioconductor.org/).

Danshensu Target Identification
The Simplified Molecular Input Line Entry System (SMILES) and
International Chemical Identifier key (InChiKey) for Danshensu
were retrieved from the PubChem database. Danshensu was
searched in BATMAN-TCP (prediction score of the target
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gene ≥20; adjusted p value of the prediction result <0.05),
TCMSP, SwissTargetPrediction, and Pharmamapper databases
based on the results of the search.

Identification of Pharmacologic Targets
in AS
The keyword “ankylosing spondylitis” was used as input in the
OMIM, GeneCards, and DisGeNET databases to identify
genes related to AS. The original microarray data of
GSE25101 and GSE73754 were analyzed with GEO2R to
identify differentially expressed genes (DEGs) and generate
a volcano plot; according to log2 fold change (FC), the −log10
(adjusted p values) were divided into upregulated genome,
downregulated genome, no statistical difference, and non-
expressed difference genome (screening conditions: adjusted
p value <0.01, |log2 FC|≥1.0). Both AS-related gene and DEG
names were normalized and merged and duplicate items were
deleted, and the obtained gene sets were used as disease
targets.

Standardization and Screening for Potential
AS Targets of Danshensu
All targets were searched in the UniProt database with the species
set to human, and the collected protein or gene information was
corrected to the standard UniProt name (Symbol) of the target.
The set of Danshensu targets was mapped to the set of disease
targets and intersected to obtain the potential targets of
Danshensu in AS.

Identification of Hub Genes Shared
Between Danshensu Target and AS Genes
Topologic properties, degree, and interaction of the distribution
network from the STRING database were analyzed using the
cytoHubba plugin of Cytoscape.

Gene Ontology Functional Annotation and
KEGG Pathway Enrichment Analysis
The drug component–disease target gene names were encoded by
UniProt IDs. GO functional annotation of the targets and KEGG
pathway enrichment analysis were performed using Rx64 v4.1.0
software with bioc-Lite.R, clusterProfliter.R, and pathview.R
packages from the Bioconductor platform.

Construction of Disease–Drug
Component–Target–Signaling Pathway
Interaction Network
Cytoscape v3.8.2 software was used to construct the disease–drug
component–target–signaling pathway interaction network, in
which the nodes represented the disease, drug component,
target, and signaling pathways and edges represented
interactions between drug component and target, target and
AS, or target and signaling pathway. The topologic properties

of the network were analyzed using the Network Analysis plugin
of Cytoscape.

Cell Culture
Hip capsular ligaments were collected from three AS patients at
Guangdong Provincial People’s Hospital. The study was
approved by the ethics committee of the hospital. Fibroblasts
were extracted from the hip capsular ligaments as previously
described (Qin et al., 2018). Briefly, ligaments were washed twice
with phosphate-buffered saline (PBS) and then cut into small
pieces that were placed in 10-mm culture dishes. After 3–4 h,
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Shanghai,
China) containing 15% fetal bovine serum (FBS; Gibco) and 1%
penicillin–streptomycin (Solarbio, Beijing, China) was added to
the culture dishes. After cells had adhered, the ligament pieces
were removed and the medium was replaced with fresh medium
containing 10% FBS and 1% penicillin–streptomycin. The
medium was changed every 3–4 days and cells from passage
3–5 were used for experiments.

Primary osteoblasts from the skull of 24-h newborn
Sprague–Dawley rats were provided by Guangdong Medical
University. Briefly, the calvaria was cut into small pieces and
digested at 37°C with trypsin for 15 min, followed by 0.1%
collagenase I for 20 min. The supernatant was centrifuged at
800 rpm for 10 min, and the cell precipitate was collected and
inoculated in 25-cm2 culture vials while the supernatant was
transferred back to the centrifuge tube containing the bone
fragments for additional digestion. The above steps were
repeated 3 times. The cells were grown in DMEM containing
10% FBS and 1% penicillin–streptomycin at 37°C in a humidified
atmosphere of 5% CO2. The culture medium was refreshed every
2–3 days. When the cells reach 80% confluence, they were
digested with 0.25% EDTA–trypsin (Solarbio) and passaged in
a 1:2 or 1:3 ratio. Cells from passage 3–5 were used for
experiments.

Cell Proliferation Assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to evaluate the effect of
Danshensu on osteoblast and AS fibroblast proliferation. The
cells were seeded in 96-well plates at a density of 3×103
(osteoblasts) and 5×103/well (fibroblasts), respectively. After
24 h, the cells were divided into nine groups (5 wells per group)
that were treated with Danshensu at a concentration of 0, 0.1, 0.3, 1,
3, 10, 30, 100, or 300 μM. After incubation for 7 days, 20 μl MTT
(5mg/ml) was added to each well. The mixed medium was
discarded 4 h later and replaced with 150 μl dimethylsulfoxide
(Solarbio), and the plate was agitated for 20min at room
temperature. A microplate reader (Bio-Rad Laboratories,
Hercules, CA, United States) was used to measure the optical
density (OD) of each well at a wavelength of 570 nm.

Alkaline Phosphatase Staining and Activity
Assay
Cells were washed twice with PBS and fixed with 4%
paraformaldehyde for 30 min. After three washes with PBS,
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the cells were stained with ALP detection solution for 30 min at
room temperature according to instructions of the ALP kit
(Leagene, Beijing, China). To measure ALP activity, cells were
lysed overnight at 4°C with radioimmunoprecipitation assay
(RIPA) lysis buffer (Beyotime, Shanghai, China), followed by
incubation for 15 min at 37°C in ALP detection buffer from the
ALP activity kit (Jiancheng, Nanjing, China). The reaction was
terminated and coloring solution was added to each well. The OD
was measured at 520 nm with a microplate reader. The protein
concentration of each well was measured with a bicinchoninic
acid protein assay kit (Beyotime). ALP activity is reported as U/
100 g of protein.

Alizarin Red Staining
Cells were washed twice with PBS and then fixed with 70%
ethanol for 20 min at room temperature; they were then
washed with water and stained with 0.2% alizarin red (Sigma,
Tokyo, Japan) solution (pH 4.1) for 30 min. The solution was
discarded and the cells were washed 3 times with distilled water.

RNA Isolation and Quantitative (q)PCR
After culturing for 14 days, total RNA was extracted from cells
grown in 6-wells plates using TRIzol reagent (Ambion, Austin,
TX, United States). The RNA was reverse transcribed using the
PrimeScript RT reagent kit (Takara, Dalian, China) and qPCR
was carried out to detect mRNA levels of Runt-related
transcription factor (RUNX)2, osterix (SP7), osteocalcin
(OCN), bone morphogenetic protein (BMP)2, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (internal
control). Cycling conditions were as follows: 95°C for 5 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Forward
and reverse primers were synthesized by Sangon Biotech
(Shanghai, China) and are shown in Table 1.

Western Blotting
After culturing for 14 days, cells were lysed with RIPA lysis
buffer supplemented with phenylmethylsulfonyl fluoride
(Beyotime), and 30 μg of protein per well were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis on a
10% acrylamide gel and electrotransferred to a polyvinylidene
difluoride membrane that was incubated with antibodies
against GAPDH (1:2000; Abway, Shanghai, China); RUNX2
(1:1000), collagen type I (COL1; 1:1000), and SP7 (1:1000) (all
from Abcam); OCN (1:500; Affinity, Cincinnatin,
United States); and JNK (1:1000) and extracellular

signal-regulated kinase (ERK; 1:1000) (both from Signalway
Antibody, College Park, MD, United States). Enhanced
chemiluminescence substrate (Beyotime) was used to detect
the protein signal.

Statistical Analysis
All data are presented as mean ± SD. SPSS v22.0 software was used
to analyze the data. One-way analysis of variance was used to assess
differences between groups, with a least significant difference post
hoc test when groups had equal variance (p > 0.05) and Dunnett’s
post hoc test in the alternative case. Differences with a p value < 0.05
were considered statistically significant.

RESULTS

Identification of Danshensu Targets
We identified 21 putative targets of Danshensu (Figure 2A) in
BATMAN-TCM along with 22 in TCMSP, 100 in
SwissTargetPrediction, and 273 in Pharmmapper (Figure 2B).
The identified genes were aggregated and duplicates and
inconsistently named genes were removed, leaving 406 genes
as potential targets.

Identification of AS-Related Genes
Using the keyword “ankylosing spondylitis,” 108 AS-related
genes were identified in OMIM along with 2,274 in
GeneCards and 710 in DisGeNET. A total of 324 and 61
DEGs were obtained from GSE25101 and GSE73754,
respectively (Figure 2D). The identified genes were aggregated
and duplicates and inconsistently named genes were removed,
leaving 2,944 AS-related genes (Figure 2C).

Screening and Protein–Protein Interaction
Network Construction of Danshensu AS
Targets
AS-related genes and Danshensu targets were intersected in a
Venn diagram, which yielded 47 drug component–disease targets
(Figure 3A). The 47 genes were imported into the STRING
database; the functions of multiple proteins were selected and a
combined score >0.4 was used as the threshold while disregarding
isolated nodes to obtain a PPI network for Danshensu AS targets.
The topologic analysis of the network revealed 164 connections
among 47 targets (Figure 3B).

TABLE 1 | Primer sequences of genes related to ankylosing spondylitis.

Gene Species Forward Reverse

OCN Human 5′-AGGGCAGCGAGGTAGTGAAGAG-3′ 5′-GCCGATGTGGTCAGCCAACTC-3′
SP 7 Human 5′-CGGCAAGAGGTTCACTCGTTCG-3′ 5′-TGGAGCAGAGCAGGCAGGTG-3′
RUNX 2 Human 5′-AGGCAGTTCCCAAGCATTTCATCC-3′ 5′-TGGCAGGTAGGTGTGGTAGTGAG-3′
GAPDH Human 5′- CAGGAGGCATTGCTGATGAT-3′ 5′- GAAGGCTGGGGCTCATTT -3′
BMP 2 Rat 5′-AAGCGTCAAGCCAAACACAAACAG-3′ 5′-CCAGTCATTCCACCCCACATCAC-3′
RUNX 2 Rat 5′-TCCGCCACCACTCACTACCAC-3′ 5′-GAACTGATAGGACGCTGACGAAG-3′
SP 7 Rat 5′-GCCTACTTACCCGTCTGACTTTGC-3′ 5′-CCCTCCAGTTGCCCACTATTGC-3′
GAPDH Rat 5′- GACATGCCGCCTGGAGAAAC -3′ 5′- AGCCCAGGATGCCCTTTAGT -3′
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FIGURE 1 | Workflow of systems pharmacology analysis and experimental assessment.
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Identification and Verification of Hub Genes
Among Danshensu Targets and AS Genes
Cytoscape was used to visualize key genes as a network from which
overlapping genes were selected for further analysis by determining
the node degree or interaction of sequenced candidate genes using
the cytoHubba application. The top 10 hub genes in the network of
Danshensu AS targets were IL6, ESR1, PTGS2, EGFR, IL10, TGFB1,
TIMP1, MMP1, NR3C1, and RELA (Table 2 and Figure 3C).

Drug Component–Target GO Function
Annotation and KEGG Pathway Enrichment
Analysis
The target gene names (symbol) were transformed into gene IDs
by searching the UniProt database, and the biocLite.R package of

Bioconductor was used to perform GO functional annotation and
KEGG pathway enrichment analysis of the target genes using Rx
64 v4.0.1 software, with p � 0.05 and Q � 0.05 as the threshold
values. The top 40 GO terms are shown in Figure 4. Most were
related to inflammatory response, oxidative stress, the MAPK
cascade, etc. The KEGG pathway enrichment analysis yielded 13
signaling pathways among which ERK and JNK signaling
pathways were highly enriched, suggesting that they are key
pathways for the anti-osteogenic effect of Danshensu (Figure 4).

Construction of a Disease–Drug
Component–Target–Signaling Pathway
Interaction Network
The drug component–disease target, active ingredient molecular
ID, and drug component–disease–signaling pathway interaction

FIGURE 2 | Identification of Danshensu targets and AS-related genes. (A) Chemical structure of Danshensu. (B, C) Venn diagram of Danshensu targets (B) and
AS-related genes (C). (D) Volcano plot of DEGs obtained from GSE25101 and GSE73754.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7721906

Li et al. Danshensu in Ankylosing Spondylitis

231

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


FIGURE 3 | Screening and PPI network construction and Target-signaling pathway interaction network of Danshensu anti-AS targets. (A) Venn diagram of target
genes of Danshensu in AS. (B) PPI network of Danshensu targets in AS. (C) Venn diagram of hub genes of Danshensu in AS. (D) Target–signaling pathway interaction
network of Danshensu in AS. (E) Target-signaling pathway interaction network of hub genes in Danshensu against AS. Note: The left single node was Danshensu, the
right single node was AS, the left nodes in circular arrangement were overlapping Danshensu-AS targets, and the left nodes in circular arrangement were signaling
pathways.
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data were imported into Cytoscape, and a drug
component–target interaction network was generated using the
Merge function in the software (Figures 3D,E). These targets
were presumed to be key targets of Danshensu in AS.

Danshensu has Little Effect on Osteoblast
and AS Fibroblast Proliferation
To investigate the effect of Danshensu on osteoblast and AS
fibroblast proliferation, the cells were exposed to increasing
concentrations of Danshensu ranging from 0.1 to 300 μM.
After culturing for 7 days, the MTT assay was performed.
Danshensu did not affect the proliferation of osteoblasts and
AS fibroblasts at concentrations between 0.1 and 30 μM, while at
100 μM osteoblast proliferation was significantly inhibited and at
300 μM, both osteoblast and AS fibroblasts were affected
(Figure 5). We therefore used 1, 3, and 10 μM Danshensu for
the following experiment.

Low Concentrations of TNF-α Promote
Osteoblast Differentiation
We investigated the effect of TNF-α on osteoblast differentiation
by ALP staining and activity assay after 7 days of treatment. Both
ALP staining and activity were increased in osteoblasts by
treatment with 0.01 ng/ml TNF-α for 7 days (Figure 6A). We
also examined the effect of TNF-α on mineralization in
osteoblasts by ARS. There were more calcium nodules in the
group treated with 0.01 ng/ml TNF-α than in the other groups
(Figure 6B). TNF-α at concentrations 1 and 10 ng/ml was not
toxic to osteoblasts, and there were no calcium nodules in the
10 ng/ml group.

To confirm the effect of low TNF-α concentrations on
osteoblast differentiation, we evaluated the expression of
BMP2 and SP7—2 genes related to this process—by qPCR.
Application of 0.01 ng/ml TNF-α resulted in the upregulation
of BMP2 and SP7 (Figure 6C). We also examined the levels of
RUNX2 and COL1A1 proteins by western blotting and found that
they were significantly increased in the presence of 0.01 ng/ml
TNF-α, whereas a concentration of 10 ng/ml reduced the protein
level of RUNX2 (Figure 6D). Based on these results, 0.01 ng/ml
TNF-α was used in subsequent experiments to create a

proinflammatory environment for inducing osteoblast
differentiation.

Danshensu Inhibits TNF-α–Induced
Osteogenic Differentiation
To investigate the anti-osteogenic effect of Danshensu,
osteoblasts were treated with 0.01 ng/ml TNF-α and different
concentrations of Danshensu, and ALP staining and activity were
evaluated 7 days later. Danshensu inhibited ALP activity in TNF-
α–induced osteoblasts in a dose-dependent manner. ALP staining
was also reduced in cells treated with Danshensu compared to
those treated with 0.01 ng/ml TNF-α only (Figure 7A). Similar
results were obtained by ARS (Figure 7B). Additionally, qPCR
analysis showed that RUNX2, BMP2, and SP7 mRNA expression
was reduced in cells treated with Danshensu compared to those
treated with TNF-α only (Figure 7C) and after 14 days, cells
exposed to 0.01 ng/ml TNF-α and 1, 3, or 10 μM Danshensu had
lower levels of COL1A1 and RUNX2 proteins compared to those
treated with TNF-α only (Figure 7D).

Danshensu Promotes Ossification of
Normal Osteoblasts
To determine whether Danshensu affects normal osteoblasts, we
assessed the osteogenic potential of osteoblasts treated with 1, 3,
and 10 μM of Danshensu. The results of ALP staining and the
activity assay showed that Danshensu increased osteogenic
differentiation (Figure 8A); this was confirmed by ARS
(Figure 8B). The qPCR analysis showed that RUNX2, BMP2,
and SP7 mRNA expression was increased by Danshensu
treatment, an effect that was concentration-dependent
(Figure 8C); and a similar effect was observed on COL1A1
and RUNX2 protein levels (Figure 8D).

Danshensu Suppresses Ossification of AS
Fibroblasts
As fibroblasts are known to contribute to heterotopic ossification,
we extracted primary fibroblasts from hip ligaments of AS
patients and treated these cells with Danshensu (1, 3, and
10 μM) to further assess whether Danshensu inhibits ectopic
ossification in AS. The ALP staining and activity assay showed
that Danshensu suppressed osteogenic differentiation of AS
fibroblasts (Figure 9A). This was accompanied by decreased
expression of COL1 and RUNX2 proteins (Figure 9B) and
downregulation of OCN, SP7, and RUNX2 transcripts
(Figure 9C) as determined by western blotting and qPCR,
respectively. ARS confirmed the results of ALP staining
(Figure 9D).

Danshensu Suppresses JNK and ERK
Phosphorylation in AS Fibroblasts
Based on the results of the network pharmacology analysis, we
examined the phosphorylation levels of JNK and ERK in AS
fibroblasts treated with Danshensu for 14 days. The results

TABLE 2 | Top 10 genes in the protein–protein interaction network ranked by the
maximal clique centrality method.

Rank Name Score

1 IL6 9,683
2 ESR1 9,608
3 PTGS2 9,588
4 EGFR 9,509
5 IL10 7,270
6 TGFB1 5,880
7 TIMP1 5,040
7 MMP1 5,040
9 NR3C1 3,020
10 RELA 2,185
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showed that p-JNK and p-ERK levels were significantly
downregulated in cells treated with 3 and 10 μM Danshensu
(Figure 10).

DISCUSSION

AS is a chronic inflammatory disease with complex
pathophysiology and no effective treatments (Magrey and
Khan, 2017). TNF-α and IL-17A play important roles in the
development of AS (Wang et al., 2020). Although TNF-α blocker

and IL-17A inhibitor are used for AS treatment, the side effects
and high cost limit their widespread use. Traditional Chinese
medicine is known for its multitarget, bidirectional, and systemic
regulatory effects with fewer side effects but has not been applied
to AS. Danshensu is a pure molecule with a clearly defined
structure that is extracted from the widely used traditional
Chinese medicine Danshen (Zhang et al., 2019). This study
provides the first evidence for the anti-osteogenic effect of
Danshensu in AS based on in silico and in vitro data.

Network pharmacology allows visualization of the
relationship between biological processes and drug action

FIGURE 4 | Drug component–target GO function annotation and KEGG pathway enrichment analysis. BP, biological process; CC, cellular component; MF,
molecular function.
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through construction of an interaction network (Gao et al.,
2020). The mechanism of action of drugs can be explained by
analysis of network components including drug targets,
diseases, and molecular pathways (Li et al., 2020). It is
particularly suitable for the study of multicomponent,
multitarget, and multi-mechanism traditional Chinese
medicines. In this study, we used a network pharmacology-
based approach to identify targets, biological processes, and
signaling pathways of Danshensu in AS. Danshensu target
genes shared by AS were mostly related to the inflammatory
response, cell proliferation and differentiation, fibrosis, and
arthritis. The top gene, IL6, is known to promote AS fibroblast
ossification via MAPK/ERK signaling (Li et al., 2016). The
results of the GO functional annotation and KEGG pathway
enrichment analysis showed that the therapeutic effect of
Danshensu may be related to the regulation of
inflammatory response; protein transport; oxidative stress;
cell apoptosis; and ERK, JNK, and MAPK signaling. The
disease–drug component–target–signaling pathway
interaction network revealed that the JNK and ERK
pathways were closely related to the 10 hub genes,
suggesting that they play a critical role in the anti-
osteogenic effect of Danshensu. The ERK and MAPK
pathways were also related to most AS targets of
Danshensu. The MAPK pathway including ERK, JNK and
p38 pathways, is involved in inflammatory signaling,
regulation of cell proliferation and differentiation, and
activation of the immune system (Lai et al., 2020). The
ERK1/2, JNK, and p38 pathways regulate osteoblast
differentiation (Chen et al., 2016), and inhibition of MAPK
signaling was shown to reduce the expression levels of ALP and
OCN (Wang et al., 2019). JNK is a downstream effector of the
proinflammatory cytokine-induced immune response in AS.
Additionally, Wnt gene promoters contain p65 and c-Jun
binding sites, and inhibiting the NF-κB and JNK/AP-1
pathways suppressed the TNF-α–induced upregulation of
Wnt expression (Li et al., 2018) and attenuated IL-
17–induced inflammatory injury (Mao et al., 2019) in AS.

We confirmed the anti-osteogenic effect of Danshensu in
AS using an in vitro model established by treating osteoblasts
with low concentrations of TNF-α and AS fibroblasts.
Fibroblasts and osteoblasts originate from mesenchymal
stem cells and share a similar phenotype and differentiation
pathway that makes their reciprocal transformation possible
(Zou et al., 2016). AS fibroblasts have higher osteogenic
potential than healthy control fibroblasts and may undergo
ectopic ossification (Qin et al., 2018; Zhang et al., 2021).
Consistent with the previous finding that mild inflammation
promotes new bone formation of AS (Li et al., 2018), we
confirmed in the present study that treatment with a low
concentration dose of TNF-α promoted osteoblast
differentiation in normal osteoblasts. We therefore used
0.01 ng/ml TNF-α to mimic the AS inflammatory
microenvironment in vitro. Our results showed that
Danshensu prevented the ossification of TNF-α–treated
osteoblasts in a dose-dependent manner. Notably,
osteogenic activity markers were upregulated in osteoblasts
exposed to Danshensu alone. These results indicate that
Danshensu inhibits osteogenesis in osteoblasts exposed to
low-intensity inflammatory stimulation while preserving
their osteogenic potential. This effect of Danshensu is likely
related to its regulation of inflammatory response as revealed
in network pharmacology analysis. Importantly, Danshensu
also suppressed osteogenic differentiation in AS fibroblasts,
demonstrating that Danshensu can prevent abnormal new
bone formation in AS.

The results of the GO and KEGG pathway enrichment
analyses along with the target–signaling pathway interaction
network indicated that JNK and ERK signaling pathways are
involved in the anti-osteogenic effect of Danshensu in AS. We
found that Danshensu treatment decreased the
phosphorylation of JNK and ERK in AS fibroblasts,
suggesting that Danshensu prevents ectopic ossification in
AS via inhibition of these pathways. Interestingly, we
previously found that salvianolic acid B, another bioactive
component of Danshen, promoted osteogenesis of normal
hMSCs by increasing ERK1/2 signaling (Xu et al., 2014).
The opposite effects of Danshensu on normal vs abnormal
cells may be related to the distinct microenvironments of the
two cell types. The immune microenvironment in AS is
characterized by activated inflammatory mediators that
promote new bone formation (Schett et al., 2017). The
proinflammatory cytokine TNF-α at a low concentration
may exert this effect, which is countered by Danshensu via
modulation of JNK and ERK signaling pathways. However, the
detailed regulatory mechanism of Danshensu in the immune
microenvironment in AS remains to be elucidated.

Besides JNK and ERK, other pathways that were found to be
enriched in our analyses may be involved in the molecular
mechanism of Danshensu in AS such as phosphatidylinositol
3-kinase (PI3K)–protein kinase B (AKT) and Janus kinase
(JAK)–signal transducer and activator of transcription (STAT).
PI3K–AKT signaling promotes the proliferation and
differentiation of osteoblast precursors while p38 MAPK
signaling regulates the proliferation and differentiation of

FIGURE 5 | Viability of osteoblasts and AS fibroblasts treated with
Danshensu at different concentrations.
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FIGURE 6 | Low concentrations of TNF-α promote osteoblast differentiation. (A) ALP activity and staining of osteoblasts after 7 days of treatment with different
concentrations of TNF-α. (B) ARS of osteoblasts on day 30. (C) SP7 and BMP2mRNA expression in osteoblasts on day 14. (D) RUNX2 and SP7 protein levels on day
14. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 group, n � 3.
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osteoclast progenitor cells (Han and Choi, 2017; Bai et al., 2018).
The JAK–STAT pathway affects bone formation and the
mechanical strength of bone (Sanpaolo et al., 2020). Forkhead
box (Fox)O was shown to be associated with the regulation of
PI3K–AKT signaling in mechanically stimulated osteoblasts (Li

et al., 2010). Activation of hypoxia-inducible factor (HIF) along
with an increased supply of oxygen and nutrients was proposed to
underlie bone anabolism in mice lacking the oxygen sensor prolyl
hydroxylase (PHD)2 (Stegen et al., 2018). Additionally, the
enrichment of the apoptosis cascade and calcium signaling

FIGURE 7 |Danshensu inhibits TNF-α–induced osteogenic differentiation. (A) ALP activity and staining of osteoblasts after 7 days of treatment with TNF-α. (B) ARS
of osteoblasts at days 30. (C) SP7, BMP2, and RUNX2 mRNA expression in osteoblasts on day 14. (D) RUNX2 and COL1 protein levels on day 14. #p < 0.05, ###p <
0.01 vs. 0 group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0.01 T group, n � 3.
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FIGURE 8 | Danshensu promotes ossification of normal osteoblasts. (A) ALP activity and staining of osteoblasts after 7 days of treatment with different
concentrations of Danshensu. (B) ARS of osteoblasts on day 30. (C) SP7, BMP2, and RUNX2 mRNA expression in osteoblasts on days 14. (D) RUNX2, COL1, OCN,
and GAPDH protein levels on days 14. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 group, n � 3.
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pathway in our KEGG analysis suggests that Danshensu also
exerts an anti-osteogenic effect in AS by inducing apoptosis in
osteoblasts and promoting the uptake of external calcium ions by
the body.

In conclusion, we identified potential targets of Danshensu in
AS and showed that Danshensu suppresses the osteogenic
differentiation of osteoblasts and AS fibroblasts via activation
of JNK and ERK signaling pathways. Although the putative
targets of Danshensu in AS need to be validated by in vivo
studies, our results provide molecular-level evidence for the
therapeutic potential of Danshensu in the treatment of AS.
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Proteolytic targeting chimeras (PROTACs) is a rapid and reversible chemical knockout
method. Compared with traditional gene-editing tools, it can avoid potential genetic
compensation, misunderstandings caused by spontaneous mutations, or gene
knockouts that lead to embryonic death. To study the role of estrogen receptor alpha
(ERα) in the occurrence and progression of menopausal arthritis, we report a chemical
knockout strategy in which stable peptide-based (PROTACs) against ERα to inhibit their
function. This chemical knockdown strategy can effectively and quickly inhibit ERα protein
in vivo and in vitro. In the rat menopausal arthritis model, this study showed that inhibiting
estrogen function by degrading ERα can significantly interfere with cartilage matrix
metabolism and cause menopausal arthritis by up-regulating matrix metalloproteinase
(MMP-13). The results of this study indicate that ERα is a crucial estrogen receptor for
maintaining cartilage metabolism. Inhibition of ERα function by PROTACs can promote the
progression of osteoarthritis.

Keywords: PROTACs, estrogen receptor α, MMP-13, articular cartilage metabolism, menopausal arthritis

INTRODUCTION

Menopausal arthritis is one of the most frequently encountered types of arthritic diseases (Wluka
et al., 2000; Watt, 2018). This type of arthritis occurs in women who experience decreased estrogen
levels, due to not only menopausal age but also artificial menopause induced by hormonal disorders
or ovariectomy. Menopausal arthritis can cause cartilage degeneration and joint pain, severely
restricting joint movement and thus compromising patient quality of life (Lou et al., 2016). However,
the exact molecular mechanism of menopausal arthritis is still unclear.

Previous studies have established the role of estrogen in cartilage metabolism during menopausal
arthritis pathogenesis (Gokhale et al., 2004; Xu et al., 2019). However, the role of estrogen receptors
(ERs) in menopausal arthritis, especially in cartilage modulation, has not been determined (Börjesson
et al., 2013; Ribeiro et al., 2020). Three distinct ERs have been characterized: ERα, ERß, and ERγ. Our
previous study demonstrated that estrogen acts on ERα and increases miR-140 expression levels in
human articular chondrocytes. This cascade decreases matrix metalloproteinase-13 (MMP-13)
expression levels (Liang et al., 2016). To date, there have been no in vivo studies about the effect
of ERα function on menopausal arthritis progression.
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Knockout the specific gene is one of the common methods to
study the function. Most used knockout methods, such as
transcription activator-like effector nucleases (TALEN), Cre-
LoxP, clustered regularly interspaced short palindromic repeats/
CRISPR-associated proteins 9 (CRISPR/Cas9), etc., can knock
out at the gene level, and RNA interference can act on the
transcription level (Elbashir et al., 2001; Chan, 2013; Doudna
and Charpentier, 2014; Sengupta et al., 2017; Wang and Sun,
2019). These methods usually need to construct animal gene
knockout models, especially non-human primate models, which
are not only complicated, time-consuming, and irreversible loss
of function caused by gene knockout. In addition, the deletion of
some unique genes leads to the death of animals in the
embryonic stage, which hinders subsequent scientific research
(Doudna and Charpentier, 2014). PROTAC (Proteolysis-
Targeting Chimera) represents a chemical knockdown
strategy that recruits E3 ubiquitin ligase and uses its own
ubiquitin-proteasome system to achieve targeted specific
protein degradation (Toure and Crews, 2016). A study has
used PROTACs to construct a whole-body knockdown for
FKBP12 protein levels in mice, rats, pigs, and rhesus
monkeys, and the function of FKBP12 protein has been
studied and verified in mice and rhesus monkeys. If the
administration of PROTAC is stopped, the FKBP12 protein
in the animal can gradually recover, which is conducive to the
control of the animal model itself and is more accurate for
protein function research. This method is applied to the
systemic knockdown of other targets, such as Bruton’s
tyrosine kinase (BTK) protein (Sun et al., 2018). Therefore,
the PROTAC technology effectively supplements the current
gene knockout methods and has broad application prospects
because of its rapid, reversible, and controllable realization of
systemic protein knockdown in vivo (Sun et al., 2019b).

In a previous study, our collaborator has developed stabilized
peptide-based PROTACs to inhibit ERα (Jiang et al., 2018). This
kind of PROTACs can selectively recruit ERα to the Von Hippel-
Lindau (VHL) E3 ligase complex and degrade ERα in a

proteasome-dependent manner. In this study, we established
an animal menopausal arthritis model by ovariectomy and
cruciate ligament transection (ACLT) in rats to set a control.
The rats have undergone the ACLT operation and then were
injected with PROTACs against ERα for 4 weeks to study the
effect of PROTACs on osteoarthritis progression. After
euthanization, the joint tissue of rats was taken and further
analyzed by immunohistochemistry. The results of this study
will provide evidence for the role of ERα in menopausal arthritis
progression.

MATERIALS AND METHODS

The animal experiments were approved by the Ethics Committee
of Shenzhen Top Biotech Co., Ltd. (No. TOP-IACUC-2020-07-
0013). Six-month-old rats were purchased from Shenzhen Top
Biotech Co.,Ltd. (Shenzhen, China). Twelve female rats were
randomly assigned to the following groups: blank group,
ovariectomized (OVX) + ACLT group, and ACLT +
PROTACs group. The PROTACs were synthesized by Prof.
Zigang Li’s lab from Shenzhen Graduate School, Peking
University. The structure of PROTACs was shown in Figure 1.

In Vitro ERα Expression Assay
To determine the role of PROTAC-mediated ERα degradation in
chondrocytes, heterobifunctional peptide (TD-PROTAC)-stimulated
chondrocytes were subjected to immunofluorescence imaging and
western blotting.

For immunofluorescence analysis, chondrocytes were treated
with TD-PROTAC for 24 h. After being washed three times with
phosphate-buffered saline (PBS), the cells were fixed with 4%
paraformaldehyde and then permeabilized with 0.2% of Triton X-
100 for 10 min. After being blocked with 3% BSA, the cells were
stained with anti-ERα antibodies. Fluorescent images of the cells
were captured using an LSM800 confocal imaging system (Zeiss,
Germany).

GRAPHICAL ABSTRACT | A schematic diagram of the peptide-based PROTACs to inhibit ERα function.
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For western blot analysis, protein samples were harvested from
the TD-PROTAC-treated group and control group. Then, the
proteins were resolved on 12% SDS-PAGE gels and transferred to
a PVDF membrane. The membranes were blocked for 1 h in 5%
fat-free dry milk in PBS and then incubated with ERα-specific
antibodies overnight at 4°C. Conjugated goat anti-rabbit IgG
secondary antibodies (H + L) (MultiSciences, China) were
added and incubated for 1 h at room temperature. Finally, the
membranes were examined by an Odyssey Infrared Imaging
System (LI-COR, Lincoln, NE).

Establishment of the Menopausal Arthritis
Animal Model
After the induction of anesthesia by isoflurane inhalation, the rats
were placed in a prone position. A 1 cm vertical incision was
made in the lower margin of the rib column. Soft tissues such as
fat and muscle were separated layer by layer. Strawberry-like
ovarian tissue was exposed when a white mass of adipose tissue in
the abdominal cavity was separated. After tying off the ovary’s
blood vessels, the ovary was dissected, and then the muscles and
skin were sutured. The same procedure was performed on the
opposite side. One month later, 1 ml of plasma was collected from
the rats, and the estrogen level in the plasma was measured using
an enzyme-linked immunosorbent assay (ELISA) kit (Biovision,
Inc., Milpitas, CA, USA) according to the manufacturer’s
instructions.

Establishment of the ACLT Animal Model
For the anterior cruciate ligament exposure, the medial approach
to the patella was adopted. After the skin cutting and muscle
separation, the patella was turned over, and then the joint cavity
was exposed. The anterior cruciate ligament was dissected using a
sharp knife. The muscle skin was sutured.

Injection and Delivery Efficiency Assay of
PROTACs
One week after ACLT operation, PROTACs were injected. The
kneecap was gently pressed to locate the joint capsule. Forty μM
of PROTACs were slowly injected into the joint capsule

perpendicular to the patella from the lateral side along the
patellar edge. Then, the injection site was gently pressed for
15 s in case of leakage. PROTACs were injected once a week and
lasted 4 weeks.

For in vivo delivery efficiency assay, FITC-peptide (2 mg of
peptide in 100 μl of PBS) was intra-articularly injected. Rats were
euthanized 12 h after injection of FITC-peptide, and cartilage
tissue was collected. Then cartilage tissue was embedded in
optimal cutting temperature (O.C.T.) compound and
sectioned. The tissue sections were imaged using a confocal
microscope to evaluate the delivery efficiency of FITC-labelled
peptide. H33258 was used for nuclear counterstain.

Histochemical Analysis
One week after PROTACs injection, the rats were euthanized.
Knee joints were extracted and fixed in 4% neutral formaldehyde
for 72 h. After being decalcified with EDTA for 45 days, the
tissues were embedded in paraffin and sectioned longitudinally at
a thickness of 4 μm. The slices were dewaxed and then stained
with hematoxylin and eosin (HE), toluidine blue (TB), and
safranin O/fast green (SO/FG).

Immunohistochemical Analysis
The slices were dewaxed. Antigen retrieval was performed by
pepsin incubation for 20 min. A 3% hydrogen peroxide solution
was added to block endogenous peroxidase. After being blocked
in serum, the slides were stained with primary antibodies (anti-
ERα, anti-type II collagen (COL2), and anti-MMP-13) and
secondary antibodies. After the antibody incubation, DAB was
added. The nuclei were stained with hematoxylin and imaged
under a microscope. The integrated optical density of
immunohistochemical staining was quantified using the Image
J software.

Histological Score
The images of the cartilage slices were evaluated according to the
modified Osteoarthritis Research Society International (OARSI)
scoring system (Pritzker et al., 2006). The slices were scored by
three independent researchers. Under the microscope, the slices
were divided into 3 equal width zones according to the OARSI
scoring table. The score of each zone ranged from 0 points to 5

FIGURE 1 | Structure-based design of TD-PROTAC. The red part indicates the sequence targeting ERα, the black part indicates the linker and the blue part
indicates the ligand binding to the von Hippel-Lindau (VHL) E3 ubiquitin ligase.
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points. The total score was determined by summing the scores of
the three zones and ranged from 0 to 15 points.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
software, version 8.02 (GraphPad Software, USA). Statistical
significance between two groups with parametric data was
assessed by two-tailed t-tests. Statistical analysis comparing
multiple groups with parametric data was performed by one-
or two-way ANOVA with Tukey’s post hoc test. A value of p <
0.05 was considered statistically significant. All data are presented
as the mean ± standard deviation (SD).

RESULTS

Stabilized Peptide-based
PROTAC-Mediated Degradation of ERα in
Chondrocytes
To evaluate the stabilized peptide-based PROTACs targeting ERα
in chondrocytes, chondrocytes derived from rat articular cartilage
were incubated with a heterobifunctional peptide (TD-PROTAC)
for 24 h and then stained with immunofluorescent ERα
antibodies. ERα colocalization with the nucleus in the
untreated control group showed obviously high red
fluorescence signals. Moreover, the fluorescence signals of
Cy3-conjugated ERα antibodies were greatly decreased relative
to those of unstimulated chondrocytes. Fluorescence signals were
not detected in chondrocytes in the high concentration TD-
PROTAC treatment group (40 μM) (Figure 2A).

To evaluate TD-PROTAC-mediated ERα degradation,
intracellular ERα expression was also examined in
chondrocytes using western blotting. Incubation with TD-
PROTAC reduced the protein expression of ERα (Figure 2B).

Estrogen Levels Were Significantly
Decreased in Ovariectomized Rats
To determine whether ovariectomy could successfully imitate
estrogen deficiency conditions in rats, we compared E2 levels in
healthy control rats and postmenopausal rats. The ELISA results
showed that the average plasma level of E2 was 35.8 ± 0.64 pg/ml

FIGURE 2 | The effect of TD-PROTAC on ERα expression in chondrocytes. (A) Immunofluorescence analysis of ERα after staining with a secondary Cy3-
conjugated antibody (red). Nuclei were stained with DAPI (blue). (B)Western blot analysis of ERα after treatment of cells with TD-PROTAC. Chondrocytes were treated
with TD-PROTAC at the indicated concentrations for 24 h.

FIGURE 3 | ELISA results showing changes in serum estrogen levels in
rats. One month after ovariectomy (OVX), the serum levels of estrogen were
compared between the OVX group and the control group (***p < 0.001).
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in female rats at 7 months of age. However, the E2 level was less
8.7 ± 0.39 pg/ml in postmenopausal rats (Figure 3).

The Menopausal Arthritis Animal Model
Was Successfully Established
One month after ovariectomy and ACLT, the rats were euthanized,
and the knee joints were evaluated by histological analysis. In the
healthy group that underwent a shamoperation, the cartilage layer of
the knee joint was intact. The layer was clear, and the cartilage
surface was smooth (Figure 4A). In contrast, ovariectomy and
ACLT caused significant morphological changes in the cartilage,
including 1) a rough cartilage surface, 2) a disordered cartilage layer,
and 3) a thinned cartilage layer with small cracks (Figure 4B). Thus,
a menopausal arthritis animal model was successfully established.

Intra-Articular Blockade of Estrogen
Function by Altering ERα Could Induce
Cartilage Degradation
Results from frozen section of cartilage demonstrated the
penetration of FITC-labelled peptide in cartilage tissue
(Supplementary Figure S1). Then, we evaluated the efficacy

of PROTAC-mediated blockade on cartilage repair and
osteoarthritis (OA) progression. Rats were randomly assigned
to 3 groups: one healthy group (sham operation) and two groups
that were treated with OVX + ACLT and PROTACs + ACLT.

Rats were administered PROTACs intra-articularly once each
week for four consecutive weeks and sacrificed in the fifth week.
The joint tissues were harvested, and the sections were stained
with HE, TB, and SO/FG. The stained slides were observed under
a microscope, and images of the tissue sections were captured.

Semi-quantitative IHC results demonstrated that ERα
expression in cartilage tissue was significantly downregulated
after intra-articular PROTAC injection (Figure 5J). Consistent
with the in vitro study results, this in vivo study results further
supported the heterobifunctional peptide (TD-PROTAC) effect
on ERα degradation, as indicated by previous research that
PROTAC could selectively recruit ERα to the VHL E3 ligase
complex, leading to the degradation of ERα in a proteasome-
dependent manner (Jiang et al., 2018).

Significant cartilage damage was observed in the OVX +ACLT
group. Morphological changes in the cartilage that are signs of
OA have been described. As shown in Figure 3C, cartilage
damage was present in the proteoglycan group after 4 weeks of
PROTAC injection. Cartilage pathology was almost identical to

FIGURE 4 | Representative microanatomical images of cartilage tissues in the different treatment groups showing HE staining, TB staining and SO/FG staining. HE
staining of (A) control group, (B) OVX + ACLT, (C) PROTACs + ACLT. TB staining of (D) control group, (E) OVX + ACLT, (F) PROTACs + ACLT. SO/FG staining of (G)
control group, (H) OVX + ACLT, (I) PROTACs + ACLT.
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that in the OVX + ACLT group (Figure 4B), as evidenced by a
rough cartilage surface and disordered cartilage layer. This
conclusion was further supported by the TB staining results.

TB is a metachromatic dye that stains proteoglycans in tissue
because of its high affinity for sulfate groups. Significant loss or
thinning of proteoglycans was observed in OVX + ACLT rat tissue
(Figure 4E). Proteoglycan deposition in the PROTACs + ACLT
group (Figure 4F) was similar to that in the OVX + ACLT group.

Histological scoring was performed according to the modified
OARSI assessment system. The degree ofOA inHE- andTB-stained
sections was scored by two investigators using an index combining
the grade and stage (0–24 points). The results of the blinded
assessment suggested that intra-articular delivery of PROTACs
resulted in a score similar to that of ovariectomy. There was no
significant difference between ovariectomy and intra-articular
injection of PROTACs (Figure 6). These results further
demonstrate the effect of PROTACs on blocking ERα in vivo.

The SO/FG staining results showed that the thickness of the
proteoglycans in the PROTACs + ACLT group (Figure 4I)
resembled that of the OVX + ACLT group (Figure 4H).
Ovariectomy caused severe cartilage degeneration with
profound loss of proteoglycan and cellularity compared to
those in the healthy group.

Cartilage tissues were collected, and the expression of COL2 and
MMP-13was examined. As shown in Figures 5E,F,K, compared to
that in the control group, both OVX + ACLT and PROTACs +
ACLT treatment led to reduced protein levels of COL2 in cartilage
tissue. MMP-13 expression levels were increased by OVX + ACLT
and PROTACs + ACLT (Figures 5H,I,L). These findings were
consistent with our previous study results showing that estrogen
could inhibit MMP-13 expression.

Taken together, the results of this study suggest that intra-
articular injection of PROTACs could significantly inhibit
estrogen function and induce menopausal arthritis.

DISCUSSION

Because of the crucial role of estrogen deficiency in menopausal
arthritis, the role of ERs needs to be defined (Roman-Blas et al.,
2009). The most significant finding of this study is that we
confirmed that ERα is one of the major ERs in joint cartilage
matrix metabolism in vivo.

There are many ways to study the role of ERs in OA
pathogenesis. Genetically modified animal models, such as
knock-out or knock-in models, could be used for functional

FIGURE 5 | Representative immunohistochemical staining images of cartilage tissues in the different treatment groups. Scale bars, 250 μm. Each group contained
3 rats, and similar results were obtained in all rats. Anti-ERα immunohistochemical staining of (A) Control group, (B) OVX + ACLT, (C) PROTACs + ACLT. Anti-COL2
immunohistochemical staining of (D) control group, (E)OVX + ACLT, (F) PROTACs + ACLT. Anti-MMP-13 immunohistochemical staining of (G) control group, (H)OVX +
ACLT, (I) PROTACs + ACLT. The intensity of immunohistochemical staining of ERα (J), COL2 (J), and MMP-13 (L). The integrated optical density of
immunohistochemical staining was quantified using the Image J software.
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studies of ERs (Walker and Korach, 2004). However, it is time-
consuming and expensive to establish a genetically modified animal
model. To simplify the study process, small molecules or peptides
that inhibit the function of the estrogen receptor function can
provide amore convenient way (Speltz et al., 2018). In this study, we
used a peptide to block the interaction between estrogen and ERα.
This peptide, named PROTACs, can selectively recruit ERα to the
VHL E3 ligase complex, leading to the degradation of ERα in a
proteasome-dependent manner. The degradation of ERα could
significantly enhance activities by reducing the transcription of
genes downstream of ERα and inhibiting the proliferation of ERα-
positive breast cancer cells, thus leading to in vivo tumor regression
in the MCF-7 mouse xenograft model (Jiang et al., 2018).

The targeted proteolytic chimera (PROTAC) designs a specific
ligand for the target protein of interest, connected to the E3 ubiquitin
ligase ligand via a linker. PROTACs represent a chemical protein
degradation approach.More andmore proteins of interest have been
successfully degraded by the PROTAC method for functional
research and drug development (Itoh, 2018; Jin J. et al., 2020;
Feng et al., 2020; Mukhamejanova et al., 2021). At present,
PROTACs have unique advantages over classic inhibitors and are
mainly used to discover new anticancer drugs. We found that
applying this new strategy to achieve effective protein knockdown
in vivo animal models is a unique model for studying specific
signaling pathways. Therefore, PROTAC is expected to provide
useful chemical knockdown tools for in vitro and in vivo research
in a convenient, fast, controllable, and reversible manner (Sun et al.,
2019a; Jin YH. et al., 2020; Feng et al., 2020).

In this study, we found that the degradation of ERα could
significantly promote the expression of MMP-13, which could
degrade COL2 and thus initiate OA. It has been demonstrated

that the interaction of estrogen and ERα enhances miR-140 (an
inhibitor of MMP-13) expression levels and thus protects
cartilage from degradation induced by the inflammatory factor
interleukin 1 beta (IL-1β).

Compared to the destructive role of estrogen-related receptor γ
(ERRγ) in OA pathogenesis (Son et al., 2017), this study
demonstrated the protective role of ERα in cartilage matrix
metabolism by inhibiting matrix catabolism. Even though ERRγ
is not a response element for estrogen, ERα and ERRγ exert opposite
effects on cartilage matrix metabolism. This study provides novel
evidence elucidating the function of E2/ERα in OA prevention.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Shenzhen
Top Biotech Co., Ltd.

AUTHOR CONTRIBUTIONS

LX performed the in vitro study. XX and KOY performed the
animal study. ZL synthesized the peptide. CW performed the
histochemical and immunohistochemical analysis. LD and YL
conceived and wrote the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

Shenzhen Science and Technology Projects
(No.JCYJ20170817172023838, No.GJHZ20200731095606019;
No.SGDX20201103095800003); Guangdong International
Cooperation Project (No. 2021A0505030011); Key Program of
Natural Science Foundation of Guangdong Province (No.
2018B0303110003); National Natural Science Foundation of
China (No. 81972116, No. 81772394); China Postdoctoral
Science Foundation (No. 2020M682907); Special Funds for the
Construction of High-Level Hospitals in Guangdong Province;
Shenzhen Fund for Guangdong Provincial High-level Clinical
Key Specialties (No. SZGSP013); Shenzhen Key Medical
Discipline Construction Fund (No. SZXK042).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.764154/
full#supplementary-material

Supplementary Figure 1| In vivo transfection efficiency analysis. Histological assay
of FITC-labelled peptide uptake in cartilage tissue.

FIGURE 6 | Histological scores of articular cartilage were quantitatively
assessed based on the severity of cartilage damage. Cartilage destruction
was scored in a blinded manner by 3 observers using the OARSI grading
system.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7641547

Duan et al. ERα-Targeting PROTAC in Arthritis

248

https://www.frontiersin.org/articles/10.3389/fphar.2021.764154/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.764154/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Börjesson, A. E., Lagerquist, M. K., Windahl, S. H., and Ohlsson, C. (2013). The
Role of Estrogen Receptor α in the Regulation of Bone and Growth Plate
Cartilage. Cell Mol. Life Sci. 70, 4023–4037. doi:10.1007/s00018-013-1317-1

Chan, A. W. (2013). Progress and Prospects for Genetic Modification of
Nonhuman Primate Models in Biomedical Research. Ilar J. 54, 211–223.
doi:10.1093/ilar/ilt035

Doudna, J. A., and Charpentier, E. (2014). Genome Editing. The New Frontier of
Genome Engineering with CRISPR-Cas9. Science 346, 1258096. doi:10.1126/
science.1258096

Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., and Tuschl, T.
(2001). Duplexes of 21-Nucleotide RNAs Mediate RNA Interference in
Cultured Mammalian Cells. Nature 411, 494–498. doi:10.1038/35078107

Feng, Y., Li, J., and Zhang, Y. (2020). Chemical Knockdown of MicroRNA with
Small-Molecule Chimeras. Chembiochem 21, 3180–3185. doi:10.1002/
cbic.202000287

Gokhale, J. A., Frenkel, S. R., and Dicesare, P. E. (2004). Estrogen and
Osteoarthritis. Am. J. Orthop. (Belle Mead Nj) 33, 71–80.

Itoh, Y. (2018). Chemical Protein Degradation Approach and its Application to
Epigenetic Targets. Chem. Rec. 18, 1681–1700. doi:10.1002/tcr.201800032

Jiang, Y., Deng, Q., Zhao, H., Xie, M., Chen, L., Yin, F., et al. (2018). Development
of Stabilized Peptide-Based PROTACs against Estrogen Receptor α. ACS Chem.
Biol. 13, 628–635. doi:10.1021/acschembio.7b00985

Jin, J., Wu, Y., Chen, J., Shen, Y., Zhang, L., Zhang, H., et al. (2020a). The Peptide
PROTAC Modality: a Novel Strategy for Targeted Protein Ubiquitination.
Theranostics 10, 10141–10153. doi:10.7150/thno.46985

Jin, Y. H., Lu, M. C., Wang, Y., Shan, W. X., Wang, X. Y., You, Q. D., et al. (2020b).
Azo-PROTAC: Novel Light-Controlled Small-Molecule Tool for Protein
Knockdown. J. Med. Chem. 63, 4644–4654. doi:10.1021/acs.jmedchem.9b02058

Liang, Y., Duan, L., Xiong, J., Zhu, W., Liu, Q., Wang, D., et al. (2016). E2 Regulates
MMP-13 via Targeting miR-140 in IL-1β-induced Extracellular Matrix
Degradation in Human Chondrocytes. Arthritis Res. Ther. 18, 105.
doi:10.1186/s13075-016-0997-y

Lou, C., Xiang, G., Weng, Q., Chen, Z., Chen, D., Wang, Q., et al. (2016).
Menopause Is Associated with Articular Cartilage Degeneration: a Clinical
Study of Knee Joint in 860 Women. Menopause 23, 1239–1246. doi:10.1097/
gme.0000000000000697

Mukhamejanova, Z., Tong, Y., Xiang, Q., Xu, F., and Pang, J. (2021). Recent
Advances in the Design and Development of Anticancer Molecules Based on
PROTAC Technology. Curr. Med. Chem. 28, 1304–1327. doi:10.2174/
0929867327666200312112412

Pritzker, K. P., Gay, S., Jimenez, S. A., Ostergaard, K., Pelletier, J. P., Revell, P. A.,
et al. (2006). Osteoarthritis Cartilage Histopathology: Grading and Staging.
Osteoarthritis Cartilage 14, 13–29. doi:10.1016/j.joca.2005.07.014

Ribeiro, M., Sousa, C., Rufino, A. T., Judas, F., andMendes, A. F. (2020). Expression
and Function of the Nonclassical Estrogen Receptor, GPR30, in Human
Cartilage and Chondrocytes. J. Cel Physiol. 235, 8486–8494. doi:10.1002/
jcp.29691

Roman-Blas, J. A., Castañeda, S., Largo, R., and Herrero-Beaumont, G. (2009).
Osteoarthritis Associated with Estrogen Deficiency. Arthritis Res. Ther. 11, 241.
doi:10.1186/ar2791

Sengupta, R., Mendenhall, A., Sarkar, N., Mukherjee, C., Afshari, A., Huang, J.,
et al. (2017). Viral Cre-LoxP Tools Aid Genome Engineering in Mammalian
Cells. J. Biol. Eng. 11, 45. doi:10.1186/s13036-017-0087-y

Son, Y. O., Park, S., Kwak, J. S., Won, Y., Choi, W. S., Rhee, J., et al. (2017).
Estrogen-related Receptor γ Causes Osteoarthritis by Upregulating
Extracellular Matrix-Degrading Enzymes. Nat. Commun. 8, 2133.
doi:10.1038/s41467-017-01868-8

Speltz, T. E., Danes, J. M., Stender, J. D., Frasor, J., andMoore, T.W. (2018). A Cell-
Permeable Stapled Peptide Inhibitor of the Estrogen Receptor/Coactivator
Interaction. ACS Chem. Biol. 13, 676–684. doi:10.1021/acschembio.7b01016

Sun, Y., Zhao, X., Ding, N., Gao, H., Wu, Y., Yang, Y., et al. (2018). PROTAC-
induced BTKDegradation as a Novel Therapy forMutated BTK C481S Induced
Ibrutinib-Resistant B-Cell Malignancies. Cell Res. 28, 779–781. doi:10.1038/
s41422-018-0055-1

Sun, X., Gao, H., Yang, Y., He, M.,Wu, Y., Song, Y., et al. (2019a). PROTACs: Great
Opportunities for Academia and Industry. Signal. Transduct Target. Ther. 4, 64.
doi:10.1038/s41392-019-0101-6

Sun, X., Wang, J., Yao, X., Zheng, W., Mao, Y., Lan, T., et al. (2019b). A Chemical
Approach for Global Protein Knockdown from Mice to Non-human Primates.
Cell Discov. 5, 10. doi:10.1038/s41421-018-0079-1

Toure, M., and Crews, C. M. (2016). Small-Molecule PROTACS: New Approaches
to Protein Degradation. Angew. Chem. Int. Ed. Engl. 55, 1966–1973.
doi:10.1002/anie.201507978

Walker, V. R., and Korach, K. S. (2004). Estrogen Receptor Knockout Mice as a
Model for Endocrine Research. Ilar J. 45, 455–461. doi:10.1093/ilar.45.4.455

Wang, C., and Sun, H. (2019). Progress in Gene Knockout Mice. Sheng Wu Gong
Cheng Xue Bao 35, 784–794. doi:10.13345/j.cjb.180417

Watt, F. E. (2018). Musculoskeletal Pain and Menopause. Post Reprod. Health 24,
34–43. doi:10.1177/2053369118757537

Wluka, A. E., Cicuttini, F. M., and Spector, T. D. (2000). Menopause, Oestrogens
and Arthritis. Maturitas 35, 183–199. doi:10.1016/s0378-5122(00)00118-3

Xu, X., Li, X., Liang, Y., Ou, Y., Huang, J., Xiong, J., et al. (2019). Estrogen
Modulates Cartilage and Subchondral Bone Remodeling in an Ovariectomized
Rat Model of Postmenopausal Osteoarthritis. Med. Sci. Monit. 25, 3146–3153.
doi:10.12659/msm.916254

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

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

Copyright © 2021 Duan, Xu, Xu, Wen, Ouyang, Li and Liang. 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.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7641548

Duan et al. ERα-Targeting PROTAC in Arthritis

249

https://doi.org/10.1007/s00018-013-1317-1
https://doi.org/10.1093/ilar/ilt035
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096
https://doi.org/10.1038/35078107
https://doi.org/10.1002/cbic.202000287
https://doi.org/10.1002/cbic.202000287
https://doi.org/10.1002/tcr.201800032
https://doi.org/10.1021/acschembio.7b00985
https://doi.org/10.7150/thno.46985
https://doi.org/10.1021/acs.jmedchem.9b02058
https://doi.org/10.1186/s13075-016-0997-y
https://doi.org/10.1097/gme.0000000000000697
https://doi.org/10.1097/gme.0000000000000697
https://doi.org/10.2174/0929867327666200312112412
https://doi.org/10.2174/0929867327666200312112412
https://doi.org/10.1016/j.joca.2005.07.014
https://doi.org/10.1002/jcp.29691
https://doi.org/10.1002/jcp.29691
https://doi.org/10.1186/ar2791
https://doi.org/10.1186/s13036-017-0087-y
https://doi.org/10.1038/s41467-017-01868-8
https://doi.org/10.1021/acschembio.7b01016
https://doi.org/10.1038/s41422-018-0055-1
https://doi.org/10.1038/s41422-018-0055-1
https://doi.org/10.1038/s41392-019-0101-6
https://doi.org/10.1038/s41421-018-0079-1
https://doi.org/10.1002/anie.201507978
https://doi.org/10.1093/ilar.45.4.455
https://doi.org/10.13345/j.cjb.180417
https://doi.org/10.1177/2053369118757537
https://doi.org/10.1016/s0378-5122(00)00118-3
https://doi.org/10.12659/msm.916254
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Biphasic Effect of Pirfenidone on
Angiogenesis
Donghao Gan1,2, Wenxiang Cheng1, Liqing Ke1, Antonia RuJia Sun1, Qingyun Jia3,
Jianhai Chen1, Zhanwang Xu4*, Juan Xu5* and Peng Zhang1,6,7*

1Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China, 2School of Medicine, The
Southern University of Science and Technology, Shenzhen, China, 3Second Ward of Trauma Surgery Department, Linyi People’s
Hospital, Linyi, China, 4Department of Orthopedics, Affiliated Hospital of Shandong University of Traditional Chinese Medicine,
Jinan, China, 5Department of Stomatology, SijingHospital, Shanghai, China, 6Shenzhen Engineering Research Center for Medical
Bioactive Materials, Shenzhen, China, 7University of Chinese Academy of Sciences, Beijing, China

Pirfenidone (PFD), a synthetic arsenic compound, has been found to inhibit angiogenesis
at high concentrations. However, the biphasic effects of different PFD concentrations on
angiogenesis have not yet been elucidated, and the present study used an in vitromodel to
explore the mechanisms underlying this biphasic response. The effect of PFD on the initial
angiogenesis of vascular endothelial cells was investigated through a Matrigel tube
formation assay, and the impact of PFD on endothelial cell migration was evaluated
through scratch and transwell migration experiments. Moreover, the expression of key
migration cytokines, matrix metalloproteinase (MMP)-2 and MMP-9, was examined.
Finally, the biphasic mechanism of PFD on angiogenesis was explored through cell
signaling and apoptosis analyses. The results showed that 10–100 μM PFD has a
significant and dose-dependent inhibitory effect on tube formation and migration, while
10 nM–1 μM PFD significantly promoted tube formation and migration, with 100 nM PFD
having the strongest effect. Additionally, we found that a high concentration of PFD could
significantly inhibit MMP-2 and MMP-9 expression, while low concentrations of PFD
significantly promoted their expression. Finally, we found that high concentrations of PFD
inhibited EA.hy926 cell tube formation by promoting apoptosis, while low concentrations
of PFD promoted tube formation by increasing MMP-2 and MMP-9 protein expression
predominantly via the EGFR/p-p38 pathway. Overall, PFD elicits a biphasic effect on
angiogenesis through different mechanisms, could be used as a new potential drug for the
treatment of vascular diseases.

Keywords: pirfenidone, angiogenesis, biphasic response, vascular endothelial cells, signaling pathways

INTRODUCTION

Blood vessels, including arteries, veins, and capillaries, are specifically distributed throughout various
tissues and participate in different physiological processes (Kalucka et al., 2020). Abnormal angiogenesis is
closely related to numerous diseases (Carulli et al., 2013); necrosis of the femoral head, osteoporosis, and
other diseases are often accompanied by a decrease in angiogenesis, while vascular hyperplasia aggravates
pathological processes such as rheumatoid arthritis, retinal hyperplasia, and tumors (Baeriswyl and
Christofori, 2009; Alsina-Sanchís et al., 2018; MacDonald et al., 2018). Angiogenesis is a complex, multi-
step process that includes activation, proliferation, migration, and the formation of tubular structures
(Baeriswyl and Christofori, 2009). Angiogenetic intervention may provide a new strategy for the
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treatment of vascular diseases (MacDonald et al., 2018). For
example, antiangiogenic drugs can be used alone or in
conjunction with other drugs in the treatment of arthritis,
diabetic retinopathy, tumor, which can reduce drug dose and
improve the therapeutic effect (Thairu et al., 2011; Kuczynski and
Reynolds, 2020). Angiogenesis-promoting drugs alone or in
combination with biomaterials play an important role in
promoting wound healing, myocardial regeneration, bone defect
repair (Veith et al., 2019; Diomede et al., 2020; Si et al., 2020).

Pirfenidone (PFD) is a versatile pyridine compound that
mainly acts on the targets of transforming growth factor
(TGF)-β, and is currently widely used in the clinical treatment
of diseases such as pulmonary fibrosis (Maher et al., 2020).
Studies have shown that PFD can increase the expression of
angiogenic cytokines and vascular endothelial growth factor
(VEGF)-A in bronchoalveolar lavage fluid (Ronan et al., 2018).
However, some studies have shown that PFD has no significant
effect on pulmonary VEGF and capillary endothelial cell
proliferation (Derseh et al., 2019). Other studies have reported
that PFD can inhibit angiogenesis or its markers (Liu et al., 2017;
Jiang et al., 2018a). The dual effects of the full concentration
gradient of PFD on angiogenesis have not been reported. At
present, targeted vascular drugs have disadvantages such as large
side effects, high price, limited curative effect, or drug resistance.
The development of new antiangiogenic drugs or screening of
vasculogenic drugs has become a research focus in the treatment
of vascular diseases (Augustin and Koh, 2017; Eelen et al., 2020).
As a clinical drug, PFD has fewer side effects and has the potential
to develop indications for the treatment of vascular-related
diseases, which can avoid the huge risk of developing new drugs.

To explore the therapeutic effects of PFD on angiogenesis and
expand its clinical utility, this study aimed to investigate the
biphasic effects of various concentrations of PFD on angiogenesis
in an endothelial cell model.

MATERIALS AND METHODS

Cells and Reagents
The human umbilical vein endothelial cell line EA.hy926 was
donated by the research group of Professor Qin Ling of the
Chinese University of Hong Kong. anti-MMP-2 (Cat.
no.40994S), Anti-p-JAK2 (Cat. no.3771S), anti-p-STAT3 (Cat.
no.9145S), anti-p-SRC (Cat. no.6943T), anti-p-ERK (Cat.
no.4370S), anti-p-p38 (Cat. no.9216S), anti-p-FAK (Cat.
no.8556T), anti-p-AKT (Cat. no.9275S), anti-STAT3 (Cat.
no.9139), anti-p-SMAD2 (Cat. no.8828S) and HRP-linked
secondary antibody (cat. no.#7074) were purchased from CST.
CCK-8 (Cat. no.CK04-3000T) was purchased from DOJINDO.
Anti-VEGF (Cat. no.ab46154) and Anti-TGF-β (Cat.
no.ab217402) antibodies were obtained from Abcam.
Inhibitors of STAT3 (WP1066), ERK (Selumetinib), SRC
(Dasatinib), FAK (PF-562271), P38 (SB203580), AKT (MK-
2206), EGFR (EGFR-IN-12), VEGFR (SU5204), PDGFR
(AG1296), as well as Pirfenidone (Cat. no.S2907) were
purchased from Selleckchem. Matrigel (Cat. no.354234) and
Transwell (Cat. no.3422) were purchased from Corning. TGF-

β (Cat. no.10804-HNAC) was Purchased from Sinobiological.
anti-MMP-9 (Cat.no.10375-2-AP) and GAPDH (Cat.no.60004-
1-Ig) primary Antibodies were obtained from Proteintech
(Wuhan, China). Total RNA miniprep kit (Cat. no. AP-MN-
MS- -RNA-250) was Purchased from Axygen. PrimeScript™ RT
Master Mix (Cat. no.RR036A) and TB Green Premix Ex Taq II
(Cat. no.RR820B) were purchased from Takara.

Cell Culture
EA. hy926 cells were cultured in H-DMEM medium (Hyclone,
United States) with 100 IU/ml of penicillin/streptomycin (Sigma-
Aldrich, United States) and 10% heat-inactivated fetal bovine serum
(FBS; Gibco, United States) in an incubator with 5% CO2 at 37°C.

Cell Viability Assay
3,000 cells/well of EA.hy926 cells were seeded into 96-well plates
for 24 h and subsequently exposed to different concentrations of
PFD. After 3 days of incubation (37°C, 5% CO2), the CCK-8
reagent was added to each well for a brief incubation period.
Then, the absorbance was measured at 450 nm with a microplate
reader, and the data were processed to obtain the maximum
tolerated dose of PFD.

Tube Formation Assay
The in vitro angiogenesis assay was established according to a
previous protocol (Arnaoutova and Kleinman, 2010).

Matrigel was distributed evenly into 24-well plates and incubated
at 37°C, with 5% CO2, for 30 min. Then, the cell suspension and
different concentrations of PFD were added to each well. After
incubation for 6 h, cells were observed under a fluorescence
microscope and images were taken using ImageJ medical imaging
software (NIH, United States) to assess tube formation.

Scratch Assay
When EA.hy926 cells reached 90% confluence and were in an
exponential growth phase, a 200 μl pipette tip was used to make
vertical scratches through the cells. After washing, a serum-free
medium containing PFD was added, images were captured after
24 h, and ImageJ software was used to quantitatively analyze the
degree of cell migration.

Transwell Assay
EA.hy926 cells were seeded in the upper chamber of transwell
plates, which contained a serum-free medium. The lower
chamber contained a medium with 2% FBS, to which varying
concentrations of PFD were added. After 4 h incubation, cells in
the upper chamber were wiped with a cotton swab. The upper
chamber was fixed with 4% paraformaldehyde and stained with
crystal violet, and the number of cells that migrated through the
membrane was observed under an inverted light microscope
(OLYMPUS, Japan).

Western Blot Analysis
EA.hy926 cellular protein was extracted following exposure to
various concentrations of PFD. The protein concentration was
determined through the BCA method, which was followed by gel
preparation, electrophoretic separation, and protein transfer to
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PVDF membranes. The target proteins were detected with their
respective antibodies, and GAPDH was used as an internal
control. The GelView 6000 Pro instrument (BLT Photo
Technology) was used for band visualization, and ImageJ
software was used to quantify the target band gray value.

Quantitative Reverse-Transcriptase PCR
Analysis
Cells were seeded into 12-well plates, and after 2 days of culture,
different concentrations of PFD were added to each well.
Following 6 h of incubation at 37°C and 5% CO2, the RNA

TABLE 1 | Sequences of the primers.

Name Forward Reverse

MMP-2 CTT CCA AGT CTG GAG CGA TGT TAC CGT CAA AGG GGT ATC CAT
MMP-9 CCT CTG GAG GTT CGA CGT GA TAG GCT TTC TCT CGG TAC TGG AA
GAPDH GGA GTC CAC TGG CGT CTT AGG CTG TTG TCA TAC TTC TCA T

FIGURE 1 | Bidirectional effects of PFD on EA.hy926 cell tube formation: (A) Cell viability was measured by CCK-8 assay; (B) The effects of different PFD
concentrations on EA.hy926 cell matrigel tube formation; (C) Semi-quantitative analysis result of matrigel tube formation. *Compared to control cells, *p < 0.05;
**p < 0.01.
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was extracted from cells on ice. The concentration was
determined by NanoDrop One(Thermo Scientific, US) and
reverse transcribed by T100 Thermal Cycler (Bio-Rad, US),
and the target gene primers (Table 1) were added for PCR by
LightCycler® 96 System (Roche, Switzerland) according to the
manufacturer’s protocol. Target gene expression was evaluated
by the △△Ct method after reverse transcription and
amplification.

Statistical Analyses
All data values were detected independently three times.
Statistical analysis was performed by one-way analysis of
variance using GraphPad Prism 8.0 software (GraphPad
Software Inc., United States). Values are expressed as mean ±
standard deviation (SD), with p < 0.05 considered significant.

RESULTS

Biphasic Effect of PFD on Angiogenesis
To avoid the potential cytotoxic effects of PFD on EA.hy926
cells and to optimize the safe concentration range, a CCK-8
assay was used to assess cell viability. When the cells were
exposed to PFD within the concentration range of 10
nM–100 μM for 72 h, there was no significant change in cell
activity compared to cells in the control group, while 1 mM PFD
exhibited significant toxicity (Figure 1A). Therefore, we set the
maximum safe concentration of PFD to 100 μM in subsequent
experiments.

Compared to cells in the control group, the inhibitory
effect of PFD on the tubular formation of EA.hy926 cells
was significant and concentration-dependent in the range of

FIGURE 2 | The bidirectional effect of PFD on MMPs is independent of the TGF/SMAD signaling pathway. The EA.hy926 cells were pre-treated with different
concentrations of PFD for 6/24 h, and assessed by real-time qPCR andwestern blot analysis: (A)Relative mRNA expression ofMMP-2 andMMP-9; (B)MMP-2 andMMP-9
protein expression; (C) p-SMAD2/3 protein expression. *p < 0.05; **p < 0.01.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 8043274

Gan et al. Pirfenidone on Angiogenesis

253

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


10–100 μM, which could effectively reduce the mesh area,
branching length, and segment length, among which the
inhibitory effect of PFD at 100 μM was the most apparent
(Figures 1B,C). While in the concentration range of
10 nM–1 μM, PFD significantly increased the mesh area,
branching length, and segment length compared to cells in
the control group. PFD at 100 nM had the most pronounced
effect, however, there was a nonlinear relationship between
tube formation and PFD concentration of PFD
(Figures 1B,C).

The different concentrations of PFD had no significant
effect on the mRNA expression of MMP-2 and MMP-9, but
the effect was consistent with the tube-forming trend at the
protein level (Figures 2A,B). Within the concentration range
of 10–100 μM, PFD inhibited the protein expression of MMP-
2 and MMP-9 in a concentration-dependent manner, among
which the inhibition effect of 100 μM was the most
pronounced. However, 10 nM–10 μM PFD promoted the
protein expression of MMP-2 and MMP-9, of which
100 nM had the most pronounced effect. PFD significantly
decreased the expression of p-SMAD2/3 in a concentration-
dependent manner, indicating that PFD blocks the TGF-β/
SMAD signaling pathway in a concentration-dependent
manner, which was inconsistent with the trend of tube
formation (Figure 2C).

High Concentrations of PFD Inhibits
EA.hy926 Cell Tube Formation by Promoting
Apoptosis
To explore the mechanism by which PFD inhibits tube
formation in EA.hy926 cells, we examined the apoptosis-
related proteins cleaved caspase 9, caspase 9, cleaved
caspase 3, and caspase 3, to observe the effect of PFD on
apoptosis. PFD significantly increased the expression of
cleaved caspase 9 and cleaved caspase 3 (Figure 3), which is
consistent with the observed inhibition of tube formation and
migration.

Low Concentrations of PFD Promote Tube
Formation by Increasing MMP-2 and
MMP-9 Protein Expression Predominantly
via the EGFR/p-p38 Pathway in EA.hy926
Cells
By further refining the concentration, we set another 3
concentrations between 10 nM and 1 μM. The results showed
that PFD at 100 nM had the most obvious effect in promoting
tube formation (Figure 4A). Therefore, 100 nM PFD was selected
for subsequent experiments. To explore the mechanisms by
which PFD promotes tube formation, we conducted a scratch
test and a transwell migration experiment to show that PFD
promotes angiogenesis by promoting endothelial cell migration
(Figures 4B,C). To further reveal the mechanism by which PFD
promotes migration, we examined the key migration cytokines,
MMP-2 and MMP-9, in EA.hy926 cells after PFD stimulation.
Tests showed that low concentrations of PFD promoted the
expression of MMP-2 and MMP-9 proteins, which could not
be reversed by TGF-β protein (Figure 4D).

To further study which signaling pathway was decisive in the
PFD-induced increase in MMP-2/9 expression, we assessed the
phosphorylation levels of STAT3, SRC, AKT, p38, FAK, and ERK
in cell lysates by western blotting. The results showed that PFD
(100 nM) significantly increased the phosphorylation of STAT3,
p38, ERK, FAK, and SRC in EA.hy926 cells. PFD did not increase
the phosphorylation of AKT (Figure 5A). To further support the
mechanisms of these findings, we examined MMP-2 and MMP-9
protein expression after treatment with pharmacological inhibitors
of STAT3, SRC, AKT, p38, FAK (10 nM), and ERK signaling
pathways. The increase of MMP-2/9 expression stimulated with
PFD was significantly decreased with inhibitors of AKT and p38 in
EA.hy926 cells (p< 0.01, Figure 5B). In contrast, inhibitors of ERK,
FAK, STAT3, and SRC had no obvious reversal effect on the
increase in MMP-2/9 expression stimulated by PFD in EA.hy926
cells (Figure 5B). These results confirmed that PFD increases the
expression of MMP-2 and MMP-9 predominantly through
activation of the p38 pathway.

FIGURE 3 | High concentrations of PFD inhibit EA.hy926 cell tube formation by promoting apoptosis. The EA.hy926 cells were stimulated with PFD (100 nM) for
24 h, followed by assessment of cleaved caspase 9, caspase 9, cleaved caspase 3, and caspase 3 expression in cell lysates by western blot analysis. (A) Cleaved
caspase 9, caspase 9, cleaved caspase 3, and caspase 3 protein expression. (B) Summary of the statistical analysis, *p < 0.05; **p < 0.01.
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FIGURE 4 | Low concentrations of PFD promotematrigel tube formation and cell migration. (A)Determining the optimal concentration of PFD to promote matrigel tube
formation in EA.hy926 cells; (B) PFD promotes the recovery of the scratch width of EA.hy926 cells; (C) PFD promotes the transwell migration of EA.hy926 cells; (D) low
concentrations of PFD promoted the expression of MMP-2 and MMP-9 proteins, which could not be reversed by TGF-β protein. *p < 0.05; **p < 0.01.
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Finally, we used inhibitors of Vascular Endothelial Growth Factor
Receptor (VEGFR), Epidermal Growth Factor Receptor (EGFR), and
Platelet-Derived Growth Factor Receptor (PDGFR) to detect whether
the activation of the p38 signaling pathway by PFDwas associatedwith

angiogenesis-related VEGFR, EGFR, and PDGFR. The results showed
that inhibitors of EGFR significantly inhibited the PFD-stimulated
increase in p-p38 expression in EA.hy926 cells, which was consistent
with the expression of MMP-2 and MMP-9 proteins (Figure 6).

FIGURE 5 | PFD promotes the expression of MMP-2 and MMP-9 predominantly via p38 pathway and is independent of the TGF-β target in EA.hy926 cells.
EA.hy926 cells were pre-treated with different pharmacological inhibitors for 30 min prior to PFD (100 nM, 24 h) stimulation, which was followed by assessment of MMP-
2 and MMP-9 expression in cell lysates by western blot analysis. (A) PFD increased phosphorylation of STAT3, SRC, p38, FAK and ERK. PFD did not have any effect on
AKT phosphorylation. (B) Inhibitors of p38 and AKT significantly inhibited the PFD-stimulated increase in MMP-2 and MMP-9 expression. The cells were pre-
treated with TGF-β (5 ng/mL) for 1 h prior to PFD (100 nM, 0.5 h) stimulation, which was followed by assessment of STAT3, SRC, AKT, p38, FAK, and ERK
phosphorylation levels in cell lysates by western blot analysis. *p < 0.05; **p < 0.01. AKT-i (1 nM), SRC-i (0.1 nM), p38-i (10 µM), FAK-i (10 nM), STAT3 (0.1 µM) and ERK-
i (10 nM).
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DISCUSSION

Angiogenesis is a complex process involving the coordinated
action of angiogenic factors and inhibitors, which exist in a
dynamic balance under normal conditions. Vascularization
plays an important role in fracture healing, bone defect repair,
myocardial regeneration, wound healing, and tumor progression
(Wang et al., 2015; Sivaraj and Adams, 2016; Sun et al., 2016).
When the equilibrium is disrupted, that is, when the vascular
system is activated (excessive angiogenesis) or inhibited (vascular
degeneration), the occurrence of the disease is promoted (Yu and
Wang, 2018). Under such a disequilibrium, drugs that activate or
inhibit the vascular system can be used to treat diseases.

Matrix tube formation can be used to screen various factors
that promote or inhibit angiogenesis and identify signal pathways
related to angiogenesis regulation, which is the preferred method
for evaluating angiogenesis regulatory factors (Arnaoutova and
Kleinman, 2010). EA. hy926 cells can rapidly differentiate into
capillary-like structures on matrigel, which can be used to
simulate the initial stage of angiogenesis (Kubota et al., 1988).
Previous studies have shown that high concentrations of PFD can
inhibit angiogenesis or its markers (Liu et al., 2017; Jiang et al.,
2018a). In this study, we confirmed that PFD has a bidirectional
angiogenic effect, that is, high concentrations inhibit angiogenesis
and intermediate concentrations promote blood vessel formation.
First, Matrigel angiogenesis experiments showed that 10–100 µM
PFD significantly and dose-dependently inhibited tube formation

in EA.hy926 cells, of which 100 µM exhibited the most
pronounced effect. PDF, in the concentration range of
10 nM–1 µM, significantly promoted tube formation in a non-
linear manner; 100 nM had the most pronounced effect. It has
been reported that the initial tube formation stage does not
involve cell proliferation, but only migration (Pardali et al., 2010).

During tube formation, cells initially attach to the matrix, then
migrate to each other, align and form tubes. Remodeling of the
extracellular matrix is necessary for this process. In vivo and
in vitro studies have shown that PFD may exert anti-fibrotic and
anti-inflammatory effects by inhibiting transforming growth
factor, MMP, and tumor necrosis factor expression (Waller
et al., 2002; Chen et al., 2020a), and transforming growth
factor and MMPs are closely related to angiogenesis (Pardali
et al., 2010; Liu et al., 2018a). Studies have shown that vascular
endothelial cell migration and tube-forming ability are regulated
by MMPs, among which MMP-2 and MMP-9 are type IV
collagen proteases, which can decompose the extracellular
matrix and promote cell migration, and play an important
role in the early stage of angiogenesis (Liu et al., 2018a). Up-
regulation or down-regulation of MMP-2 and MMP-9 can affect
vascular remodeling (Browne and Healy, 2019; Chen et al.,
2020b). Here, results showed that PFD significantly changed
the expression of MMP-2 and MMP-9, which is consistent
with the trend of the Matrigel angiogenesis experiment,
demonstrating that PFD regulates tube formation by
bidirectionally regulating MMP-2 and MMP-9 in EA.hy926

FIGURE 6 | PFD increases MMP-2 and MMP-9 protein expression predominantly through activation of the p38 pathway and is EGFR-dependent. EA.hy926 cells
were pre-treated with different pharmacological inhibitors for 30 min prior to PFD (100 nM, 0.5/24 h) stimulation, which was followed by assessment of p-p38 andMMP-
2/9 expression in cell lysates by western blot analysis. (A) Inhibitors of VEGFR and EGFR significantly inhibited the PFD-stimulated increase in p-p38 expression. (B)
Inhibitors of EGFR significantly inhibited the PFD-stimulated increasement of MMP-2 and MMP-9 expression. *p < 0.05; **p < 0.01. VEGFR-i (100 nM), EGFR
(100 nM), PDGFR-i (1 µM).
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cells. Through experiments, we found that the changes in MMP
protein expression were not consistent with mRNA expression,
indicating that PFD regulates the expression of MMP-2 and
MMP-9 at the translational level. As a TGF-β inhibitor
(Burghardt et al., 2007), detection showed that PFD
significantly inhibited the expression of p-SMAD 2/3 and the
inhibition of the TGF-β/SMAD pathway was gradually increased
in the range of 10 nM–100 µM, which was inconsistent with the
angiogenic curve trend. Previous studies have shown that SMAD
2/3 inhibits endothelial cell angiogenesis (Pardali et al., 2010), and
inhibition of SMAD 2/3 theoretically promotes angiogenesis,
which is inconsistent with this study. Therefore, it is
speculated that PFD may exert angiogenic intervention effects
through other pathways.

Vascular growth associated with angiogenesis must undergo
a remodeling phase, including the removal of excess vascular
segments and cells to form a vascular choroid system with
specific physiological functions (Watson et al., 2017).
Endothelial cell apoptosis plays an important role in vascular
degeneration and vascular remodeling during angiogenesis,
which is closely related to the process of the aortic arch, lens
vascular membrane development, and wound healing, and can
also disrupt the formation of the vascular network and inhibit
tumor progression (Affara et al., 2007; Ehling et al., 2020; Sun
et al., 2020). Studies have shown that promoting endothelial cell
apoptosis can inhibit angiogenesis, which is beneficial in the
treatment of diseases related to microvascular proliferation
(Cao et al., 2020). Activated caspase 9 and caspase 3 are key
downstream proteins in the apoptotic protein cascade and are
the main indicators of apoptosis (Kang et al., 2019). We found
that high concentrations of PFD can significantly enhance the
expression of cleaved caspase 3 and cleaved caspase 9 proteins,
activate caspase-dependent apoptosis, and reduce the
expression of MMP-2 and MMP-9, thereby inhibiting tube
formation.

The results showed that low concentrations of PFD
promoted the expression of key migration cytokines, MMP-
2 and MMP-9, and this was TGF-β target-independent. To
investigate which signaling pathway was decisive in the PFD-
induced increase in the expression of MMP-2/9, we evaluated
AKT, ERK, p38, SRC, FAK, and STAT3 phosphorylation
levels, and found that PFD may activate the p38, FAK,
STAT3, ERK, and SRC pathways to promote the expression
of MMP-2 and MMP-9 proteins. To support the findings
obtained, we used pharmacological inhibitors of
angiogenesis-related AKT, ERK, p38, SRC, FAK, and
STAT3 signaling pathways (Wang et al., 2005; Karar and
Maity, 2011; Zhao and Guan, 2011; Liu et al., 2018b; Batlle
et al., 2019). these pathways have been reported to be
associated with endothelial cell migration (Li et al., 2016;
Sun et al., 2019; Zhang et al., 2019). The results of this
study indicate that PFD increased MMP-2 and MMP-9
protein expression predominantly through activation of the
p38 pathway, independent of the TGF-β target. Increasing
studies also showed that activation of the p38 signaling
pathway can up-regulate mMP2/9 expression and promote
angiogenesis and tissue repair (Huang et al., 2014; Icli et al.,
2019; Pan et al., 2020).

VEGFR, EGFR, and PDGFR are versatile signaling pathway
integrators associated with vascular homeostasis and disease
and are of great significance in wound healing and development
(Andrae et al., 2008; Schreier et al., 2014; Karaman et al., 2018).
Studies have shown that these molecules are down-regulated in
diabetic wounds, and activation of these pathways promotes
wound healing (Okonkwo et al., 2020). The molecular
interaction between angiogenesis and bone formation ensures
bone development, remodeling, and bone integrity. VEGF,
PDGF, and EGF are the key factors in the process of
angiogenesis, which can affect the coupling of angiogenesis-
osteogenesis- osteoclast, and are closely related to fracture

FIGURE 7 |Mechanism underlying the Biphasic effect of pirfenidone on angiogenesis: PFD elicits a biphasic effect on angiogenesis through different mechanisms,
whereby high concentrations inhibit angiogenesis in EA.hy926 cells by increasing apoptosis, and low concentrations promote angiogenesis through the activation of
specific signaling pathways.
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healing and bone defect repair (Yamano et al., 2014; Barabaschi
et al., 2015; Unger et al., 2015).VEGFR, EGFR, and PDGFR are
all receptor tyrosine kinases, (Lyle et al., 2019), and all of them
can activate the p38 signaling pathway (Tsai et al., 2014; Jiang
et al., 2018b; Wang et al., 2020). We found that the
phosphorylation of p38 is VEGFR and EGFR-dependent, but
not related to PDGFR in EA.hy926 cells stimulated by PFD.

EGFR plays a key role in endothelial cell survival,
migration, and differentiation, and can regulate
angiogenesis by interfering with the EGF signaling pathway
(Biagioni et al., 2021). Studies have shown that the EGFR
pathway may be related to wound angiogenesis, high EGFR
level may lead to faster wound healing, and inhibition of
EGFR may affect wound healing (Zhou et al., 2017; Simonetti
et al., 2020). In addition, EGF may ameliorate drug-related
osteonecrosis of the jaw by restoring vascular endothelial cell
vitality and promoting angiogenesis (Wang et al., 2019).
Studies have reported that the expression of MMP proteins
could be activated by EGFR (Wang et al., 2018), which
indicates that PFD may promote p38 phosphorylation
via EGFR.

CONCLUSION

Our study reported, for the first time, that PFD has a bidirectional
effect on angiogenesis through different mechanisms, that is, high
concentrations inhibit angiogenesis through an increase in
apoptosis and low concentrations promote angiogenesis through
the activation of specific signaling pathways (Figure 7). These
results increase the clinical utility of implementing different PFD
concentrations to treat different vascular conditions. Future
experiments examining the bidirectional angiogenetic effects of
PFD in animal models will further elucidate its clinical potential.
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Bone homeostasis only exists when the physical function of osteoblast and osteoclast stays in
the balance between bone formation and resorption. Bone resorption occurs when the two
processes are uncoupled, shifting the balance in favour of bone resorption. Excessive activation
of osteoclasts leads to a range of osteolytic bone diseases including osteoporosis, aseptic
prosthesis loosening, rheumatoid arthritis, and osteoarthritis. Receptor activator of nuclear
factor kappa-B ligand (RANKL) and its downstream signaling pathways are recognized as key
mediators that drive the formation and activation of osteoclastic function. Hence, osteoclast
formation and/or its function remain as dominant targets for research and development of
agents reaching the treatment towards osteolytic diseases. Chrysin (CHR) is a flavonoid with a
wide range of anti-inflammatory and anti-tumor effects. However, its effect on osteoclasts
remains unknown. In this study, we found the effects of CHR on inhibiting osteoclast
differentiation which were assessed in terms of the number and size of TRAcP positive
multinucleated osteoclasts (OCs). Further, the inhibitory effects of CHR on bone resorption and
osteoclast fusion of pre-OC were assessed by hydroxyapatite resorption pit assay and F-actin
belts staining; respectively. Western blotting analysis of RANKL-induced signaling pathways
and immunofluorescence analysis for p65 nuclear translocation in response toRANKL-induced
osteoclasts were used to analyze themechanismof action of CHRaffecting osteoclasts. Lastly,
the murine calvarial osteolysis model revealed that CHR could protect against particle-induced
bone destruction in vivo. Collectively, our data strongly suggested that CHR with its promising
anti-tumor effects would also be a potential therapeutic agent for osteolytic diseases.
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INTRODUCTION

The dynamical homeostasis of bone is coordinated by two
individual but inter-coupling processes, osteoclast (OC)-
mediated bone resorption and osteoblast-mediated bone
formation (Boyle et al., 2003; Kular et al., 2012). Excessive
OC bone resorption is associated with many osteolytic
diseases, including osteoporosis, aseptic prosthetic loosening,
rheumatoid arthritis, and periodontitis (Hadjidakis and
Androulakis, 2006; Kim et al., 2013). Total joint replacement
(TJA) is a common orthopaedic surgery. The purpose of this
surgery is to alleviate joint pain associated with end-stage joint
diseases (such as osteoarthritis and osteoporotic fractures),
restore joint flexibility, and improve the quality of life of
patients. However, aseptic prosthesis loosening caused by
inflammatory local osteolysis has always been a common
complication of TJA. Complication of aseptic prosthetic
loosening resulted in poor life quality of patients when long-
time wearing become abrasive and painful (Wooley and
Schwarz, 2004; Yunpeng et al., 2013). Traced to its cause,
long-term complications of TJA were mainly caused by the
aseptic prosthesis loosening by common particle-derived
prosthetic materials, including ultra-high molecular weight
polyethylene (UHMWPE) and metal biomaterial implants.
Although the specific mechanism of prosthetic loosening
remains unclear, it is believed that the abrasive wear particles
induce local cells to release chemokines and cytokines that
activate OC formation resulting in the increase of bone
resorption and bone loss around the prosthesis (Anderson
et al., 2008).

Macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor-κB ligand (RANKL) have been
regarded as the two key cytokines for OC formation (Lacey
et al., 1998; Teitelbaum, 2000). M-CSF bridged the RANKL-
mediated OC precursor fusion through promoting OC precursor
proliferation and survival, and increasing RANK expression (Arai
et al., 1999). RANKL belongs to the tumor necrosis factor (TNF)
superfamily due to its similar molecular structure and bio-
function (Thaler et al., 2016). Various downstream signaling
pathways such as NF-κB and MAPKs (p38, JNK1/2, and
ERK1/2) received the activation signals from adaptor proteins
TNF receptor-associated factors (TRAFs), in particular TRAF6,
which being recruited after RANKL binds to its cognate receptor
RANK. This leads to the activation of transcription factors in the
nucleus c-Fos and NFATc1 to induce the expression of OC-
specific genes such as tartrate resistant acid phosphatase (Acp5),
V-ATPase V0 domain subunit d2 (Atp6v0d2), calcitonin receptor
(Ctr), and matrix metalloproteinase-9 (Mmp-9) (Matsuo et al.,
2004; Nakashima and Takayanagi, 2015). Therefore, agents that
can restrain the differentiation and/or bone resorption function
of OCs are prime drug candidates for the protection of local
osteolysis disease.

In recent years, natural compounds have demonstrated
many beneficial biological effects including anti-oxidative and
anti-inflammatory effects, wherein many of them show
therapeutic potential in the treatment of a variety of
disease conditions such as bone metabolic disorders

(Norman, 2002; Wang et al., 2017). For example, the
Chinese medicine alkaloid, bulleyaconitine A (BLA) and its
analogues, being approved for the treatment of chronic pain
and rheumatoid arthritis, are likely to be candidate
compounds for treating osteoporosis and osteolytic
conditions. BLA takes action in inhibiting OC function and
promoting bone mineralization by stimulating osteoblasts
(Zhang et al., 2018). With natural compounds being in
abundance, novel candidates with therapeutic potency
could be developed to protect bone destruction from OC
over-activation and to provide new medical options to
osteolytic bone diseases. Chrysin (CHR) is a natural
flavonoid found in honey and propolis, fruits, vegetables,
and certain beverages at low concentrations. It shows a
variety of potential clinical applications, and has been
reported to exhibit anti-inflammatory (Funakoshitago et al.,
2016; Nile et al., 2017), anti-oxidative (Zeinali et al., 2017; Wu
et al., 2018), and anti-tumorigenic (Nagasaka et al., 2018;
Wang et al., 2018) effects. Furthermore, the inflammation
caused by LPS induction could be blocked by CHR through
attenuating JNK and NF-κB signaling cascades (Ha et al.,
2010), thereby providing a compelling basis for exploring its
effects on osteoclastogenesis and bone resorption.

Chrysin (CHR) is a flavonoid compound with a variety of
anti-inflammatory and anti-tumor effects. However, the effects
of CHR on osteoclasts and LPS-induced inflammatory
osteolysis remain unclear. In this study, we aimed to
determine the effects of CHR on OC formation and
function in vitro, and on abrasive osteolysis in vivo, and to
define the molecular mechanisms by which CHR exerts these
effects. The results of this study aim to provide a theoretical
basis for the clinical application of CHR in the treatment of
osteolysis.

MATERIALS AND METHODS

Regents
Chrysin (purity > 98% Figure 1A) was purchased from
Aladdin reagent co., LTD (Shanghai, China). Recombinant
mice M-CSF was obtained from R&D Systems (Minneapolis,
MN, United States). The purification process of
Recombinant RANKL followed the protocol as previously
reported (Xu et al., 2000). The CCK8 assay kits were
purchased from Promega (Madison, WI, United States).
Antibodies for ERK, phospho-ERK, IκBα, phospho-IκBα,
and β-Actin were obtained from Abcam (Cambridge,
United Kingdom). Anti-phospho-JNK, anti-JNK, anti-
phospho-p38, anti-p38, anti-phospho-NF-κB p65, and
anti-NF-κB p65 were obtained from Cell Signaling
Technology (Boston, United States).

Cell Culture and Cell Viability Assay
The first step was to obtain murine bone marrow monocyte/
macrophages (BMMs) that were isolated from 6 to 8 weeks old
male C57BL/6 mice weighing about 20 g. Complete medium of
a-MEM with supplement of 10% (v/v) FBS 1% (w/v) penicillin/
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streptomycin, and 30 ng/ml M-CSF was used for cell growth
in a humidified incubator at 37°C and 5% CO2 cultured until
ready for further applications. To assess the cytotoxic effects
of CHR on BMMs, cell viability was determined using the
CCK8 cytotoxicity assay. BMMs were seeded at a density of
8 × 103 cells/well in 96-well plates and cultured with M-CSF
(30 ng/ml) in the absence or presence of CHR
(0.625–160 μM) for 48 and 96 h. CCK8 solution (10 μl/
well) was added to each well and incubated with cells for
1.5 h. The absorbance at 450 nm was detected by microplate
reader (Thermo, United States).

Osteoclast Formation Assay In Vitro
The observation of whether OC differentiation was inhibited
under the CHR administration was conducted by tartrate
resistant acid phosphatase (TRAcP) activity staining. M-CSF-
dependent BMMs were seeded into 96-well plates as 8 × 103 cells/
well with complete α-MEM. Cells were placed overnight ensuring
the tight adhesion. Stimulation of BMMs using 100 ng/ml
RANKL combined with gradually doubling of CHR (from 5,
10 to 20 μM, dose-dependent effect) in every other day.
Replacement of culture media containing M-CSF, RANKL,
and CHR occurred every 2 days to generate mature
multinucleated OCs. Cells were fixed with 4% paraformaldehyde

for 15–20 min, followed by the staining of TRAcP activity.
Scoring criteria obeyed the rule that the number of TRAcP-
positive cells with more than 3 nuclei would be counted as
mature osteoclasts.

Real-Time PCR Analysis
Real-time PCR was used for investigating the expression of specific
OC genes at the end of OC formation after the application of CHR.
The cell RNA extraction reagents and conditions for the real-time

FIGURE 1 | CHR reduced RANKL-induced OC formation. (A) Chemical structure of CHR. (B) Murine BMMs were dose-dependently treated with indicated
concentrations of CHR, 30 ng/ml M-CSF, and 100 ng/ml RANKL for 6 days and then stained for TRAcP activity (Magnification = ×100; scale bar = 100 µM). (C) The
numbers of TRAcP positive multinucleated OC (nuclei > 3) were quantified (n = 3). (D) The percentage of OC area from panel Bwasmeasured. (E)Quantitative analysis of
osteoclast number with different nuclear numbers. (F)Murine BMMs were stimulated with 30 ng/ml M-CSF and 100 ng/ml RANKL in the presence of 20 μMCHR
for 1, 3, or 5 days. Cells were then fixed and stained for TRAcP activity (Magnification = ×100; scale bar = 100 µM). (G) The numbers of TRAcP positive multinucleated
OC (nuclei > 3) were quantified (n = 3). (H) The percentage of OC area from panel F was measured. (I) BMMs were treated with indicated concentrations of CHR and
30 ng/ml M-CSF, for 48 h; Cell viability was measured using CCK-8 assay in accordance with manufacturer’s protocol. (n = 5) (*p < 0.05, **p < 0.01, ***p < 0.001 versus
the 0 or positive control).

TABLE 1 | The primer sets used are as follows.

DC-STAMP Forward: 5′-CTTGCAACCTAAGGGCAAAG-3′
Reverse: 5′-TCAACAGCTCTGTCGTGA CC-3′

ACP5 Forward: 5′-TGTGGCCATCTTTATGCT-3′
Reverse: 5′-GTCATTTCTTTGGGGCTT-3′

CTR Forward: 5′-TGCAGACAACTCTTGGTTGG
Reverse: 5′-TCGGTTTCTTCTCCTCTGGA

ATP6V0d2 Forward: 5′-GTGAGACCTTGGAAGACCTGAA-3′
Reverse: 5′-GAGAAATGTGCTCAGGGGCT-3′

MMP-9 Forward: 5′-CGTGTCTGGAGATTCGACTTGA-3′
Reverse: 5′-TTGGAAACTCACACGCCAGA-3′

β-actin Forward: 5ʹ-TCTGCTGGAAGGTGGACAGT-3ʹ
Reverse: 5′-CCTCTATGCCAACACAGTGC-3ʹ

CTSK Forward: 5′-GGCCAACTCAAGAAGAAAAC3′
Reverse: 5′-GTGCTTGCTTCCCTTCTGG-3′

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 7930873

Wu et al. Chrysin Protects Mice From Osteolysis

264

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


PCR instrumentation were as previously described (Masanori et al.,
2010). Table 1 shows the related primer sets.

Resorption Pit Assay
BMMs were initially seeded into 6-well plates at a density of 1 ×
105 cells/well under the cultivation of additional 100 ng/ml
RANKL and the small osteoclastic cells appeared at the third
or fourth day. On day 4, cells were transferred to hydroxyapatite-
coated 96-well plates (Corning, United States) and treated with 10
or 20 μM CHR and maintained for an additional 2 days. The
mature OCs were removed using 10% sodium hypochlorite for
15 min after osteoclast formation was observed, washed twice
with PBS, and dried. Light microscopic images captured for each
well and pit area were quantified by ImageJ.

F-Actin Ring Staining
BMMs were seeded with 8 × 103 cells/well into 96-well plates and
cultured in complete α-MEM medium containing M-CSF (30 ng/ml),
RANKL (100 ng/ml), and CHR (10 and 20 μM) respectively, ensuring
the formation of mature multinucleated OC. On day 6 cells were fixed
with 4% paraformaldehyde and then were washed, followed by
permeabilization under the condition of 0.1% Triton X-100 with
100 μl volume in each well for 5min. The 3% BSA in PBS was
used to block with Non-specific immuno-reactivity. Cells were
washed and incubated with Rhodamine-conjugated phalloidin for
1–2 h to stain actin. Following washes 3 times with PBS, cells were
counterstainedwithDAPI for 5min. Then the fluorescencemicroscope
was used for obtaining images.

Western Blot Analysis
BMMs were seeded in 6-well plates and maintained until >90%
confluence. Cells were serum-starved for 2 h. The treatment group
was treated with 20 μMCHR for 2 h, subsequent by stimulation with
RANKL at a concentration of 100 ng/ml in time points (discarding
RANKL at 5, 10, 20, 30, or 60min). To explore the effect of Chrysin on
RANKL-induced osteoclast signaling events, nuclear and cytoplasmic
proteins were extracted from BMMs after combination of stimulation
presence or absence 20 μM CHR for 1, 3, or 5 days together with
RANKL. Untreated cells served as control. Total cellular protein from
each sample was extracted using RIPA buffer contained with PMSF
and phosphatase inhibitor. Next, 20 µg of total cellular protein lysate
transfected with nitrocellulose membrane by 10% SDS-PAGE.
Subsequently, the 5% BSA in TBST (50mM Tris, pH 7.6; 150mM
NaCl; and 0.1% Tween-20) were used incubated with membrane for
one and a half hours and incubated with primary antibody (1:1000)
for 12–15 h at 4°C. Subsequently, themembranes werewashed 3 times
with TBST, and incubated with the IRDye fluorescent secondary
antibody corresponding to the primary antibody for 1 h at room
temperature. The immuno-reactive bands were analyzed using The
Odyssey Infrared Imaging System (LI-COR).

Titanium Particle-Induced Murine Calvarial
Osteolysis Model In Vivo
A total of healthy 24 male C57BL/6 mice were obtained from
Guangxi Medical University’s Animal Experiment Center and
were randomly assigned into 4 experimental groups wherein each

group included 6 mice: Sham group, vehicle group, low-dose
CHR group, and high-dose CHR group. After anesthesia with
10% chloral hydrate in the abdomen, 30 mg of titanium particles
were embedded under the periosteum located at the middle
suture of the mouse skull. No particles were embedded in the
Sham group. CHR was injected into the calvaria of mice every
other day at 4 (low dose) or 8 mg/kg (high dose) for 14 days.
Sham and vehicle groups received same volume PBS injections
every 2 days during the 14 days of the experimental period. At the
end of the experiment, all experimental mice were sacrificed,
calvariae were isolated and fixed in 4% paraformaldehyde for
subsequent micro-CT scanning, and histological sectioning as
previously reported (Qin et al., 2012).

Micro-CT, Histology, and
Histomorphometric Analysis
The scanned images of whole calvarial were reconstructed and
analyzed for the degree of calvarial osteolysis using high-
resolution Microcomputed tomography (Skyscan 1176;
Skyscan; Aartselaar, Belgium). The analysis was performed
using 50 kV, 800 μA, 14.4 μM resolution. After 3D
reconstruction, the square ROI around the sagittal suture of
the murine calvaria was selected as an analysis of further bone
mass parameters. The detail information of this process protocol
was based on our previous report (Wu et al., 2019). Structural
parameters for the calvarias were measured with the built-in
software using the bone volume/total volume (BV/TV), the
number of porosity, and the percentage of total porosity as
previously reported (Feng et al., 2018).

Statistical Analysis
Data was illustrated either as means ± standard deviation (SD), or
the representative one with all independent triplicates. Statistical
analysis among or within groups was conducted by one-way
ANOVA tests using SPSS 19.0 software (SPSS Inc., United States).
*p < 0.05, **p < 0.01, ***p < 0.001 was regarded as statistical
significance.

RESULTS

CHR Suppressed RANKL-Induced
Osteoclast Differentiation In Vitro
To investigate the effect of CHR (Figure 1A) on OC formation,
murine BMMs were stimulated with RANKL and M-CSF in the
absence or presence of CHR in dose- and time-dependent
manners. As shown in Figures 1B–E, we found that various
dose of CHR (5, 10, and 20 μM) inhibited the number and size of
TRAcP positive multinucleated OCs in a dose dependent way,
wherein 20 μM had the most pronounced effect. In order to
examine the inhibition of CHR towards OC formation was in the
time-dependent manner, murine BMMs stimulated with M-CSF
and RANKL were exposed to CHR on day 1, 3, or 5. As with the
dose-dependent effect, CHR also time-dependently inhibited the
formation of mature TRAcP positive multinucleated OCs
(Figures 1F,G) and significantly reduced the size of OC
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FIGURE 2 |CHR suppressed RANKL-induced expression of OC-associated genes. Murine BMMswere stimulated with 30 ng/mlM-CSF and 100 ng/ml RANKL in
the absence or presence of indicated concentrations of CHR for 6 days to formmultinucleated TRAcP positive OCs. Cell were lysed, RNA were extracted, and the cDNA
generated from reverse transcription were subjected to real-time quantitative PCR using specific primers against OC-specific genes. (A) Ctr, (B)Mmp-9, (C) Acp5, (D)
Atp6v0d2, (E) Ctsk, and (F) Dc-Stamp. Gene expression levels of Ctr, Mmp9, Acp5, Atp6v0d2, Ctsk, and Dc-stamp were expressed relative to control group (n =
3) (*p < 0.05, **p < 0.01, ***p < 0.001).

FIGURE 3 | CHR suppressed OC bone resorption and F-actin belts formation. (A)Mature OCs were seeded onto hydroxyapatite-coated plates and treated with
indicated concentrations of CHR for 48 h. Attached cells were removed and micrographs of bone resorption pits (Magnification = ×100; scale bar = 100 µM). (B,C)
ImageJ was used to quantify the percentage of absorption pit area occupied by each osteoclast and the total absorption pit area. The data presented is a representative
of three independent experiments and expressed as mean ± SD. (D)CHR suppressed RANKL-induced F-actin belts formation. Murine BMM cells were stimulated
with RANKL and M-CSF and treated with CHR (10 and 20 μM) as previously described. OCs formed were fixed and stained for F-actin and nuclei with Rhodamine-
conjugated phalloidin and DAPI, respectively, and images captured using laser scanning confocal microscopy. The data presented is a representative of three
independent experiments and expressed as mean ± SD. (E) The numbers of OCs based on F-actin belts formation were quantified (**p < 0.01, ***p < 0.001 vs RANKL-
treated controls.)
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(Figures 1F,H) as compared with the untreated control.
Treatment of CHR on day 1 or day 3 showed the most
pronounced inhibitory effect (Figures 1F–H). To rule out the
possibility of cytotoxicity, we performed CCK-8 viability assay on
murine BMMs. As shown in Figure 1I, CHR demonstrated little
to no cytotoxicity at concentrations up to 20 μM. Collectively,
these findings indicated that CHR inhibited OC formation
through a mechanism that abrogates early RANKL-induced
signaling cascades.

CHR Suppressed RANKL-Induced
Osteoclast Gene Expression
We next assessed the suppression of CHR on RANKL-induced
gene expression during OC formation. Expression levels of OC-
related genes after 6-days stimulation of RANKL and M-CSF in
the absence or presence of indicated concentrations of CHR were
analyzed by real-time quantitative PCR. As shown in Figure 2,
treatment with CHR dose-dependently suppressed the expression
of genes related to OC formation and activity including Ctr,
Mmp9, Acp5, Atp6v0d2, Ctsk, and Dc-stamp (Phan et al., 2004;
Haotian et al., 2009).

CHR Inhibited Bone Resorption and F-Actin
Formation
Next, we explored the effect of CHR on the bone resorptive
activity of mature OCs. Equal number of mature OCs were seeded
into hydroxyapatite coated plates and treated with 10 or 20 μM of
CHR for 48 h. Total resorbed areas were quantified by ImageJ. As
shown in Figures 3A–C, percentage of average absorption area
per osteoclast in CHR treated groups was significantly reduced as
compared with positive controls. We next examined F-actin belts
formation, a hallmark of actively resorbing OCs, using
fluorescence microscopy. Mature OCs treated with indicated
concentrations of CHR were stained for F-actin using
Rhodamine-conjugated phalloidin and counterstained with
DAPI to determine the number for nuclei per OC. As shown
in Figures 3D,E, in the presence of CHR, the formation of F-actin
rings were significantly reduced as compared with untreated
controls, consistent with a reduction in size of the OC
demonstrated in earlier experiments. Together, the results
suggest that CHR can exert a suppression effect on RANKL-
induced OC formation, fusion, and bone resorption in a dose-
dependent manner.

CHR Inhibited RANKL-Induced NF-κB and
MAPK Signaling Pathways
The NF-κB and MAPK signaling pathways play are critical for
RANKL-induced OC formation (Ghosh and Karin, 2002). To
determine the molecular mechanism by which CHR inhibits OC
formation, we investigated the effects of CHR on the NF-κB and
MAPK signaling cascades. Murine BMMswere pretreated with or
without 20 μM of CHR and subsequently stimulated with 100 ng/
ml RANKL for 5, 10, 20, 30, and 60 min. Total proteins were
extracted from cells lysate and then subjected to Western blot. As

shown in Figures 4A–D RANKL-induced robust
phosphorylation of ERK1/2, JNK1/2, p38 and IκBα, reaching
peak level of phosphorylation at around 10 min. On the other
hand, in the presence of CHR, phosphorylated pERK1/2 and
pJNK1/2, were significantly inhibited, whereas phosphorylated
p38 remained unaffected.

CHR similarly exerts inhibitory influence on RANKL-induced
NF-κB signaling. Rapid degradation of IκBα is the hallmark for
the activation of this signaling cascade. As shown in Figures
4A,E,F, IκBα degraded within 5–10 min with RANKL
stimulation, followed by a slow recovery towards basal levels
from 20 to 60 min. The degradation of IκBα proteins coincided
with the phosphorylation of p65, which also reached peak level
among 5 to 10 min after RANKL stimulation. In the presence of
CHR, the phosphorylation of p65 was significantly reduced since
the delayed degradation of IκBα. Finally, the activation of NF-κB
andMAPK culminated the potency as the downstream activation
of c-Fos and NFATc1. These two transcriptional factors were
indispensable for OC formation and bone resorption (Ikeda et al.,
2004;Monje et al., 2005). As can be seen from the results shown in
Figures 5A–C, the expression of the RANKL-induced nuclear
transcription factors c-Fos and NFATc1 in the nucleus was
significantly reduced after treatment with CHR. In addition, as
shown in Figure 5D our immunofluorescence assay
demonstrated that NFATc1 nuclear translocation was
inhibited after treatment with CHR.

Collectively, these results indicate that CHR inhibits both the
NF-κB and the MAPK pathways which subsequently down-
regulates the expression of key OC transcription factors
NFATc1 and c-Fos.

CHR Inhibited Titanium Particles-Induced
Calvarial Osteolysis In Vivo
The titanium particles-induced calvarial osteolysis model was
established to mimic in vivo function that CHR protected over-
activation of osteoclast, as well as its predominant potential as
being an anti-osteolytic agent. Thirty milligram titanium
particles were implanted under the periosteum in all
treating groups except the Sham group (no titanium
particles). Mice in CHR-treated group were constantly
injected for 2 weeks with 4 mg/kg (low dose) and 8 mg/kg
(high dose); respectively every other day. Sham and vehicle
groups were injected with the same volume of PBS every other
day for 2 weeks. At the end of the experiment, titanium
particles-induced calvarial bone destruction was examined
using micro-CT scanning. Three dimensional reconstruction
of the calvarial bone showed extensive bone resorption and
destruction of the bone surface. On the other hand, the degree
of surface bone resorption and destruction induced by
titanium particles was dose-dependently alleviated in CHR-
treated groups (Figure 6A).

Three major indicators of bone histomorphometric
parameters, bone volume/tissue volume (BV/TV), the
amount of bone porosity, and the percentage of total bone
porosity, were applied for evaluation of bone integrity
(Figures 6B–D). BV/TV of the calvarial bone was dose-
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dependently increased following treatment with CHR as
compared to the PBS-treated vehicle group (Figure 6B).
Consistent with this effect, porosity number and the
percentage of total porosity were also dose-dependently
reduced towards Sham levels in CHR treated groups as

compared with PBS-treated vehicle group (Figures 6C,D).
Histological images provided evidence that CHR protected
calvarial osteolysis from titanium particles induction
(Figures 7A–C). H&E and TRAcP staining showed serious
bone destruction in the vehicle group with numerous TRAcP

FIGURE 4 | CHR inhibited RANKL-induced MAPKs and NF-κB signaling pathways. (A) BMMs cells were pretreated with or without 20 μM CHR for 4 h and
stimulated with stimulation with 100 ng/ml RANKL for indicated times. Cells were lysed, total cellular proteins were extracted and subjected to Western blot analysis
using specific antibodies against p-ERK, total ERK, p-JNK, total JNK, p-p38, total p38, p-p65, total p65, p-IκBα, and IκBα. Antibody against β-actin was used as internal
loading control. The relative density of protein bands for (B) p-ERK/total ERK, (C) p-JNK/total JNK, (D) p-P38/total P38, (E) p-p65/total p65, and (F) IκBα/β-actin
was quantified using ImageJ (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001).

FIGURE 5 | CHR inhibited RANKL induced C-fos and NFATc1 protein expression. (A)Murine BMMs were cultured with 30 ng/ml M-CSF and 100 ng/ml RANKL
absence or presence of 20 μMCHR for 1, 3, or 5 days and were lysed and total cellular protein extracts were subjected to western blot analysis using specific antibodies
to NFATc1 and c-Fos. Antibody to β-actin was used as internal loading control. The relative density of protein bands for (B) C-fos and (C) NFATc1 against β-actin was
quantified using ImageJ. (D) Immunofluorescence staining for nuclear localization of NFATc1 (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001).
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positive multinucleated OCs and larger amounts of active OCs
(Figures 7A–C) which accord to the micro-CT and
histomorphometric results. Meanwhile, immunohistochemical
staining showed significant activation of phosphorylated ERK in
the vehicle group (Figure 7D), and the phosphorylated ERK in the

treatment group showed a downward trend, which was consistent
with in vitro Western blot assay. Taken together, our in vivo data
suggests that CHR has a protective effect against titanium particles-
induced calvarial osteolysis via attenuation of OC formation and
function as demonstrated in our in vitro experiments.

FIGURE 6 | CHR protected against titanium particles-induced osteolysis of mouse calvaria. (A) Representative micro-CT three dimensional reconstructed images
of calvarial tissue from Sham, PBS vehicle, and CHR treatment groups. Histomorphometric analysis of (B) bone volume to tissue volume (BV/TV, %), (C) number of bone
porosity, and (D) the percentage of total bone porosity of treatment groups (*p < 0.05, **p < 0.01, ***p < 0.001).

FIGURE 7 |Calvarial tissues from each treatment groupwere fixed, decalcified, dehydrated, and sectioned for analysis by H&E and TRAcP staining. Representative
images of calvaria stained with H&E (A) and TRAcP (B), histological assessment of (C), and numbers of TRAcP positive OC were shown. (D) Immunohistochemical
staining of phosphorylated ERK in calvaria sections (scale bar = 500 µM) (**p < 0.01, ***p < 0.001).
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DISCUSSION

Over-activation of OCs in response to implant-derived wear
particles remains the key cause of osteolysis around the
prosthetic joints (Jiang et al., 2013; Langdahl et al., 2016).
Clinically, drugs targeting OC formation and function have
shown varying levels of effectiveness against osteolysis and
osteoporosis. For example, although bisphosphonates have
been clinically used for osteolytic conditions, their use is
associated with a number of negative side effects including
gastrointestinal complications, musculoskeletal pain, and
osteonecrosis of the jaw (Verron and Bouler, 2014). Thus,
there are still unmet needs for the discovery of novel agents
that can specifically target the OC for the effective treatment of
local osteolysis.

Traditional Chinese medicine monomers which extracted
from natural plants such as Artesunate and Luteoloside have
demonstrated inhibitory effect on OC formation and its
biological function (Song et al., 2018; Wei et al., 2018). In
the present study, for the first time we showed the protection
ability of CHR in bone resorption of CHR in vivo and in vitro.
This bioflavonoid was discovered with a good suppression of
osteoclast formation, as well as delaying the bone resorption
function of osteoclasts. Besides, in vivo verification illustrated
bioactivity of CHR in preventing titanium particles-induced
calvarial osteolysis after administration. Moreover, CHR
demonstrated no cytotoxicity at a range of concentration
(5–20 μM) that inhibited OC formation and bone resorption
through RANKL-induced pathways. Furthermore, our data
also suggested that CHR exerted its inhibitory effect at early
stage of OC formation. Consistent with the attenuation of
RANKL-induced OC formation, the expression of OC marker
genes such as Ctr, Mmp9, Acp5, Atp6v0d2, Ctsk, and Dc-stamp
were down-regulated after treating with CHR. In addition, we
found that CHR could inhibit F-actin belts formation in
mature OCs.

The inhibitory effect of CHR on OC formation and function
of bone resorption contributed to the protective effect of CHR
on titanium particles-induced calvarial bone destruction
mediated by OCs in vivo. Treatment with CHR every 2 days
for 14 days effectively suppressed TRAcP positive OC
formation and bone resorption induced by titanium
particles. Micro-CT imaging and related histomorphometric
analyses demonstrated the damage extent of calvarial bone was
relieved in CHR treated groups. Histological assessment by
H&E and TRAcP staining further verified that the reduction in
bone loss was contributed to the drop of count of TRAcP
positive OCs in CHR treated groups.

NF-κB activation is one of the most significant early
signaling events induced by RANKL, and perturbations in
this signaling axis prevents osteoclastogenesis in vitro and
leads to osteopetrosis in vivo (Soysa and Alles, 2009). On
the other hand, over-activation of NF-κB is associated with
osteoclastic bone diseases (Xu et al., 2009). IκB kinase (IKK)
complex breaks the inactive statue of inhibitor-κBs (IκBs) by
phosphorylation which essentially triggers the NF-κB
signaling activation. The rapid phosphorylation of IκBs and

its subsequent proteosome degradation permits the
downstream phosphorylation, nuclear translocation, and
activation of NF-κB subunit p65/RelA (Iotsova et al., 1997).
In our study, CHR markedly delayed IκBα phosphorylation
and degradation, and in turn suppressed nuclear translocation
of p65/RelA.

Mitogen-activated protein kinase (MAPK) pathways
include extracellular signal-regulated kinase (ERK), c-Jun
n-terminal kinase (JNK), and p38, which are all rapidly
phosphorylated in response to RANKL and also plays
crucial roles in the early stages of OC formation, activation,
and survival (Hotokezaka et al., 2002; Stevenson et al., 2011).
In this study, we found that CHR could suppress the
phosphorylation and activation of ERK and JNK, but not
the activation of p38. CHR has also been shown to inhibit
phosphorylation of ERK in vivo. The inhibition of ERK and
JNK suggests that CHR may target a common upstream
regulator (such as a common MEK) within the JNK/ERK
axis, of which further investigations are required.

Following activation, the NF-κB and MAPKs synergistically
activate the transcriptional activities of key transcription factors
in the nucleus c-Fos and NFATc1 (Miyamoto, 2011). In
particular, NF-κB is required for the initial induction of
NFATc1 and the MAPK/c-Fos signaling axis plays an
important role in further induction and activity of NFATc1.
Being regarded as the prioritized and the most distal
transcription factor, NFATc1 regulated OC-specific marker
genes including Ctr, Mmp9, Acp5, Atp6v0d2, Ctsk, and Dc-
sStamp (Kim et al., 2008). Consistent with attenuated
activation of ERK, JNK, and NF-κB, the induction of c-Fos
and NFATc1 proteins was significantly decreased in the
presence of CHR. The reduced induction of NFATc1 protein
expression suggests decrease transcriptional activity which was
consistent with the observed decreased gene expression of Ctr,
Mmp9, Acp5, Atp6v0d2, Ctsk, and Dc-stamp (Phan et al., 2004;
Feng et al., 2009) in the presence of CHR. Our signaling
experiments strongly suggest that the anti-osteoclastogenic
effect of CHR can be attributed to inhibition of early NF-κB
andMAPK signaling pathway which in turns down-regulated the
expression and activity of the master transcription regulator
NFATc1 for OC formation.

Collectively, the results in our study demonstrated that CHR
has a dramatic inhibition on osteoclastogenesis and function of
bone resorption in vitro through the suppression of crucial
RANKL-mediated signaling pathways. CHR exerted protective
effects on titanium particles-induced osteolysis in the murine
calvarial model in vivo by directly acting on OCs to attenuate OC-
mediated bone destruction. These data presented in this study
suggest that CHR is a potential therapeutic candidate for the
attenuation of osteolytic diseases.
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