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β-Tricalcium phosphate (TCP) is a type of bioceramic material which is commonly used for hard tissue repair and famous of its
remarkable biocompatibility and osteoconductivity with similar composition to natural bone. However, TCP lacks
osteoindcutive properties. Stromal-derived factor 1α (SDF-1α) can promote bone regeneration with excellent osteoinduction
effect. In this study, SDF-1α was loaded into TCP to investigate the in vitro effects of SDF-1α on the osteoinductive properties of
TCP. In vitro studies showed that SDF-1α/TCP scaffold significantly stimulated the expression of osteopontin and osteocalcin.
As to the in vivo studies, the rabbit bone defect model showed that SDF-1α stimulated more new bone formation. In conclusion,
SDF-1α/TCP bioceramic scaffolds could further promote bone regeneration compared to pure TCP bioceramics.

1. Introduction

Diseases such as infection, congenital deformity, trauma, and
tumor excision can result in segmental bone defects, which
always lead to dysfunction and osteogenesis obstacles [1].
Reconstruction of segmental bone defects generally requires
multiple surgical interventions, each procedure being associ-
ated with risks of perioperative complications [2]. Bone
tissue engineering techniques that seed cells, such as bone
mesenchymal stem cells (BMSCs), into scaffolds provide an
optimal method to repair large bone defects [3].

Bioceramics are crucial components for bone tissue engi-
neering applications and have been widely studied [4].
Among them, β-tricalcium phosphate (β-Ca3(PO4)2, TCP)
is commonly used for hard tissue repair [5]. It is famous for
its remarkable biocompatibility and osteoconductivity and

its similarity in composition to natural bone [5]. It can also
be used as scaffold for delivery of cells and growth factors.
However, poor osteoinductive properties obviously limit its
clinic application [6].

Cellular factors play an important role in bone regenera-
tion, especially in bone tissue engineering [7]. Among them,
stromal cell-derived factor-1α (SDF-1α) signaling pathway is
well known for its osteoinductivity [8]. Moreover, SDF-1α
can recruit migration ofmesenchymal stem cells [9] and create
a matrix environment conducive to cartilage and bone defect
repair [10, 11]. However, loading techniques of SDF-1α into
TCP remain a bottleneck in bone tissue engineering [12].

Taking all these aspects into consideration, combining
SDF-1α and TCP bioceramics should be a promising path
to create an osteoinductive scaffold. In this study, porous
SDF-1α/TCP composite bioceramics were prepared to
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investigate the in vitro and in vivo effects of SDF-1α on the
osteogenesis and osteoinductive properties of TCP.

2. Materials and Methods

2.1. Preparation for SDF-1α-Loaded TCP Porous Ceramics.
Cylindrical porous TCP bioceramics (5mm diameter and
10mm length) were prepared as described in a previous
study [6], with a homogeneous porosity of 75%, pore diame-
ter of 500 ± 100μm, and interconnection size of 120μm.
Briefly, TCP submicron powders were sieved and mechani-
cally suspended in aqua pura. An organic skeleton made up
of polymethylmethacrylate beads was impregnated with the
TCP slurry. After drying, the ceramic/polymeric composite
were debinded and sintered at 1100°C to obtain the porous
bioceramic.

TCP were immersed in 5-time concentrated simulated
body fluid at 37°C for 24 hours [13]. A dense layer of amor-
phous calcium phosphate that could be used as a seeding sur-
face for the deposition of a crystalline layer was formed. The
scaffolds were then immersed in a supersaturated solution of
calcium phosphate containing SDF-1α at 37°C for 48 hours.
TCP scaffolds that superficially absorbed SDF-1α by immers-
ing in solution containing SDF-1α was used as positive control.

Before SEM characterization, the bioceramic specimens
were thoroughly degreased and dried to eliminate any out-
gassing from organic contamination and water, then pre-
pared by coating with a 10nm thick Au film deposited by
sputtering prior to microscopy. The microstructure of the
porous samples was examined under SEM (XL-30, Phillips)
with a lens detector at an accelerator voltage of 10.0 kV and
different calibrated magnification levels.

2.2. In Vitro SDF-1α Release Kinetics. The release kinetics of
the total amount of SDF-1α was assessed by measuring the
extract ELISA using the SDF-1α ELISA Development kit
under the manufacturer’s instructions. Briefly, after fabrica-
tion, SDF-1α/TCP scaffolds were placed in PBS in 12-well
plates and incubated at 37°C on a shaker table. At determined
time points, the supernatant of each well was collected and
replaced with fresh buffer solution. The amount of released
SDF-1α was determined by the correlation of the measured
amount to a standard curve.

2.3. Separation and Culture of Bone Marrow Mesenchymal
Stem Cells (BMSCs). 5ml bone marrow aspirate was collected
from healthy volunteers [14], mixed with 10ml of α-MEM
medium (Gibco) (100 IU/ml heparinized), and then trans-
ferred to a 10cm petri dish containing 10% fetal bovine serum
(Hyclone), 1% 100 IU/ml penicillin, and 100mg/ml strepto-
mycin (Hyclone) and cultured in a humidified 37°C/5% CO2
incubator. After 3 days, nonadherent cells were washed with
phosphate-buffered saline (PBS). The medium was changed
every 3 days until attaining 80–90% confluence; the BMSCs
were digested with 0.25% trypsin (Gibco) and subcultured.

2.4. Combination and Cell Culture of BMSCs on Scaffolds.
The scaffolds were placed into a 24-well plate; the second pas-
sage of BMSCs was suspended at a density of 4 × 104 cells/ml
and loaded into TCP substrates. The cell–substrate complex

was incubated at 37°C/5%CO2 for 2 hours. After confirmation
of BMSCs being attached to the substrate, the complex was
removed in another 24-well plate and cultured for 4 hours,
7 days, 14 days, and 21 days, respectively. 2ml medium
was added in every well and replaced every other day.

2.5. Cell Viability and Assessment. After 4 hours and 7 days of
cell–substrate complex culture, the plate was washed twice
with sterile PBS, half of the substrate was then transferred
to a new 24-well plate, and 1ml MTT (Sigma company)
working liquid (0.5mg/ml) was added to each well. The sub-
strates were immersed and incubated at 37°C/5% CO2 for 4
hours. MTT working solution was then removed, and 1ml
isopropanol hydrochloride (0.04N) was added to each well
after the substrates were crushed. The purple crystal particles
were repeatedly blown to ensure complete dissolution and
then stood for 10min. The purple solution was transferred
to an EP tube and centrifuged at 12000 × g for 5min to
remove the TCP powder. The supernatant was used to mea-
sure the light absorption value on the spectrophotometer,
with the wavelength of 570nm and the reference wavelength
of 650nm. The fragments of the carrier were weighed after
drying at 50°C, and the cell activity was expressed as light
absorption value per gram of the carrier.

2.6. Detection of Osteopontin. At 7, 14, and 21 days of culture,
the culture medium was collected, stored at -70°C, dissolved
at room temperature, and detected by anti-human ELISA
kit. Standard solution or sample 50μl was added to 96-well
plates. 100μl analytical solution was added to each well and
incubated at room temperature for 2 hours. Each well was
washed 4 times with buffer solution. 200μl antibody contain-
ing horseradish peroxidase was added and incubated for 2
hours at room temperature. The content of each well was
then removed and washed with buffer solution for 4 times;
200μl substrate was then added and incubated at room tem-
perature away from light for 30 minutes. The absorbance of
450 nm wavelength was determined by adding 50μl termina-
tion solution to each well, and the corrected wavelength was
570 nm. The results were compared with the standard solu-
tion of human osteopontin.

2.7. Detection of Osteocalcin. At 7, 14, and 21 days of culture,
the culture medium was collected, stored at -70°C, dissolved
at room temperature, and detected by anti-human ELISA
kit. 25μl of standard solution or sample was added to 96-
well plates. 100μl antibody containing horseradish peroxi-
dase was added to each well and incubated in a horizontal
oscillator at room temperature for 2 hours. Each well was
washed for 3 times, 100μl chromogenic agent was then
added, placed on a horizontal oscillator, and incubated at
room temperature for 30 minutes. The absorbance of
450 nm wavelength was detected by adding 200μl termina-
tion solution to each well, and the corrected wavelength
was 650nm. The results were compared with the standard
solution of human osteocalcin.

2.8. Animal Experiments. The animal experiments were car-
ried out according to the policies of Shanghai Jiao Tong
University School of Medicine and the National Institutes
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of Health. In brief, 3-month-old New Zealand rabbits weigh-
ing 2:5 ± 0:3 kg were randomly divided into three groups. For
the duration of the experiment, rabbits were housed individ-
ually in cages and provided free access to water and fed a
commercial pellet diet. Six animals were used per material.
The scaffolds were sterilized by gamma radiation before
implantation. After administering anesthesia by 0.5mg/kg

of acepromazine (Calmivet–Vetoquinol) and 10mg/kg of
ketamine, rabbits were operated in rigorous aseptic condi-
tions using the lateral knee approach. First, a femoral condy-
lar cavity paralleling with the joint surface of 5mm in
diameter and 10mm in depth was drilled at the point 1 cm
above the femoral condyle, and the cortical bone window
was removed with scissors. For both the SDF-1α/TCP

Figure 1: The bone defect model was established in the femoral condyle parallel of the New Zealand rabbits, and the bone cavity was filled
with porous SDF-1α/TCP bioceramic.

(a) (b)

(c)

Figure 2: Electron microscopic view of the surface of the porous TCP bioceramics: (a) without pretreatment, the surface is smooth and not
suitable for loading drugs; (b) after pretreatment, the surface becomes rough and can do well in drug loading; (c) TCP loaded with SDF-1α and
Ca-P deposition.
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composite and TCP bioceramic groups, the scaffolds were
then inserted in the cavity, as is shown in Figure 1. The cavity
was left unfilled in the blank control group.

2.9. Histological Preparation and Analysis. The samples were
harvested and observed 24 weeks after implantation. All rab-
bits were sacrificed, and the femoral condyles were extracted.
The samples were fixed in 10% formaldehyde solution
buffered with PBS (pH7.3) for 2 weeks and then rinsed under
tap water for 12 h. Gradient alcohol concentration (70–
100%) was used in the dehydration process for 24 h. The
samples were then embedded in methylmethacrylate without
decalcification. The cross sections were cut to about 200μm
thickness with a Leitz Saw Microtome 1600 (Wetzlar,
Germany), ground, and polished to about 50μm thickness
with an Exakt Grinder (Norderstedt, Germany). Finally, the
samples were stained with Van Gieson’s picrofuchsin stain
(V-G stain).

2.10. Histomorphometric Analysis. New bone volume (NBV)
was measured on two sections for five fields per V-G-stained
section with the help of an eyepiece micrometer (KPL 16,
Carl Zeiss, Germany) and an ocular integrator with 100
points (KPL 8, Zeiss, Germany). The results were studied in
two sections per sample using light microscopy [15]. New
bone volume (%) represents the percentage of implant occu-
pied by new bone tissue.

2.11. Statistical Analysis. The data in this study were analyzed
using SPSS11.0 statistical software (SPSS Inc., Chicago, IL).
The results were expressed as mean ± standard deviation,
the variable data were analyzed by one-way ANOVA, and
p < 0:05 was considered significant.

3. Results

3.1. Characterization of the Composites. According to the
previous studies, bioceramics have a homogeneous pore size
of 500 ± 100μm, an interconnection diameter of 120μm, and
a uniform porosity of 75%. As is shown in Figure 2, observed
under an electron microscope, the surface of TCP without
pretreatment is too smooth for drugs or cell factors to load.
It becomes suitable for drug loading after surface roughening.
The SDF-1α/TCP composite exhibited looser and rougher
surfaces with more irregular micropores and larger crystals
than TCP bioceramic scaffolds, which corresponds to the
results of the specific surface of TCP.

3.2. In Vitro SDF-1α Release Kinetics. The total amount and
released concentration of SDF-1α have a positive correlation
with the loading method (supersaturated or coated), as is
shown in Figure 3. The amount of SDF-1α released from
TCP with supersaturated SDF-1α liquid is higher than that
from SDF-1α-coated TCP. Almost no SDF-1α can be
detected in supersaturated solution.

3.3. In Vitro Cell Viability and Osteogenic Assessment. TCP
scaffold with supersaturated SDF showed the highest cell via-
bility as well as more expression of osteopontin and osteocal-
cin. TCP scaffold with coating SDF-1α took the second place.

Cell viability increased with time and was significantly higher
in SDF-1α/TCP composites. The expression of OP and OC
showed no significant difference between the TCP group
and the other two groups on day 7 but was obviously lower
than the others on day 14 and day 21, as is shown in Figure 4.

3.4. Histological Analysis. Newly formed bone, osteoid tissue,
and residual material are, respectively, stained red, green, and
black in V-G staining. After 24 weeks of implantation, newly
formed bone, rich in osteocyte lacunae, was observed on the
surface of all residual implants. The lining cells and osteo-
blastic cells are, respectively, indicated in Figures 5(e) and
5(f) to reflect the main actors of new bone formation. Fur-
thermore, osteoblastic cells can be detected on the new bone
in the SDF-1α/TCP group. Compared with the other two
groups, the SDF-1α/TCP group has more volume of new
bone, as is shown in Figure 5. No cellular dysplasia was
observed on the surface of any of the materials or in their
neighboring areas, and no acute inflammation appeared at
the interface of the implants and surrounding tissue.

4. Discussion

Bone scaffolds are a major tool in bone tissue engineering. In
this study, SDF-1α/TCP composite bioceramics were
prepared to investigate the effects of SDF-1α on the osteoin-
ductive properties of TCP. Our in vitro study showed that
SDF-1α/TCP scaffolds significantly stimulated the expression
of osteopontin and osteocalcin. Meanwhile, in the in vivo
study, the rabbit bone defect model showed that SDF-1α
stimulated more new bone formation. Thereafter, SDF-
1α/TCP bioceramic scaffolds could promote bone regenera-
tion and may be an effective way to treat bone defects.

SDF-1α is highly expressed in bone marrow stromal cells,
but it is also widely expressed in diverse organs including the
brain, heart, liver, and lungs. It has been suggested that SDF-
1α is involved in the recruitment of stem cells that differenti-
ate into the cells necessary to repair tissue damage [16, 17];
the function may relate with AKT andWnt/β-catenin signal-
ing pathway [18, 19]. Further study indicated that DLX2
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mediates Wnt/β-catenin signal to promote osteogenic dif-
ferentiation of BMSCs [20]. A study also showed that
TCP implanted in dog mandibles can increase the expres-
sion of SDF-1α [21], thus enhancing bone healing processes
and stimulating the coordinated actions of osteoblasts and
osteoclasts, leading to bone regeneration. In this study,
SDF-1α was incorporated into TCP by a bioactive loading
technique [13]. Based on the release test, SDF-1α was
released from SDF-1α/TCP, which indicated that the
osteoinductive properties of SDF-1α can be given to TCP
bioceramics. The osteoinductive properties of SDF-1α/TCP
is also proved by elevated levels of osteopontin and osteo-
calcin, but the signaling pathway should be investigated
during further study.

The ideal biomaterial candidate for bone regeneration
should be resorbable and gradually replaced by the newly
formed bone. Based on previous studies of TCP, it has been
shown to be gradually replaced by the newly formed bone
as a process of osteoconduction [22]. However, despite the
osteoconductive properties of biomaterials in bone tissues
engineering, the implanted materials should also have
osteoinductive properties. Various cellular factors have been
used to promote the osteoconductive properties of TCP, but
there is a great need of more cellular factors, especially with
broad cellular effect. In our study, SDF-1α was loaded into
TCP to give osteoinductive properties to TCP. As result, the
rabbit bone defect model showed that SDF-1α stimulated
more new bone formation although cell-free SDF-1α/TCP
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Figure 4: Comparison of different SDF-1α/TCP scaffolds on each time point. (a) OD volume showed after 7 days; cell viability in
supersaturated SDF-1α/TCP was highest. (b) Osteopontin and (c) osteocalcin raised as time expansion, at each time point; the
supersaturated SDF-1α/TCP group had more protein expression (∗p < 0:05, ∗∗p < 0:01).
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scaffolds were implanted. This may be because SDF-1α can
recruit migration of mesenchymal stem cells [23] and create
a matrix environment inductive for bone defect repair [24,
25], but further studies should be performed.

Nevertheless, this study is limited in the number of
animal model and the deep mechanism of SDF-1α/TCP in
promoting bone regeneration needs further study. Addi-
tional micro-CT analysis of the newly formed bone would
also provide more data. Therefore, clinic application of such
SDF-1α/TCP bioceramics would require further studies
about its biological safety.

5. Conclusion

In conclusion, the addition of SDF-1α into porous TCP bio-
ceramics resulted in a higher cell viability and osteoinduc-
tion. In vitro and in vivo experiments proved that SDF-1α
had a positive influence on osteogenesis compared to pure
TCP. Thus, the porous SDF-1α/TCP bioceramics could be a
promising new way to treat bone defects instead of tradi-
tional synthetic bone grafts.
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Background. Perioperative topical tranexamic acid as antifibrinolytic agent is often used for total joint replacement to reduce
bleeding currently. Staphylococcus aureus was the most common isolates from perioperative infection of prosthetic joint. The
influence of topical application with tranexamic acid on the incidence of acute prosthetic joint infection of Staphylococcus
aureus has not been clarified. Methods. Mouse model of Staphylococcus aureus knee prosthesis infection was constructed.
Tranexamic acid was intra-articular injected during the perioperative period. CFU counting from tissue and implant sample was
evaluated 3 days and 7 days after inoculating of Staphylococcus aureus. Bacterial growth curve, biofilm formation, aggregation,
and plasmin inhibition of Staphylococcus aureus were tested with tranexamic acid added to the synovial culture medium.
Results. There were no significant differences of CFU counting from tissue and implant samples in knee prosthesis infection
after a single local injection of tranexamic acid at the postoperative 3 or 7 days. The amount of bacterial colonization on the
surface of implant increased after 3 days’ continuous local injection of tranexamic acid. Tranexamic acid has no effect on
bacterial growth at the concentration (10mg/ml) of clinical application, but it can inhibit bacterial aggregation and mildly
inhibit biofilm formation. Plasmin can significantly inhibit biofilm formation which can be revised by adding tranexamic acid.
Conclusion. Although continuous local injection of tranexamic acid can promote the biofilm formation of Staphylococcus aureus
on the surface of articular implant, it has clinical safety for using one single local injection of tranexamic acid during the
perioperative period.

1. Introduction

Tranexamic acid can competitively inhibit the activation of
plasminogen and the binding of plasmin to fibrin as synthetic
analogues of the amino acid lysine, thus inhibiting fibrin deg-
radation [1, 2]. A large number of studies have confirmed
that tranexamic acid can significantly reduce the amount of
blood loss during surgery without increasing the risk of
thromboembolism [3–6]. Intravenous administration and
local injection of tranexamic acid are usually used in the peri-
operative period of total joint replacement [7]. A large num-

ber of clinical studies showed that tranexamic acid can
significantly reduce the incidence of postoperative adverse
events [4, 8].

Prosthetic joint infection is considered to be the most
severe complication related to total joint replacement [9,
10]. Staphylococcus aureus was predominant pathogen in
postoperative and acute prosthetic joint infection [10–12].
Because of the numerous virulence factors and the ability to
form biofilm on the surfaces of implant, Staphylococcus
aureus leads to more severe clinical presentation and worse
prognosis [12].
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Some studies has found that application of tranexamic
acid can exacerbate infections of Staphylococcus aureus in
mice model [13, 14].

But in clinical practice, the topical application of tranexa-
mic acid has been used more and more widely and has not
shown increasing of infection rate [15–19]. The influence of
topical tranexamic acid on Staphylococcus aureus infection
is still controversial.

Therefore, it needs to be clarified whether local injection
of tranexamic acid promotes the formation of biofilm and
leads to the increased risk of Staphylococcus aureus infection.

2. Materials and Methods

2.1. Bacterial Strains, Reagents, and Ethics Statement. The
strains used in this study were methicillin-susceptible Staph-
ylococcus aureus (MSSA) ST1792 isolated from PJI prosthe-
sis. The fluorescently label Staphylococcus aureus ST1792-
sfGFP which was preserved in our laboratory were used for
confocal microscopic assay. The tranexamic acid (Aladdin,
Shanghai, China) was used in in vivo and in vitro study of
bacterial growth, aggregation, and biofilm formation. The
plasmin (PLM, Sigma Aldrich, St Louis, MO, USA) was used
in in vitro study of biofilm formation was purchased from
and used at final concentrations of 100μg/ml. Synovial fluid
(SF) was added to the medium and used in in vitro experi-
ment. Collection of human synovial fluid from patients with
osteoarthritis was approved by the Institutional Review
Board of Shanghai Jiao Tong University Affiliated Sixth Peo-
ple’s Hospital. Because synovial fluid was aspirated as part of
the routine procedure before injection of hyaluronic acid and
would have been discarded otherwise, and patient informa-
tion not collected, a waiver for informed written consent
was granted by the IRB.

2.2. Staphylococcus aureus Prosthetic Joint Infection Mouse
Model. All procedures of animal experiment had been
reviewed and approved by the Animal Care and Experiment
Committee of Shanghai Jiao Tong University affiliated Sixth
People’s Hospital.

Six-week-old and weighing (20 ± 5) g male C57BL/6 mice
were used to construct Staphylococcus aureus prosthetic joint
infection model. The mice were anesthetized intraperitone-
ally with 3% pentobarbital sodium (0.1ml per 10 g body
weight) and then shaving the both knees. A medial parapatel-
lar incision was made at the knee joint of mice after sterilized
with 75% alcohol. Proximal tibia was exposed, and the
medullary cavity was inserted with sterile stainless steel
implant rods. After closing the wounds by sutures, tranexa-
mic acid was injected into the joint cavity of one side at a dose
of 10mg/kg; the other side was injected with an equal volume
of saline as control. Two hours later, both knee joints were
inoculated with ST1792 solution of ~ 5 ∗ 106. And then,
the mice were randomly divided into three groups
(Table 1). The first group was housed for 3 days, and the sec-
ond group was housed for 7 days. The third group was con-
tinuous local injected with tranexamic acid at a dose of
10mg/kg every 24 hours and housed for 3 days. Three days
and 7 days after surgery, the mice with a single local injection

of tranexamic acid (i.e., first and second groups) were eutha-
nized, and the mice with continuous local injection of
tranexamic acid were euthanized in 3 days after surgery.
Peri-implant tissues and implant in tibia were harvested for
CFU counting.

2.3. Bacteria CFU Counting. The peri-implant tissues were
weighed and homogenized in tubes with 1ml normal of
saline (NS) by high-speed homogenizer (Jingxin Industrial
Limited Company, Shanghai, China). The implant were
washed gently 3 times with NS to remove the planktonic bac-
teria and placed in tube containing 1ml of NS, sonicated, and
homogenized to detach the adherent bacteria. The homoge-
nates and suspensions were serially diluted in NS and spread
on sheep blood agar (SBA). The plates were cultured over-
night at 37°C. The colonies were counted and expressed by
log10CFU/g of peri-implant tissues and log10CFU/per
implanted rods.

2.4. The Effect Test of TXA In Vitro. The ST1792 were cultured
overnight at 37°C on SBA plates before each experiment. Sin-
gle colony of each strain was collected and cultured overnight
in TSB at 37°C. The ST1792-sfGFP were cultured on Tryptic
Soy Agar (TSA) plates with 10μg/ml chloramphenicol and
cultured overnight in TSB containing 10μg/ml chloramphen-
icol at 37°C.

The preconditioning method of medium was divided into
six groups: the first group containing 10% SF, the second
group containing 10%SF and 10mg/ml TXA, the third group
containing 10%SF and 50mg/ml TXA, the fourth group con-
taining 10%SF and 100μg/ml PLM, the fifth group contain-
ing 10%SF and 100μg/ml PLM and 10mg/ml TXA, and the
sixth group containing 10%SF and 100μg/ml PLM and
50mg/ml TXA.

2.4.1. Staphylococcus aureus Growth Curve Assay. Overnight
culture of ST1792 was serially diluted 1 : 1000 in groups 1, 2,
and 3 with TSB and cultured at 37°C. 100μl of solution were
aspirated at 0-2-4-6-8-12 hours and transferred to the wells
of a 96-well tissue culture plate (Corning Co., NY, USA).
The absorbance was measured by a microplate reader
(BIO-TEK, ELX 800) at a wavelength of 600 nm.

2.4.2. Staphylococcus aureus Aggregation Test. Overnight cul-
ture of ST1792 was serially diluted to 1 : 1000 in groups 1, 2,
and 3 with TSB and three additional control groups without
10%SF and cultured at 37°C. Strain clumped together and
sank to the bottom of the tube after 8 h; the turbidity of
medium supernatant was significantly decreased. 100μl of
culture medium supernatant were aspirated and transferred
to the wells of a 96-well tissue culture plate, measuring the
absorbance at a wavelength of 490 nm by a microplate reader.

2.4.3. Biofilm Formation and Biomass. Overnight culture of
ST1792 was serially diluted to 1 : 1000 in TSB supplemented
with 0.5% glucose (TSBG). Diluted bacteria, with supple-
mentation from group 1 to group 6, were used for assessment
of biofilm formation on (1) the bottom of 96-well polystyrene
microtiter plate (Corning Co., NY, USA) or (2) Ultra High
Molecular Weight Polyethylene (UHMWPE) washers that
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Table 1: The grouping of mouse.

Group
Treatment

Time (day)
Left knee Right knee

1 A single local injection of TXA A single local injection of NS 3

2 A single local injection of TXA A single local injection of NS 7

3 Continuous local injection of TXA Continuous local injection of NS 3
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Figure 1: CFU counting after local injection of tranexamic acid on Staphylococcus aureus PJI mouse model. (a, b) The bacterial CFU of PJI
mice with a single local injection of tranexamic acid in periprosthetic tissue (Figure 2(a)) and implants (Figure 2(b)) after 3 and 7 days. (c) The
bacterial CFU of periprosthetic tissue after continuous local injection of tranexamic acid for 3 days. (d) The bacterial CFU of implants after
continuous local injection of tranexamic acid for 3 days. ∗P < 0:05; error bars represent standard deviations.
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were affixed to bottom of 24-well polystyrene plates (Corning
Co., NY, USA) with Lubriseal grease (Thomas Scientific) and
sterilized by UV irradiation.

96-well plate were incubated overnight at 37°C.
Completely aspiring the supernatant from each well and
washing gently 3 times with 200μl NS to remove the plank-
tonic bacteria. Then, 100μl methanol was used to fix the bio-
film for 30min and then dried. After that, biofilm was stained
with 100μl of 0.1% crystal violet for 15min. The biofilm bio-
mass on the bottom of the well was dissolved in 200μl 33%
acetic acid after the unbound crystal violet was rinsed by
NS for 3 times. 100μl solution of each well were transferred
into a new 96-well tissue culture plate. The absorbance was
measured by a microplate reader at a wavelength of 590nm.

UHMWPE washer inoculated with ST1792 in groups 1,
2, 3, 4, 5, and 6 with TSBG was incubated overnight. The
UHMWPE washers were washed 3 times with saline to
remove nonadherent cells. The washed UHMWPE washers
were transferred into a new 24-well polystyrene plate. Adher-
ent biofilms were fixed with methanol and stained with crys-
tal violet and washed 3 times with sterile water. Biomass on
the surfaces of UHMWPE washers was determined by solu-
bilizing crystal violet with 33% acetic acid as described above.

2.4.4. Confocal Laser Scanning Microscopy (CLSM). Over-
night culture of ST1792-sfGFP was serially diluted 1 : 1000
in groups 1, 2, 3, 4, 5, and 6 with TSBG. 500μl of bacteria sus-
pension were incubated with cover glass overnight in 24-well
tissue culture plate at 37°C. The cover glasses were washed
gently 3 times with NS and imaged by CLSM. The ST1792-
sfGFP showed green fluorescence.

3. Results

3.1. The Colonization on the Surface of Implant Were
Increased by Continuous Use with TXA In Vivo. Mice with
a single local injection of tranexamic acid during the periop-
erative period showed no significant difference in Staphylo-
coccus aureus colonization of tissue and implant sample
after 3 and 7 days (Figures 1(a) and 1(b)). Although mice
with continuous local injection of tranexamic acid for 3 days
showed no significant increase of bacterial colonization in
tissue (Figure 1(c)), there was significant higher CFU count-
ing from implant (Figure 1(d)). The experimental results sug-
gested that the continuous local injection of tranexamic acid
can promote biofilm formation.

3.2. Influence of Tranexamic Acid on the Growth of
Staphylococcus aureus. For analysis of the influence of tra-
nexamic acid on bacterial growth curve, tranexamic acid
with clinically used concentration(10mg/ml) and high con-
centration (50mg/ml) was used. Compared to the medium
without tranexamic acid, the medium containing tranexamic
acid with clinically used concentration (10mg/ml) has no
influence on bacterial growth. Bacterial growth was inhibited
by tranexamic acid with high concentration (50mg/ml)
(Figure 2). It showed that tranexamic acid has no antibacte-
rial capacity in concentration of clinical use.

3.3. The Influence of Tranexamic Acid on the Bacterial
Aggregation in Different Media. The aggregation of Staphy-
lococcus aureus inhibited by tranexamic acid with clinically
used concentration(10mg/ml) in TSB medium. The inhib-
itory effect was attenuated in tranexamic acid with high
concentration(50mg/ml) (Figure 3(a)). However, the anti-
aggregation capacity of tranexamic acid disappears when
cultured in TSB medium containing 10% SF(Figure 3(b)).
The results suggested that inhibitory effect of tranexamic
acid on bacterial aggregation attenuated in the microenvi-
ronment of the prosthetic joint.

3.4. The Individual and Mutual Inhibition for Biofilm
Formation of Staphylococcus aureus by Tranexamic Acid
and Plasmin. Whether on 96-well plates or UHMWPE
washer, the biofilm formation of Staphylococcus aureus was
slight inhibited by tranexamic acid (Figures 4(a) and 4(b)).
Biofilm formation were inhibited more significantly by tra-
nexamic acid in high concentration (50mg/ml) with the
inhibitory ability of bacterial growth. When plasmin was
added into the culture medium, the biofilm formation was
significantly inhibited. However, the antibiofilm formation
ability of plasmin inhibited by tranexamic acid; thus, the cul-
ture medium exhibited a weak antibiofilm formation effect.

3.5. Tranexamic Acid Offset the Inhibition of Biofilm
Formation with Plasmin via CLSM. Biofilm formed obviously
in TSBG with 10%SF by ST1792 and slight inhibited with
TXA(10mg/ml). The inhibitory effect of TXA at high con-
centration (50mg/ml) was more obvious. However, the bio-
film disappeared after PLM was added, and it can be found
that antibiofilm formation function of plasmin much more
strong than TXA in TSBG with 10%SF (Figure 5). The weak
antibiofilm formation function exhibited in medium when
acting simultaneously with tranexamic acid and plasmin.
The results of CLSM provide further confirmation that tra-
nexamic acid offset the inhibition of biofilm formation with
plasmin.
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Figure 2: Bacterial growth curve of Staphylococcus aureus ST1792
cultured separately in TSB medium containing 10% SF
(Blank,10mg/ml TXA and 50mg/ml TXA).
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4. Discussion

Mice studies with staphylococcal sepsis or septic arthritis
showed increasing severity and mortality of infection by
treatment with tranexamic acid; however, the mice were

infused with tranexamic acid at a dose of 700-800mg/kg
every 8 hours [14] which was much higher dosage than that
for clinical use [14], and previous study had proposed that
high-dose tranexamic acid caused significant cytotoxicity
[20]. In present study, we constructed Staphylococcus aureus
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Figure 3: Tranexamic acid shows difference of inhibiting bacterial aggregation in TSB with or without SF. (a) The turbidity of medium
supernatant increased in TSB medium containing TXA (n = 6). (b) No significant difference of the turbidity was observed in TSB medium
containing SF and TXA. ∗∗P < 0:01, ∗∗∗P < 0:001. Error bars represent standard deviations.
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Figure 4: Inhibitory effect of biofilm formation with tranexamic acid were observed in 96-well tissue culture plate (Figure 4(a)) and on the
surface of UHMWPE washer (Figure 5(b)). Biofilm formation inhibited more obviously by plasmin and the inhibition of plasmin were
reversed by tranexamic acid. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001. Error bars represent standard deviations.
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prosthetic joint infection model with topical tranexamic acid
at 10mg/kg which dose was similar with that using clinically
and found that continuous local injection of tranexamic acid
promoted biofilm formation in vivo.

Clinically, a single local injection of tranexamic acid is
commonly used in joint replacement surgery, and the safety
of this method is well documented [15, 16, 18]. In our
in vivo experiments, it was observed that a single local injec-
tion of tranexamic acid did not aggravate Staphylococcus
aureus infection. However, for patients bleeding after joint
implanted surgery, we hope to explore the feasibility of con-
tinuous local injection of tranexamic acid. With the help of
mice model, continuous local injection of tranexamic acid
was observed to promote the formation of S. aureus biofilm,
which is the potential risk of using tranexamic acid. Contin-
uous local injection of tranexamic acid is not recommended
for clinical treatment.

In order to clarify action of tranexamic acid against
Staphylococcus aureus, bacterial growth, aggregation, and
biofilm formation has been studied in vitro experiment.
Results indicated no influence of tranexamic acid with clini-
cal concentration (10mg/ml) on Staphylococcus aureus

growth. However, tranexamic acid showed inhibitory func-
tion on aggregation and biofilm formation of Staphylococcus
aureus. The function of antibacterial aggregation disap-
peared in microenvironment containing synovial fluid. High
concentration of TXA (50mg/ml) showed inhibition of bac-
terial growth and relatively stronger function of antibiofilm
formation, but the significant cytotoxicity exhibited in the
high concentration of TXA which was not used in clinically
cases [20].

We can observe some special phenomenon in bacte-
ria aggregation experiments. In the infected setting,
polysaccharide-based aggregates and biofilms can be
regarded as different phases of the same process. Aggregate
seeding biofilms, while biofilms dispersing into free floating
aggregates [21]. The aggregates can enhance the protection
from phagocytosis and be more tolerant to antibiotic treat-
ment [22]. Therefore, the supernatant of bacteria in TSB with
TXA had higher turbidity, which proves that the clinical con-
centration of TXA can inhibit bacteria aggregation, and the
high concentration of TXA can inhibit the growth of Staphy-
lococcus aureus, resulting in lower turbidity. However, tra-
nexamic acid’s inhibitory ability on bacterial aggregation

TSBG+10%SF

(a)

TSBG+10%SF+TXA (10 mg/ml)

(b)

TSBG+10%SF+TXA (50 mg/ml)

(c)

TSBG+10%SF+PLM

(d)

TSBG+10%SF+TXA (10 mg/ml)+PLM

(e)

TSBG+10%SF+TXA (50 mg/ml)+PLM

(f)

Figure 5: CLSM results of biofilm forming with ST1792-sfGFP. (a) Biofilm formation of Staphylococcus aureus in TSBG medium containing
10% SF. (b) Biofilm formation was inhibited by tranexamic acid (10mg/ml). (c) Biofilm formation was significantly inhibited by tranexamic
acid (50mg/ml). (d) Biofilm formation was significantly inhibited by plasmin. (e, f) Tranexamic acid offset the inhibition of biofilm formation
with plasmin.
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disappeared in synovial fluid environment, which may be
related to the complex joint microenvironment, and further
research is needed.

The primary target of action for tranexamic acid was
plasmin [2]. The double-sided effect of plasmin in the process
of Staphylococcus aureus infection has been shown in previ-
ous studies. On one hand, plasmin can act in a proinflamma-
tory manner via triggering chemotaxis and cytokine release
[23], and the histones in neutrophil extracellular traps
(NETs) cleaved by plasmin, which lead to protection of
Staphylococcus aureus in vivo [24]. Therefore, plasmin
showed the function of promoting infection. On the other
hand, fibrin-containing bacterial biofilms were decomposed
by the specifically targeting fibrin function of plasmin, and
the antibiotic efficiency were greatly improved [22, 25]. Thus,
plasmin showed the function of inhibiting infection.

In this study, the significant antibiofilm function of plas-
min was found in experiments compared with tranexamic
acid. The obvious inhibitory effect of plasmin on Staphylo-
coccus aureus biofilm formation was mentioned in previous
studies [22], but this significant antibiofilm function of plas-
min inhibited by tranexamic acid. Therefore, the increased
colonization of Staphylococcus aureus made it easier to form
biofilms by tranexamic acid on the surface of implant. While
tranexamic acid promoted biofilm by inhibiting plasmin, it
also inhibited the degradation of histones in NETs. There-
fore, one single local injection has not shown to promote
infection in vivo, but continuous use of tranexamic acid
in vivo has shown increased Staphylococcus aureus coloniza-
tion, which suggested the potential risk of topical tranexamic
acid.

There are still some limitations in this study. Although
the clinical used concentration of tranexamic acid has been
applied to avoid the cytotoxicity caused by high concentra-
tion, the viewing time of mouse model was relatively short
and the effect of continuous topical tranexamic acid for a lon-
ger time has not been tested. The influence of tranexamic
acid on antibiotic sensitivity of Staphylococcus aureus has
not been explored in the present study. Although Staphylo-
coccus aureus ST1792 was used in terms of strains, the
response of various Staphylococcus aureus subtypes to tra-
nexamic acid has not been verified.

5. Conclusions

In summary, here, we clarified the function of topical tra-
nexamic acid use with Staphylococcus aureus. Continuous
topical injection of tranexamic acid promoted biofilm forma-
tion of Staphylococcus aureus which has potential risks to
patients undergoing total joint replacement. Although it has
clinical safety for using one single local injection of tranexa-
mic acid, it is recommended to use antibiotics in combina-
tion with topical using of tranexamic acid in clinic to
minimizing the rate of infection.
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Both parathyroid hormone (PTH) and mechanical signals are able to regulate bone growth and regeneration. They also can work
synergistically to regulate osteoblast proliferation, but little is known about the mechanisms how PTH and mechanical signals
interact with each other during this process. In this study, we investigated responses of MC3T3-E1 osteoblasts to PTH and
oscillatory fluid flow. We found that osteoblasts are more sensitive to mechanical signals in the presence of PTH according to
ERK1/2 phosphorylation, ATP release, CREB phosphorylation, and cell proliferation. PTH may also reduce the osteoblast
refractory period after desensitization due to mechanical signals. We further found that the synergistic responses of osteoblasts
to fluid flow or ATP with PTH had similar patterns, suggesting that synergy between fluid flow and PTH may be through the
ATP pathway. After we inhibited ATP effects using apyrase in osteoblasts, their synergistic responses to mechanical stimulation
and PTH were also inhibited. Additionally, knocking down P2Y2 purinergic receptors can significantly attenuate osteoblast
synergistic responses to mechanical stimulation and PTH in terms of ERK1/2 phosphorylation, CREB phosphorylation, and cell
proliferation. Thus, our results suggest that PTH enhances mechanosensitivity of osteoblasts via a mechanism involving ATP
and P2Y2 purinergic receptors.

1. Introduction

Mechanical signals play very important roles in regulating
bone growth and remodeling [1, 2]. Oscillatory fluid flow, a
potent and widely used mechanical stimulus for bone cells,
can induce osteoblast intracellular calcium mobilization,
MAPK activation, ATP release, c-fos expression, and other
intracellular events and subsequently regulates bone metabo-
lism [3–5]. On the other hand, parathyroid hormone (PTH)
is able to regulate bone cell extracellular calcium and phos-
phate metabolism and controls bone growth and remodeling
[6, 7]. It is well established that the intermittent administra-
tion of PTH stimulates bone formation by increasing osteo-
blast number and subsequently increases bone mass and
reduces the incidence of fracture in the elderly [8, 9]. PTH

enhances osteoblast proliferation, inhibits osteoblast apopto-
sis, and reactivates lining cells to resume their matrix synthe-
sizing function through a series of pathways, including
cAMP, PKA, Runx2, and Wnt signals [9–11]. Both mechan-
ical stimulation and PTH are able to regulate osteoblast
metabolism and bone remodeling; thus, their synergistical
effects on bone are of great interests of researchers. Previous
literatures demonstrated that PTH may potentiate response
of bone cells to mechanical stimulation in terms of intracellu-
lar calcium release [12, 13]. It is possibly because that PTH
induced actin polymerization in cells, which resulted in an
increase in cell mechanosensitivity [13]. In addition, PTH
has been shown to increase the activity and conductance of
a stretch-activated ion channels in osteoblastic cells [14], sug-
gesting its direct action on the cell membranes. Meanwhile,
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an animal study demonstrated that PTH enhanced mechan-
ically induced bone formation [15]. These studies demon-
strated that PTH and mechanical stimulation can work
together to improve bone growth and regeneration, but the
underlying mechanism remains elusive.

Under mechanical stimulation, osteoblasts release ATP
from cytosol to extracellular space. Subsequently, ATP binds
to purinergic receptors such as P2Y2 and initiates intracellu-
lar calcium mobilization and ERK1/2 activation [4, 16]. ATP
is also responsible for fluid flow-induced prostaglandin E2
release in osteoblasts [17]. Furthermore, ATP is able to medi-
ate osteoblast growth and mineralization [18, 19]. ATP is also
able to stimulate primary human adipose tissue-derived stem
cells and bone marrow stromal cell proliferation through the
ERK1/2 pathway and intracellular calcium mobilization,
respectively [20, 21]. On the other hand, ATP can modulate
bone cell metabolism synergistically with PTH. Osteoblasts
may release ATP and become more sensitive after PTH treat-
ment [22]. It has been shown that when ATP and PTH are

added together on UMR-106 rat osteoblasts and primary
human osteoblasts, there is a synergistic increase in intracel-
lular calcium release and c-fos expression [23, 24]. Thus,
ATP is closely associated with the osteoblast mechanotrans-
duction pathway and PTH pathway.

Previously, we have demonstrated that P2Y2 receptor is
involved in bone growth and remodeling as well as osteoblast
mechanotransduction [4]. Thus, P2Y2 may also have impor-
tant functions in the synergistic effects resulted from com-
bining mechanical stimulation and PTH. In this study,
ERK1/2 phosphorylation was used as a major indictor to
measure osteoblast activities because ERK1/2 can initiate
many downstream pathways such as COX-2, Runx2, OPG,
OPN, and MMP13 and subsequently plays a key role in reg-
ulating bone cell activities, including migration, survival,
proliferation, and differentiation [25, 26]. We also examined
phosphorylated CREB and cell proliferation in order to study
mechanisms of the synergy between mechanical stimulation
and PTH, which are closely related to bone regeneration.
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Figure 1: Osteoblast ERK1/2 phosphorylation in response to PTH and oscillatory fluid flow. (a) ERK1/2 phosphorylation in response to fluid
flow was significantly increased after PTH treatment. (b) PTH reduces osteoblast desensitization time after mechanical stimulation. (n = 4,
∗p < 0:05, each bar represents the mean ± SEM).
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2. Materials and Methods

2.1. Cell Culture and Experiment Protocols. The mouse oste-
oblastic cell line MC3T3-E1 was cultured in minimal essen-
tial α medium (MEM-α) containing 10% fetal bovine
serum, 1% penicillin, and streptomycin and maintained in a
humidified incubator at 37°C with 5% CO2. For oscillatory
fluid flow experiments, all cells were cultured on glass slides
for 2 days prior to experiments, and 1:5 × 105 cells were
seeded on glass slides (75 × 38 × 1:0mm) for oscillatory fluid
flow experiments. Cells were exposed to oscillatory fluid flow
in MEM-α without FBS for all experiments. The fluid flow
chamber employed in this study is a parallel plate design,
and the flow delivery device generated 1Hz sinusoidal oscil-
lating flow with 10 dyne/cm2

fluid shear stress on cells as
described in previous studies [16, 27]. For ATP effects,
10mM final concentration ATP was added to cell culture
plates directly. For PTH effects, 50 nM final concentration
PTH (1-34) was added to cell culture plates or fluid flow
medium directly.

2.2. Overexpression and siRNA Knockdown of P2Y2. To over-
express P2Y2 in cells, full length cDNA plasmid pcDNA3-
P2Y2 was transfected into MC3T3-E1 osteoblasts using the
FuGENE 6 transfection reagent kit from Roche according
to manufacturer’s protocols. For siRNAs against P2Y2, si-
P2Y2 sense/antisense was designed and manufactured by
Qiagen, Inc. The efficiency of knocking down was confirmed
by mRNA and protein expression using RT-PCR and
western blotting, respectively.

2.3. Western Blot. Immediately after experiments, cells were
lysed with RIPA buffer, and total protein concentrations were
measured by the bicinchoninic acid assay. Twenty-five
micrograms of the total protein from each sample was sepa-
rated by SDS–PAGE and transferred to PVDF membranes.
Membranes were incubated with the desired primary anti-
body overnight at 4°C and subsequently with the secondary
antibody for 1 hour. Visualization of proteins was achieved
by using an ECL detection system and membrane exposure
to film.

2.4. ATP Detection. Samples of conditioned media were col-
lected, and ATP concentration in the samples was measured
using a Roche ATP bioluminescence kit. Briefly, ATP was
used to convert D-luciferin into oxyluciferin and light. The
light density from each sample was measured by a lumin-
ometer and compared with a standard curve created by
ATP standards. Three measurements were taken from each
sample. Results were normalized to protein concentration
using the bicinchoninic acid assay.

2.5. Cell Proliferation Assay. Cell proliferation was measured
with the FITC 5-bromo-2-deoxyuridine (BrdU) flow kit
according to the manufacturer’s protocols. After exposed to
oscillatory fluid flow for 1 hour, MC3T3-E1 osteoblasts were
placed back into incubator for 24 hours. After that, cells were
labeled with BrdU and then quantified using fluorescence-
activated cell sorting with a FITC-conjugated antibody
specific for BrdU.

2.6. Data Analysis. Data are expressed as mean ± standard
error (SE). To compare two groups, two-sample Student’s t
-test was used in which sample variance was not assumed
to be equal. To compare observations from more than two
groups, a one-way analysis of variance was employed
followed by a Bonferroni selected-pairs multiple compari-
sons test. p < 0:05 was considered statistically significant.

3. Results

3.1. PTH Enhances Osteoblast Responses to Mechanical
Stimulation. We first examined the effect of PTH on
MC3T3-E1 osteoblastic cells in terms of ERK1/2 phosphory-
lation in response to oscillatory fluid flow. We treated cells
with 50 nM PTH for 30 minutes and found that PTH alone
did not alter ERK1/2 phosphorylation. However, PTH-
treated MC3T3-E1 cells have a significantly greater phos-
phorylated ERK1/2 expression in response to fluid flow,
compared with cells without PTH treatments (Figure 1(a)).
Additionally, ERK1/2 phosphorylation quickly reaches its
maximum value at round minute 5, then decreases. Thus,
we used only 5-minute oscillatory fluid flow in our rest
experiments to study ERK1/2 phosphorylation.

3.2. PTH Reduces Osteoblast Desensitization Time after
Mechanical Stimulation. After subjected to oscillatory fluid
flow for 5 minutes, MC3T3-E1 osteoblast may take up to
120 minutes to completely recover its sensitivity to respond
to another oscillatory fluid flow according to our previous
experiments [28]. In this study, MC3T3-E1 cells were treated
with or without PTH for 30 minutes after first fluid flow
stimulation, then exposed to second fluid flow stimulation.
We found that PTH-treated cells have significantly higher
phosphorylated ERK1/2 expression level compared to non
PTH-treated cells (Figure 1(b)). The result suggests that
PTH may be able to reduce the osteoblast refractory period
after mechanical stimulation.
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Figure 2: Osteoblast ATP release in response to oscillatory fluid
flow with or without PTH. (n = 3, ∗p < 0:05, each bar represents
the mean ± SEM).
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3.3. PTH Alters ATP Release Pattern Induced by Mechanical
Stimulation. We also checked ATP release of PTH-treated
MC3T3-E1 cells in response to oscillatory fluid flow. We
found that the amount of ATP released of PTH-treated cells
is significantly increased after 1 minute which is the maxi-
mum point of the ATP release curve, compared with non-
treated cells. After that, ATP concentration is quickly
diminishing. After minute 5, ATP release from cells reached
a relatively stable stage, and the changes from minute 5 to
minute 9 are very small and insignificant (Figure 2). Similar
to the P-ERK expression, the ATP release result suggests that
MC3T3-E1 cells are more sensitive to oscillatory fluid flow
after PTH treatment.

3.4. PTH Enhances Osteoblast Responses to ATP. Since
MC3T3-E1 cells release ATP when subjected to fluid flow
stimulation, we also examined the responses of osteoblast
after treated with both ATP and PTH. We found that ATP
induced ERK1/2 activation, and PTH enhanced this response
in a similar pattern to mechanical stimulation. (Figure 3(a)).
The results suggest that PTH may potentiate osteoblast
responses to mechanical stimulation through the ATP
pathway.

3.5. The ATP Pathway Is Involved in the Synergistic Responses
of Osteoblasts to PTH and Mechanical Stimulation.When we

used apyrase (1U/ml), an enzyme able to rapidly hydrolyzes
ATP, together with PTH for MC3T3-E1 during fluid flow
experiments, we found that the cell response in terms of
ERK1/2 phosphorylation was significantly decreased. If we
pretreated cells with thapsigargin (5μM), an endoplasmic
reticulum (ER) ATPase inhibitor, we also found that cell
responses to PTH and fluid flow were significantly decreased
in terms of ERK1/2 phosphorylation (Figure 3(b)).

3.6. PTH May Potentiate Fluid Flow-Induced Effects through
P2Y2 Purinergic Receptors. We have showed previously that
the P2Y2 receptor is responsible for fluid flow-induced intra-
cellular calcium release and ERK1/2 phosphorylation. In this
study, we found that when the P2Y2 expression was knocked
down by siRNA in MC3T3-E1 cells, the ERK1/2 phosphory-
lation level was also significantly decreased even in the pres-
ence of PTH. When P2Y2 is overexpressed in MC3T3-E1
cells, the phosphorylated ERK1/2 level was significantly
increased with PTH (Figure 4(a)). We also examined CREB
phosphorylation whenMC3T3-E1 cells were exposed to both
PTH and oscillatory fluid flow (Figure 4(b)). We found sim-
ilar results to ERK1/2 phosphorylation. The results suggest
that P2Y2 purinergic receptors may be involved in the cross-
talk between the PTH pathway and mechanotransduction
pathway of osteoblasts.
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Figure 3: ATP is involved in the synergistic responses of osteoblasts to PTH and oscillatory fluid flow. (a) ERK1/2 phosphorylation in
response to ATP with or without PTH treatment for different times. (b) Apyrase and thapsigargin inhibit the synergy between PTH and
fluid flow. (n = 4, ∗p < 0:05, each bar represents the mean ± SEM).
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3.7. ATP and Its Receptor P2Y2 Are Important for Osteoblast
Proliferation. Osteoblast proliferation is a crucial factor for
bone growth and remodeling. So, we examined MC3T3-E1
cell proliferation when exposed to fluid flow and PTH. We
found that fluid flow and PTH are able to increase cell prolif-
eration significantly as shown in Figure 5. When combining
them together, PTH and fluid flow can increase cell prolifer-
ation even greater. When we use apyrase to quickly remove
ATP, or use siRNA to knock down the cell P2Y2 expression
level, we found that cell proliferation was significantly
inhibited.

4. Discussion

Mechanical signals mediate bone growth and regeneration,
and the intermittent administration of PTH can enhance
the effects [15, 29], but the mechanism how they work
together is still elusive. We previously examined the role of
P2Y2 purinergic receptors in the bone mechanotransduction
pathway [4, 30] and found it is closely related to ATP and cal-
cium signaling pathways. Other researchers demonstrated
that osteoblast calcium signaling induced by mechanical
loads may be enhanced by PTH, and ATP may sensitize
PTH receptor [13, 22]. Thus, we believe that P2Y2 purinergic
receptors may play an important role in synergistical
responses of the combined action of PTH and mechanical
signals.

In the present study, we firstly showed that PTH is able to
work synergically with oscillatory fluid flow to potentiate
osteoblast ERK1/2 phosphorylation, which play important
roles in bone formation. The result is similar to previous
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findings that PTH can enhance the COX-2 expression,
calcium release, and c-fos expression from osteoblasts in
response to mechanical signals [12, 22, 24]. We also found
that PTH is able to reduce the osteoblast refractory period
after mechanical stimulation in terms of ERK1/2 phosphory-
lation. This effect may cause osteoblast response to mechan-
ical signals more often. As a result, osteoblast’s total effective
response time is increased during mechanical stimulation,
which may subsequently lead to further cell proliferation
and bone regeneration.

We further found that the osteoblast ATP release induced
by oscillatory fluid flow is also enhanced. Since ATP stimula-
tion is able to cause ERK1/2 activation, thus we subsequently
examined the synergistic effects of PTH and ATP using oste-
oblast ERK1/2 activation. We found that PTH is also able to
potentiate ATP-induced ERK1/2 activation in the exact same
pattern as induced by oscillatory fluid flow. Previous litera-
tures have demonstrated that ATP can synergize with PTH
to increase intracellular calcium release and c-fos expression
[31, 32]. ATP is also able to synergize with PDGF to increase
DNA synthesis in MC3T3-E1 cells [33]. Thus, we suspect
that the combined effects of PTH and mechanical signals
on osteoblast are through the ATP pathway. For these rea-
sons, we used apyrase to remove fluid flow induced-ATP
from extracellular space and checked osteoblast responses.
We found that the synergistic effects from fluid flow and
PTH were significantly attenuated. Additionally, when we
used thapsigargin to inhibit ER calcium mobilization, the
synergistic effects were also significantly attenuated. The
results suggest that synergy of mechanical signals with PTH
may be through the ATP-calcium-ERK1/2 pathway.

Due to the importance of ATP, we examined the role of
the P2Y2 purinergic receptor in this process. We knocked
down or overexpressed the P2Y2 expression level in
MC3T3-E1 cells and compared their synergistic responses
to oscillatory fluid flow and PTH to normal MC3T3-E1 cells.
We found that P2Y2 knockdown inhibited such synergistic
responses in terms of ERK1/2 and CREB phosphorylation.
Furthermore, the P2Y2 overexpression in cells enhanced
their responses to PTH and mechanical stimulation. These
results confirmed that purinergic signaling is involved in
the synergy of mechanical signals with PTH. Since both
PTH receptor and P2Y2 receptor are GPCRs, they can be
desensitized by GPCR kinases (GRKs). We have previous
demonstrated that GRKs may be involved in fluid flow-
induced osteoblast desensitization [28]. If PTH receptors
are desensitized by the same GRK as P2Y2 receptors, then
the administration of PTH may lead to recruitment of GRK
to PTH receptors. In this situation, desensitization of P2Y2
receptors will be more difficult because the amount of free
GRKs is reduced. As a result, PTH can work synergistically
with oscillatory fluid flow to enhance osteoblast responses.

Osteoblast proliferation is important for bone growth and
regeneration. ERK1/2 has been shown to regulate osteoblast
proliferation through a number of pathways, including c-fos
and Runx2 [34–37]. For these reasons, we examined the
involvement of P2Y2 receptors and ATP in osteoblast prolifer-
ation induced by PTH and fluid flow. We found that removal
of ATP by apyrase or knockdown of P2Y2 receptors by siRNA

inhibited osteoblast proliferation. The results are reasonable
since reduction of ATP and P2Y2 inhibited ERK1/2 and CREB
phosphorylation based on our previous findings. Additionally,
other researchers have demonstrated that purinergic receptors
were closely related to cell proliferation [38].

5. Conclusions

In this study, we demonstrated that PTH enhanced oscilla-
tory fluid flow-induced osteoblast ERK1/2 phosphorylation,
ATP release, CREB phosphorylation, and cell proliferation
and decreased the osteoblast refractory period due to
mechanical stimulation. We also showed that depletion of
extracellular ATP during fluid flow or knockdown of puri-
nergic receptor P2Y2 expression can inhibit above synergistic
responses. Our results suggest that osteoblast is more respon-
sive to mechanical signals in the presence of PTH, and P2Y2
purinergic receptors play important roles in the process. Both
P2Y2 receptors and PTH receptors are GPCRs, so they may
use the same desensitization pathway. As a result, it may
become harder to deactivate both of them at the same time.
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With the aging of the population and the extension of life expectancy, osteoporosis is becoming a global epidemic. Although there
are several drugs used to treat osteoporosis in clinical practice, such as parathyroid hormone or bisphosphonates, they all have some
serious side effects. Therefore, a safer drug is called for osteoporosis, especially for the prevention in the early stage of the disease,
not only the treatment in the later stage. Panax notoginseng saponin (PNS), a traditional Chinese herb, has been used as anti-
ischemic drug due to its function on improving vascular circulation. In order to verify whether Panax notoginseng saponins
(PNS) could be used to prevent osteoporosis, ovariectomy (OVX) was induced in female C57BL/C6J mice, followed by orally
administration with 40mg/kg/d, 80mg/kg/d, and 160mg/kg/d of three different dosages of PNS for 9 weeks. Serum biochemical
analysis, micro-CT, histological evaluation, and immunostaining of markers of osteogenesis and angiogenesis were performed in
the sham, osteoporotic (OVX), and treatment (OVX+PNS) groups. Micro-CT and histological evaluation showed that
compared to sham group, the bone mass of OVX group reduced significantly, while it was significantly restored in the
moderate-dose PNS (40mg/kg and 80mg/kg) treatment groups. The expression of CD31 and osteocalcin (OCN) in the bone
tissue of treatment group also increased, suggesting that PNS activated osteogenesis and angiogenesis, which subsequently
increased the bone mass. These results confirmed the potential function of PNS on the prevention of osteoporosis. However, in
the high dose of PNS (160mg/kg) group, the antiosteoportic effect had been eliminated, which also suggested the importance of
proper dose of PNS for the prevention and treatment of osteoporosis in postmenopausal women.

1. Introduction

Osteoporosis is a metabolic disease characterized by
decreased bone mass, increased bone fragility, and micro-
architectural deterioration of bone tissue. In addition to
increasing the risk of fragility fracture, osteoporosis may also
increase the risk of hospitalization associated with certain
complications. With the increasing aging of China’s popula-
tion, the prevalence of osteoporosis has increased remarkably

in the past decade (from 14.94% before 2012 to 27.96% in
2015), and the prevalence in women was significantly higher
than that in men (25.41% vs. 15.33%) [1].

With aging, decreased angiogenesis in bone and bone
marrow is a principal cause of osteoporosis [2]. Because estro-
gen is also an important regulator for angiogenesis, its defi-
ciency can lead to osteoporosis for postmenopausal women
or those who have undergone tumor-related ovariectomy.
Traditional Chinese medicine has been used for thousands
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of years and still plays an important role in the prevention and
the treatment of diseases in modern China. The dried root of
Panax notoginseng, namely, Sanchi (San Qi), is a famous tra-
ditional Chinese herb. The active ingredients of Panax noto-
ginseng include saponins, dencichine, flavonoids, and
polysaccharides, among which the pharmaceutical effects of
the saponins had been studied extensively [3]. The total sapo-
nins of Panax notoginseng mainly include ginsenosides Ra3,
Rg1, Rb1, and Rd and notoginsenoside R1. Blood concentra-
tion of ginsenosides Ra3, Rb1, and Rd was significantly higher
than other compounds after an oral administration of Panax
notoginseng extract in a rat model [4]. Panax notoginseng
saponin (PNS) is a vasoactive drug [5], which has been used
as an anti-ischemic agent to promote blood circulation in tra-
ditional Chinese medicine; however, it also displayed anti-
inflammatory [6, 7], antioxidant [8–11], and estrogen-like
[12, 13] activities in vitro, making it a potential cure for post-
menopausal osteoporosis.

Some previous studies confirmed that Panax notoginseng
saponins facilitate the osteogenic process of the skeletal
progenitor cells in vitro [14, 15], including the proliferation,
differentiation, and mineralization. The possible mechanism
is that PNS promotes the expression of downstream
osteogenesis-related genes by activating ERK and p38 [16]
as well as TGF-β1 [17] signaling pathways. Angiogenesis
plays an indispensable role in osteogenesis [18], and the most
important pharmacological function of PNS is its vasoactive
effect, indicating that PNS could preserve bone mass by pro-
moting the coupling of angiogenesis and osteogenesis during
osteoporosis. Although other two studies had also proved the
pharmacological effect of PNS on alleviating osteoporosis in
rat ovariectomy model [19, 20], the underlying mechanisms
were not investigated, especially there were no studies to
evaluate the function of PNS on preventing bone loss at the
early stage of menopause. In this study, we established an
ovariectomy-induced osteoporosis mouse model to fully
investigate whether early PNS treatment can prevent bone
loss by targeting the vascular microarchitecture.

2. Materials and Methods

2.1. Materials. PNSs, the total saponins of Panax notogin-
seng, were purchased from KPC Xuesaitong Pharmaceutical
Co., Ltd (Yunnan, China). C57BL/6J mice were purchased
from SPF (Beijing) Biotechnology Co., Ltd (Beijing, China).
Mouse NTXI(cross linked N-telopeptide of type I collagen)
ELISA kit (E-EL-M3022) was purchased from Elabscience
(Wuhan, China). Anti-osteocalcin antibody (ab93876),
recombinant anti-CD31 antibody (ab182981), goat anti-
rabbit IgG H&L (Alexa Fluor® 488) (ab150077), and goat
anti-rabbit IgG H&L (HRP) (ab205718) were purchased
from Abcam (USA).

2.2. Animal Model and PNS Treatment. All the animal exper-
iments were carried out carefully in accordance with the
principles and guidelines of the Animal Ethics Committee
of the First Affiliated Hospital of Sun Yet-sen University. 30
twelve-week-old female C57BL/6J mice were housed in indi-
vidual ventilated cages under controlled conditions (temper-

ature, 20-26°C; humidity, 40-70%) for a 12-hour light-dark
cycle and were allowed free access to water and food.

After one-week adaptation period, the animals were ran-
domly divided into 5 equal groups (six in one cage): (1) sham
operation (sham group), (2) ovariectomy (OVX group), (3)
ovariectomy+40mg/kg/d PNS (low-dose group), (4) ovariec-
tomy+80mg/kg/d PNS (medium-dose group), and (5) ovari-
ectomy+160mg/kg/d PNS (high-dose group). Ovariectomy
or a sham operation was performed under pentobarbital
sodium (90mg/kg, i.p.) anesthesia. Two longitudinal inci-
sions were made inferior to the rib cage on the dorsolateral
body wall, and then the bilateral ovaries were exteriorized,
ligated, and excised. Mice in the sham surgical group had
only a piece of fat excised. After the surgery, mice in PNS-
treated groups were orally administered (oral gavage) with
different dosages for 9 weeks, while mice in the sham group
and the OVX group were also orally administered with water
in the same volume. After 9-week treatment, all mice were
euthanized. Eyeball blood collection was conducted, and
serum was separated by centrifugation at 1,800 rpm for 10
minutes, then were aliquoted and stored at -20°C for further
analysis. PBS and then paraformaldehyde were perfused into
the whole body through the left ventricle. Femora were dis-
sected and stored at 4% paraformaldehyde at 4°C for further
analysis.

2.3. Serum Biochemical Analysis. Serum samples were sent to
Kingmed Diagnostic (Group Co., Ltd) for conventional bio-
chemical analysis, including serum alanine aminotransferase
(ALT), creatinine (CREA), serum calcium (S-Ca), and serum
phosphorus (S-P). Serum bone turnover markers like N-
telopeptide of type I collagen (NTX) were tested by using a
commercial ELISA kit (E-EL-M3022). Serum ALT and
CREA were tested to verify whether PNS reveals a dose-
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Figure 1: Plot of body weight of mice with respect to time, recorded
over a period of pre- and 9 weeks postoperation. Values are
presented as means ± S:D: (N = 6).
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dependent hepatorenal toxicity. S-Ca, S-P, and NTX were
tested for bone metabolism.

2.4. Micro-CT Analysis. The microarchitectures of the distal
femurs were analyzed by a desktop Micro-CT SkyScan1276
(Bruker Micro CT, Belgium). In our work, micro-CT scanner
was operated at 85 kV and 200μA. 1mm thickness alumin-
ium filter was used for optimal image contrast. Images were
reconstructed and processed with a spatial scanning resolu-
tion of 10.0μm. Software CTAn (Bruker micro-CT, Belgium)
was used to perform image analysis. Trabecular bone was
separated from cortical bone by free-drawing region of inter-
est (ROI). Volume of interest (VOI, 1mm proximal to the
metaphyseal line) was chosen within 100 continuous slices.
We performed bone morphologic measurements in CTAn
and obtained corresponding parameters, including trabecu-
lar bone volume fraction (BV/TV; %), trabecular thickness
(Tb.Th; μm), trabecular number (Tb.N; μm-1), and trabecu-
lar separation (Tb.Sp; μm). Then, the 3Dmodels of VOI were
reconstructed with CTAn for visualization in the software
CTVol (Bruker micro-CT, Belgium). The operator conduct-
ing the micro-CT analysis was blinded to the treatments
associated with samples.

2.5. Histological Assessment and Immunostaining. After
micro-CT analysis, all femur specimens were prefixed at
4% paraformaldehyde for 48 h, decalcified in 10% EDTA

(pH7.4) for 21 d at 4°C, and then embedded in paraffin.
We processed 4μm thick sagittal-oriented (longitudinally)
sections of bone including the metaphysis and diaphysis.
All slides were stored at 4°C in case of any further analy-
sis. HE staining and Safranin O-Fast Green staining were
performed for the analysis of bone microstructure.

Immunohistochemistry and immunofluorescence stain-
ing were applied to analyze osteogenesis and angiogenesis
according to standard protocols. The sections were incubated
at 4°C overnight with primary antibodies anti-osteocalcin
(ab182981, Abcam, 1 : 500) and anti-CD31 (ab93876, Abcam,
1 : 500), respectively; the corresponding secondary antibod-
ies were added onto the sections for 1 h. For osteocalcin
immunohistochemistry, slides were stained with DAB
(ab64238, Abcam) and then counterstained with hematox-
ylin (Sigma-Aldrich). For CD31 immunofluorescence,
slides were counterstained with DAPI. The slide images
were observed and captured by Eclipse Ti-SR microscope
(Nikon, Japan). ImageJ was used for the following quanti-
tative analysis.

2.6. Statistical Analysis. Statistical analysis was performed by
using the SPSS 22.0 software (IBM Corp., Armonk, NY,
USA). All data were presented as mean ± S:D. All error bars
in figures represent S.D. Group comparison was made by
using unpaired, two-tailed Student’s t-test. For all statistical
analysis, ∗P < 0:05 was considered to be significant.
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Figure 2: Serum biochemical quantitative analysis of N-telopeptide of (a) type I collagen (NTX), (b) serum calcium, (c) phosphorus, (d)
creatinine, and (e) alanine aminotransferase (ALT) in the sham, OVX, and PNS-treated groups (“ns” represents no significant difference;
∗P < 0:05; N = 6).
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3. Results

3.1. Body Weight. All the animals had normal activities and
feeding during the whole experimental period. We monitored
the body weight of mice in each group before operation and 1-
9 weeks postoperation (Figure 1). Generally, the body weight
of mice in all groups increased until they were sacrificed.
Because of the surgical trauma, the body weight of each group
decreased significantly (P < 0:05) one week right after opera-
tion. With the rehabilitation and growth of the mice, the body
weight in each group gradually increased. There was no signif-
icant difference in body weight among the OVX and PNS-
treated groups at each time point, indicating that the intake
of PNS did not have a significant impact on body weight. Spe-
cially, the body weight of the sham operation group was signif-
icantly higher (P < 0:05) than that of the OVX group at the
eighth week, which may due to less surgical trauma.

3.2. Serum Biochemical Analysis. In order to evaluate the
pharmaceutic effects of PNS on bone, liver, and kidney

metabolism, the serum collected from each group were tested
for several indicators (Figure 2). NTX is a specific biochemi-
cal indicator of bone resorption that is generated as a result of
osteoclast activity on bone. Compared with the sham opera-
tion group, the serum NTX (Figure 2(a)) of OVX group and
OVX+PNS (160mg/kg) group were significantly higher,
while OVX+PNS (40 and 80mg/kg) group showed no sig-
nificant difference. These results indicated that PNS (40
and 80mg/kg) inhibited the activities of osteoclasts in oste-
oporotic mice, but higher dose (160mg/kg) of PNS intake
would reverse the effect. As for the serum calcium and
phosphorus (Figures 2(b) and 2(c)), there was no signifi-
cant difference among the groups. The serum CREA and
ALT (Figures 2(d) and 2(e)) were tested to access the func-
tion of kidney and liver, and high levels of them could reflect
drug-induced liver and kidney injury. Notably, the creatinine
and ALT in OVX+PNS (160mg/kg) were significantly higher
than the OVX group, and there are no significant differences
among other groups. High dose (160mg/kg) of PNS intake
could cause damage to kidney and liver, which may be the
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Figure 3: (a) Representative micro-CT 3D reconstructed images and (b) coronal images of trabecular bone in distal femur of sham, OVX, and
PNS-treated groups. The red dotted line area represents the VOI for 3D reconstruction, and the quantitative analysis of the
histomorphometry (c), including percent bone volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular
separation (Tb.Sp), was measured (“ns” represents no significant difference; ∗P < 0:05; N = 6).

4 BioMed Research International



reason why it had the opposite pharmacological effect com-
pared with the lower-dose (40 and 80mg/kg) PNS groups.

3.3. Micro-CT Analysis. Micro-CT 3D reconstructed images
and coronal images (Figure 3) of trabecular bone in distal
femur showed distinct differences among sham operation,
OVX, and PNS-treated groups. In general, compared with
sham operation group, bone mass reduced significantly in
OVX group, which means the osteoporotic mouse model
was successful. When treated with 40mg/kg or 80mg/kg
PNS, the bone mass restored significantly. However, if the
concentration of PNS increased to 160mg/kg, the antiosteo-
porosis effect disappeared. Specifically, in the quantitative
analysis of BV/TV and Tb.N, the sham group, 40mg/kg,
and 80mg/kg PNS group showed no significant difference
(P > 0:05), but OVX group showed significantly decrease
(P < 0:05), and 160mg/kg PNS group showed even more
decrease. Then, in the quantitative analysis of Tb.Th and
Tb.Sp, the sham, OVX, 40mg/kg, and 80mg/kg PNS groups
showed no significant difference (P > 0:05), while the
160mg/kg PNS group significantly decreased (P < 0:05) in
Tb.Th and increased (P < 0:05) in Tb.Sp.

The above results indicated that intake of appropriate
dose of PNS can increase the number of trabecular bone
and bone volume and in general reveal an antiosteoporotic
effect; however, high dose of PNS intake would even worsen
the bone loss in the osteoporotic mouse model.

3.4. HE Staining and Safranin O-Fast Green Staining. In
order to analyze the subtle changes of bone microstructure
at histological and cytological levels, we performed HE stain-
ing and Safranin O-Fast Green staining among each groups
(Figure 4). Bones were dyed pink in HE staining and were

dyed green in Safranin O-Fast Green staining. It showed that
the trabecular bone mass in the sham group and OVX+PNS
(40 and 80mg/kg) group were evidently higher than the OVX
group and OVX+PNS(160mg/kg) group, which was in con-
sonance with the results of micro-CT morphometry.

3.5. Immunostaining of Osteoblasts and Vascular Endothelial
Cells. Osteocalcin is one of the major noncollagenous pro-
teins of the bone matrix, which is synthesized and secreted
by osteoblasts and is specific for bone. In the immuno-
staining of osteocalcin, OVX group showed a significantly
decrease in the number of osteoblasts when compared with
the sham operation group (Figures 5(a), 5(c), and 5(d)).
Interestingly, intake of proper dosage of PNS (40mg/kg and
80mg/kg) could reverse the phenotype of osteoblast decrease
in the ovariectomy-induced osteoporosis model. However,
excessive intake of PNS (160mg/kg) had no protection on
the decrease of osteoblast.

CD31 is the most widely used markers of endothelial dif-
ferentiation, although it is not entirely specific. In this study,
we used immunofluorescent staining of CD31 to represent
the vascular endothelial cells. Very similar to the immunohis-
tochemistry results of osteocalcin, intake of proper dosage of
PNS (40mg/kg and 80mg/kg) could reverse the decrease of
the number of endothelial cells (Figures 5(b), 5(c), and
5(e)) caused by deficiency of estrogen, while excessive intake
of PNS (160mg/kg) had no such effect.

4. Discussion

In this study, we applied ovariectomy-induced osteoporo-
sis model [21, 22] to verify our hypothesis that PNS could
prevent osteoporosis by coactivating osteogenesis and

(a)
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OVX+PNS

40mg/kg 80mg/kg 160mg/kg

(b)

Figure 4: Representative sagittal images of (a) HE staining (scale bars = 500 μm) and (b) Safranin O-Fast Green staining (scale bars = 500μm)
of trabecular bone in distal femur of sham, OVX, and PNS-treated groups. Black arrowheads point out the typical trabecular bone in different
groups.
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angiogenesis in vivo. After a series of experiments, including
serum biochemical analysis, micro-CT morphometry, and
histological assessment, we proved that a moderate dose of
PNS (40mg/kg and 80mg/kg) could prevent bone loss by
promoting angiogenesis and osteogenesis. The decrease in
ovarian estrogen secretion after menopause is the initial
cause of rapid bone loss in middle aged and elderly women,
with an annual bone loss rate of 3-5% within 10 years,
which mainly affects the trabecular bone [23]. In our exper-
iments, micro-CT images clearly show the trabecular bone
loss in the distal femur (Figure 3) 9 weeks after the OVX
operation, indicating that the OVX mouse model could
perfectly simulate the rapid occurrence of postmenopausal
osteoporosis in human.

In traditional Chinese medicine, PNS has vasoactive
effect [24], and many studies had also proved its function
in promoting angiogenesis. For instance, a study found that
PNS can promote several features of angiogenesis in
HUVECs in vitro and in zebrafish in vivo through the activa-
tion of the VEGF-KDR and PI3K-Akt-eNOS pathways [25],
and another study confirmed the efficacy of PNS in upregu-

lating VEGF-A, VEGFR-1, and VEGFR-2 signal systems in
BMSCs [26]. It is well known that the coupling of angiogen-
esis and osteogenesis plays a central role in the anabolism
maintaining bone homeostasis [18, 27], but no research had
explored whether the antiosteoporotic effect of PNS was
due to promoting angiogenesis. In this study, we had
observed that appropriate dose (40mg/kg to 80mg/kg) of
PNS intake could prevent the loss of osteoblast and vascular
endothelial cell caused by estrogen deficiency at the same
time, and the difference of bone mass between groups was
not related to body weight, which confirmed our notion to
some extent. However, high dose (160mg/kg) of PNS intake
had not only no effect in preventing bone loss but even
caused more serious osteoporosis, which may be due to the
damage of liver and kidney function caused by excessive dose
of the PNS extract, leading to a further deterioration in bone
homeostasis. During the experimental design phase, we esti-
mated the appropriate dose in mice (40~80mg/kg/day)
according to the recommendation in the human body (150-
300mg/day), and the safety of these doses was confirmed
by our study. The reason why we set up a high dose of
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Figure 5: Representative images of (a) immunohistochemistry staining (scale bars = 50 μm) of osteocalcin (brown) in the sham, OVX, and
PNS-treated groups. Representative images of (b) immunofluorescent staining (scale bars = 200 μm.) of CD31 (green) and DAPI (blue) in
the sham, OVX, and PNS-treated groups. The (c) CT schematic diagram shows the approximate location of ROI (the red dotted line area)
for calculating the number and percentage of OCN positive and CD31-positive cells, respectively, in each groups. Quantitative analysis of
the (d) number of OCN-positive cells per 0.05mm2 and the (e) percentage of CD31-positive cells was made according to the ROI (“ns”
represents no significant difference; ∗P < 0:05; N = 6).
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160mg/kg is because we want to observe the pharmacological
effects and toxicity of PNS in a high dosage, which are rarely
discussed in other similar researches. Our study also indi-
cates that when the intake of PNS was doubled from its rec-
ommended amount, it showed reverse pharmacological
effects and hepatorenal toxicity.

Besides the angiogenesis promoting effect, PNS had been
reported to reveal estrogen-like activities in vivo [12, 13].
Estrogen is an important regulator of osteoblast differentia-
tion and activity, which can promote osteogenic differentia-
tion of mesenchymal stem cell and prolong the life span of
osteoblasts by inhibiting apoptosis [28]. Estrogen receptors
(ER) include ER α and ER β subtypes. ER α mediates most
of the effects of natural estrogen ligands, mainly expressed
in cortical bone, while ER βmediates the effect of phytoestro-
gens on bone, mainly expressed in trabecular bone [29, 30].
PNS is one of the phytoestrogens, so we got an interesting
hypothesis that PNS promotes osteogenesis and angiogenesis
simultaneously or their coupling through activating ER β and
its downstream signaling pathway in trabecular bone, which
will be the next stage of our work. What is more, in the serum
biochemical analysis part, the serum NTX result may indi-
cate that PNS could have effect on osteoclasts; however, it
needs more experimental evidence in the future.

Although it has been confirmed that appropriate concen-
tration of PNS can prevent bone loss, the mechanism of the
opposite pharmacological effect of high-dose PNS is not
clear, and the specific mechanism of PNS promoting angio-
genesis is not well explained. However, compared with the
injection administration route of classic antiosteoporosis
drugs, like PTH and bisphosphonate, the oral administration
characteristics of PNS would make it easier for patients to
take and therefore improve compliance [23, 31]. And because
PNS has been used clinically for many years, it is easier to
apply for clinical trials with expanded indications, making
it a potential antiosteoporotic drug in the future.

5. Conclusions

In this study, we strongly confirmed the pharmacological
effects of appropriate dose of PNS on promoting angiogene-
sis and preventing bone loss in a mouse osteoporotic model,
which may provide a new potential treatment for the preven-
tion of osteoporosis in postmenopausal women.
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We recently reported that necroptosis contributed to compression-induced nucleus pulposus (NP) cells death. In the current study,
we investigated the regulative effect of necroptosis inhibitor Necrostatin-1 on NP cells apoptosis and autophagy. Necrostatin-1,
autophagy inhibitor 3-Methyladenine and apoptosis inhibitor Z-VAD-FMK were employed, and NP cells were exposed to
1.0MPa compression for 0, 24 and 36 h. Necroptosis-associated molecules were measured by Western blot and RT-PCR.
Autophagy and apoptosis levels were evaluated by Western blot and quantified by flow cytometry after monodansylcadaverine
and Annexin V-FITC/propidium iodide staining, respectively. The cell viability and cell death were also examined. Furthermore,
we measured mitochondrial membrane potential (MMP), mitochondrial permeability transition pore (MPTP) and indices of
oxidative stress to assess mitochondrial dysfunction. The results established that Necrostatin-1 blocked NP cells autophagy, and
3-Methyladenine had little influence on NP cells necroptosis. The Necrostatin-1+3-Methyladenine treatment exerted almost the
same role as Necrostatin-1 in reducing NP cells death. Necrostatin-1 restrained NP cells apoptosis, while Z-VAD-FMK
enhanced NP cells necroptosis. The Necrostatin-1+Z-VAD-FMK treatment provided more prominent role in blocking NP cells
death compared with Necrostatin-1, consistent with increased MMP, reduced opening of MPTP and oxidative stress. In
summary, the synergistic utilization of Necrostatin-1 and Z-VAD-FMK is a very worthwhile solution in preventing
compression-mediated NP cells death, which might be largely attributed to restored mitochondrial function.

1. Introduction

Low back pain is an important cause of disability worldwide
[1, 2], which is strongly linked with intervertebral disc (IVD)
degeneration [3, 4]. Many factors could lead to IVD degener-
ation, including aging, nutritional deficiency, and mechanical
stimulation, in which mechanical compression is generally
considered as a critical pathogenic factor [5, 6]. More and
more researches focus on exploring compression-mediated
nucleus pulposus (NP) cells death because these cells play a
key role in the production of collagen II and aggrecan, which
contribute in maintaining IVD homeostasis [7, 8].

The decrease in NP cells number is largely attributed to
the degree of programmed cell death (PCD) [9]. For decades,
apoptosis and autophagy, which were known as type I and II
PCD, respectively, were viewed as the only two forms of
regulated cell death [10]. Apoptosis is generally characterized
by apoptotic body formation, intact plasma membrane,
chromosome condensation, and caspase activation [11].
Autophagy is a “self-eating” process for maintaining cellular
homeostasis, in which the injured proteins or organelles are
encased in autophagic vesicles with bilayer membrane struc-
ture and then degraded for recycling [12]. Remarkably,
necroptosis, also termed type III PCD, has received great
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attention in recent years [13, 14]. Unlike apoptosis, it is a
caspase-independent mode of death. The initiation and exe-
cution of necroptosis are largely dependent on the activation
of the receptor-interacting protein kinase 1 (RIPK1)/recep-
tor-interacting protein kinase 3 (RIPK3)/mixed lineage
kinase domain-like (MLKL) signaling pathway in most cases
[13, 14].

Our latest studies reported that necroptosis inhibitor
Necrostatin-1 exerted important protective role on
compression-treated NP cells [15, 16]. Treatment with
Necrostatin-1 in a singular manner efficiently protected
against compression-induced NP cells death. Literatures
demonstrated that there exists an interaction between
necroptosis and autophagy; meanwhile, necroptosis and apo-
ptosis pathways appear to be interrelated with each other
under certain circumstances [12, 17]. However, the interac-
tive effect between necroptosis and autophagy as well as
necroptosis and apoptosis are intricate and mysterious [12,
17]. So systematically investigating the regulative effect of
Necrostatin-1 on apoptosis and autophagy is expected to
provide a more excellent strategy in reducing NP cells death
during compression condition.

It has been well documented that mitochondrial dysfunc-
tion, which includes mitochondrial membrane potential
(MMP) loss, ultrastructure disruption of mitochondria,
enhanced opening of mitochondrial permeability transition
pore (MPTP), overconsumption of adenosine-triphosphate
(ATP), and overproduction of reactive oxygen species
(ROS), is positively correlated to necroptosis, autophagy,
and apoptosis [18, 19]. However, other literatures suggest
that mitochondrial dysfunction is not closely related to
necroptosis, autophagy, or apoptosis [20, 21]. Likewise, the
exact mechanism of oxidative stress in compression-
induced NP cells necroptosis, autophagy, and apoptosis has
not been elucidated too.

In the current study, we investigated the mutual regula-
tion between necroptosis and autophagy as well as necropto-
sis and apoptosis during compression-induced NP cells
death. To gain a deeper understanding from the organelle
level, we also interrogated the regulatory role of combined
inhibition of the different PCDs on mitochondrial dysfunc-
tion of NP cells.

2. Materials and Methods

2.1. Isolation and Culture of Primary Rat NP Cells. All the
animal experiments were performed in accordance with the
protocol approved by the animal experimentation committee
of the First Affiliated Hospital of Zhengzhou University. The
3-month-old Sprague-Dawley rats were purchased from the
Experimental Animal Center of the First Affiliated Hospital
of Zhengzhou University. We performed the rat NP cell
isolation and culture as previously described [15, 16]. The
second generation of NP cells was used in this study.

2.2. Compression and Pharmacological Treatment of Rat NP
Cells. The model system was used as previously described,
in which 1.0MPa compression was loaded on NP cells to
imitate in vivo condition [15, 16]. The cells were treated with

DMSO (Control, Sigma, USA), necroptosis inhibitor
Necronstatin-1 (Nec-1, Sigma, USA), autophagy inhibitor
3-Methyladenine (3-MA, Sigma, USA), and apoptosis inhib-
itor Z-VAD-FMK (Z-VAD, Merck, Germany) and then
using a combination of the inhibitors: Nec-1+3-MA and
Nec-1+Z-VAD. The bottom of the pressure vessel was filled
with distilled water to preserve sufficient humidity and keep
the device in an incubator at 37°C. 0 h mentioned in the
experiment means the beginning of compression. The 0, 24,
and 36 h compression-treated time points were selected in
the current experiment according to our previous studies
[15, 16].

2.3. Monodansylcadaverine (MDC) Staining. The autophagic
vacuoles of NP cells were detected by MDC (Sigma, USA). At
each time point, the cells were washed three times with PBS
and incubated with 0.05mM MDC solution for 15min at
37°C in the dark. Finally, the intracellular MDC fluorescence
was quantified under flow cytometry (BD LSRII, Becton
Dickinson).

2.4. Determination of Cell Viability.NP cells were seeded into
96-well culture plates at a density of 5 × 103 cells per well.
24 h later, the cells underwent 0, 24, or 36 h compression,
and cell viability was evaluated using the CCK-8 detection
kit (Dojindo, Japan) according to the manufacturer’s instruc-
tions. The cell viability was quantified by absorbance detec-
tion at 450 nm with a spectrophotometer (BioTek, USA).

2.5. Lactate Dehydrogenase (LDH) Release. Following 0, 24,
and 36h compression, the release of LDH into the culture
medium was measured to evaluate the cytotoxicity of NP
cells using an automated chemistry analyzer as previously
described (Beyotime, China). The LDH activity (reflecting
cell death) was expressed as the percentage of LDH in the cell
culture medium to total cellular LDH.

2.6. Annexin V-FITC and Propidium Iodide (PI) Positive
Ratio. The Annexin V-FITC Apoptosis Detection Kit (Beyo-
time, China) was introduced to quantify apoptotic and
necrotic ratio of NP cells. Following 0, 24, and 36 h compres-
sion, the cells were harvested, stained as previously described
[15, 16], and analyzed using flow cytometry. The Annexin V-
FITC and PI double staining was utilized to detect the
apoptotic incidence (Annexin V ratio) of NP cells.

2.7. Evaluation of MMP. After 0, 24, and 36h compression,
the NP cells were labeled by fluorescence probe 5,5′,6,6′
-tetrachloro-1,1′,3,3′-tetraethyl-benzimidazolylcarbocya-
nine iodide (JC-1, Keygen Biotech, China) as we previously
described [15]. Finally, the samples were quantified by flow
cytometry. The evaluation of MMP is expressed as the ratio
of red to green fluorescence intensity.

2.8. Measurement of MPTP Opening. The MPTP opening of
NP cells was assessed by the MPTP Assay Kit (Genmed,
China) as previously described [15]. After 0, 24, and 36h
compression, the cells were collected; afterward, 500μl pre-
heated cleaning solution (Reagent A) and isopyknic working
solution containing neutralization and staining solution
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(Reagent B) were added into the cell suspension. Then, the
above cell suspension was mixed gently and fully and incu-
bated for 20min at 37°C in the dark. Lastly, the samples were
resuspended in Reagent A and analyzed by flow cytometry.

2.9. Measurement of ROS. Intracellular ROS of NP cells was
examined by ROS-specific fluorescent probe 2′-7′-dihydro-
dichlorofluorescein diacetate (DCFH-DA, Sigma, USA).
Briefly, following 0, 24, and 36h compression, cells were
stained with 10μM DCFH-DA for 30min at 37°C in the
dark. Then, the mean fluorescence intensity (MFI) was
assayed by flow cytometry.

2.10. Mitochondrial ROS (mtROS) Analysis. The MitoSOX
red (Merck, Germany), a live-cell permeant fluorescence
dye for selective detection of superoxide in mitochondria,
could emit red fluorescence after being oxidized by superox-
ide. Following 0, 24, and 36 h compression, the cells were
incubated with 5μM MitoSOX red for 30min at 37°C in
the dark. Finally, the samples were washed three times,
suspended in 200μl of PBS, and assayed via flow cytometry.

2.11. Measurement of MDA Content and SOD Activity. The
MDA content of NP cells was detected using the Lipid Perox-
idation MDA Assay Kit (Beyotime, China), and the SOD
activity of NP cells was evaluated by the SOD Assay Kit
(Beyotime, China). At each time point, the cells were lysed
in lysis buffer and centrifuged at 12000 rpm for 15min and
the cell deposits were discarded. The supernatant was reacted
with thiobarbituric acid (TBA), and then, the MDA content
was analyzed via a spectrophotometer (BioTek, USA) at
532nm. For SOD activity detection, the cells were collected,
lysed, and centrifuged at 12000 rpm for 15min. Then, the
supernatant was obtained to evaluate SOD activity by a spec-
trophotometer. Finally, the MDA content was represented as
nmol/mg protein and the SOD activity was represented as
U/mg protein.

2.12. Western Blot Analysis. The NP cells were lysed in lysis
buffer containing of 1% protease inhibitor. The protein con-
centration of lysate was determined using the enhanced BCA
protein assay kit (Keygen Biotech, China). The whole lysate
was separated by SDS polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto polyvinylidene fluo-
ride membranes. Membranes were blocked with 5% bovine
serum albumin in TBST for 1 h at room temperature and
then incubated overnight at 4°C with primary antibodies
against RIPK1 (1 : 500, CST, USA), phospho-PKA substrate
(1 : 1000, CST, USA), RIPK3 (1 : 500, Abcam, UK), pRIPK3
(phosphoS232, 1 : 1000, Abcam, UK), MLKL (1 : 500, Abcam,
UK), LC3B (1 : 1000, Sigma, USA), Beclin1 (1 : 500, CST,
USA), Cleaved Caspase-3 (1 : 500, Abcam, UK), Cleaved
Caspase-8 (1 : 500, Proteintech, China), Cleaved Caspase-9
(1 : 200, Proteintech, China), and GAPDH (1 : 5000, Abcam,
UK). After incubation, membranes were gently washed three
times and incubated with respective peroxidase-conjugated
secondary antibodies for 2 h at 4°C and washed again. Finally,
the protein bands were developed and quantified by
enhanced chemiluminescence procedure and normalized to
GAPDH.

2.13. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNA was isolated from harvested NP cells
using TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s instructions. Then, the obtained RNA was
transcribed into complementary DNA (cDNA). The primer
sequences used for RT-PCR analysis were designed as fol-
lows: RIPK1: 5′-TCCTCGTTGACCGTGAC-3′, 5′-GCCT
CCCTCTGCTTGTT-3′; RIPK3: 5′-CCAGCTCGTGCTCC
TTGACT-3′, 5′-TTGCGGTCCTTG TAGGTTTG-3′;
MLKL: 5′-TCTCCCAACATCCTGCGTAT-3′, 5′-TCCC
GAGTGGTGTAACCTGTA-3′; and GAPDH: 5′-CGCTAA
CATCAAATGGGGTG-3′, 5′-TTGCTGACAATCTTGA
GGGAG-3′. The RT-PCR analysis was performed via SYBR
Green mix (ToYobo, Japan) in a Step One Plus Real-Time
PCR System (Applied Biosystems, CA, USA). The gene
expression was subjected to analysis of amplification curve,
and the data was analyzed using the 2-ΔΔCT method and
normalized to GAPDH.

2.14. Statistical Analysis. Numerical data were shown as
mean ± standard deviation (SD) from at least three inde-
pendent repetitive experiments. Statistical analyses were
carried out using IBM SPSS software package 22.0. Multi-
ple groups were analyzed by one-way analysis of variance
(ANOVA), followed by Bonferroni’s post hoc test.
Student’s t test was used to analyze the differences
between the two groups. The difference was considered
statistically significant when P < 0:05.

3. Results

3.1. Nec-1 Attenuates Compression-Induced NP Cells
Autophagy. To evaluate whether Nec-1 blocked NP cells
autophagy, we measured the autophagy-associated molecules
LC3B-II and Beclin1 expression. The 24 and 36 h compres-
sion provoked a distinguished upregulation expression of
LC3B-II and Beclin1 compared with the 0 h group
(Figures 1(a) and 1(b)). Treatment with 20μM Nec-1 or
5mM 3-MA blocked the increased expression of LC3B-II
and Beclin1 (Figures 1(a) and 1(b)). MDC labeling, which
can be incorporated into lipids in autophagic vacuoles, was
increased after 24 and 36 h compression (Figures 1(c) and
1(d)). Also, the Nec-1 or 3-MA treatment attenuated MDC
positive ratio at 24 and 36h (Figures 1(c) and 1(d)). These
results implied that Nec-1 downregulated compression-
induced NP cells autophagy.

3.2. 3-MA Has Little Influence on Compression-Induced NP
Cells Necroptosis. To explore the regulatory effect of 3-MA
on NP cells necroptosis, the expression level of necroptosis-
associated molecules RIPK1, pRIPK1, RIPK3, pRIPK3, and
MLKL were measured by Western blot and RT-PCR. The
results demonstrated that compared with 0 h, the protein
expression of RIPK1, pRIPK1, RIPK3, pRIPK3, and MLKL
as well as the gene expression of RIPK1, RIPK3, and MLKL
significantly increased following 24 and 36h compression
(Figures 2(a)–2(c)). Treatment with Nec-1 reduced RIPK1,
pRIPK1, RIPK3, pRIPK3 and MLKL expression at both 24
and 36h (Figures 2(a)–2(c)). 3-MA had little influence on
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RIPK1, RIPK3 and MLKL in both protein and gene levels at
24 and 36 h; meanwhile, 3-MA had little effect on pRIPK1
and pRIPK3 too (Figures 2(a)–2(c)). Considering that Nec-
1 blocked NP cells autophagy, we speculated that necroptosis
might be an upstream mediator of autophagy.

3.3. Nec-1+3-MA Achieves Almost the Same Effect as Nec-1 in
Protecting against Compression-Induced NP Cells Death. The
cell viability and LDH release were examined to determine
NP cells survival capability. After 24 and 36 h compression,
Nec-1+3-MA or Nec-1 treatment increased NP cells viability
compared with the control group. This beneficial effect was
almost the same between the Nec-1+3-MA and Nec-1 group
(Figure 2(d)). Likewise, Nec-1+3-MA or Nec-1 treatment
exerted a more effective role than control in reducing LDH
release at 24 and 36h (Figure 2(e)). No apparent differences
were observed between the Nec-1+3-MA and Nec-1 group.

These results indicated that Nec-1+3-MA exerted almost
the same effect as Nec-1 in preventing compression-
induced NP cells death.

Hence, the following study mainly focuses on researching
the mutual regulation between necroptosis and apoptosis and
the synergistic inhibition of necroptosis and apoptosis on
compression-induced NP cells death.

3.4. Nec-1 Blocks Compression-Induced NP Cells Apoptosis.
To assess whether Nec-1 restrained compression-induced
NP cells apoptosis, the proapoptotic molecules Cleaved
Caspases were measured. Compared with the 0 h group,
24 and 36 h compression increased Cleaved Caspase-3,
Cleaved Caspase-8 and Cleaved Caspase-9 expression
(Figures 3(a) and 3(b)). Nec-1 or Z-VAD prevented the
upregulation of Cleaved Caspase-3, Cleaved Caspase-8
and Cleaved Caspase-9 at 24 and 36 h (Figures 3(a) and
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Figure 1: Nec-1 (20 μM) or 3-MA (5mM) attenuated 24 and 36 h compression-induced NP cells autophagy. (a, b) Western blot and
quantitative analysis of autophagy-related molecules LC3B-II, Beclin1, and GAPDH in NP cells. (c, d) Representative dot plot images by
flow cytometry after MDC staining and quantitative analysis of MDC positive ratio in NP cells. Data from treated groups have been
normalized to GAPDH. NS means no significant statistical significance (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control).
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3(b)). The Annexin V positive (apoptosis) ratio was
increased after 24 and 36h compression compared with
0 h (Figures 3(c) and 3(d)). The Nec-1 or Z-VAD treat-
ment reduced Annexin V positive ratio at 24 and 36 h
(Figures 3(c) and 3(d)). These results suggested that com-
pression resulted in NP cells apoptosis time dependently,
which was blocked by Nec-1 or Z-VAD.

3.5. Z-VAD Enhances Compression-Induced NP Cells
Necroptosis. To explore whether Z-VAD could affect
compression-induced NP cells necroptosis, the expression
of RIPK1, pRIPK1, RIPK3, pRIPK3 and MLKL were mea-
sured. Different from 3-MA, a time course-related upregula-
tion of RIPK1, pRIPK1, RIPK3, pRIPK3 and MLKL in the
protein level and enhanced expression of RIPK1, RIPK3,
and MLKL in the gene level were observed following Z-
VAD treatment at 24 and 36 h (Figures 4(a)–4(c)). These
results suggested that, under compression condition,
blockage of apoptosis might result in partial conversion to
necroptosis of NP cells.

3.6. Nec-1+Z-VAD Efficiently Protected against Compression-
Mediated NP Cells Death. There were no obvious differences

in morphology of NP cells between 24 and 36h time periods
[16]. Thus, 36 h compression was chosen for morphology
evaluation. Compared with 0 h, 36 h compression caused a
majority of cells detaching from the culture plates and dis-
playing morphological changes of necrosis (Figure 5(a)).
The morphological observations indicated that Z-VAD
offered mild protective effect. Simultaneously, Nec-1 or
Nec-1+Z-VAD, especially the Nec-1+Z-VAD treatment,
provided a remarkable protective role against compression-
induced NP cells death (Figure 5(a)).

The cell viability and LDH release were examined to
evaluate NP cells survival. After 24 and 36 h compression,
Nec-1, Z-VAD, or Nec-1+Z-VAD treatment increased NP
cells viability compared to the control group. This benefi-
cial effect was more prominent following Nec-1+Z-VAD
treatment (Figure 5(b)). Likewise, Nec-1+Z-VAD treat-
ment exerted a more effective role than the Nec-1, Z-
VAD, or control group in reducing LDH release at both
24 and 36h time periods (Figure 5(c)). These results indi-
cated that combined inhibition of necroptosis and apopto-
sis was more effective in protecting against compression-
induced NP cells death than inhibition of necroptosis or
apoptosis alone.
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Figure 2: 3-MA (5mM) had little effect on NP cells necroptosis, and Nec-1+3-MA achieved almost the same effect as Nec-1 treatment in
preventing compression-induced NP cells death. (a, b) Western blot and quantitative analysis of necroptosis-related molecules RIPK1,
pRIPK1, RIPK3, pRIPK3, MLKL, and GAPDH in NP cells. (c) RT-PCR measured the mRNA expression of necroptosis-related genes
RIPK1, RIPK3, MLKL, and GAPDH in NP cells. (d) CCK-8 assay showed the viability change of NP cells. (e) LDH release exhibited the
cytotoxicity of NP cells. NS means no significant statistical significance (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control).
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3.7. Nec-1+Z-VAD Rescues Compression-Mediated MMP
Loss and MPTP Opening in NP Cells. The JC-1 aggregates
(red fluorescence) are dispersed to monomeric form (green
fluorescence) during the process of MMP loss, which could
well reflect mitochondrial dysfunction. After 24 and 36 h
compression, a time-dependent MMP loss occurred, as dem-
onstrated by the decrease in red fluorescence and increase in
green fluorescence compared with the 0 h group (Figures 6(a)
and 6(b)). When treated with Nec-1, Z-VAD, or Nec-1+Z-
VAD, especially the Nec-1+Z-VAD group, 24 and 36 h
compression-stimulated MMP loss was efficiently rescued
(Figures 6(a) and 6(b)). A significant feature of mitochon-
drial dysfunction is enhanced opening of MPTP. After 24
and 36 h compression, as shown in (Figure 6(c)), the relative

fluorescence intensity (RFI) value of NP cells was gradually
decreased, implying that enhanced MPTP opening occurred
when compared with 0 h. In the presence of Nec-1, Z-VAD,
or Nec-1+Z-VAD, especially in the Nec-1+Z-VAD group,
24 and 36h compression-induced decrease of RFI was nota-
bly restored (Figure 6(c)). Taken together, these results
implied that Nec-1+Z-VAD ameliorated NP cells injury via
restraining excessive MPTP opening and MMP loss.

3.8. Nec-1+Z-VAD Alleviates Compression-Induced
Oxidative Stress of NP Cells. Mitochondria have been gener-
ally considered as a crucial source of oxidative stress, and
excessive activation of oxidative stress indirectly reflects
mitochondrial dysfunction. Compared with the 0 h group,
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Figure 3: Nec-1 (20 μM) or Z-VAD (20mM) attenuated 24 and 36 h compression-induced NP cells apoptosis. (a, b) Western blot and
quantitative analysis of apoptosis-related molecules Cleaved Caspase-3, Cleaved Caspase-8, and Cleaved Caspase-9 and GAPDH in NP
cells. (c, d) Representative dot plot images of apoptosis NP cells by flow cytometry after Annexin V staining and quantitative analysis.
Data from treated groups have been normalized to GAPDH. NS means no significant statistical significance (∗P < 0:05, ∗∗P < 0:01, and
∗∗∗P < 0:001 vs. control).
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the ROS production (as indicated by DCFH-DA) was ele-
vated after 24 and 36 h compression (Figures 7(a) and
7(b)). Similarly, an enhanced mtROS generation (MitoSOX
fluorescence) was observed at both 24 and 36 h
(Figure 7(c)). Treatment with Nec-1, Z-VAD, or Nec-1+Z-
VAD, especially the Nec-1+Z-VAD treatment, reduced both
the total ROS and mtROS fluorescence intensity
(Figures 7(a)–7(c)).

MDA is positively correlated with oxidative stress dam-
age, and SOD is an antioxidative enzyme. The MDA content
was gradually increased while SOD activity was decreased in
NP cells following 24 and 36h compression (Figures 7(d) and
7(e)). Similar to ROS, treatment with Nec-1, Z-VAD, or Nec-

1+Z-VAD, especially the Nec-1+Z-VAD group, notably
blocked the upregulation of MDA content and downregula-
tion of SOD activity at 24 and 36 h (Figures 7(d) and 7(e)).
These results implied that Nec-1+Z-VAD attenuated
compression-induced NP cells death might through alleviat-
ing oxidative stress.

4. Discussion

It has been well documented that a main contributor of IVD
degeneration is NP cells death, which can be notably
enhanced by compression [22, 23]. In the current study, we
reported that autophagy was a downstream effect of
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Figure 4: Z-VAD (20mM) enhanced 24 and 36 h compression-induced NP cells necroptosis. (a, b) Western blot and quantitative analysis of
necroptosis-related molecules RIPK1, pRIPK1, RIPK3, pRIPK3, MLKL, and GAPDH in NP cells. (c) RT-PCR measured the mRNA
expression of necroptosis-related genes RIPK1, RIPK3, MLKL, and GAPDH in NP cells. Data from treated groups have been normalized
to GAPDH (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control).

7BioMed Research International



necroptosis. Meanwhile, the mutual conversion between
necroptosis and apoptosis might exist, and synergetic inhibi-
tion of necroptosis and apoptosis enables more efficient sur-
vival of NP cells compared with inhibition of necroptosis
alone, which might be closely related with mitochondrial
dysfunction-oxidative stress pathway.

Necroptosis is a brand-new type of PCD. Blockage of
necroptosis inhibits compression-induced NP cells death
[16]. As for the interactive effect between necroptosis and
autophagy, there mainly exist three different views including
upregulation of necroptosis following activation of autoph-
agy [24], autophagy attenuating necroptosis [25], or autoph-
agy as a downstream consequence of necroptosis [26].
Hence, the interaction between necroptosis and autophagy
needs further study to clarify. In our preliminary experi-
ments, we discovered that Nec-1 blocked compression-
induced NP cells autophagy.

We focus on the interaction between necroptosis and
autophagy of NP cells. The Nec-1 treatment prevented 24
and 36 h compression-mediated increase of LC3II and
Beclin1. Nec-1 also attenuated compression-induced MDC
positive ratio at 24 and 36 h. Meanwhile, 3-MA had little
influence on RIPK1, RIPK3 and MLKL expression as well
as RIPK1 and RIPK3 phosphorylation. Therefore, we con-

cluded that necroptosis might be an upstream mediator of
autophagy. Then, we explored whether combined inhibition
of necroptosis and autophagy could efficiently protect against
compression-induced NP cells death. The data indicated that
Nec-1+3-MA exerted roughly the same effect as Nec-1 alone
in preventing NP cells viability loss and cell death. These
results are consistent with those of Lin et al., who confirm
that autophagy is a downstream effect of necroptosis [26].
This might be partly attributed to the fact that RIPK1, the
key promoter of necroptosis, could mediate the occurrence
of autophagy too [27].

Hence, the following study mainly investigates the
mutual regulative effect between necroptosis and apoptosis
in NP cells. Literatures indicate that blockage of apoptosis
enhances or decreases necroptosis, implying that inhibition
of apoptosis could potentiate or attenuate the progression
toward necroptosis [28, 29]. Furthermore, inhibition of
necroptosis is reported to promote or decrease apoptosis
too [30, 31]. Therefore, systematical elucidation of the “cross-
talk effect” between necroptosis and apoptosis is expected to
provide effective intervention targets for inhibiting NP cells
death. We observed that Nec-1 obviously blocked Cleaved
Caspase-3, Cleaved Caspase-8, and Cleaved Caspase-9
expression and Annexin V positive ratio in NP cells.
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Figure 5: Nec-1+Z-VAD notably inhibited compression-induced NP cells death. (a) The morphological change of NP cells was observed by
an optical microscope. (b) CCK-8 assay showed the viability change of NP cells. (c) LDH release exhibited the cytotoxicity of NP cells.
Scale bars = 20 μm. (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control).
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Oppositely, when treated with Z-VAD, an enhanced expres-
sion of RIPK1, pRIPK1, RIPK3, pRIPK3 and MLKL were
detected. That is to say, Nec-1 protected against
compression-induced NP cells apoptosis and blockage of
apoptosis resulted in partial conversion to necroptosis.

After 24 and 36h compression, Nec-1+Z-VAD treatment
achieved a more prominent effect in reducing NP cells death
compared with Nec-1 or Z-VAD. Generally, Caspase-8 plays
a switching role in the process of necroptosis and apoptosis.
When Caspase-8 is activated, it could cleave RIPK3 and ini-
tiate apoptosis via formation of Complex IIa which contains
RIPK1, RIPK3, Caspase-8, etc. However, when the Caspase-8
pathway is blocked or deleted, it could phosphorylate RIPK1
and RIPK3. The phosphorylated RIPK1 and RIPK3 then
form Complex IIb (also termed necrosome) including
RIPK1, RIPK3, and TNFR-associated death domain
(TRADD), ultimately initiating necroptosis [32]. Therefore,
we speculate that the protective role of Nec-1+Z-VAD is
largely attributed to the blockage of the shunt between
necroptosis and apoptosis.

Synergetic inhibition of necroptosis and apoptosis is
indeed effective in inhibiting NP cells death. However, what
is the underlying mechanism? Mitochondria have been rec-
ognized to have a critical role in cellular bioenergetics and
redox [33, 34]; thus far, the precise mechanism of mitochon-

drial dysfunction in necroptosis or apoptosis remains elusive
[18–21]. Generally, mitochondria are not only the major
source of oxidative stress but also the vulnerable aim of oxi-
dative stress [35]. The moderate activation of oxidative stress
could promote cell survival; however, the overactivation of
oxidative stress results in necroptosis, apoptosis, or cell death
[36, 37]. Mitochondrial dysfunction and oxidative stress
often interact with each other and synergistically determine
the ultimate fate of cells [35, 38].

The contribution of combined inhibition of necroptosis
and apoptosis to mitochondrial dysfunction and oxidative
stress remains unclear in NP cells. It was displayed that 24
and 36 h compression provoked a time-dependent mito-
chondrial dysfunction. The Nec-1+Z-VAD treatment effi-
ciently blocked MPTP opening and MMP loss in NP cells.
Considering that enhanced MPTP opening directly results
in mitochondrial injury, the protective role might be largely
attributed to restrained opening of MPTP. Additionally, the
ROS and mtROS production were remarkedly inhibited by
Nec-1 or Nec-1+Z-VAD, especially in the Nec-1+Z-VAD
group. The above results suggested that Nec-1+Z-VAD capa-
bly alleviates mitochondrial dysfunction and oxidative stress.
The underlying mechanismmight be similar to the protective
effect of synergetic inhibition of necroptosis and apoptosis on
NP cells survival, which was discussed above.
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Figure 6: Nec-1+Z-VAD efficiently rescued 24 and 36 h compression-mediated MMP loss andMPTP opening in NP cells. (a) Representative
dot plot images after JC-1 staining by flow cytometry in NP cells. (b) The quantitative analysis of JC-1 fluorescence intensity was expressed as
the red/green ratio in NP cells. (c) The quantitative analysis of RFI of MPTP in NP cells by flow cytometry. NS means no significant statistical
significance (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control).
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In conclusion, autophagy might be a downstream effect of
necroptosis and the interaction between necroptosis and apo-
ptosis existed in NP cells. Combined inhibition of necroptosis
and apoptosis enables predominant effect on NP cells survival,

which might be largely attributed to restored mitochondrial
function. The synergistic utilization of Nec-1 and Z-VAD is
a worthwhile strategy in reducing compression-induced NP
cells death or even delaying IVD degeneration.
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Figure 7: Nec-1+Z-VAD alleviated 24 and 36 h compression-provoked oxidative stress of NP cells. (a) Representative dot plot images after
the labeling of fluorescent probe DCFH-DA in NP cells by flow cytometry. (b) The quantitative analysis of ROS in NP cells by flow cytometry.
(c) The quantitative analysis of mtROS in NP cells by flow cytometry. (d) TBA method measured the content of MDA in NP cells. (e) The
activity of SOD in NP cells was evaluated by spectrophotometry. NS means no significant statistical significance (∗P < 0:05, ∗∗P < 0:01,
and ∗∗∗P < 0:001 vs. control).
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Objective. To evaluate the efficacy and safety of different dose regimens of intravenous (IV) tranexamic acid (TXA) in adolescent
spinal deformity surgery. Methods. Two researchers independently searched multiple databases, including PubMed, Embase,
Cochrane Library, and Web of Science to find studies that met the inclusion criteria. A meta-analysis was performed based on
the guidelines of the Cochrane Reviewer’s Handbook. Results. Six randomized controlled trials (RCTs) and eleven non-RCTs
were identified, including 1148 patients. According to different dose regimens of IV TXA, the included studies were divided into
the high-dose group and the low-dose group. Compared with placebo, both groups had less total blood loss (TBL) (high dose:
WMD= −1737:55, 95% CI: (-2247.16, -1227.94), P < 0:001, I2 = 0%; low dose: WMD= −528:67, 95% CI: (-666.06, -391.28), P <
0:001, I2 = 0%), intraoperative blood loss (IBL) (high dose: WMD= −301:48, 95% CI: (-524.3, -78.66), P = 0:008, I2 = 60:3%; low
dose: WMD= −751:14, 95% CI: (-967.21, -535.08), P < 0:001, I2 = 0%), and blood transfusion rates (high dose: RR = 0:19, 95%
CI: (0.1, 0.37), P < 0:001, I2 = 0%; low dose: RR = 0:4, 95% CI: (0.18, 0.91), P = 0:029, I2 = 57%). High-dose IV TXA use was
associated with more vertebral fusion segments (WMD= 0:53, 95% CI: (0.23, 0.82), P < 0:001, I2 = 31:2%). Low-dose IV TXA
use was associated with shorter operative time (WMD= −18:43, 95% CI: (-26.68, -10.17), P < 0:001, I2 = 0%). Conclusion. High-
dose and low-dose IV TXA were effective in reducing TBL, IBL, and blood transfusion rates without increasing complications in
adolescent patients undergoing spinal deformity surgery. Low-dose IV TXA was effective in reducing the operative time. Both
the high-dose and low-dose groups had similar preoperative and postoperative Hb levels compared to the control group.

1. Introduction

Perioperative blood loss is a major problem in surgery, espe-
cially in complex high-risk surgical procedures, such as spi-
nal deformity surgery [1]. As we all know, the posterior

column and three column osteotomies may be the more
commonly used procedures in spinal deformity surgery,
although it may bring significant risks [2]. Some spinal dis-
eases require spinal deformity surgery for further deteriora-
tion, including degenerative scoliosis, adolescent idiopathic
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scoliosis (AIS), degenerative lumbar kyphosis, posttraumatic
kyphosis, and Duchenne muscular dystrophy (DMD) [3].
AIS, a complex three-dimensional deformity of the spine, is
defined as a lateral curvature of the spine > 10° in the coronal
plane [4]. AIS correction surgery and other spinal deformity
surgeries are associated with significant blood loss. Increased
blood loss brings many clinical risks, including hemody-
namic instability, progressive multiple organ dysfunction,
transfusion reaction, hypersensitivity, and increased risk for
infection [5]. Therefore, how to reduce perioperative blood
loss during spinal deformity surgery has become a hot topic
for spinal surgeons. At present, many hemostatic drugs,
including tranexamic acid (TXA), are used to prevent signif-
icant blood loss in spinal deformity surgery [2].

TXA, a synthetic lysine analogue, exerts an antifibrinoly-
tic effect through binding to the lysine-binding sites on plas-
minogen molecules and inhibiting fibrinolysis [6]. Some
clinical studies and meta-analyses show that intravenous
(IV) TXA can reduce blood loss and allogeneic blood transfu-
sion without the high risk of complications such as pulmo-
nary embolism (PE), deep vein thrombosis (DVT), or other
[1–5, 7–23]. For IV TXA in spinal deformity surgery, high-
dose and low-dose stratification can be performed. In one
study, Raman et al. [24] demonstrated that high-dose TXA
was more effective than low-dose TXA in reducing blood loss
and blood transfusion requirements in spinal deformity sur-
gery. The high-dose group in this study used three dosage
regimens [24]. However, the number of studies that directly
compare high-dose TXA and low-dose TXA is limited. The
optimal dosage scheme of TXA in spinal deformity surgery
is still controversial. Therefore, we conducted this meta-
analysis to evaluate the efficacy and safety of different dose
regimens of IV TXA in adolescent spinal deformity surgery.
This meta-analysis sets the definition of high-dose IV TXA
to include any dose ≥ 20mg/kg or >1 g. On the contrary, it
is a low-dose regimen. We divided the studies that met the
criteria into a high-dose group and a low-dose group and
conducted a subgroup analysis of the dose for the same out-
come measurements.

2. Materials and Methods

2.1. Search Strategy. To obtain all relevant studies, two
researchers independently searched multiple databases
according to Cochrane Collaboration guidelines, such as
PubMed (1966 to April 1, 2020), Embase (1980 to April 1,
2020), Cochrane Library (1980 to April 1, 2020), and Web
of Science (1965 to April 1, 2020). Literature was searched
with theMeSH terms and corresponding keywords (connect-
ing via Boolean operators “AND or OR”), including “tra-
nexamic acid or TXA”, “intravenous”, “spine deformity”,
“spine surgery”, “scoliosis”, “spinal deformity surgery”, and
“adolescent”. We set the search language limit to English.
Two researchers reviewed potential articles based on the titles
and abstracts and identified the full text of eligible articles
according to the inclusion and exclusion criteria. Then, by
reading the full text, we further filter the selected literature.
Besides, the reference lists of all retrieved studies were
screened to identify potentially relevant studies. If there was

disagreeable literature between the two researchers, our
research team would discuss to reach a consensus. This
meta-analysis was conducted based on the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement [25].

2.2. Study Selection. Inclusion criteria for this meta-analysis
are the following: (1) all studies involved the comparison of
the effect of IV TXA versus a placebo or control group in
patients undergoing adolescent spinal deformity surgery;
(2) randomized controlled trials (RCTs) or non-RCTs meet
the criteria; (3) the study population has a diagnosis of spinal
deformities, such as AIS, posttraumatic kyphosis, and degen-
erative lumbar scoliosis; (4) the study population all had spi-
nal instrumentation and fusion surgery in professional
medical institutions due to spinal deformities; (5) the study
population had no history of spinal surgery and no history
of a bleeding disorder or antifibrinolytic therapy; and (6) data
on relevant outcome measurements can be extracted.

The following were excluded from this meta-analysis: (1)
studies were not suitable with the inclusion criteria; (2) the
types of studies were case reports, case series, conference
abstracts, reviews, letters, and editorials; (3) the patient’s
age is classified as a child, adult, middle adult, or elderly;
and (4) data of studies cannot be extracted.

2.3. Data Extraction. Data was extracted independently by
two researchers, and then, another researcher collected the
data using a spreadsheet. Disagreements in the data extrac-
tion process were resolved after discussion. The following
general characteristics were extracted: first author, publica-
tion year, country, study type, number of participants (IV
TXA: control), surgical procedure, age, body mass index
(BMI), gender, intervention (IV TXA: control), outcome
measurements, and transfusion criteria.

2.4. Quality Assessment. According to the Cochrane Hand-
book for Systematic Reviews, two researchers independently
assessed the quality of each included RCT [26]. A “risk of
bias” table was created with the following elements: (i) ran-
dom sequence generation; (ii) allocation concealment; (iii)
blinding of participant and personnel; (iv) blinding of out-
come assessment; (v) incomplete outcome data; (vi) selective
reporting; and (vii) other bias. Each of the above sections has
a higher risk of bias, a lower risk of bias, and an unclear risk
of bias, depending on the actual content of each RCT [26].

The Newcastle-Ottawa scale (NOS) was used to assess the
quality of included non-RCTs [27]. In this scale, there are
three major items (selection, comparability, and outcome),
which can be subdivided into eight detailed quality items.
In “selection” and “outcome,” each quality item can be
awarded a maximum of one star. In “comparability,” up to
two stars can be given. One star represents one point, and
the higher the score, the higher the quality assessment [27].
We set low-quality, moderate-quality, and high-quality stud-
ies at a score of 0-3, 4-6, and 7-9, respectively.

2.5. Statistical Analysis. Data for the same outcome measure-
ments in all studies were summarized in the same table. Out-
come measurements were divided into subgroups according
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to the dosage regimen or recording time. The continuous
data was analyzed by using weighted mean difference
(WMD) and 95% confidence interval (CI), such as total
blood loss (TBL), intraoperative blood loss (IBL), preopera-
tive and postoperative hemoglobin (Hb) levels, operative
time, number of vertebral segments fused, and estimated
blood loss per fusion segment. Dichotomous data, such as
blood transfusion rates, was analyzed using the risk ratio
(RR) and 95% CI. The heterogeneity of the included studies
was evaluated using the χ2 test and I2 test. When the value
of I2 is 25%, 50%, and 75%, it is regarded as low, medium,
and high heterogeneity [28]. When I2 > 50%, P < 0:1, we per-
formed a random-effects model; otherwise, a fixed-effects
model was performed [28]. All statistical analyses were
undertaken using STATA software version 16.0 (Stata Cor-
poration, College Station, Texas, USA) and RevMan 5.3 for
Windows (Cochrane Collaboration, Oxford, UK). If P <
0:05, the results of this meta-analysis were considered statis-
tically significant.

3. Results

3.1. Search Results. A total of 283 potentially relevant articles
were generated, including PubMed (n = 48), Cochrane
Library (n = 38), Web of Science (n = 43), and Embase
(n = 154) based on search strategy and inclusion criteria.
After screening the titles and abstracts, 120 articles were

excluded due to duplicate articles, conference abstracts, case
reports, letters, reviews, and irrelevant studies. Based on
the inclusion and exclusion criteria, the full text of the
remaining 34 articles was evaluated for eligibility. Finally,
6 RCTs and 11 non-RCTs were included in this meta-
analysis [4, 5, 7–21]. Figure 1 is a flow diagram of the
study selection.

3.2. Study Characteristics. Six RCTs and 11 non-RCTs
involving 1148 patients were analyzed in this meta-analysis
[4, 5, 7–21]. All included studies were published between
2001 and 2019 [4, 5, 7–21]. The characteristics of all included
studies are shown in Table 1. The efficacy and safety of differ-
ent dose regimens of IV TXA in adolescent spinal deformity
surgery had been compared in all studies. A total of 9 studies
were high-dose regimens [4, 5, 8–10, 15–17, 19], and the
remaining 8 studies were low-dose regimens [7, 11–14, 18,
20, 21]. Of these 9 studies, 3 studies were RCTs [5, 8, 10],
and the rest were non-RCTs [4, 9, 15–17, 19]. Among these
studies with the high-dose regimen, there are 6 studies with
the same dose regimen, all with a loading dose of 100mg/kg
infused before skin incision and a maintenance dose of
10mg/kg/h [8, 9, 15–17, 19]. Of these 8 studies, 3 studies
were RCTs [7, 13, 21], and the rest were non-RCTs [11, 12,
14, 18, 20]. Among them, there are 4 studies with the same
dose regimen, all with a loading dose of 10mg/kg infused
before skin incision and a maintenance dose of 1mg/kg/h
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[7, 13, 18, 21]. Among the 1148 adolescent patients, the mean
ages ranged from 13.5 to 21.6, and the sample sizes of the IV
TXA group ranged from 18 to 71 [4, 5, 7–21]. Of the 17 stud-
ies, the main diagnosis of 14 studies was AIS [4, 5, 7, 8, 10–14,
17–21], one study was DMD [9], and the remaining were
other spinal deformities [15, 16]. The surgical method used
in 15 studies [4, 5, 7, 9, 11–21] was posterior spinal fusion.
These studies mainly include three surgical methods, all of
which were spinal deformity surgery [4, 5, 7–21].

3.3. Risk of Bias. Figure 2 shows the risk of bias assessment for
the 6 RCTs [5, 7, 8, 10, 13, 21]. A total of 5 RCTs were con-
sidered to have a low risk of bias [5, 7, 8, 13, 21]. Random
sequence generation, allocation concealment, blinding of
participants and personnel, and blinding of outcome assess-
ment were found in five studies [5, 7, 8, 13, 21]. None of
the six RCTs found selective reports [5, 7, 8, 10, 13, 21].

Table 2 shows the risk of bias assessment for the 11 non-
RCTs [4, 9, 11, 12, 14–20]. According to the NOS, 5 studies
received 8 points [11, 14, 16, 17, 20], and 6 studies received
7 points [4, 9, 12, 15, 18, 19], indicating that the quality of
included studies was acceptable.

3.4. Results of the Meta-analysis

3.4.1. TBL. As shown in Figure 3, the forest plot shows the
effect of the high-dose IV TXA regimen compared with the
low-dose IV TXA regimen on TBL during adolescent spinal

deformity surgery. Five studies provided TBL as the primary
outcome measurement [9, 11, 13, 16, 17]. TBL was divided
into 2 subgroups according to different dosage regimens. A
total of 3 studies (205 patients) [9, 16, 17] provided data on
TBL for the high-dose regimen, and 2 studies (189 patients)
[11, 13] provided data on TBL for the low-dose regimen.
Because there was no significant heterogeneity (I2 < 50%), a
fixed-effects model was used. There was a statistically signif-
icant difference in TBL between the high-dose TXA group
and the control group based on the results of the pooled anal-
ysis (WMD= −1737:55, 95% CI: (-2247.16, -1227.94), P <
0:001, I2 = 0%). And there was a statistically significant dif-
ference in TBL between the low-dose TXA group and the
control group (WMD= −528:67, 95% CI: (-666.06,
-391.28), P < 0:001, I2 = 0%).

3.4.2. IBL. As shown in Figure 4, the forest plot shows the
effect of the high-dose IV TXA regimen compared with the
low-dose IV TXA regimen on IBL during adolescent spinal
deformity surgery. Six studies provided IBL as the primary
outcome measurement [5, 7, 8, 12, 15, 20]. IBL was divided
into 2 subgroups according to different dosage regimens. A
total of 3 studies (195 patients) [5, 8, 15] provided data on
IBL for the high-dose regimen, and 3 studies (152 patients)
[7, 12, 20] provided data on IBL for the low-dose regimen.
Because of the significant heterogeneity (I2 > 50%, P < 0:1),
a random-effects model was used. There was a statistically
significant difference in IBL between the high-dose TXA
group and the control group based on the results of the
pooled analysis (WMD= −301:48, 95% CI: (-524.3, -78.66),
P = 0:008, I2 = 60:3%). And there was a statistically signifi-
cant difference in IBL between the low-dose TXA group
and the control group (WMD= −751:14, 95% CI: (-967.21,
-535.08), P < 0:001, I2 = 0%).

3.4.3. Operative Time. As shown in Figure 5, the forest plot
shows the effect of the high-dose IV TXA regimen compared
with the low-dose IV TXA regimen on operative time during
adolescent spinal deformity surgery. Eleven studies provided
operative time as the secondary outcome measurement [4, 5,
7–11, 15, 16, 18, 21]. Operative time was divided into 2 sub-
groups according to different dosage regimens. A total of 7
studies (438 patients) [4, 5, 8–10, 15, 16] provided data on
operative time for the high-dose regimen, and 4 studies
(232 patients) [7, 11, 18, 21] provided data on operative time
for the low-dose regimen. Because there was no significant
heterogeneity (I2 < 50%), a fixed-effects model was used.
There were no statistically significant differences in operative
time between the high-dose TXA group and the control
group based on the results of the pooled analysis
(WMD= 10:86, 95% CI: (-2.51, 24.24), P = 0:111, I2 = 0%).
However, there was a statistically significant difference in
operative time between the low-dose TXA group and the
control group (WMD= −18:43, 95% CI: (-26.68, -10.17),
P < 0:001, I2 = 0%).

3.4.4. Blood Transfusion Rate. As shown in Figure 6, the for-
est plot shows the effect of the high-dose IV TXA regimen
compared with the low-dose IV TXA regimen on the blood
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transfusion rate during adolescent spinal deformity sur-
gery. Five studies provided the blood transfusion rate as
the secondary outcome measurement [5, 7, 12, 14, 19].
The blood transfusion rate was divided into 2 subgroups
according to different dosage regimens. A total of 2 studies
(248 patients) [5, 19] provided data on the blood transfu-
sion rate for the high-dose regimen, and 3 studies (145
patients) [7, 12, 14] provided data on the blood transfu-

sion rate for the low-dose regimen. Because of the signifi-
cant heterogeneity (I2 > 50%, P < 0:1), a random-effects
model was used. There was a statistically significant differ-
ence in the blood transfusion rate between the high-dose
TXA group and the control group (RR = 0:19, 95% CI:
(0.1, 0.37), P < 0:001, I2 = 0%). And there was a statisti-
cally significant difference in the blood transfusion rate
between the low-dose TXA group and the control group

Heterogeneity between groups: p = 0.000

Overall (I−squared = 81.8%, p = 0.000)

Yagi (2012)

Xie (2015)

Study
ID

Low dose

Verma (2014)

Subtotal (I−squared = 0.0%, p = 0.799)

Subtotal (I−squared = 0.0%, p = 0.412)

Ng (2015)

Shapiro (2007)

High dose

−610.59 (−743.24, −477.93)

WMD (95% CI) 

−523.00 (−667.14, −378.86)

−2348.00 (−4080.73, −615.27)

−585.00 (−1039.37, −130.63)

−528.67 (−666.06, −391.28)

−1737.55 (−2247.16, −1227.94)

−2063.49 (−2921.14, −1205.84)

−1438.00 (−2118.72, −757.28)

100.00

84.70

0.59

% 
Weight 

8.52

93.22

6.78

2.39

3.80

p < 0.001

p < 0.001

Test for overall effect: z = 9.02, p < 0.001

TXA Control

−4081 0 4081

Figure 3: Forest plot showing the effect of high-dose IV TXA regimen compared with low-dose IV TXA regimen on TBL during adolescent
spinal deformity surgery. IV: intravenous; TXA: tranexamic acid; TBL: total blood loss; WMD: weighted mean difference.

Table 2: The Newcastle-Ottawa Scale (NOS) for assessing the quality of non-RCTs.

Study Selection Comparability Outcomes Total scores (maximum 9)

Shapiro et al., [9] 2 2 3 7

Yagi et al., [11] 4 2 2 8

Lykissas et al., [12] 3 2 2 7

Xie et al., [16] 3 2 3 8

Berney et al., [14] 4 2 2 8

Ng et al., [17] 4 2 2 8

da Rocha et al., [15] 2 2 3 7

Sui et al., [18] 3 2 2 7

Jones et al., [19] 3 2 2 7

Ohashi et al., [20] 4 2 2 8

Bosch et al., [4] 3 2 2 7
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based on the results of the pooled analysis (RR = 0:4, 95%
CI: (0.18, 0.91), P = 0:029, I2 = 57%).

3.4.5. Preoperative and Postoperative Hb Levels. As shown in
Figure 7, the forest plot shows the effect of low-dose IV TXA
on Hb level compared with the control group during adoles-
cent spinal deformity surgery. Three studies provided preop-
erative and postoperative Hb levels as the secondary outcome
measurement [7, 11, 20]. Hb was divided into 2 subgroups
according to different time points. A total of 3 studies (209
patients) [7, 11, 20] provided data on the preoperative Hb
level and postoperative 24h Hb level. Because of the signifi-
cant heterogeneity (I2 > 50%, P < 0:1), a random-effects
model was used. There were no statistically significant dif-
ferences in preoperative and postoperative Hb levels
between the low-dose TXA group and the control group
based on the results of the pooled analysis (preoperative:
WMD= 2:88, 95% CI: (-0.41, 6.18), P = 0:086, I2 = 0%;
postoperative 24 h: WMD= 4:03, 95% CI: (-2.05, 10.11),
P = 0:194, I2 = 62:2%).

3.4.6. Number of Vertebral Segments Fused. As shown in
Figure 8, the forest plot shows the effect of the high-dose IV
TXA regimen compared with the low-dose IV TXA regimen
on the number of vertebral segments fused during adolescent
spinal deformity surgery. Eleven studies provided the num-
ber of vertebral segments fused as the secondary outcome
measurement [4, 5, 7–9, 11, 13, 15, 17, 18, 20]. The number

of vertebral segments fused was divided into 2 subgroups
according to different dosage regimens. A total of 6 studies
(429 patients) [4, 5, 8, 9, 15, 17] provided data on the number
of vertebral segments fused for the high-dose regimen, and 5
studies (328 patients) [7, 11, 13, 18, 20] provided data on the
number of vertebral segments fused for the low-dose regi-
men. Because there was no significant heterogeneity
(I2 < 50%), a fixed-effects model was used. There were no sta-
tistically significant differences in the number of vertebral
segments fused between the low-dose TXA group and the
control group based on the results of the pooled analysis
(WMD= −0:05, 95% CI: (-0.42, 0.32), P = 0:783, I2 = 8%).
However, there was a statistically significant difference in
the number of vertebral segments fused between the high-
dose TXA group and the control group (WMD= 0:53, 95%
CI: (0.23, 0.82), P < 0:001, I2 = 31:2%).

3.4.7. Estimated Blood Loss per Fusion Segment. As shown in
Figure 9, the forest plot shows the effect of the high-dose IV
TXA regimen compared with the low-dose IV TXA regimen
on estimated blood loss per fusion segment during adolescent
spinal deformity surgery. Four studies provided estimated
blood loss per fusion segment as the secondary outcome
measurement [4, 5, 13, 18]. Estimated blood loss per fusion
segment was divided into 2 subgroups according to different
dosage regimens. A total of 2 studies (199 patients) [4, 5] pro-
vided data on estimated blood loss per fusion segment for the
high-dose regimen, and 2 studies (108 patients) [13, 18]

NOTE: Weights are from random-effects analysis

Overall (I−squared = 77.9%, p = 0.000)

da Rocha (2015)

ID

Neilipovitz (2001)

Sethna (2005)

Subtotal (I−squared = 60.3%, p = 0.080)

Study

Ohashi (2017)

Low dose

Goobie (2018)

High dose

Lykissas (2013)

Subtotal (I−squared = 0.0%, p = 0.454)

−497.97 (−761.88, −234.07)

−248.40 (−439.66, −57.14)

WMD (95% CI) 

−250.00 (−1123.42, 623.42)

−855.00 (−1408.15, −301.85)

−301.48 (−524.30, −78.66)

−823.70 (−1099.19, −548.21)

−195.00 (−355.95, −34.05)

−708.00 (−1087.78, −328.22)

−751.14 (−967.21, −535.08)

100.00

22.18

Weight 

6.69

11.94

57.08

% 

19.71

22.96

16.52

42.92

TXA Control

p = 0.008

p < 0.001

Test for overall effect: z = 3.7, p < 0.001

−1408 0 1408

Figure 4: Forest plot showing the effect of high-dose IV TXA regimen compared with low-dose IV TXA regimen on IBL during adolescent
spinal deformity surgery. IBL: intraoperative blood loss.
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provided data on estimated blood loss per fusion segment for
the low-dose regimen. Because of the significant heterogene-
ity (I2 > 50%, P < 0:1), a random-effects model was used.
There were no statistically significant differences in estimated
blood loss per fusion segment between the high-dose TXA
group and the control group based on the results of the
pooled analysis (WMD= −11:94, 95% CI: (-44.74, 20.86), P
= 0:476, I2 = 87:4%). And there were no statistically signifi-
cant differences in estimated blood loss per fusion segment
between the low-dose TXA group and the control group
(WMD= −32:33, 95% CI: (-70.91, 6.25), P = 0:1, I2 = 61:7%).

3.4.8. Adverse Event. None of the included 17 studies
reported adverse events, such as DVT/PE, allergic reaction,
angina, myocardial infarction, new-onset arrhythmia, pneu-
monia, wound problem, and urinary tract infection. Com-
paring the differences in adverse events of different dosage
regimens, more high-quality research is still needed.

3.5. Publication Bias. The funnel plot, Begg’s funnel plot, and
Egger’s test were used to assess publication bias and were
usually performed in at least 10 studies. No publication bias
was detected by Begg’s test due to all P values > 0.05 for
TBL, IBL, operative time, blood transfusion rate, or number
of vertebral segments fused (Begg’s test, P = 0:221, P =

0:707, P = 0:213, P = 0:806, and P = 0:876, respectively).
The remaining outcome measurements were not suitable
for Begg’s test and Egger’s test due to too few studies.
Figure 10 shows Begg’s test for publication bias.

3.6. Sensitivity Analysis. Sensitivity analysis was conducted to
assess the stability of the pooled result. Based on the results of
the pooled analysis, high heterogeneity (I2 > 50%, P < 0:1)
was found in IBL, blood transfusion rate, preoperative and
postoperative Hb levels, and estimated blood loss per fusion
segment. Because only two studies have been included in dif-
ferent subgroups of estimated blood loss per fusion segment,
its high heterogeneity may be due to the limited number of
studies. For other outcome measures, we found that when
excluding any study, the results did not find significant
changes, thus confirming the robustness and reliability of
the results of this meta-analysis (Figure 11). The sources of
high heterogeneity in this meta-analysis may be as follows:
(1) the number of the studies included in each subgroup is
limited; (2) the differences between the included studies are
inherent; (3) the doses, methods of use, and operators are
not exactly the same among the included studies; (4) the sam-
ple size and the collection time of outcome measures are not
exactly the same among the included studies; and (5) the
diagnosis and operation of the patients are not the same.
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Figure 5: Forest plot showing the effect of high-dose IV TXA regimen compared with low-dose IV TXA regimen on operative time during
adolescent spinal deformity surgery.
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NOTE: Weights are from random effects analysis
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Figure 6: Forest plot showing the effect of high-dose IV TXA regimen compared with low-dose IV TXA regimen on blood transfusion rate
during adolescent spinal deformity surgery. RR: risk ratio.

NOTE: Weights are from random-effects analysis
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Figure 7: Forest plot showing the effect of low-dose IV TXA on Hb level compared with the control group during adolescent spinal deformity
surgery. Hb: hemoglobin.
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Heterogeneity between groups: p = 0.017
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Figure 8: Forest plot showing the effect of high-dose IV TXA regimen compared with low-dose IV TXA regimen on the number of vertebral
segments fused during adolescent spinal deformity surgery.

NOTE: Weights are from random-effects analysis
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Figure 9: Forest plot showing the effect of high-dose IV TXA regimen compared with low-dose IV TXA regimen on estimated blood loss per
fusion level during adolescent spinal deformity surgery.
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Begg’s funnel plot with pseduo-95% confidence limits
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Figure 10: Continued.
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4. Discussion

This meta-analysis is ultimately a step to popularize the gen-
eral application of TXA in spinal deformity surgery to reduce
adolescent scoliosis. The results of the pooled analysis
showed that the significant effect of reducing perioperative
blood loss and blood transfusion rate might make TXA the
drug of choice. TXA, as an antifibrinolytic drug, is currently
mainly used in orthopedic, cardiac, and spine surgery to treat
or prevent excessive perioperative blood loss [6]. TXA was
administered through a variety of routes, including IV, topi-
cal, and oral. IV TXA is usually given intravenously at a cer-
tain loading dose before incision and a certain maintenance
dose until the skin closure [1–5, 7–23]. Due to the difference
in the loading dose and maintenance dose, the clinical effect
of TXAmay be significantly different. Raman et al. [24] dem-
onstrated that high-dose TXA (loading dose: 30-50mg/kg,
maintenance dose: 1-5mg/kg/h) was more effective than

low-dose TXA (loading dose: 10-20mg/kg, maintenance
dose: 1-2mg/kg/h) in reducing blood loss and blood transfu-
sion requirement in adult spinal deformity surgery. Grant
et al. [29] demonstrated that the use of high-dose TXA (load-
ing dose: 20mg/kg, maintenance dose: 10mg/kg/h) resulted
in a 50% reduction in transfusion requirements for AIS.
Johnson et al. [30] demonstrated that high-dose TXA (load-
ing dose: 50mg/kg, maintenance dose: 5mg/kg/h) was more
effective than low-dose TXA (loading dose: 10mg/kg, main-
tenance dose: 1mg/kg/h) in reducing blood loss and transfu-
sion requirements in spinal deformity surgery. Based on the
above research results, we can see that different dosage regi-
mens of IV TXA may produce significantly different clinical
results. Therefore, the optimal dosage regimens of TXA are
still a clinical problem to be solved by more high-quality
RCTs in the future.

The dosage regimen of TXA should be considered when
weighing risks and benefits. At present, the commonly used
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Figure 10: Begg’s test for publication bias: (a) TBL, (b) IBL, (c) operative time, (d) blood transfusion rate, and (e) number of vertebral
segments fused.
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low-dose regimen is the loading dose of 10mg/kg and the
maintenance dose of 1mg/kg/h [7, 13, 18, 21]. For exam-
ple, Neilipovitz et al. [7] demonstrated that the adminis-
tration of low-dose TXA in patients with AIS undergoing
posterior spinal fusion surgery had the potential to reduce
perioperative blood transfusion requirements. In a study
published in 2018 with the same dosage regimen, the same
conclusion was found [31]. These studies reported not
only the benefits of low-dose TXA but also the risks. Choi
et al. [2] found that there were 2 cases of DVT/PE and 2
cases of allergic reaction in the TXA group, but not in the
control group. Peters et al. [1] found that there was one
case of PE in the TXA group, but not in the control
group. On the contrary, the commonly used high-dose
regimen is the loading dose of 100mg/kg and the mainte-
nance dose of 10mg/kg/h [8, 9, 15–17, 19]. For example,
Sethna et al. [8] demonstrated that intraoperative adminis-
tration of high-dose TXA significantly reduced blood loss
during spinal deformity surgery in AIS. The same result
has been confirmed in the research in recent years [16–
18]. These studies reported not only the benefits of high-
dose TXA but also the risks. Kaabachi et al. [32] found
that there were 11 cases of vomiting in the TXA group,
but not in the control group. Based on the few studies
above, it is speculated that low-dose TXA may have more
complications than high-dose TXA. However, such specu-
lative results are not rigorous, so more research is still
needed in the future to compare the complications of
TXA with different dosage regimens.

The application of TXA has rich experience in orthopedic
surgery in our hospital. For example, Yue et al. [33] found

that TXA effectively reduced the blood loss of unicompart-
mental knee arthroplasty in patients with anemia, reducing
the rate of blood transfusion, without increasing the risk of
DVT. Zhu et al. [34] found that the use of TXA in total hip
arthroplasty can reduce the blood transfusion rate and
reduce TBL and IBL, without increasing the risk of thrombo-
sis. Our surgery team also adopted a low-dose regimen
(loading dose: 10mg/kg; maintenance dose: 1mg/kg/h) in
spinal deformity surgery. Preliminary trials found that
TXA effectively reduced the blood transfusion rate and
TBL without increasing the risk of thrombosis. However,
the optimal dosage regimens of IV TXA in spinal defor-
mity surgery are still controversial. The relationship
between the TXA dose and blood loss control is unclear.
Therefore, more high-quality RCTs are still needed in
the future to explore the optimal dosage regimens of
TXA, not only in adolescent spinal deformity surgery but
also for different surgical methods.

4.1. Limitations. Because of the quantity and quality of the
included studies, this meta-analysis has some limitations.
Firstly, the number of included RCTs is quite limited, and
many studies have incomplete data and relatively low quality.
Secondly, the start and end times of the loading and mainte-
nance doses of TXA in different studies are not the same.
Thirdly, the loading dose and maintenance dose of TXA in
the same dosage regimen are not completely consistent.
Fourthly, surgical methods, disease diagnosis, and transfu-
sion criteria of the same dosage regimen are not completely
consistent. Finally, the number of non-RCTs is relatively
large, and the heterogeneity of some results is relatively high.
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Figure 11: Sensitivity analysis for confirmation of the stability of the pooled result: (a) IBL, (b) blood transfusion rate, and (c) preoperative
and postoperative Hb levels.
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5. Conclusion

This meta-analysis compares the effects of TXA with differ-
ent dosage regimens in adolescent spinal deformity surgery.
The results of the above analysis indicated that high-dose
and low-dose IV TXA were effective in reducing TBL, IBL,
and blood transfusion rates without increasing complications
in adolescent patients undergoing spinal deformity surgery.
Low-dose IV TXA was effective in reducing the operative
time. Both the high-dose and low-dose groups had similar
preoperative and postoperative Hb levels compared to the
control group. Due to the limited number and quality of
studies related to some outcome measurements, more high-
quality RCTs are still needed in the future to supplement
existing conclusions.
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Background. The subchondral bone parallels with the progression of osteoarthritis (OA). However, the biomechanical properties
and histopathological changes of subchondral bone changes in the lumbar facet joint (LFJ) after long-term axial loading on the
spine have not been explored. In this study, we aimed to investigate the subchondral bone histopathological changes that occur in
the LFJ and pain behaviors in a novel bipedal standing mouse model. Methods. Sixteen 8-week-old male C57BL/6 mice were
randomly assigned into bipedal standing and control groups. A finite element stimulate model based on the micro-CT data
was generated to simulate the von Mises stress distribution on the LFJ during different positions. The spine pain behaviors
tests were analysis. In addition, the change in the subchondral bone of the LFJ was assessed by histological and
immunohistochemistry staining. Results. The computerized simulation of the von Mises stress distribution in the superior
articular process of LFJ at the spine level 5 in the lying position increased and reached a maximum value at the bipedal
standing posture. The spine pain behavior test revealed that the threshold of pressure tolerance decreased significantly in
bipedal groups relative to control groups, whereas the mechanical hyperalgesia of the hind paw increased significantly in
bipedal groups relative to control groups. The axial load accelerates LFJ degeneration with increased histological scores in
bipedal groups. The expression of type II collagen and aggrecan (ACAN) was significantly decreased in the bipedal groups
compared with the control groups, whereas the expression of MMP13 was increased. Compared with the control groups, the
osteoclast activity was activated with higher TRAP-positive staining and associated with increased CD-31-positive vessels and
GCRP-positive nerve ending expression in the subchondral bone of LFJ. Conclusion. Collectively, long-term axial loading
induces the development of spine hyperalgesia in mice associate with increased osteoclast activity and aberrant angiogenesis
and nerve invasion into the subchondral bone of LFJ that stimulates the natural pathological change in human LFJ OA. These
results indicate that aberrant bone remodeling associate with aberrant nerve innervation in the subchondral bone has a
potential as a therapeutic target in LFJ OA pain.

1. Background

Lumbar facet joint (LFJ) osteoarthritis (OA) is implicated as an
important cause of low back pain, which in turn places an
enormous burden on the social health-care system [1, 2]. The

facet joint has a similar characteristic as those of other synovial
joints, such as the knee, and plays an important role in load
transmission of the spine. However, the facet joint OA has to
date received far less critical investigation than knee OA [1].
The fact that pain originating from the LFJ is a common cause
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of low back pain, and that the prevalence of LFJ OA pain has
been estimated to range from 7 to 75% among the elderly pop-
ulation reporting low back pain [1, 3–5].

The LFJ is a true synovial joint composed of the articular
cartilage covering the surfaces of each of facts, a thickened
layer of subchondral bone, a synovium, and an articular cap-
sule [1, 6]. The LFJ OA is viewed as an organ disease that
affects the entire facet joints and is characterized pathologi-
cally by focal loss of the articular cartilage associated with
subchondral bone change, varying degrees of osteophyte for-
mation and synovitis [1, 7, 8].

Pain from the LFJ probably derives from multiple tissues
of the facet joint [9]. A recent study revealed that their cap-
sule tissue is well innervated by the free nerve during degen-
eration [1, 10]. The mechanoreceptors and upregulated
inflammatory cytokines have also been identified in the facet
joint capsular tissue in degenerative disc disease that could be
the source of pain [9]. Recently, increasing evidence suggests
that the contribution of the subchondral bone to the physio-
pathology of OA is of great interest.

The subchondral bone is a shock absorber in weight-
bearing joints and plays a crucial role in the initiation and
progression of OA [11]. It is now recognized that the sub-
chondral bone is responsible for peripheral neuronal sensiti-
zation and can result in normal activities, causing pain. In
OA conditions, inflammation and sensory nerve growth have
been noted to coexist in the subchondral bone, indicating
that it could be an important source of pain in OA [9]. As
subchondral bone abnormalities appear in OA, this may be
the target that leads to novel approaches for the development
of OA pain treatment.

Biomechanical testing of isolated spinal segments has
demonstrated that up to 33% of the total axial load of the
spine segment can be borne by facet joints [12, 13]. Excessive
mechanical loading can contribute to the initiation of spine
degeneration [12, 14]. A previous investigation also found
great variation in intradiscal pressure (IDP) when the sheep
were standing from the lying position and 5- to 6-fold greater
than the IDP recorded in the lying position [15, 16]. It is
highly needed for the development of an animal model of
noninvasive cumulative axial loading on the spine by making
the animal maintain an upright posture to mimic the pro-
cesses of degeneration in humans. Ao and Wang constructed
a novel bipedal standing mouse model by placing them in
limited water to induce the bipedal posture for a long period
of time that can simulate the pathogenesis of spinal degener-
ation caused by increased axial load stress [17].

This model successfully reproduced LFJ degeneration;
however, the 3Dmicrostructure and histopathology of the sub-
chondral bone change in osteoarthritic facet joints have not
been extensively explored. In this study, we aimed to investigate
the subchondral bone microstructure and histopathological
features that occur in facet joints, and the pain behaviors
change obtained from a bipedal standing mouse model.

2. Methods

2.1. Experimental Animals. All animal procedures in this
study were conducted with the approval of the Animal Ethics

Committee of the Xiangya hospital of Central South Univer-
sity (protocol number: 2019N0106). Sixteen C57BL/6 mice (8
weeks old) were purchased from the Animal Center of Cen-
tral South University (Changsha, China) and randomly
divided into two groups of eight mice each, the normal con-
trol and experimental groups. In the experimental groups,
the mice were placed in a beaker containing limited water
to induce the bipedal standing posture according to a previ-
ously described protocol. The mice in the control group were
placed in the same chamber without the added water. These
mice in the two groups underwent two different interven-
tions for a total of 6 hours each day and were free to access
food and water. Six months after the intervention, all mice
were anesthetized with an intraperitoneal injection of 5%
ketamine hydrochloride plus 0.5% diazepam following the
standard protocol. All lumbar spines were harvested and
fixed in 10% buffered formalin for micro-CT scanning, finite
element analysis, and histopathological analysis. At the
schedule timepoint, the mice was placed in a chamber with
a prolonged exposure (more than ten minutes) in the CO2
monitoring continuously until the mice are no longer
moving.

2.2. Micro-CT Analysis of the LFJ Subchondral Bone. The
fixed lumbar spines from L1 to L5 were captured by a
micro-CT scanner (Skyscan 1076, Skyscan, Antwerp, Bel-
gium) with an isotropic voxel size of 6μm. The X-ray tube
voltage was 80 kV, and the current was 100μA with a
0.5mm aluminum filter. NRecon and CTVol software was
used for transverse 2D cross-sectional reconstructions and
3D image visualization. For the quantitative analysis of the
subchondral bone, the parameters including bone volume
fraction, which describes the ratio of bone volume over tissue
volume (BV/TV, %), three-dimensional trabecular bone
thickness (TbTh), the ratio of the bone surface area to bone
volume (BS/BV), the trabecular bone number (TB. N, mm),
and the trabecular bone space (Tb. Sp, mm) were calculated.

2.3. Computerized Stimulation of the LFJ Stress Distribution.
A finite element model of the mouse lumbar spine was devel-
oped as previously described with some modifications [18].
Micro-CT tomography images were acquired from the scan-
ning mice. Simpleware (Simpleware, Ltd., Exeter, UK) was
used for preprocessing and model reconstruction, and ABA-
QUS (6.10; Simulia Inc, Providence, Rhode Island, USA) was
used for simulation. We developed a 3-dimensional, nonlin-
ear FE model of the lumbar spine that consisted of an L4-5
LFJ using the finite element software Ansys version 1. In this
study, facet joints were modeled using a frictionless surface-
to-surface contact between zygopophysis with an average
gap of 0.2mm. The facet joint is subjected to the lying and
standing position. Loading act on the facet joint must con-
sider that the spine must support the whole-body weight at
standing positions. Static analysis is conducted to measure
the von Mises stress on the facet joint.

2.4. Histological and Pathological Assessment. The L4-5 LFJ
was harvested and decalcified in 10% EDTA (pH7.4) and
embedded in paraffin. A 4-μm-thick crossoriented section
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of the superior articular process of L5 was stained with safra-
nin O and fast green (Sigma) to observe the morphology. A
histological scoring system was used to characterize the fea-
tures of the facet joints as previously described. Osteoclast
activity was detected by tartrate-resistant acid phosphatase
(TRAP) staining according to the standard protocol
(Sigma-Aldrich). For immunohistology, slides were first
incubated with antigen retrieval buffer (Abcam) and blocking
buffer. Then, sections were incubated with anti-MMP13
(1 : 200, Abcam, Cambridge, MA), anti-type II collagen
(1 : 200, Abcam, Cambridge, MA), anti-ACAN(1 : 200,
Abcam, Cambridge, MA), anti-CD31 (1 : 200, Abcam, Cam-
bridge, MA), and anti-CGRP (1 : 200, Abcam, Cambridge,
MA) primary antibodies. For immunofluorescence, the sec-
tions were counterstained with 4′,6-diamidino-2-phenylin-
dole (DAPI; Sigma). For immunohistochemistry, a
horseradish peroxidase–streptavidin detection system (Dako,
Agilent Technologies) was used to detect immunoactivity,
followed by counterstaining with ethyl green (Sigma-
Aldrich). Or the sections were then counterstained with
hematoxylin (Dako). All the sections were observed under
the microscope (Zeiss) and scored in a blinded fashion. Five
fields of the whole subchondral bone area per specimen per
mouse in each group were randomly selected for quantitative
histomorphometry analysis.

2.5. Spine Pain Behavioral Assessment. Behavioral testing was
performed between two groups before the mice were anes-
thetized for spine harvested. Vocalization thresholds in
response to the force of an applied force gauge (SMALGO
algometer; Bioseb) were measured to reflect the spine pain
behaviors. Briefly, a sensor tip was directly pressed on the
dorsal skin of the mice at the L4–L5 position. The pressure
force was increased gradually at a constant speed (50 g/s)
until an audible vocalization was heard. The curve of the
pressure force was recorded by using BIO-CIS software (Bio-
seb). Two tests were performed by an observer who was blind
to the study design, and the mean value was calculated as the
nociceptive threshold. The hind paw withdrawal frequency
of mice responding to a mechanical stimulus was determined
using von Frey filaments (Stoelting, Wood Dale, IL). Mice
were placed individually in acrylic cages with a mesh floor.
Von Frey filaments were applied to the mid-plantar surface
of the hind paw with enough pressure to buckle the filaments.
If the mice withdraw, or shake the paw, it is considered to
have had a positive response. Von Frey filament was used
to apply physical stimulation at 1 s interval for ten times
when the mouse hind paw contacts with the mesh. The force
is increased manually until paw withdrawal occurs. At the
meantime, the force was record. Mechanical withdrawal fre-
quency was calculated as the percentage of withdrawal times
in response to ten stimulations.

2.6. Statistical Analysis. All grouped data are presented as the
means ± standard deviations (SD) and analyzed by using
SPSS, version 15.0, software (IBM Corp.). Two-tailed
unpaired Student’s t test was used to compare between two
groups. The rest of the data were analyzed using either one-

way or two-way ANOVA, with post hoc Tukey’s multiple
comparisons. A p value of ≤0.05 was considered significant.

3. Results

3.1. Von Mises Stress Property of Superior Articular Processes
(SAPs) in the LFJ during Different Positions. The mice were
placed in a beaker containing limited water to induce the
bipedal standing posture (Figure 1(a)). The L5 SAPs have
been selected for our region of research interest (ROI)
(Figure 1(b)). An established finite element model of the
human LFJ was used to stimulate the stress distribution in
the superior articular processes (SAPs) in different positions
(Figures 1(b) and 1(c)). The simulation began from a lying
position, and no contact between the two articular facets
was scanned via micro-CT. Since the facet joint supports
the physiologic motion of the spine, the articular surfaces
remain in contact during the bipedal standing position. It
was observed that the computerized simulation of the von
Mises stress distribution increased steadily from approxi-
mately 0:01 ± 0:0014MPa in the SAPs of the LFJ at level 5
in the lying position and reached a maximum value of 0:24
± 0:0376MPa at the bipedal standing posture (Figures 1(d)
and 1(e)).

3.2. Development of Spinal Hypersensitivity in the Bipedal
Standing Mice Model. After six months of bipedal standing,
the vocalization threshold in response to force applied on
the mice spine L4/L5 level was measured. The results demon-
strated that pressure tolerance decreased significantly at six
months in bipedal standing groups relative to mice than in
control groups (Figure 2(a)). In parallel, the von Frey test
showed that the paw withdraw frequency increases signifi-
cantly at 6 months in bipedal standing groups
(Figure 2(b)). These results of spinal pain behavior tests indi-
cating that that long-term standing will lead mice to develop
spine hyperalgesia.

3.3. Pathologic Change in the Cartilage in the LFJ after Long
Bipedal Standing Induction. Cartilage is one of the key ana-
tomical structures of LFJ, and joint degeneration always
induces pathological changes in cartilage. As shown in
Figure 3(a), the pathologic changes of the degenerated LFJ
are clearly presented in the long period of time-bipedal
standing mice. Staining with Saf-o revealed reduced cartilage
layer thickness, with proteoglycan matrix depletion and
chondrocyte loss in the SAPs after 6 months of exercise in
bipedal standing groups (Figure 3(a)). To quantify the sever-
ity of cartilage degeneration, we evaluated the Osteoarthritis
Research Society International (OARSI) scores of the SAPs
between the control and the bipedal standing groups. OARSI
scores revealed a dramatic increase in OARSI scores in the
bipedal group compared to the control group (Figure 3(b)).
Moreover, the percentages of MMP13-positive chondrocytes
were significantly increased, indicating that a long period of
bipedal standing induces LFJ cartilage degradation. In con-
trast, Col II and ACAN expression indicating a protective
marker was significantly reduced in the bipedal groups
(Figures 3(a) and 3(b)). Our findings reveal that the novel
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bipedal standing mouse model caused the normal architec-
ture of the cartilage to be lost, leading to the successful devel-
opment of LFJ osteoarthritis and consistent with previous
reports.

3.4. 3D Morphological Change in the Subchondral Bone in
Bipedal Standing-Induced LFJ OA. Since less is known about
the 3D morphological change in the subchondral bone in

long-term bipedal standing-induced LFJ OA mice, we used
micro-CT to visualize the microstructural changes in the sub-
chondral bone of LFJ. As shown in Figure 4(a), the SAPs of L5
were selected; it demonstrated that the bipedal-induced LFJ
OA led to collapse that was not limited to the cartilage, and
the subchondral bone was also affected. The appearance of a
localized cavity on the surface of the subchondral bone could
be observed in the bipedal groups, whereas the surface in the
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Figure 1: The bipedal standing mouse model and von Mises stress distribution on the surface of SAPs in LFJ.(a)The mice were placed in a
beaker with or without limited water to induce the bipedal standing posture. (b) The 3D image of micro-CT scanning of the spine. (c)The
finite element stimulation model of SAPs. (d) The von Mises stress distribution on the surface of SAPs during different positions and (e)
quantitative analysis data. The data are presented as the mean ± SD. ∗∗p < 0:01 for differences between the control group and the bipedal
standing group. Scale bar = 200μm.
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control group was integrated (Figure 4(b)). Six months of
long-term bipedal standing decreased the subchondral bone
surface area in SAPs (bipedal standing groups 3:96 ± 0:034
mm2 vs. control groups 2:02 ± 0:063mm2). The subchondral
bone BV/TV ratio in LJF OAmice dramatically decreased rel-
ative to the control groups (bipedal standing groups 41.46%
vs. control groups 21.98%). The Tb. Th and Tb. N of the sub-
chondral bone significantly decreased with abnormal mor-
phology, whereas the ratio of the bone surface area to bone
volume and Tb. Sp increased after two months of bipedal
standing (Figure 4(c)). The results reveal that altered mechan-
ical loading in LFJ leads to accelerated subchondral bone
remodeling and induced subchondral bone resorption.

3.5. Aberrant Nerve Invasion in the Subchondral Bone in
Bipedal Standing-Induced LFJ OA. Micro-CT data showed
collapsed subchondral bone in the LFJ after long-term
bipedal standing. We therefore explored the pathological
changes with TRAP staining to visualize the osteoclast activ-
ity in the LFJ subchondral bone (Figure 5(a)). Trap staining
revealed an increased number of osteoclasts (OC) in the
LFJ OA mice (2 ± 1:2) compared to the control mice
(8 ± 1:8) (Figure 5(b)). In addition, compared with the sham
group, CD-31-positive vessels and GCRP-positive nerve end-
ings increased significantly in LFJ OA mice (Figures 5(a) and
5(b)). However, the exact mechanism underlying the poten-
tial contributions of aberrant nerve invasion in the subchon-
dral bone during LFJ osteoarthritis progression is largely
unknown. Previous results demonstrate that long-term
standing lead mice develop spine hyperalgesia. The spine
pain maybe arises from the aberrant nerve invasion in the
subchondral bone of LFJ.

4. Discussion

Lumbar spinal facet joint arthritis is considered clinically
important sources of low back pain [19]. Animal models of

LFJ OA are used extensively in research of its pathogenesis
[20, 21]. Human beings are bipedal, and the loading acts on
the lumbar spine were often assumed to be different from
those in quadrupeds [22]. Thus, the biomechanical microen-
vironment of the lumbar spinal segments in humans is not
the case in mice [17]. Therefore, as an essential step in the
effort to explore the pathogenesis associated with facet joint
degeneration, it is necessary to establish an animal model
for properly representing human natural OA of LFJ.

Recently, research focusing on LFJ OA has been con-
ducted using various animal models [2, 21]. In our current
study, we reproduced a natural LFJ OA in a novel bipedal
standing mouse model that was consistent with a previously
described model [17]. Such an animal model is completely
different from the chemically induced LF OA models, which
creates a chemical injury to trigger LF OA and cannot stim-
ulate the real pathological processes involved in human LFJ
OA. Mechanical loading within a physiological range is nec-
essary to maintain the spine in a healthy state [14, 23, 24]. LFJ
is exposed to surprisingly large mechanical loads during
standing movement. With lying or standing forces at the
LFJ surface may vary from near zero to several times the
whole-body weight within a period of 1 second [12, 25].

Although mechanotransduction can maintain tissue
homeostasis in the joint, this process can also lead to tis-
sue degeneration [26]. After increased long-term axial load
stress on the LFJ in the bipedal standing mice, the aber-
rant mechanical loading act on the LFJ surface leads to
cartilage degeneration, loss of extracellular matrix, and a
decrease in proteoglycan, causing LFJ OA [17]. Subchon-
dral bone changes in bone turnover, mineralization, and
volume result in altered apparent are the typical hallmarks
in the large knee joint OA development [27–30]. For the
first time, to our knowledge, we characterized the histopa-
thology feature change in the subchondral bone of LFJ OA
after the long-term bipedal standing posture in mice.
Micro-CT vividly demonstrated that the aberrant bone
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to mechanical stimulation (von Frey, 0.7mN). ∗∗p < 0:01 for differences between the control group and the bipedal standing group at the
corresponding time points.

5BioMed Research International



remodeling occurs in the subchondral bone during LFJ
progression. Specifically, elevated osteoclast activity was
found in the subchondral bone of LFJ accompanied by
increased new blood vessel growth and aberrant nerve
invasion. These results indicate that the aberrant nerve

and vessel growth in the subchondral bone, after long
bipedal standing, could be an important origin of LFJ
OA pain and laid the important pathogenetic basis for
the development of low back pain caused by LFJ OA.
The axis mechanical loading act on the LFJ could activate
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Figure 3: Axial loading acts on the spine to induce LFJ cartilage degradation. (a) Histological change in the LFJ with safranin O staining
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nerve endings and modulate the signals in the nervous
system to initiate the development of OA pain.

In animal models, the inhibition of the subchondral bone
remodeling with pharmacological agents has demonstrated
efficacy in the treatment of OA [28, 31, 32]. Our findings also

suggest that the subchondral bone could be a therapeutic tar-
get for the management of LFJ OA pain. The increased
remodeling rate in the subchondral bone of LFJ OA may be
initiated by the excessive axial loading on the surface of
LFJ, leading to the activation of the osteoclast activity [28,
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33]. However, whether the aberrant nerve invasion and
angiogenesis in the subchondral bone of LFJ OA were
induced by osteoclasts is still unclear. How the mechanical
loading signals acted on LFJ are converted into chemical
information and leading activation of downstream signaling
cascades in osteoclasts has rarely been explored. Osteoclast
lineage cells are essential for bone remodeling and play an
important role in maintaining bone homeostasis [34].

Beyond resorption, studies reveal several unanticipated
roles for osteoclasts, which could secrete multiple factors,
such as cytokines (clastokines) and growth factors, in the reg-
ulation of the bone remodeling cycle in health and disease
status [35, 36]. A study showed that preosteoclasts secrete
platelet-derived growth factor-BB (PDGF-BB) to induce
angiogenesis coupled with osteogenesis during the bone
remodeling process [37]. OA progression promotes both
nerve and vessel growth in the osteoarthritic subchondral
bone in the knee joint, leading to OA pain [33].

Other mechanisms may also exist for the osteoclast acti-
vation mediating pain. In cancer-associated bone pain

(CABP), osteoclasts create an acidic extracellular microenvi-
ronment by secreting protons, which activate acid-sensing
nociceptors and contribute to bone pain [38]. In ovariecto-
mize (OVX) mice, two main classes, acid-sensing nocicep-
tors, the transient receptor potential channel vanilloid
subfamily member 1 (TRPV1), and acid-sensing ion chan-
nels (ASICs), are expressed in the sensory neurons innervat-
ing the bone and elicit pain signals when activated by acid
stimuli related to the osteoclast activation during bone
resorption [39]. Thus, the development of a specific osteo-
clast inhibitor targeting osteoclasts in the aberrant subchon-
dral bone remodeling in LFJ OA may have effective
pharmacological treatments that slow or halt disease progres-
sion and alleviating pain.

It would also be meaningful in future studies to examine
the secrete factors by osteoclasts in the subchondral bone in a
bipedal standing-induced LFJ OA model. In addition, mouse
models offer the opportunity for genetic modification, and
the corresponding genetically modified mice need to deter-
mine the main factor release by osteoclast-induced
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Figure 5: Mechanical loading accelerated subchondral bone resorption and aberrant vessel and nerve invade in the subchondral bone of LFJ.
(a) Representative TRAP (upper), CGRP (middle), and CD-31- (lower-) positive blood vessel staining in LFJ were selected from different
groups. (b) Quantitative analysis of osteoclast positive number, CGRP-positive areas, and CD31-positive areas in LFJ. The data are
presented as the mean ± SD. ∗∗p < 0:01 for differences between the control group and the bipedal standing group. Scale bar = 40 μm.
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innervation in the subchondral bone in response to axial
loading added on the LFJ [33].

The LFJ is a complicated biomechanical structure in the
spine and has a complex mechanical performance [12].
Recently, there has been a growing interest in exploring the
biomechanics and physiology of facet joints. Owing to the
anatomical property of the spine, the mechanical behavior
of the facet joint in each spinal segment is completely differ-
ent [12, 40]. Thus, the axis mechanical stimulation act on the
surface of each LFJ will initiate different intracellular signal
cascade activations in various tissue components of the LFJ.
This cascade includes the intracellular milieu (protein trans-
lation, gene transcription, posttranslational signaling) and
intercellular signaling. However, this response has not been
well defined in the subchondral bone of LFJ. The LFJ is
formed by two adjacent vertebrae with the inferior articular
process and superior articular process [12, 25]. The anatomy
variations imply that the mechanical properties and cellular
response vary within each part of the articular process. In
our study, the superior articular process of the lumbar 5 seg-
ment was selected for systemic analysis. It will be interesting
to further characterize the mechanical properties and physi-
ology of LFJs among each segment.

5. Conclusion

Collectively, long-term axial loading induces the develop-
ment of spine hyperalgesia in mice associate with increased
osteoclast activity and aberrant angiogenesis and nerve inva-
sion into the subchondral bone of LFJ that stimulate the nat-
ural pathological change in human LFJ OA. These results
indicate that the aberrant bone remodeling associate with
aberrant neve innervation in the subchondral bone has a
potential as a therapeutic target in multiple LFJ OA pain.
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Objective. To investigate the effect of small interfering RNA targeting mechanosensitive ion channel protein Piezo1 (Piezo1-siRNA)
on abnormal chondrocyte proliferation exposed to mechanical stretch. Methods. Construct and screen effective Piezo1-siRNA
sequences and explore an appropriate method to transfect lentiviral vector into chondrocytes exposed to mechanical stretch.
Western blot and RT-PCR were used to detect the mRNA and protein expression of Piezo1, Kif18A, and β-tubulin, respectively.
Flow cytometry was used to measure the changes in the chondrocyte cycle. The proliferation of chondrocyte was evaluated by
cell counting kit-8. Results. According to the mRNA and protein expression of Piezo1, the effective siRNA sequence was
successfully screened. Compared with the 0 h group, mechanical stretch upregulated the expression of Piezo1, Kif18A, and β-
tubulin, resulting in chondrocyte cycle arrest and eventually inhibiting chondrocyte proliferation. Moreover, Piezo1-siRNA
transfection effectively blocks this process and promotes the proliferation of chondrocyte. Conclusion. Piezo1-siRNA can reduce
the inhibition of chondrocyte proliferation induced by mechanical stretch via downregulating the expression of Kif18A and
inhibiting the depolymerization of microtubules. Piezo1-siRNA plays a protective role in chondrocytes, which provides a
potential method for the treatment of OA under abnormal mechanical stimulation.

1. Introduction

Osteoarthritis (OA) is a degenerative disease of bone and
articular cartilage, which is caused by mechanical and biolog-
ical factors [1–3]. Degenerative changes of articular cartilage
are closely related to abnormal proliferation of chondrocyte
[4, 5], in which mechanical stretch stress plays a crucial role
[6]. It has been reported that the proliferation of chondro-
cytes under different mechanical stretch was varied, and the
proliferation of chondrocytes decreased with the extension
of mechanical stretch time. However, the potential molecu-
lar mechanisms of abnormal proliferation of chondrocyte
exposed to mechanical stretch have not been elucidated [7].

Piezo1 is a novel type of nonselective mechanically
sensitive ion channel which is different from other ion chan-
nels in structure and gating mechanism [8, 9]. It converts
mechanical signals into chemical signals and engages in cell

proliferation, apoptosis, and metabolism [10]. Previous stud-
ies have reported that the expression of Piezo1 in chondro-
cyte exposed to different mechanical stretch is various, and
chondrocyte proliferation is closely associated with the time
of mechanical stretch [11]. However, whether Piezo1 is
involved in mechanical stretch-induced abnormal prolifera-
tion of chondrocytes is still unclear.

Microtubule kinesin, a kind of motor protein with
ATPase activity, plays a significant role in the dynamic
changes of microtubules and intracellular material trans-
port [12]. Recently, it has been found that Kif18A, a mem-
ber of the kinesin-8 family, participates in many biological
functions of cells, such as spindle formation, chromosome
separation, cell division, microtubule polymerization, and
depolymerization [13]. The morphology and microtubule of
chondrocytes were changed under mechanical stretch [14].
Combined with previous studies, we propose a hypothesis
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that mechanical stretch can upregulate the expression of
Piezo1 in chondrocytes and then activate the microtubule
kinesin Kif18A, resulting in increased microtubule depoly-
merization and cell proliferation inhibition. To confirm the
hypothesis, we conducted an experiment to investigate the
expression of Piezo1, Kif18A, and β-tubulin in chondrocytes
exposed to mechanical stretch. The cell cycle and prolifera-
tion of chondrocyte were also measured by flow cytometry
and cell counting kit-8. In addition, siRNA was used to
silence the expression of Piezo1 in order to provide a poten-
tial drug target for chondrocyte protection under mechani-
cal stretch.

2. Materials and Methods

2.1. Chondrocyte Culture. This project was approved by the
Ethics Committee of the Affiliated Hospital of Qingdao
University. All patients were informed and signed consent.
Chondrocytes were harvested from articular cartilage derived
from the OA patients undergoing total knee arthroplasty.
Cartilage tissue was briefly washed with phosphate-buffered
saline (PBS) containing 400U/ml penicillin and 0.4mg/ml
streptomycin (Hyclone, USA) for 3 times. The samples were
cut into 1mm3 granules under aseptic conditions. After tryp-
sin and collagenase (Solaibio, China) sequential digestion for
4 h, the cells were collected after 1000 r/min centrifugation.
The cells were added to DMEM (Gibco, USA) containing
15% fetal bovine serum (Gibco, USA). After counting, the
cells were inoculated in a 25 cm2 culture bottle and cultured
in a 5% CO2 incubator (Sanyo, Japan) at 37°C in a humid
atmosphere.

2.2. Chondrocyte Identification. The primary chondrocytes
were inoculated into the 12-well plate containing glass cover
slips. When the cell fusion rate reached 70, the chondrocytes
were fixed with 4% paraformaldehyde (Solaibio, China) for
15min, followed by permeabilization with 0.2% Triton X-
100 (MP Biomedicals, USA) for 5min. After washing, the
cells were preincubated for 30min in 5% BSA to prevent
nonspecific antibody binding. The human type II collagen
(Novus Biologicals, USA) antibody was incubated overnight
at 4°C. AlexaFluor 488 Goat Anti-Rabbit lgG (diluted
1 : 2000; Invitrogen, USA) was added to incubate for 30min.
The dye solution of diaminobenzidine (DAB) was dyed and

observed under an inverted optical microscope (Olympus
GX51, Olympus, Japan).

The cells were fixed with 4% polyformaldehyde for 1 h,
then washed by water for 15min and by distilled water once,
and then stained with 1% toluidine blue for 3 h. 95% alcohol
was added, the excess dye was washed out, and the cells were
observed under an inverted optical microscope.

2.3. Construction of Piezo1-siRNA. The construction of the
virus vector was completed by Gemma gene (Shanghai). All
sequences were specific oligonucleotide chains with 63 bD
(Table 1). The vector pHBLV-U6-ZsGreen-PGK-Puro cut
the negative control sequence away to obtain the skeleton
by BamHI, EcoRI enzyme, and then, the target sequence
was inserted into the U6 promoter to regulate its expression.
The lentivirus vector contained ZsGreen (GFP) regulated by
CMVIE promoter and puro resistant gene initiated by PKG
promoter. Virus titer was determined by a hole-by-hole dilu-
tion titer assay (1:0 × 108 TU/ml) after virus collection.

2.4. Screening of Lentivirus Vectors. The chondrocytes were
divided into 5 groups: a (blank control), b (Piezo1-siRNA1),
c (Piezo1-siRNA2), d (Piezo1-siRNA3), and e (negative con-
trol). Totally, 50μl lentivirus vector, containing each interfer-
ence sequence and negative control sequence, was added to
the culture medium, respectively. The titer is 1 × 108 TU/ml.
The same amount of culture medium solution was added in
group a. After 48 h, the cells were observed and counted
under a fluorescence microscope. After 96 h, the cells were
collected. Western blot and RT-PCR were used to detect
the mRNA and protein expression of Piezo1, respectively.

2.5. Construction of Mechanical Stretch Model of
Chondrocytes. The chondrocytes were inoculated into the
Flexcell aseptic membranous 6-well plate (Flexcell, USA),
cultured in 2.5ml low-glucose DMEM containing 10% fetal
bovine serum each well. The chondrocytes were divided into
three groups: blank control group, lentivirus empty vector
group, and lentivirus interference sequence group. When cell
fusion reaches 40%, the selected effective lentivirus was
added and the empty vector virus 50μl per well. The virus
titer is 1 × 108 TU/ml. The culture plates were placed in the
multichannel cell stretch stress loading system FX-4000T
(Flexcell, USA) in a 5% CO2 incubator at 37

°C in a humid

Table 1: Interfering sequences and negative control sequences.

Oligo name Oligo sequence

Piezo1-siRNA1
5′-GATCCGCGTCATCATCGTGTGTAAGATTCAAGAGATCTTACACACGATGATGACGCTTTTTTG-3′
3′-AATTCAAAAAAGCGTCATCATCGTGTGTAAGATCTCTTGAATCTTACACACGATGATGACGCG-5′

Piezo1-siRNA2
5′-GATCCGCGTCTTCCTTAGCCATTACTTTCAAGAGAAGTAATGGCTAAGGAAGACGCTTTTTTG-3′
3′-AATTCAAAAAAGCGTCTTCCTTAGCCATTACTTCTCTTGAAAGTAATGGCTAAGGAAGACGCG-5′

Piezo1-siRNA3
5′-GATCCGCCTCAAGTACTTCATCAACTTTCAAGAGAAGTTGATGAAGTACTTGAGGCTTTTTTG-3′
3′-AATTCAAAAAAGCCTCAAGTACTTCATCAACTTCTCTTGAAAGTTGATGAAGTACTTGAGGCG-5′

Negative control
5′-GATAGCGTCCATCATCGTGTGTAAGATTCAAGAGATCTTACACACGATGATGACGCTTTTTTG-3′
3′-AATAGCGTCAAGCGTCATCATCGTGTGTAAGATCTCTTGAATCTTACACACGATGATGACGCG-5′
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atmosphere. Because of the different stretch times applied to
cells, each group was divided into five subgroups, and the
cyclic stretch of 0 h/2 h/12 h/24 h/48 h was loaded, respec-
tively, with the amplitude of 20% and the period of 10
times/min.

2.6. Detection of Cell Proliferation by Cell Counting Kit-8
(CCK-8). The cells of each group were obtained by trypsin
digestion and centrifugation. After counting, 5μl cell suspen-
sions were inoculated into a 96-well plate and supplemented
with culture medium. After 6 h of culture, 10μl CCK-8 solu-
tion was added to each well and the number of cells was mea-
sured. The operation was carried out according to the
manufacturer’s instructions.

2.7. Detection of Cell Cycle by Propidine Iodide (PI) Single
Staining Flow Cytometry. Each group of cells was washed
twice with 1ml PBS. The cells were immobilized by absolute
ethyl alcohol at 4°C for 2 h. Each sample was resuspended
with 200μl precooled PBS, then added with 10μl RNA
enzyme (Beyotime, China) and 25μl PI staining solution
(Beyotime, China). The cells were fully suspended at 37°C
for 30min. Red fluorescence and light scattering were
detected by flow cytometry at 488nm wavelength. The cell
DNA content and light scattering analysis were analyzed by
FlowJo v10 software, and the percentage of cells in each cycle
was analyzed by a self-cell cycle model.

2.8. RT-PCR. Each group was added RNAiso (TaKaRa,
Japan) to extract the total RNA. The PrimeScript RT reagent
kit (TaKaRa, Japan) was used to reverse RNA to cDNA.
Then, the SYBR Premix Ex Taq II kit (TaKaRa, Japan) was
used for RT-PCR. The CT values of Piezo1, Kif18A, β-tubu-
lin, and GAPDH genes were obtained by the FTC-2000 sys-
tem (Applied Biosystems, China), and the parameters were
as follows: predenaturation: 95°C for 30 seconds, 1 cycle;
PCR: 95°C for 5 seconds, 60°C for 30 seconds, and 72°C for
30 seconds for 40 cycles. The relative expression of the target
gene was calculated by 2−ΔΔCt. GAPDH, Piezo1, Kif18A, and
β-tubulin primers were produced by Shanghai Bioengineer-
ing Company (Table 2).

2.9. Western Blot. Cells were lysed with the precooled RIPA
lysate (Solarbio, China). The supernatant was obtained after

centrifugation at 4°C for 12000 r/min. After adding an appro-
priate amount of sample buffer to the protein sample, the
protein samples and standard protein marker were added
to polyacrylamide gel and then electrophorized. After elec-
trophoresis, the protein was transferred to the polyvinylidene
fluoride membrane. The membranes immersed in the target
protein antibody (dilution concentration 1 : 5000; Abcam,
China) were incubated overnight at 4°C. The second anti-
body (dilution concentration 1 : 10000; Abcam, China) was
added for 1 h. The enhanced chemiluminescence reagent
was used to detect the target proteins. GAPDH was used as
the internal control.

2.10. Statistical Analysis. The data were processed by
SPSS19.0 statistical software, the measurement data were
expressed as the mean ± standard deviation ðSDÞ, a t -test
was used when the two independent groups of measurement
data were compared, and the percentage of the cell cycle was
tested by the Poisson distribution data z -test. One-way
ANOVA was used to compare the mean values of multiple
samples. P < 0:05 was defined as statistically significant.

3. Results

3.1. Cell Identification. The chondrocytes were fusiform or
polygonal, mononuclear, or polynucleolar and adherent to
the wall (Figure 1(a)). Immunohistochemical staining
showed that the cytoplasm of chondrocytes was brown and
the nucleus was blue, indicating that type II collagen exists
in the cytoplasm of chondrocytes (Figure 1(b)). Toluidine
blue staining showed that the cytoplasm of chondrocytes
was purple blue and the background was light blue
(Figure 1(c)) indicating that glycosaminoglycan exists in
the matrix surrounding the chondrocytes.

3.2. Lentivirus Transfection into Chondrocytes and Screening
of Effective Sequences. After 72 h of transfection, the complex
number of infection was calculated and the transfection effi-
ciency was measured. It was calculated that the average
number of infection was 30 ± 4TU/cell in each group with
50μl viral fluid, and the transfection efficiency was 0%,
91.88%, 92.33%, and 94.23%, respectively (Figure 2(a)).
The mRNA expression of Piezo1 in the Piezo1-siRNA3

Table 2: Oligo sequences of the target genes.

Oligo name Oligo sequence

Piezo1
Forward primer 5′-CATCTTGGTGGTCTCCTCTGTCT-3′
Reverse primer 5′-CTGGCATCCACATCCCTCTCATC-3′

Kif18A
Forward primer 5′-GCAGCTCAATGATTCTCTTAGC-3′
Reverse primer 5′-TTACACTTCGAGCTCTTGATGT-3′

β-Tubulin
Forward primer 5′-ATTCCAACCTTCCAGCCTGC-3′
Reverse primer 5′-CCAGAACTTGGCACCGATCT-3′

GAPDH
Forward primer 5′-GCACCGTCAAGGCTGAGAAC-3′
Reverse primer 5′-TGGTGAAGACGCCAGTGGA-3′
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group was significantly decreased than that in the negative
group (P < 0:01) (Figure 2(b)). Similar results were also
observed in the protein expression of Piezo1 (Figure 2(c)),
so the Piezo1-siRNA3 could be used as the effective
sequence of the Piezo1 silencing vector.

3.3. Detection of Cell Proliferation by CCK-8. The OD values
of the blank control group and the lentivirus empty vector
group were measured at different time points to make the
broken line diagram (Figure 3(a)). According to the graph,
there was no difference between the OD values of the two
groups at each time point (P > 0:05). After the lentiviral
interference vector Piezo1-siRNA3 was added, the cell prolif-

eration showed different changes in different mechanical
stress groups. With the extension of stretching time, cell
proliferation first increased and then decreased. The cell
proliferation was the highest at 2 h and the lowest at 48 h.
However, after mechanical stretch for 2 h, the proliferation
rate of the Piezo1-siRNA group was lower than that in the
blank control group after 2 h, and there was a significant dif-
ference between the Piezo1-siRNA group and the blank con-
trol group (P < 0:05) (Figure 3(b)).

3.4. Detection of Cell Cycle by Flow Cytometry. Cell cycle
results of the blank control group and Piezo1-siRNA group
are shown in Figure 4 and Table 3. In the control group, there

(a) (b)

(c)

Figure 1: Cell culture and identification: (a) second-generation chondrocytes, mononuclear, and polynucleolus; (b) type II collagen
immunohistochemical staining; (c) toluidine blue staining of chondrocytes.
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was no difference in the percentage of cells in the G2/M phase
(P > 0:05). Compared with the 0 h blank control group, the
percentage of G2/M phase cells in the 12 h/24 h/48 h blank

control group was significantly different (P < 0:05), and the
percentage of the G2/M phase cell in the 24 h blank control
group was the highest, which was significantly higher than
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Figure 2: Screening of effective lentivirus sequences. (a) The efficiency of lentivirus transfection in each group, green fluorescence as
lentivirus vector; i and ii show a group of lentivirus-free vectors observing cells in the same field of vision under normal and fluorescent
light sources; iii and iv indicated that the lentivirus vector group was added to observe the same visual field cells under normal and
fluorescent light sources, and the lentivirus was transferred into the cells. (b) The relative mRNA expression of Piezo1. (c) The results of
protein expression of Piezo1 protein.

0 d 1 d 3 d 5 d 7 d 9 d 11 d
0.00

0.50

1.00

1.50

2.00

2.50

Lentiviral empty vector group
Blank control group

C
el

lu
la

r v
ia

bi
lit

y 
(O

D
 4

50
 n

m
)

(a)

0 h 2 h 12 h 24 h 48 h

Pr
ol

ife
ra

tio
n 

ra
tio

 (%
)

0

25.0

50.0

75.0

100.0

125.0

150.0

Blank control group
Lentiviral empty vector group
Piezo1-siRNA group

(b)

Figure 3: Detection of cell proliferation by cell counting kit-8. (a) Detecting the effect of lentivirus on cell proliferation under different days,
there was no significant difference in the number of living cells between the two groups. (b) The results of cell proliferation in each group
under different stretch.
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that in the 0 h blank control group. There was no difference
in the percentage of G2/M phase cells in the Piezo1-siRNA
group under different stretch times (compared with the 0 h
group, P > 0:05).

3.5. RT-PCR Results of Piezo1, Kif18A, and β-Tubulin. The
mRNA expression characteristics of Piezo1 and Kif18A in
the blank control group and empty vector group were basi-
cally the same, showing the first increase and then decrease,
and reached the maximum expression after 24 h mechanical
stretch (Figures 5(a) and 5(b)). Upon transfection with
Piezo1-siRNA, there was no significant difference in mRNA
expression of Piezo1 among the groups (P > 0:05), and the
expression of Kif18A and β-tubulin decreased (P > 0:05,
Figure 5(c)).

3.6. Western Blotting Results of Piezo1, Kif18A, and β-
Tubulin. The expression of Piezo1 in chondrocytes changed
with the extension of mechanical stretch time, and the
expression of Piezo1 protein was significantly inhibited by

transfection of siRNA. The protein expression of Kif18A
and β-tubulin in chondrocytes exposed to mechanical stretch
was consistent with that of mRNA expression. After transfec-
tion with Piezo1-siRNA, the expression of Kif18A and β-
tubulin decreased significantly (P < 0:05). (Figure 5(d)).

4. Discussion

Previous studies have reported that Piezo1 can mediate
chondrocyte apoptosis by regulating the polymerization
and depolymerization of cytoskeleton. However, it is not
clear whether Piezo1 plays a role in the proliferation of chon-
drocytes exposed to mechanical stretch [15]. Therefore, the
purpose of this study is to investigate the biomechanical
effects of chondrocytes cultured in vitro, focusing on whether
Piezo1 regulates the proliferation of chondrocytes, and the
potential role of cytoskeleton and kinesin in this process. In
vitro exposure to mechanical stretch of chondrocyte prolifer-
ation results showed that moderate stretch (2 h) promoted
the proliferation of chondrocytes, but excessive stretch led

0 200 400 600
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Blank control 48 h group
Blank control 24 h group
Blank control 12 h group

Blank control 2 h group
Blank control 0 h group
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200 400 600
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(b)

Figure 4: The cell cycle composite columnar map analyzed by FlowJo v10; the high peak represented the G0/G1 phase, and the low peak
represented the G2/M phase. The values obtained are shown in Table 3. (a) The periodic distribution of different stretch times in the
blank control group. (b) The periodic distribution of different stretch times in the Piezo1-siRNA group.

Table 3: Percentage of cells in the blank control group and the lentiviral interference group at different stress times.

Group name < diploid (%)
Cell cycle (%) > tetraploid (%)

G0/G1 S G2/M

Blank control 48 h group 7.89 61.90 20.80 ∗∗6.37 0.48

Blank control 24 h group 4.17 71.70 13.30 ∗∗8.16 1.05

Blank control 12 h group 10.80 62.60 17.10 ∗∗5.65 0.54

Blank control 2 h group 10.90 68.70 11.50 5.31 0.19

Blank control 0 h group 16.60 64.60 27.50 4.06 2.01

Piezo1-siRNA 48 h group 24.70 51.90 14.90 ∗4.86 0.33

Piezo1-siRNA 24 h group 2.34 70.20 20.10 ∗4.85 0.18

Piezo1-siRNA 12 h group 6.65 78.20 8.96 ∗4.00 0.38

Piezo1-siRNA 2 h group 4.19 72.10 15.80 ∗5.68 0.32

Piezo1-siRNA 0 h group 8.22 58.10 25.00 4.61 0.83
∗∗vs. blank control 0 h group, z -test, P < 0:05; ∗vs. Piezo1-siRNA 0 h group, z-test, P > 0:05.
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to abnormal proliferation of chondrocytes. Transfection of
Piezo1-siRNA effectively reduced the abnormal proliferation
of chondrocytes caused by excessive mechanical stretch. In
addition, we found that mechanical stretch promoted the
expression of Piezo1 to a certain extent, which made the
inhibitory effect of mechanical stretch on cell proliferation
more significant. These results confirm that Piezo1 plays an
important role in regulating the proliferation of chondro-
cytes under mechanical stimulation. Inhibition of Piezo1
effectively reduced the injury of chondrocytes induced by
mechanical stretch.

Kif18A regulates the stability of microtubules through
the activity of microtubule depolymerization enzyme, result-
ing in cytoskeleton changes [16]. Kif18A expression was sig-
nificantly increased in the mitotic phase of eukaryotic cells,
indicating that it may participate in the process of mitosis,
but the specific mechanism is unclear [17, 18]. In recent
years, some researchers have found that Piezo1 is closely
associated with cytoskeleton. Gottlieb et al. [19] found that

the current intensity of the cell membrane decreased by
stimulating the channel on the cell surface pretreated with
cytochalasin D, indicating that actin is responsible for the
transmission of mechanical stimulation. Previous studies
have reported that cytoskeleton plays a mechanical protective
role on Piezo1, which means that intact cytoskeleton increases
the difficulty of activating Piezo1 [20, 21]. The destruction of
cytoskeleton integrity makes the same mechanical stretch that
mediates larger cell morphological changes, which enhances
the activation of Piezo1 [22]. Combined with the research
reports [13], we speculate that the abnormal proliferation of
chondrocytes under mechanical stretch may be closely related
to cytoskeleton and kinesin. Our results showed that the pro-
tein and mRNA expression of Kif18A increased with the
extension of mechanical stretch time. Compared with the
empty vector group, the expression of Kif18A in the Piezo1-
siRNA group was markedly decreased, which implied that
the activation of Piezo1 could promote the overexpression of
Kif18A. The activation mechanism may be related to the

Pi
ez

o1
 m

RN
A

 re
la

tiv
e e

xp
re

ss
io

n

0 h 2 h 12 h
Blank control group Lentivirus empty vector group Piezo1-siRNA group

24 h 48 h 0 h 2 h 12 h 24 h 48 h 0 h 2 h 12 h 24 h 48 h
0

100

200

300

400

(a)

0 h 2 h 12 h
Blank control group

Ki
f1

8A
 m

RN
A

 re
la

tiv
e e

xp
re

ss
io

n

Lentivirus empty vector group Piezo1-siRNA group
24 h 48 h 0 h 2 h 12 h 24 h 48 h 0 h 2 h 12 h 24 h 48 h

0

20

40

60

80

100

(b)

𝛽
-T

ub
ul

in
 R

N
A

 re
la

tiv
e e

xp
re

ss
io

n

0 h 2 h 12 h
Blank control group Lentivirus empty vector group Piezo1-siRNA group

24 h 48 h 0 h 2 h 12 h 24 h 48 h 0 h 2 h 12 h 24 h 48 h
0

5

10

15

20

(c)

Blank control group Piezo1-siRNA group

Piezo1

GAPDH

252 kD

36 kD

100 kD

36 kD

50 kD
36 kD

Kif18A

GAPDH

𝛽-Tubulin

GAPDH

0 
h 

Pi
ez

o1
-s

iR
N

A
 g

ro
up

0 
h 

bl
an

k 
co

nt
ro

l g
ro

up

2 
h 

Pi
ez

o1
-s

iR
N

A
 g

ro
up

2 
h 

bl
an

k 
co

nt
ro

l g
ro

up

12
 h

 P
ie

zo
1-

siR
N

A
 g

ro
up

12
 h

 b
la

nk
 co

nt
ro

l g
ro

up

24
 h

 P
ie

zo
1-

siR
N

A
 g

ro
up

24
 h

 b
la

nk
 co

nt
ro

l g
ro

up

48
 h

 P
ie

zo
1-

siR
N

A
 g

ro
up

48
 h

 b
la

nk
 co

nt
ro

l g
ro

up

0 h 2 h 12 h 24 h 48 h 0 h 2 h 12 h 24 h 48 h

Blank control group Piezo1-siRNA group
0 h 2 h 12 h 24 h 48 h 0 h 2 h 12 h 24 h 48 h

(d)

Figure 5: The expression of Piezo1, Kif18A, and β-tubulin: (a) the mRNA expression of Piezo1; (b) the mRNA expression of Kif18A; (c) the
mRNA expression of β-tubulin; (d) the protein expression of Piezo1, Kif18A, and β-tubulin.
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changes in the intracellular calcium level after the opening of
channels, which still needs to be explored. We also confirmed
that the expression of β-tubulin upregulated with the exten-
sion of mechanical stretch time, and the expression of β-
tubulin in the empty vector group was higher than that in
the Piezo1-siRNA group. We speculate that activated Kif18A
destroys the integrity of cytoskeleton by playing the role of
microtubule depolymerizing enzyme, thus promoting the
expression of Piezo1 and forming a positive feedback loop
[23]. The expression of Piezo1 in the 24h group was signifi-
cantly higher than that in the 12 h group, which supported
our hypothesis. Interestingly, compared with the mechanical
stretch group for 24 h, the Piezo1 expression and cell viability
of the 48 h mechanical stretch group were lower. Combined
with the experimental results of Grishchuk [16], we believe
that excessive mechanical stretch may exceed the tolerance
of cells, causing cell proliferation arrest and inducing apopto-
sis. Cell cycle analysis showed that the percentage of G2/M
phase cells in the 24h mechanical stretch group was signifi-
cantly higher than that in the 0 h group, suggesting that
Kif18A expression increases and cytoskeleton depolymeriza-
tion promotes cell cycle arrest, which is consistent with the
results of Huang et al. [24] in the study of Kif18s-induced
microtubule depolymerization leading to chromosome
arrangement defects and mitotic stagnation after excessive
aggregation of microtubules at the positive tip of microtu-
bules. It is concluded that Piezo1 can induce cytoskeleton
destruction and inhibit the proliferation of chondrocytes by
activating Kif18A to depolymerize microtubules.

5. Conclusions

In this study, we found that Piezo1-siRNA effectively inter-
feres with Piezo1 expression and alleviates mechanical
stretch-mediated inhibition of chondrocyte proliferation.
Our conclusion is that mechanical stretch activates Piezo1,
resulting in the overexpression of Kif8a, which leads to
microtubule depolymerization, destroys the integrity of cyto-
skeleton, and inhibits the mitosis of cells. Transfection of
Piezo1-siRNA effectively blocked the pathway and corrected
the abnormal proliferation of cells. Therefore, Piezo1-siRNA
may protect the cartilage of patients with osteoarthritis,
which provides a potential method for the treatment of per-
sistent progression of OA under abnormal mechanical stim-
ulation. However, the changes in intracellular chemical
signals, the response of cytoskeleton to Piezo1, and whether
there are other ways to inhibit cell proliferation after Piezo1
activation need further study and discussion.
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Cartilage defects in temporomandibular disorders (TMD) lead to chronic pain and seldom heal. Synovium-derived mesenchymal
stem cells (SMSCs) exhibit superior chondrogenesis and have become promising seed cells for cartilage tissue engineering.
However, local inflammatory conditions that affect the repair of articular cartilage by SMSCs present a challenge, and the
specific mechanism through which the function remains unclear. Thus, it is important to explore the chondrogenesis of SMSCs
under inflammatory conditions of TMD such that they can be used more effectively in clinical treatment. In this study, we
obtained SMSCs from TMD patients with severe cartilage injuries. In response to stimulation with IL-1β, which is well known
as one of the most prevalent cytokines in TMD, MMP13 expression increased, while that of SOX9, aggrecan, and collagen II
decreased during chondrogenic differentiation. At the same time, IL-1β upregulated the expression of mTOR and decreased the
ratio of LC3-II/LC3-I and the formation of autophagosomes. Further study revealed that rapamycin pretreatment promoted the
migration of SMSCs and the expression of chondrogenesis-related markers in the presence of IL-1β by inducing autophagy. 3-
Benzyl-5-((2-nitrophenoxy)methyl)-dihydrofuran-2(3H)-one (3BDO), a new activator of mTOR, inhibited autophagy and
increased the expression of p-GSK3βser9 and β-catenin, simulating the effect of IL-1β stimulation. Furthermore, rapamycin
reduced the expression of mTOR, whereas the promotion of LC3-II/LC3-I was blocked by the GSK3β inhibitor TWS119. Taken
together, these results indicate that rapamycin enhances the chondrogenesis of SMSCs by inducing autophagy, and GSK3β may
be an important regulator in the process of rapamycin-induced autophagy. Thus, inducing autophagy may be a useful approach
in the chondrogenic differentiation of SMSCs in the inflammatory microenvironment and may represent a novel TMD treatment.

1. Introduction

Temporomandibular disorder (TMD) is a common disease
in the maxillofacial region. Irreversibly damaged cartilage in
TMD leads to severe pain and mandibular movement disor-
ders. Currently, the primary TMD treatments, including
occlusal plates, drugs, physical or psychological treatments,
joint irrigation, or surgical intervention, can alleviate symp-
toms but cannot repair damaged cartilage.

With the development of regenerative medicine, stem
cell-based tissue engineering technology provides a new
opportunity for cartilage reconstruction. However, mesen-
chymal stem cells (MSCs) from different sources exhibit dif-
ferent characteristics. For instance, in vitro assays have
shown that synovium-derived MSCs (SMSCs) exhibit stron-
ger proliferation abilities, slower cell senescence, and better
chondrogenic abilities than MSCs from other sources
in vitro, such as bone marrow MSCs and adipose MSCs [1].
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Thus, SMSCs may be the best candidate for articular cartilage
repair. With the progress and development of research, the
survival, proliferation, and differentiation properties of MSCs
have been shown to differ with respect to the local disease [2].
The results of our previous study also showed that inflamma-
tory factors associated with TMD stimulate the inflammatory
secretion from SMSCs, which may not be conducive to
chondrocyte regeneration [3]. Therefore, investigating the
differential capacity and mechanisms of SMSCs in the
inflammatory microenvironment is necessary to provide
new insights into the TMD treatment.

Autophagy is an important mechanism for maintaining
the balance of the intracellular environment by degrading cell
metabolites and restoring functional cellular proteins. At the
same time, autophagy plays a regulatory role in stem cell pro-
liferation and multidirectional differentiation. Studies have
focused on the effects of autophagy with respect to chronic
inflammation of the synovium[4, 5]. However, whether
autophagy plays a role in the chondrogenesis of SMSCs
under inflammatory conditions has not yet been investigated.
Glycogen synthase kinase 3β (GSK3β) regulates the degrada-
tion of β-catenin and affects the activity of the Wnt/β-
catenin pathway, which plays an important role in cartilage
regeneration and differentiation [6, 7]. However, the rela-
tionship between GSK3β and autophagy remains uncertain.
A previous study demonstrated that GSK3β stimulates the
unc-51 like kinase 1 (ULK1) to elicit autophagy [8], and sub-
sequent studies showed that GSK3 positively regulates the
mammalian target of rapamycin complex 1 (mTORC1) to
inhibit autophagic activity[9]. Therefore, the effect of GSK3β
on autophagy during the chondrogenic differentiation of
SMSCs in the presence of inflammatory cytokines remains
elusive.

As an important inflammatory cytokine in the initiation
and development of TMD, IL-1β was widely used to simulate
the inflammatory microenvironment of TMD in vitro[10,
11]. In this study, we showed that IL-1β inhibited the
autophagy and chondrogenic differentiation of SMSCs.
Rapamycin, a target for mTOR and an autophagy activator,
promoted the chondrogenesis of SMSCs in response to IL-
1β stimulation. Moreover, GSK3β inhibition disrupted the
rapamycin-mediated activation of autophagy during chon-
drogenic induction. These findings may provide a theoretical
foundation for the use of rapamycin in cell-based therapies in
cartilage regeneration and TMD.

2. Materials and Methods

2.1. SMSCs Were Cultured In Vitro. The synovium intima
specimens were obtained in open temporomandibular joint
surgery from 10 TMD patients with severe cartilage tissue
injuries. The study was approved by the Institutional Ethics
Board of the Stomatology Hospital, Sun Yat-sen University
(ERC-2017-8). The specimens were isolated from 25 to 64
years old patients without systemic diseases and local appli-
cation of medicines, with 8 females and 2 males. The sample
providers signed informed consent before surgery.

The obtained synovial membranes were cut into pieces
and digested with 4mg/mL type I collagenase (Sigma-

Aldrich, USA) for 2.5 hours at 37°C. After centrifugation,
the precipitates were cultured in low glucose Dulbecco’s
modified Eagle medium (DMEM; Gibco, USA) with 10%
fetal bovine serum (FBS; Gibco, USA) at 37°C. The cells from
each sample were mixed and passaged at a ratio of 1 : 3, and
cells from passages 4–8 were used for all subsequent
experiments.

2.2. Surface Phenotype Identification of SMSCs by Flow
Cytometry. The cells were harvested and incubated with dif-
ferent surface marker antibodies, including CD73 (1 : 11; Mil-
tenyi Biotec, Germany), CD44, CD90, CD105, CD11b, HLA-
DR, CD45, CD34 (1 : 20; BD Biosciences, USA), and isotype
control (1 : 20; BD Biosciences, USA), then washed with
PBS. The cell fluorescence was detected through FC500 Flow
Cytometer (Beckman Coulter, USA) and analyzed with the
CXP Software (Beckman Coulter, USA).

2.3. Multilineage Differentiation of SMSCs

2.3.1. Osteogenic Differentiation. SMSCs were cultured in six-
well plates with osteogenic induction medium, which com-
posed of high glucose DMEM (Gibco, USA), 10mM sodium
β-glycerophosphate (Santa Cruz Biotechnology, USA), 10%
FBS, 50μg/L ascorbic acid-2-phosphate (Wako, Japan), and
100 nM dexamethasone (MP Biomedicals, USA). The control
group was cultured with complete culture medium. After
induction for 2 weeks, the cells in the plates were fixed and
stained with alizarin red solution (Cyagen, USA). The gene
expression levels of alkaline phosphatase (ALP) and runt-
related transcription factor 2 (RUNX2) were quantitated by
reverse-transcription quantitative polymerase chain reaction
(qRT-PCR).

2.3.2. Adipogenic Differentiation. The SMSCs of the induc-
tion group were replaced with adipogenic induction
medium consisted of high-glucose DMEM, 0.5μM isobutyl
methylxanthine (Sigma-Aldrich, USA), 10% FBS, 1μM
dexamethasone (MP Biomedicals, USA), 10μg/mL insulin
(Telenbiotech, China), and 200μM indomethacin (Sigma-
Aldrich, USA). After 2 weeks of incubation, the cells were
fixed and stained with oil red O (Cyagen, USA). The gene
expression of peroxisome proliferator-activated receptor
gamma (PPARG) 2 and lipoprotein lipase (LPL) were
determined by qRT-PCR.

2.3.3. Chondrogenic Differentiation. SMSCs (3 × 105) were
harvested and placed in a 15mL centrifuge tube with chon-
drogenic induction medium (Stem Chondro Diff Kit; Invi-
trogen, USA). After incubation for 2 weeks, the cartilage
pellets were fixed and paraffin-embedded. The sample sec-
tions were stained with alcian blue staining reagent for
30min to detect the glycosaminoglycan and collagen II
(1 : 100; Cell Signaling Technology, USA); immunohisto-
chemical staining was performed following the manufac-
turers’ instructions. The gene expression of aggrecan
(ACAN), matrix metallopeptidase 13 (MMP13) and sex-
determining region Y-type high mobility group box gene 9
(SOX9) in the chondrogenic pellets were detected by qRT-
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PCR. The control group was cultured with a complete culture
medium instead of chondrogenic induction medium.

2.4. Reagent Preparation. IL-1β (PeproTech, USA) was dis-
solved in double-distilled water. Rapamycin (Selleck, USA)
and 3-benzyl-5-((2-nitrophenoxy) methyl)-dihydrofuran-
2(3H)-one (3BDO) (Selleck, USA) were dissolved in
dimethyl sulfoxide (DMSO;MP Biomedicals, USA). The cells
cultured in the medium without rapamycin and 3BDO were
also contained 0.1% DMSO.

2.5. Immunohistochemical Staining. The sections for cartilage
pellets were dewaxed and rehydrated and then incubated
with 3% H2O2. After antigen retrieval, blocked with 5%
bovine serum albumin (BSA, Leagene, China). The sections
were incubated with primary antibody (Collagen II, 1 : 100,
Cell Signaling Technology, USA; SOX9, 1 : 50, Santa Cruz
Biotechnology, USA) overnight at 4°C. After washed with
phosphate-buffered saline (PBS; Gibco, USA), the slides
were incubated in secondary antibody (Boster, China),
streptavidin-biotin complex, and 3,3′-diaminobenzidine
(DAB; Boster, China) follow one another. The stained
sections onto microscope slides were evaluated by light
microscopy (Leica, Germany).

2.6. Immunofluorescence Assay. SMSCs were seeded on glass
coverslips in 24-well plates and treated as the experiment
group processing. After another 24 hours, the chondrogenic
induction cells were fixed and subsequently treated with
0.3% Triton X-100 (MP Biomedicals, USA). After washed
with PBS, the cells were then incubated in 5% BSA. Then,
the cells were incubated with microtubule-associated protein

light chain 3 (LC3) rabbit monoclonal antibody (1 : 100;
Abcam, USA) overnight at 4°C. The negative control group
was treated with 1% BSA instead of the primary antibody.
The FITC-conjugated goat antirabbit IgG (1 : 100; Protein-
tech, USA) was added for 1 hour and then incubated with
DAPI staining solution (Leagene, China) for 15min. The
coverslip was dried and sealed with antifluorescence quench-
ing agent (Beyotime, China). The cells were observed under
laser confocal microscopy (FV10i, Olympus, Japan).

2.7. Transmission Electron Microscopy. The cells were fixed in
2.5% glutaraldehyde and embedded with epoxy resin (Sigma-
Aldrich, USA). The sample sections were stained with lead
citrate (Sigma-Aldrich, USA) and assessed under the electron
microscope (JEM-2100F, Hitachi, Japan).

2.8. Cell Migration Assay. SMSCs were seeded on a 24-well
plate. After 80% confluence of cells, the complete culture
media was replaced by low glucose DMEM with 1% FBS
for 24 hours. A scratch was taken by a sterile pipette tip
(1mL) in each well. The exfoliated cells were removed
with PBS and then added reagents according to the exper-
iment grouping. The initial images were taken under an
inverted microscope (Leica, Germany). After 24 hours,
the cells were fixed and stained with crystal violet solution.
The images were taken by using a stereomicroscope (Leica,
Germany).

2.9. QRT-PCR Assay. The total RNA of each sample was
extracted according to the manufacturer’s instructions.
Reverse transcription obtained cDNA using the prime script
RT Kit (Takara, Japan). Finally, the relative mRNA expres-
sion levels for the RUNX2, ALP, LPL, PPARG2, SOX9,
ACAN, and MMP13 were determined by PCR with SYBR
Premix Ex TM Taq II (Takara, Japan). The glyceraldehyde
3-phosphate dehydrogenase (GAPDH) expression was used
as the reference for relative quantitative statistics. The
primers for these genes are listed in Table 1.

2.10. Western Blot Analysis. The proteins were extracted
and measured using the BCA Protein Assay Kit (Thermo
Fisher, USA). The denatured proteins were electrophoreti-
cally separated and transferred onto polyvinylidene
difluoride (PVDF) membranes (Millipore, USA). After
blocked with 5% BSA for 1 hour at room temperature,
the membranes were immersed with the primary antibod-
ies (Collagen II, 1 : 1000, Cell Signaling Technology, USA;
LC3, 1 : 1000, Abcam, USA; p-mTOR, 1 : 1000, Cell Signal-
ing Technology, USA; mTOR, 1 : 1000, Cell Signaling
Technology, USA; GSK3β, 1 : 1000, Huabio, China; p-
GSK3βser9, 1 : 1000, Huabio, China; β-catenin, 1 : 1000,
Cell Signaling Technology, USA; GAPDH, 1 : 2000, Abcam,
USA) overnight at 4°C, respectively. After washed with
TBST (Beyotime Biotechnology, China), the membranes
were incubated with IgG conjugated to horseradish perox-
idase (1 : 2000; Santa Cruz Biotechnology, USA). The pro-
tein bands were visualized by using an ECL kit (Merck
Millipore, USA). The relative expression level of specific
protein was quantified by the optical density of the target

Table 1: Oligonucleotide primers used in PCR.

Gene Primer sequence

RUNX2
Fw 5′-TCAACGATCTGAGATTTGTGGG-3′
Rv 5′-GGGGAGGATTTGTGAAGACGG-3′

ALP
Fw 5′-CAGTTGAGGAGGAGAACCCG-3′
Rv 5′-CACATATGGGAAGCGGTCCA-3′

PPARG2
Fw 5′-GCAAACCCCTATTCCATGCTG-3′
Rv 5′-CACGGAGCTGATCCCAAAGT-3′

LPL
Fw 5′-CAAGAGTGAGTGAACAAC-3′
Rv 5′-AATTATGCTGAAGGACAAC-3′

SOX9
Fw 5′-ACACACAGCTCACTCGACCTTG-3′
Rv 5′-AGGGAATTCTGGTTGGTCCTCT-3′

MMP13
Fw 5′-GACTGGTAATGGCATCAAGGGA-3′
Rv 5′-CACCGGCAAAAGCCACTTTA-3′

ACAN
Fw 5′-CTTCCGCTGGTCAGATGGAC-3′
Rv 5′-CGTTTGTAGGTGGTGGCTGTG-3′

GAPDH
Fw 5′-GACAGTCAGCCGCATCTTCT-3′
Rv 5′-TTAAAAGCAGCCCTGGTGAC-3′
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band against that of GAPDH using a Bio-Rad image ana-
lyzer (Bio-Rad, USA).

2.11. Statistical Analysis. The results were analyzed through
the GraphPad software, and the data are expressed as mean
± standard deviation (SD) of three biological replicates. Stu-
dent’s t test was used for comparisons between the two
groups, while one-way ANOVA was used for analyzing more
than two groups. p values <0.05 were considered statistically
significant.

3. Results

3.1. Characterization of SMSCs. SMSCs grew with adherence
and expressed CD73, CD105, CD44, and CD90 but not
CD11b, HLA-DR, CD34, and CD45 (Figure 1(a)).

Additionally, SMSCs exhibited multipotent differentia-
tion potential under specific induction. After osteogenic
medium induction, the differentiation of SMSCs was evi-
denced by significant calcium mineralization with alizarin
red staining. The gene expression of osteogenic markers,
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Figure 1: Characterization of SMSCs in the temporomandibular joint. (a) SMSCs tested positive for CD90, CD73, CD105, CD44, and
negative for CD34, CD11b, CD45, HLA-DR. (b) Alizarin red staining of SMSCs cultured in osteogenic medium for 2 weeks, and the
relative levels of RUNX2 and ALP mRNA in the control and osteogenic induction groups (scale bars = 100 μm; ∗ indicates p < 0:05). (c)
Oil red O staining of SMSCs after adipogenic induction for 2 weeks, and the relative levels of PPARG2 and LPL mRNA in the control and
adipogenic induction groups (scale bars = 100 μm; ∗ indicates p < 0:05). (d) Cartilage pellet formed in the chondrogenic medium over 2
weeks (scale bars = 500μm); alcian blue staining and collagen II immunohistochemical staining of cells in the pellet (scale bars = 100μm).
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RUNX2 and ALP, in the induced group was higher than that
observed in the control group (p = 0:013, p < 0:001)
(Figure 1(b)). In addition, we observed lipid droplets and
positive staining for oil red O after 2 weeks of adipogenic dif-
ferentiation. The gene expression of adipogenic markers,
PPARG2 and LPL, in the induced group was higher than that
observed in the control group (p = 0:028, p < 0:001)
(Figure 1(c)). In addition, in the chondrogenic differentiation
group, the cartilage pellets were observed. The cartilage pellet
sections showed positive alcian blue staining, and collagen II
was highly expressed in the immunohistochemical analysis
(Figure 1(d)).

3.2. IL-1β Inhibits the Chondrogenesis of SMSCs. IL-1β initi-
ates a cascade of inflammatory responses in TMD and ulti-
mately leads to tissue destruction. We observed that the
chondrogenic differentiation ability of SMSCs decreased
when cultured in chondrogenic induction medium supple-
mented with 1 or 10 ng/mL IL-1β for 2 weeks. Furthermore,
the gene expression of MMP13 increased (p < 0:001), while
that of SOX9 and ACAN decreased with increasing concen-
trations of IL-1β (p < 0:001, p < 0:001) (Figure 2(a)). In addi-
tion, the western blotting results showed that collagen II
expression decreased accordingly in the IL-1β-mediated
chondrogenic induction group (p = 0:049) (Figure 2(b)).

3.3. IL-1β Inhibits the Autophagy of SMSCs during
Chondrogenic Induction. To investigate the role of autophagy
in the chondrogenesis of inflammatory SMSCs, we assessed
the number of autophagosomes and the expression of the
autophagy-related indicators mTOR and LC3 in the different

groups. Transmission electron microscopy images showed
that the number of autophagosomes was decreased in the
high IL-1β stimulation group compared with that observed
in the control group 24 h after chondrogenic induction
(Figure 3(a)). Furthermore, the protein expression of p-
mTOR was upregulated (p = 0:018), while the ratio of
LC3II/LC3I was decreased (p = 0:038) in SMSCs after a 24h
treatment with IL-1β based on western blot results
(Figure 3(b)). Moreover, immunofluorescence assay results
showed that the number of LC3-positive punctures in SMSCs
significantly decreased 24 hours after treatment with IL-1β to
mediate chondrogenic induction (Figure 3(c)). When the
cells were treated with rapamycin, autophagy was activated,
and the number of LC3-positive punctures in SMSCs was
increased accordingly (Figure 3(c)).

3.4. Rapamycin Promotes the Migration and Chondrogenesis
of SMSCs. MSC migration to damaged tissue and coloniza-
tion are prerequisites for tissue repair. The crystal violet
staining results showed that the scratch width was larger at
24 hours in the IL-1β treatment group than that observed
in the control group (p = 0:002). In the rapamycin group,
scratch closure was significantly increased compared to that
observed in SMSCs without rapamycin (p < 0:001)
(Figure 4), suggesting that rapamycin-induced autophagy
enhanced the migration of SMSCs.

With respect to chondrogenesis, rapamycin significantly
increased the gene expression of SOX9 and ACAN in carti-
lage pellets in the presence of IL-1β (p < 0:001, p = 0:004)
but decreased the MMP13 expression (p < 0:001)
(Figure 5(a)). Similar results were observed by histological
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Figure 2: IL-1β impedes the chondrogenesis of SMSCs. (a) Relative levels of SOX9, MMP13, and ACAN mRNA during the chondrogenic
differentiation of SMSCs treated with or without IL-1β for 2 weeks (∗ indicates p < 0:05 compared with the control group; # indicates p <
0:05 compared with the chondrogenic induction group without IL-1β stimulation). (b) Collagen II protein expression was detected by a
western blot assay (∗ indicates p < 0:05 compared with the chondrogenic induction group without IL-1β stimulation).
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Figure 3: IL-1β inhibits autophagy in SMSCs by activating mTOR. (a) Transmission electron microscopy images showing autophagosomes
in SMSCs after chondrogenic induction for 24 h (arrows, scale bars = 500 nm). (b) Expression of the autophagy-related proteins mTOR and
LC3 in SMSCs treated with IL-1β (∗ indicates p < 0:05 compared with the control group). (c) SMSCs were seeded on glass coverslips for 24 h
in the chondrogenic induction culture medium, chondrogenic induction culture medium supplemented with 100 nM rapamycin,
chondrogenic induction culture medium supplemented with 10 ng/mL IL-1β, or with a 1-h preincubation with 100 nM rapamycin prior
to the addition of 10 ng/mL IL-1β in the chondrogenic induction culture medium, and LC3-positive punctures were observed in an
immunofluorescence assay (scale bars = 25μm).
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staining with respect to the formation of alcian blue deposits,
and the number of SOX9- and collagen II-positive cells was
increased in cartilage pellets pretreated with rapamycin com-
pared to that observed in the group treated with IL-1β alone
(p = 0:040, p = 0:004, p = 0:010) (Figure 5(b)).

3.5. Rapamycin Upregulates the Autophagy of SMSCs through
GSK3β. The inhibition of the GSK3β activity and the expres-
sion of β-catenin can activate the Wnt/β-catenin signalling
pathway, which was reported to affect the cartilage function
and metabolism. To study the effect of GSK3β inhibition in
autophagy in chondrogenesis, we examined the changes of
GSK3β, β-catenin, and LC3 expression in inflammatory
SMSCs by western blot assays. We observed that cells treated
with IL-1β had increased levels of p-GSK3βser9 and β-
catenin (p = 0:047, p = 0:035). Consistent with the effect of
IL-1β, cells treated with 3BDO (50μg/mL), an activator of
mTOR signalling, led to autophagy inhibition and higher
levels of p-GSK3βser9 and β-catenin than was observed in
the control treatment (p = 0:059, p = 0:048). In contrast,
rapamycin pretreatment decreased the p-GSK3βser9 and β-
catenin in the SMSCs produced by IL-1β treatment
(p = 0:002, p = 0:0497). The activity of GSK3β is inhibited
when phosphorylated at serine 9. Furthermore, the addition
of the GSK3β inhibitor TWS119 in the IL-1β+rapamycin
treatment group disrupted the autophagic activity and
reduced the expression of LC3-II/LC3-I (p = 0:026)
(Figure 6). These results show that GSK3β may be a key
downstream target of mTOR and play a role in regulating
autophagy.

4. Discussion

The prevalence of TMD is increasing and has become the
second most important musculoskeletal disorder affecting
the quality of life [12]. Along with inflammatory progression,
the injured articular cartilage in TMD has limited capacity to
heal. The application of MSCs and tissue engineering tech-

nology to repair cartilage destruction has become a hotspot
in the field of TMD treatment[13]. MSCs can be derived from
specific tissues including the bone marrow, blood, teeth,
muscle, and skin, showing different advantages in the prolif-
eration efficiency or pluripotency capacity. SMSCs have been
shown to be the best choice for cartilage repair [1, 14]. A
study showed the number of synovial fluid-derived MSCs,
which is similar to SMSCs, increased along with the radiolog-
ical grading of osteoarthritis [15]. However, the cartilage
repair ability of the existing MSCs still needs to be further
elucidated.

Recent studies have revealed that the local microenviron-
ment can affect the biological potential of stem cells by initiat-
ing signal transduction. For example, inflammatory factors or
bacterial components in periodontitis can affect the osteogenic
differentiation of periodontal ligament MSCs [16, 17]. In
response to IL-1β, TNF-α, or coculture with leukocytes, the
osteogenic differentiation ability of adiposeMSCs is enhanced,
while the chondrogenic and adipogenic differentiation ability
is impaired[18, 19]. Our previous study also showed that in
the inflammatory microenvironment, the synovial fluid-
derived MSCs exhibit an increased secretion of IL-6 and IL-
8, which are the primary catabolic cytokines of the cartilage
matrix [20]. Furthermore, SMSCs from the hip joints of indi-
viduals with osteoarthritis showed greater osteogenic and adi-
pogenic potentials, whereas the cells from patients with
femoroacetabular impingement syndrome showed greater
chondrogenic potential [2]. Thus, the properties of MSCs are
closely associated with specific pathologies, and inflammatory
cytokines are one of the main obstacles affecting the multiline-
age differentiation. During the process of chondrogenesis,
ACAN and collagen II are the main cartilage matrix compo-
nents. SOX9 is one of the primary regulators of chondrogenic
differentiation and promotes the expression of chondrocyte
matrix components (including ACAN and collagen II). By
contrast, MMP13 is a major matrix proteinase that targets col-
lagen II, which plays an important role in cartilage degrada-
tion. Therefore, we detected the relative expression of the
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above related biomarkers in the presence of IL-1β, which is the
main inflammatory cytokine in TMD [20], and found that the
chondrogenesis of SMSCs decreased.

Autophagy dynamically maintains cell self-renewal and
metabolism. Autophagy activation has been shown to occur
during the multidifferentiation of MSCs, including the osteo-
genic differentiation of the dental pulp MSCs [21], the adipo-
genic [22] and neuron-induced differentiation [23] of bone

marrow MSCs, and the skeletal muscle differentiation of
human tonsil-derived MSCs [24]. However, the role of
autophagy in chondrogenesis is seldom reported in the liter-
ature. Moreover, decreased autophagy results in the accumu-
lation of reactive oxygen species, which leads to
mitochondrial dysfunction and promotes the apoptosis of
synovial cells [4]. In contrast, the decreased levels of autoph-
agy have been observed in the synovium of adjuvant arthritis
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Figure 5: Rapamycin enhances the chondrogenesis of SMSCs. (a) Relative levels of SOX9, ACAN, and MMP13 mRNA in each group in
response to chondrogenic induction for 2 weeks as detected by qRT-PCR (∗ indicates p < 0:05, # indicates p < 0:10). (b) Alcian blue
staining and collagen II- and SOX9-positive immunostained cells in the cartilage pellet of each group (scale bars = 50μm) (∗ indicates p <
0:05).
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rats, leading to the excessive proliferation of synovial cells [5].
The dual roles of autophagy in the regulation of synovial cells
are not conducive to the homeostasis of the intra-articular
environment. Therefore, we speculated that autophagy may
be involved in the disabling of chondrogenic differentiation
by SMSCs, and the results of this study demonstrated that
the autophagy levels decreased in chondrogenic induction
experiments with IL-1β. However, the relationship between
autophagy and the chondrogenic differentiation of SMSCs
needs to be explored in further experiments. Decreased
autophagy-related gene expression has been observed in
damaged chondrocytes, and enhanced autophagy can slow
the pathological progression of osteoarthritis [25, 26]. In
addition, autophagy deficiency may affect the growth plate
chondrocytes, leading to cartilage development delays [27,
28]. Autophagy has been suggested to be involved in the
development and metabolism of cartilage. However, the
effect of autophagy on cellular processes may vary depending
on the cell sources with specific activating signals. For exam-
ple, Wang et al. reported that low-intensity pulsed ultra-
sound promotes rat bone marrow MSC chondrogenesis by
inhibiting beclin1-mediated autophagy[29]. In addition,
Zhang et al. observed that low-intensity pulsed ultrasound
increased the autophagy level of macrophages through
SQSTM1-dependent autophagic degradation in osteoarthri-
tis [30]. Whether autophagy plays a role in the chondrogenic
differentiation of SMSCs and the associated mechanism has
not yet been reported. mTOR is a conserved protein kinase
and the key regulator of autophagy. mTOR inhibition-
mediated autophagy is an important signalling pathway in
the differentiation of MSCs [21]. We found that the expres-
sion of mTORwas increased during the IL-1β-induced chon-

drogenesis. Further studies showed that rapamycin increased
the autophagy level and promoted the migration and chon-
drogenic differentiation of SMSCs in response to IL-1β.
These results suggest that rapamycin-activated autophagy
can promote the chondrogenic differentiation of SMSCs in
the inflammatory microenvironment. This finding may
explain the protective role of rapamycin in articular cartilage
from osteoarthritis [31, 32]. Intriguingly, it was demon-
strated that the activity of mTOR is different in the early
and late stages of osteogenic differentiation [21]. Therefore,
the role of autophagy throughout the process of chondro-
genic differentiation should be elucidated in greater detail
in future studies.

As a serine protein kinase, GSK3β is widely involved in
cell growth, differentiation, and signal transduction. Further-
more, GSK3β was shown to promote the chondrogenic dif-
ferentiation of MSCs and maintain the phenotype of
chondrocytes in vitro by stimulating the expression of colla-
gen II and aggrecan [33]. Additionally, the activation of
GSK3β participates in the ubiquitination of β-catenin and
the degradation of the proteasome. β-catenin, a key protein
of Wnt signaling, also affects the differentiation and matura-
tion of chondrocytes and promotes the degradation of the
cartilage matrix [34]. Consistent with these findings, our
results demonstrated that the activity of GSK3β was inhib-
ited and the β-catenin expression was increased in SMSCs
in response to IL-1β, having an unfavourable effect on chon-
drogenesis. The regulation of GSK3β can have a dual role in
many physiological processes. Some studies have demon-
strated that GSK3β inhibition promotes autophagy by target-
ing the mTOR pathway or lysosomal biogenesis [35, 36].
However, p-GSK3βser9 can function as a downstream
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regulator of mTOR [37]. GSK3β inhibition via the high
expression of p-GSK3βser9 has been shown to cause resis-
tance to rapamycin in cancer cell lines [38, 39]. Furthermore,
GSK3β inhibition is known to lead to the accumulation of β-
catenin, which has been shown to inhibit autophagy [40].
Different outcomes suggest that the role of GSK3β in autoph-
agy depends on cell lines, culture conditions, and duration of
exposure. Our results showed that the expression of p-
GSK3βser9 and β-catenin is increased and that autophagy
is inhibited in SMSCs following mTOR activator. Further-
more, a GSK3β inhibitor reversed the effect of rapamycin-
induced autophagy in inflammatory SMSCs. Thus, GSK3β
may be a key downstream target of mTOR that affects the
level of autophagy. However, the effect of this specific
relationship on chondrogenesis still requires additional veri-
fication. In our study, we investigated the role of autophagy
in the chondrogenesis of SMSCs in response to IL-1β and
found that rapamycin-induced autophagy promotes the
chondrogenic differentiation of SMSCs through GSK3β and
β-catenin.

There are several limitations to this study. The SMSCs
used in this study were obtained from patients without
distinguishing the differences in age and sex, knowing these
variables are important since they can lead to differences in
autophagy and chondrogenic differentiation observed
in vitro. Furthermore, the long-term and stable effects of
rapamycin in inducing autophagy should be conducted
through in vivo experiments in future studies.

5. Conclusions

The inhibition of autophagy in SMSCs in response to IL-1β
may be an important factor and mechanism for insufficient
cartilage repair. This study showed that rapamycin can
induce autophagy through GSK3β and promote the
chondrogenic differentiation of SMSCs. These findings may
shed light on the development of new therapeutic strategies
for TMD.
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