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Abstract 

Mechanical loading can induce or antagonize the extracellular matrix (ECM) synthesis, proliferation, 
migration, and inflammatory responses of annulus fibrosus cells (AFCs), depending on the loading mode 
and level. Caveolin-1 (Cav1), the core protein of caveolae, plays an important role in cellular 
mechanotransduction and inflammatory responses. In the present study, we presented that AFCs 
demonstrated different behaviors when subjected to cyclic tensile strain (CTS) for 24 h at a magnitude of 
0%, 2%, 5% and 12%, respectively. It was found that 5% CTS had positive effects on cell proliferation, 
migration and anabolism, while 12% CTS had the opposite effects. Besides, cells exposed to 
interleukin-1β stimulus exhibited an increase expression in inflammatory genes, and the expression of 
these genes decreased after exposure to moderate mechanical loading with 5% CTS. In addition, 5% CTS 
decreased the level of Cav1 and integrin β1 and exhibited anti-inflammatory effects. Moreover, the 
expression of integrin β1 and p-p65 increased in AFCs transfected with Cav1 plasmids. In vivo results 
revealed that moderate mechanical stimulation could recover the water content and morphology of the 
discs. In conclusion, moderate mechanical stimulation restrained Cav1-mediated signaling pathway and 
exhibited anti-inflammatory effects on AFCs. Together with in vivo results, this study expounds the 
underlying molecular mechanisms on the effect of moderate mechanical stimulation on intervertebral 
discs (IVDs) and may provide a new therapeutic strategy for the treatment of IVD degeneration. 

Key words: annulus fibrosus, moderate mechanical stimulation, annulus fibrosus regeneration, caveolin-1, 
integrin β1, NF-κB, anti-inflammation 

Introduction 
Degenerative disc disease (DDD) is a global 

public health problem caused by several factors and 
represents a leading cause of disability [1]. Years lived 
with disability (YLDs) caused by DDD increased by 
54% from 1990 to 2015 and continue to grow due to 
the aging of the population [2]. The social expenditure 
caused by the lost productivity, dispersal of disability 
benefits and medical cost might top $200 billion 
annually [3]. Therefore, treatment of DDD has 
tremendous economic and social impact. Surgical 
therapies usually provide fast relief from serious back 

pain or leg numbness symptom in patients with DDD, 
but tend to accelerate the degeneration of adjacent 
discs [4]. However, the clinical symptoms of the 
patients with early degeneration treated by 
conservative methods diminish or completely 
disappear in several weeks, and rarely recur shortly 
[5]. Taken together, conservative approach is the first 
choice for the management of the disc degeneration 
processes, especially in the phase of the DDD 
recognized as early stage. 
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The etiology of DDD is multi-factorial, resulting 
from combinatory effects of the genetic 
predisposition, aging, excessive mechanical load, 
traumatic injury, etc. [6, 7]. In general, excessive load 
is considered as the main cause of DDD. Excessive 
spinal loading caused by faulty lifestyle or obesity can 
lead to metabolic disorders of the extracellular matrix 
(ECM) of intervertebral discs (IVD) [8]. In addition, 
excessive spinal loading elevates the expression of 
pro-inflammatory genes, such as Cox2, interleukin-6 
(Il6) and interleukin-8 (Il8) [9]. Inflammation is mostly 
seen as a detrimental factor and involved in the onset 
of DDD [10, 11]. In degenerative IVDs, the infiltration 
of activated immunocytes, including macrophages, 
T-cells, B-cells and natural killer cells, occurs in 
response to the production of several chemokines 
secreted by IVD cells and results in loss of ECM 
structural integrity of the disc [12, 13]. Therefore, it is 
critical to relieve the inflammatory responses to 
restore IVD structure and functions. 

IVD is a heterogeneous multi-component 
structure, which is composed of three distinct tissues, 
i.e., nucleus pulposus (NP), annulus fibrosus (AF) and 
cartilage endplate (CEP) [14]. As an important 
component of IVD, AF can buffer the mechanical 
loads resulted from the rotation or curvature of spine 
and help prevent NP herniation. Mechanical forces 
are important modulators of AF degeneration. 
Haglund et al. reported that excessive mechanical 
stimulation accelerated ECM degeneration and drove 
inflammatory responses of AF tissues [15]. Rannou et 
al. found that excessive mechanical stimulation could 
decrease the production of proteoglycans by AF, 
which led to dehydration of disc [16]. In addition, 
abnormal mechanical loads (e.g., torsion, bending, 
flexion, etc.) also result in disc degeneration by 
directly affecting IVD cell metabolism and causing 
structural damage [17, 18]. However, mechanical 
stimulation at the physiological level has been 
proposed as a therapeutic option for tissue repair and 
regeneration. Likewise, mechanical signals have been 
reported to promote stem cell proliferation and 
differentiation, and increasing evidence has suggested 
that mechanical cues play a key role in regulating AF 
repair and regeneration [19]. Haglund et al. found 
that mechanical stimulation with physiological level 
was essential for AF health, by providing anabolic 
and anti-inflammatory effects [20]. Schnake et al. 
summarized that physiologically equivalent 
stimulation might accelerate matrix synthesis and 
restore proteoglycan content, which had reparative 
effects on mildly degenerate IVD [21]. Mechanical 
lumbar traction has been commonly used to treat 
patients with early disc degeneration since the middle 
of last century [22]. It is reported that moderate 

traction contribute to the regeneration or repair of the 
disc by re-organizing the lamellar architecture of the 
annulus [23]. Despite various explorations in this area, 
understanding of the mechanisms underlying tissue 
repair and regeneration induced by moderate 
mechanical stimulation remains in the nascent stages. 

Integrin is a kind of heterodimeric membrane 
protein that is composed of α- and β-subunits [24]. It 
acts as a transmembrane signaling molecule, relaying 
cues from the extracellular microenvironment to 
regulate cellular behaviors [25]. It has been reported 
that the activation of integrin β1 signaling resulted in 
catabolism and inflammation of IVD during 
degenerative progression induced by static 
compression [26]. Sokabe et al. found that integrin 
signaling pathway regulates mechanotransduction 
through the nuclear translocation of nuclear factor κB 
(NF-κB), which indicates the activate state of NF-κB 
family [27]. And increased activation of NF-κB 
accelerates the transcription of inflammatory and 
catabolic genes such as Il6, Il8, Cox2, Adamts4 and 
Adamts5 [28, 29]. Moreover, activation of NF-κB acts a 
central role in tension-related degenerative changes in 
articular cartilage and endplate, and elevated NF-κB 
activity can be observed in degenerative discs [30-32]. 
However, how mechanical stimulation controls 
integrin β1 expression levels and NF-κB activity in 
degenerative discs remains largely unclear. Recent 
studies have discovered that caveola, a flask-shaped 
and invaginate structure at the cell surface, can 
conduct and coordinate various signals at the plasm 
membrane [33, 34]. Caveolae exist widely in the 
tissues of heart, liver, kidney, skeletal, blood vessels 
and IVD, and are highly expressed in fibroblasts, 
chondrocytes, adipocytes, vascular endothelial cells, 
epithelial cells, etc. [35]. Caveolae are involved in 
various biological functions, including 
mechano-sensing, ECM remodeling, cell migration, 
cell signaling, lipid metabolism, and tissue repair [36]. 
Caveolins, the major components of caveolae, mainly 
include three isoforms, i.e., caveolin-1 (Cav1), 
caveolin-2 (Cav2) and caveoin-3 (Cav3) [37-39]. Cav1, 
the core protein of caveolae, functions as a 
mechano-sensor and mechano-transducer in response 
to various mechanical stimulations from the cellular 
microenvironment [40]. For examples, Cav1 is 
involved in the integrin-mediated inflammatory 
signaling pathway by acting as a mechano-sensor 
which senses shear stress, pressure and stretch [41]. 
Moreover, Cav1 gene expression and protein level 
increase during IVD degeneration, and high 
expression of Cav1 can be detected in IVD cells 
treated with interleukin-1β (IL-1β) to induce 
inflammatory responses [42]. Therefore, elucidating 
the roles of Cav1, integrin β1 and NF-κB in 
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mechanotransduction in degenerative progression 
induced by mechanical loading and analysis of their 
relationship is important for DDD therapy. 

In this study, we set out to explore the role of 
Cav1 in mechano-regulation of integrin β1 and NF-κB 
signaling pathway during AF degeneration. A loaded 
cell culture system was used to apply various levels of 
mechanical loading, represented by cyclic tensile 
strain (CTS), to AFCs treated with or without IL-1β. 
Then, we evaluated the ECM synthesis, proliferation, 
migration, and inflammatory gene expression of 
AFCs after above treatments. Subsequently, AFCs 
were transfected with Cav1 plasmids or siRNA to 
explore the signaling pathways underlying these 
effects. In vivo studies were also performed to evaluate 
the effects of moderate mechanical loading on 
degenerative discs. Our findings imply that targeting 
Cav1 and integrin β1-mediated inactivation of the 
NF-κB signaling pathway by appropriate mechanical 
stimulation may rescue the cellular inflammation. In 
addition, effective recovery of the degenerative disc 
by dynamic traction in vivo may predict a new 
strategy for the treatment of DDDs. 

Materials and Methods 
Isolation and culture of AFCs 

All animal-related procedures followed the NIH 
Guide for the Care and Use of Laboratory Animals 
and were approved by the Institutional Animal Care 
and Use Committee of Soochow University. To isolate 
AFCs, 8-week-old male Sprague-Dawley rats were 
sacrificed, and lumbar and caudal IVDs were 
subsequently harvested under aseptic conditions. 
After removing the surrounding soft tissues including 
muscle, ligaments and NP tissue, the remaining AF 
tissues were washed 3 times with phosphate-buffered 
saline (PBS, HyClone, Logan, UT, USA), minced into 
small pieces, and then digested with 2 mg/mL 
Collagenase I and Collagenase II (Yeasen, Shanghai, 
China) for 4-6 h. The so-obtained cell suspension was 
centrifuged at 1200 rpm for 3 min, and then cultured 
with DMEM/F12 containing 10% fetal bovine serum 
(FBS, HyClone, Logan, UT, USA) and 1% 
penicillin/streptomycin (Gibco, Grand Island, NY, 
USA) in a humidified incubator at 37 °C with 5% CO2. 
AFCs at passage 2 were used for all experiments in 
this study. 

Cell culture under mechanical loading 
A Loaded Cell Culture System (Celload-300, 

Suzhou Haomian Precision Technology Co., Ltd, 
Suzhou, China) that provides adjustable longitudinal 
cyclic stretching was used to apply mechanical 
stimulation to AFCs. AFCs were plated on 
fibronectin-coated silicon chambers made from 

polydimethylsiloxane (PDMS, Dow Corning, 
Midland, MI, USA) at an initial density of 3,000 
cells/cm2. After 24 h, AFCs were subjected to cyclic 
stretching with tensile strains of 0%, 2%, 5% or 12%, 
respectively at 0.5 Hz for 24 h. AFCs subjected to static 
culture without loading were used as the control 
group (Ctrl). Cells were transfected with pEX4-Cav1 
plasmids (Gene-Pharma, Shanghai, China) or 
Cav1-specific small interference RNA (Gene-Pharma, 
Shanghai, China) for 24 h to overexpress or inhibit 
Cav1, followed by IL-1β and CTS treatment. To 
induce inflammation, IL-1β (20 ng/mL, Peprotech, 
London, UK) was supplemented in the culture 
medium during the entire course of mechanical 
loading. All cell cultures were performed in a 
humidified incubator at 37 ℃ with 5% CO2. 

Cytoskeleton staining and cell orientation 
analysis 

The cytoskeleton and orientation analysis of this 
part were performed according to the methods 
published earlier [43]. In brief, the cells were stained 
with TRITC-phalloidin (1:300, Yeasen, Shanghai, 
China) and DAPI (1:1000, Invitrogen by Thermo 
Fisher Scientific, Eugene, OR, USA) to observe the 
morphological changes of the cells treated with 0%, 
2%, 5% or 12% CTS, respectively. Cell orientation was 
analyzed with the Image J software (NIH, Bethesda, 
MD, USA) from the images of phalloidin staining. 

Cell proliferation assay 
AFCs in all groups were cultured with or 

without loading for 24 h. AFCs were then collected 
and fixed in 70% ethanol at 4 °C for at least 1 h, then 
incubated with RNase A (1 mg/mL) at 37 °C for 30 
min. Subsequently, cells were stained with propidium 
iodide (50 mg/mL PI, Becton-Dickinson, Shanghai, 
China) in PBS, and analyzed with flow cytometry 
analysis apparatus (Guava® easyCyte, Merck 
Millipore, Germany). 

Cell migration assay 
AFCs were seeded on fibronectin-coated PDMS 

chambers. Upon reaching confluence, the monolayer 
was scraped with an aseptic 100 μL tip to create a 
wound. Subsequently, the medium was changed to 
the serum-free one and the champers were stretched 
with CTS of different magnitudes. The cell stretch 
system was placed on the cell incubator with a 
constant of 37 °C. Cells were photographed after 
wounding at 0 h, 12 h and 24 h, respectively, with a 
CCD camera attached to the microscope (Leica 
DMIRB, Weztlar, Germany) at ×5 magnification. The 
wound closure distances were determined using the 
microscope and the area of closure between the 0 h 
and 12 h (or 24 h) time points were calculated. 
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RNA isolation and qPCR analysis 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 

was used to extract total RNA from AFCs under 
different conditions. The RNA concentration was 
measured using the NanoDrop 2000 spectro-
photometers (Thermo Fisher Scientific, Waltham, MA, 
USA), and then 1 µg RNA was reverse-transcribed 
into cDNA using 5X All-In-One RT MasterMix (abm, 
Vancouver, BC, Canada) according to the 
manufacturer’s instructions. qPCR was performed 
using the iQ SYBR Green Supermix (Bio-Rad, 
Hercules, CA, USA). Primer sequences (Sangon 
Biotech, Shanghai, China) of the genes used in this 
study were listed in Table 1. Relative mRNA 
expression of each gene was normalized to the 
housekeeping gene Gapdh and analyzed using the 
2−ΔΔCt method. 

 

Table 1. Primers for qPCR 

Gene Forward (5’-3’) Reverse (5’-3’) 
Cox2 TTCCAGTATCAGAACCGCATTG

CC 
CCGTGTTCAAGGAGGATGGA
GTTG 

Tnfa AAAGGACACCATGAGCACGG
AAAG 

CGCCACGAGCAGGAATGAG
AAC 

Ilb TGTTTCCCTCCCTGCTGAC CGACAATGCCTCGTGACC 
Il6 ACTTCCAGCCAGTTGCCTTCTT

G 
TGGTCTGTTGTGGGTGGTATC
CTC 

Gapdh GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT 
 

Transcriptome sequencing and analysis 
For transcriptome sequencing, total RNA was 

extracted from the cell samples subjected to 0%, 5% 
and 12% CTS, respectively, for 24 h using TRIzol 
reagent according to the manufacturer’s protocol. The 
samples were then subjected to commercial RNA-Seq 
analysis (Novogene Sequencing Company, Beijing, 
China). Sequencing libraries were generated using 
NEBNext® UltaTM RNA Library Prep Kit for Illumina® 
(New England Biolabs, MA, USA) following the 
manufacturer’s recommendations. Differential 
expression analysis of the three groups was 
performed using the DEGSeq R package (version 
1.20.0). The original p values were adjusted using the 
Benjamini & Hochberg method. The corrected p value 
of 0.005 and log2 (Fold change) of 2 were set as 
thresholds for a significantly differential expression. 
Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and GENOMES (KEGG) pathway analyses 
were performed using the Metascape. The 
hierarchical clustering heat map was generated with 
the ggplot library. 

Cell transfection 
Plasmids of pEX4-Vector, pEX4-Cav1, 

pcDNA3.1-Vector and pcDNA3.1-Integrin β1 
(Gene-Pharma, Shanghai, China) were transiently 

transfected into AFCs at 70% confluence using 
Lipofectamine 2000 DNA Transfection Reagent 
(Invitrogen, California, USA) as suggested by the 
manufacturer. The small interfering RNA (siRNA) 
control (siCtrl) and Cav1siRNA (siCav1) were 
designed and synthesized by Gene-Pharma. The 
sequences of siCav1 oligos were 5’-GUAAAUACGUA 
GACUCCGATT-3’. And the control siRNA was also 
successfully constructed. The sequences of control 
siRNA oligos were 5’-UUCUCCGAACGUGUCACG 
UTT-3’. For transient transfection, siCtrl and siCav1 
were carried out using siLentFectTM Lipid Reagent 
(Bio-Rad, Hercules, CA, USA) following the 
manufacturer’s protocol. After transfection, cells were 
stretched or stained for subsequent experiments. 

Western blot analysis 
Total cellular proteins were extracted from AFCs 

at the end of the mechanical loading period using 
Tissue or Cell Total Protein Extraction Kit (Sangon 
Biotech, Shanghai, China) according to the 
manufacturer’s protocol. These proteins were 
quantified using a BCA protein assay kit (Beyotime, 
Shanghai, China). Extracted proteins were denatured 
and separated in a 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) gel 
(Beyotime, Shanghai, China), and then transferred by 
electrophoresis onto polyvinylidene fluroride (PVDF) 
membranes (Beyotime, Shanghai, China). Membranes 
were blocked in blocking buffer for 60 min and 
incubated with properly diluted primary antibodies at 
4 °C overnight (All antibodies used for Western blot 
analysis were diluted as 1:1000). The membranes were 
washed and then incubated with respective 
horseradish peroxidase-conjugated secondary 
antibodies at room temperature for 1 h. Proteins were 
detected by autoradiography (Bio-Rad, Hercules, CA, 
USA) and the grayscale value was quantified using 
ImageJ software (NIH, Bethesda, MD, USA). The 
primary antibodies used in this study were listed in 
Table 2. 

 

Table 2. Primary antibodies used in this study 

Antibody Vendor Catalog number 
Cav1 Cell Signaling Technology, MA, USA 3238 
Cav1 Abcam, Cambridge, UK ab17052 
Integrin β1 Novus Biologicals, CO, USA NBP2-16974 
p65 Abcam, Cambridge, UK ab32536 
p-p65 ABclonal, MA, USA AP0124 
GAPDH ABclonal, MA, USA AC002 
Collagen I Abcam, Cambridge, UK ab34710 
Collagen II Novus Biologicals, CO, USA NB600-844 
Aggrecan GeneTex, CA, USA GTX17497 
COX-2 HuaBio, Zhejiang, China RT1159 
IgG Cell Signaling Technology, MA, USA 3900 
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Co-immunoprecipitation 
AFCs were seeded at a density of 2.5 × 106 into 10 

cm plates for 24 h and then transfected with the 
plasmids of pEX4-Cav1 or pcDNA3.1-Integrin β1 for 
48 h before harvest. Afterward, cells were rinsed twice 
with PBS, pelleted, and resuspended using modified 
radioimmunoprecipitation (RIPA) buffer (Upstate, 
VA, USA) supplemented with Complete Protease 
Inhibitor Cocktail (Roche Applied Science, IN, USA) 
for 1 h at 4 °C. Insoluble material was removed by 
centrifugation at 12000 rpm for 15 min at 4 °C. A small 
amount of lysate was used for Western blot analysis, 
and the remaining extracts were introduced 30 μL 
Agarose A+G (Santa Cruz Biotechnology, CA, USA) 
per sample for pre-clearing, at 4 °C for 2 h, and then 
centrifuged at 3000 rpm, at 4 °C for 5 min. The 
supernatants were incubated with 1 μg of anti-Cav1 
(Cell Signaling Technology, MA, USA), anti-integrin 
β1 (Novus Biologicals, CO, USA) or anti-IgG (Cell 
Signaling Technology, MA, USA) antibody overnight 
at 4 °C. Then the antibodies were pulled down with 30 
μL Agarose A+G at 4 °C for a further 2 h and 
centrifuged at 3000 rpm, at 4 °C for 5 min. The 
supernatant was discarded and the remaining 
sediment was rinsed with 500 μL washing buffer three 
times. After centrifugation, the sediment was added 
with 30 μL 2 × Sample Buffer and heated at 100 °C for 
10 min. The bound complexes were separated using 
10% SDS-PAGE and transferred onto PVDF 
membranes. 

Immunofluorescence 
AFCs were fixed in 4% paraformaldehyde for 15 

min and then permeabilized with 0.3% Triton X-100 in 
PBS for 10 min. Non-specific binding was blocked by 
4% bovine serum albumin (BSA) at room temperature 
for 2 h. After incubation with anti-Cav1 (1:200, 
Abcam, Cambridge, UK ), anti-integrin β1 (1:500, 
Novus Biologicals, CO, USA) or anti-p65 (1:200, 
Abcam, Cambridge, UK) antibodies at 4 °C overnight, 
appropriate Alexa Fluor 488 second antibodies 
(1:1000, Abcam Cambridge, UK) were used for 
fluorescent labeling. Nuclei were stained with DAPI. 
Images were acquired using a fluorescence 
microscope (Carl Zeiss Microscopy, Thornwood, NY). 

Immunocytochemistry 
Following CTS for 24 h, AFCs were rinsed with 

PBS twice and fixed at room temperature for 15 min in 
4% paraformaldehyde. After 2 h of blocking in 10% 
donkey serum with 0.3% Triton X-100 and 1% BSA, all 
the cells were incubated overnight at 4 °C with anti- 
Collagen I (1:200, Abcam, Cambridge, UK), Collagen 
II (1:200, Novus Biologicals, CO, USA) and Aggrecan 
(1:200, GeneTex, CA, USA) antibodies, respectively. 

Afterward, cells were incubated with secondary 
antibody (HRP conjugated goat anti-Rabbit IgG, 1:100, 
Beyotime, Shanghai, China) for 2 h and developed 
with diaminobenzidine (DAB, Sangon Biotech, 
Shanghai, China) for 30 min and counterstained with 
hematoxylin. Evaluation of the immunocytochemistry 
was done by light microscopy (Carl Zeiss Microscopy, 
Thornwood, NY). 

Animal studies 
Animal experiments were performed following 

the NIH Guide for the Care and Use of Laboratory 
Animals experiments were approved by the 
Institutional Animal Care and Use Committee of 
Soochow University. In this study, 3-month-old male 
Sprague-Dawley rats with an average body weight of 
350 g were used. Rats were randomly divided into 
four groups. Sham group (caudal vertebrae were 
instrumented with K-wires only). Compression group 
(caudal vertebrae were immobilized using a 
custom-made external device to fix four vertebrae 
(Co7-10), and Co8-9 vertebrae underwent 2 weeks of 
compression to induce mild disc degeneration). 
Release group (Co8-9 vertebra underwent 2 weeks of 
compression to induce mild disc degeneration, 
followed by removing the external apparatus for 2 
weeks). Traction group (Co8-9 vertebra underwent 2 
weeks of compression to induce mild disc 
degeneration, followed by dynamic traction for 2 h 
every other day, for a period of 2 weeks) (Figure 8A). 
For the traction group, a custom-made caudal 
vertebrae traction system (Haomian Precision 
Technology Co, Ltd, Suzhou, China) that provides 
adjustable uniaxial cyclic stretching was used to apply 
moderate mechanical stimulation on the discs. A low 
frequency (0.1 Hz) with 40% body weight traction was 
applicable to mimic the lumbar traction therapy in the 
clinic. 

Histological staining 
At the termination of the vivo experiments, rats 

were euthanized with 1.5% pentobarbital sodium (30 
mg/kg rat body weight). The target discs of the 
caudal vertebrae were harvested for further analysis. 
Then the samples were fixed in 4% paraformaldehyde 
for 1 day and decalcified in 14% Ethylene Diamine 
Tetraacetic Acid (EDTA) for 30 d. Subsequently, discs 
were embedded in paraffin (Leica, Richmond, VA, 
USA), and cut into 5-μm sections in the coronal plane 
using a microtome (Leica, Heidelberg, Germany). 
Hematoxylin & Eosin (H&E) staining was performed 
to examine tissue histology. Briefly, the sections were 
stained with hematoxylin solution for 5 min and 
incubated in 1% acid ethanol (1% HCl in 70% ethanol). 
The sections were washed with pure water. 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

1400 

Afterward, the sections were stained with an eosin 
solution for 3 min, dehydrated with graded alcohol 
and cleared in xylene. Safranin O-Fast green (S.O.) 
staining was performed to determine changes in 
proteoglycans. The sections were stained with a 
safranin O staining kit (Solarbio, Beijing, China) 
according to the recommended procedure from the 
manufacture. 

Immunohistochemistry 
All the sections were blocked with 10% donkey 

serum with 0.3% Triton X-100 and 1% BSA for 2 h and 
incubated with anti-Cav1 (1:400, Cell Signaling 
Technology, MA, USA), anti-p-p65 (1:200, ABclonal, 
MA, USA), anti-COX-2 (1:200, HuaBio, Zhejiang, 
China), anti-Collagen I (1:200, Abcam, Cambridge, 
UK) and anti-IgG (1:400, Cell Signaling Technology, 
MA, USA) antibodies at 4 °C overnight, followed by 
incubation with secondary antibody (HRP conjugated 
goat anti-Rabbit IgG, 1:500, Beyotime, Shanghai, 
China) for 2 h. Sections were visualized with DAB 
(Sangon Biotech, Shanghai, China) for 30 min and 
counterstained with hematoxylin. Evaluation of the 
immunocytochemistry was done by light microscopy. 

Statistical analysis 
All experiments were designed with 3 replicates 

and repeated at least 3 times. The total number of 
samples equals 9 times that of the number of total 
groups. Quantitative data were provided as the mean 
± standard deviation (SD). Statistical analysis was 
performed using a one-way analysis of variance 
(ANOVA), followed by Tukey post hoc comparison 
(GraphPad Software 7.0, CA, USA). A difference is 
considered statistically significant if p is less than 0.05. 

Results 
The morphology, proliferation and migration 
of AFCs changed under different mechanical 
loading conditions 

To evaluate the effects of mechanical loading on 
AFC behavior, we treated AFCs with uniaxial 
stretching. Four different magnitudes, i.e., 0% (Ctrl), 
2%, 5% and 12% CTS, respectively, were used for 24 h. 
AFCs under static condition and 2% CTS showed 
flatted cell shapes and exhibited random direction. 
However, the morphology of stretch-treated cells 
became spindle-like when treated with 5% or 12% 
CTS. Cells in the 5% CTS group tended to spread 
along the loading direction, whereas cells treated with 
12% CTS grew along the perpendicular direction of 
mechanical loading (Figure 1A, B). Besides, the 
percentage of cells in S phase significantly increased 
after treated with 5% CTS, indicating that 5% CTS 

yield a higher level of cell proliferation than other 
groups (Figure 1C, S1). The migration of AFCs under 
different loading conditions was evaluated using 
wound-healing assay. From the results, 5% CTS 
promoted AFC migration significantly (Figure 1D, 
S2). Based on the above results, a CTS of 5% could be 
considered as moderate mechanical stimulation, 
which might benefit cell growth. In comparison, 12% 
CTS had negative effects on cell growth, so it was 
considered as excessive mechanical loading. 

Moderate mechanical loading promoted the 
expression of ECM-related proteins in AFCs 

Expressions of ECM-related proteins (Collagen I, 
Collagen II and Aggrecan) in AFCs were investigated 
by immunocytochemical staining. The expression 
levels of Collagen I, Collagen II and Aggrecan were 
higher in AFCs subjected to 5% CTS, compared to 
cells under static conditions and subjected to 2% or 
12% CTS (Figure 2). Therefore, 5% was considered as 
a moderate mechanical magnitude of CTS controlling 
anabolism of AFCs. These results also indicate that 
moderate mechanical stimulation could promote the 
synthesis of ECM and had the potential to promote 
repair and regeneration of the tissue. 

The expression of pro-inflammatory genes in 
AFCs changed under different mechanical 
loading conditions with or without IL-1β 
treatment 

Given the effects of mechanical loading on the 
growth and metabolism of AFCs, we further explored 
the inflammatory responses of AFCs after 24 h of CTS 
by evaluating the expression of pro-inflammatory 
genes. The results showed that pro-inflammatory 
genes, including Cox2, Tnfa, Il1b and Il6, significantly 
increased in AFCs treated with 12% CTS. 
Nevertheless, 5% CTS had no obvious influence on 
the expression of pro-inflammatory genes in AFCs 
compared to those under static condition (Figure 3A). 
This may be due to the low expression of these pro- 
inflammatory genes in AFCs under static condition. 
Since 5% CTS was beneficial to cell growth, we 
speculated that mechanical stimulation of this level 
could execute anti-inflammatory effects on AFCs. 
Here, we treated AFCs with IL-1β to induce acute 
inflammatory response, followed with 5% CTS. The 
results indicated that 5% CTS was able to significantly 
reverse the elevated expression of pro-inflammatory 
genes in IL-1β treated AFCs (Figure 3B). Taken 
together, these results suggest that 5% CTS attenuated 
IL-1β-induced inflammatory responses, but 12% CTS 
exacerbated these processes. 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

1401 

 
Figure 1. Effects of mechanical loading on the morphology, proliferation and migration of AFCs. AFCs were subjected to CTS at the magnitude of 0% (Ctrl), 2%, 5% and 12%, 
respectively, for 24 h. (A) Morphology of AFCs under different mechanical loading. Red indicates actin filaments and blue indicates nuclei. (B) Orientation analysis of AFCs under 
different mechanical loading conditions. (C) The cell cycle distribution of AFCs under different mechanical loading conditions. (D) The effect of mechanical stimulation on cell 
motility was examined using cell migration assay (*p<0.05 vs. Ctrl). The error bars indicate SD. N = 3. 

 

Transcriptome sequencing analysis of AFCs 
under different mechanical loading conditions 

To investigate the transcriptomic changes of 
gene expression in AFCs treated with different 
mechanical loading, RNA sequencing was used to 
quantify mRNA levels in AFCs. The gene expression 
heatmap showed that the expression patterns were 

similar between the 5% CTS and Ctrl groups, while 
they were largely different from the 12% CTS group 
(Figure 4A). Venn diagram showed that there were 
6646 and 4758 differentially expressed genes when 
comparing 12% CTS group with Ctrl and 5% CTS 
groups, respectively, while the number was only 1299 
for 5% CTS and Ctrl group comparison (Figure 4B), 
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indicating that AFCs changed dramatically under 12% 
CTS treatment. Afterward, we performed Gene 
Ontology (GO) and pathway enrichment analyses, 
and the top seven biological processes or pathways 
up-regulated by 12% CTS were shown in Figure 4C. 
Among them, inflammatory response, catabolic 
process, and apoptotic pathway were activated, while 
cell proliferation was negatively regulated in the 12% 
CTS group, which was consistent with our previous 
flow cytometry results (Figure 1C). Specifically, a 
significant upregulation of inflammatory genes 
(Ptgs2, Il6, NFkB1, etc.), mechanosensitive genes (Cav1, 

Itgbl1, Itga3, etc.) and catabolic genes (Mmp17, Mmp3, 
Timp1, etc) were found in the cells treated with 12% 
CTS, and the anabolic genes (Col2a1, Col11a1, Col14a1, 
etc.) were down-regulated (Figure 4D). On the 
contrary, small molecule biosynthetic process, ECM 
organization and cell proliferation were up-regulated 
in the 5% CTS group compared with the Ctrl group 
(Figure 4E). The heatmap revealed an upregulation of 
anabolic genes (Col27a1, Col6a3, Col4a4, etc.) in cells 
treated with 5% CTS (Figure 4F), indicating that 5% 
CTS was beneficial to AFCs. 

 

 
Figure 2. Effects of mechanical loading on the matrix anabolism of AFCs. Immunocytochemistry was performed to detect the expression level of anabolic matrices (Collagen I, 
Collagen II and Aggrecan) of AFCs under different mechanical loading conditions. N = 3. Scale bar = 100 µm. 

 
Figure 3. Effects of mechanical loading on the mRNA expression of pro-inflammatory genes in AFCs. (A) qPCR analyses of relative expression of pro-inflammatory genes (Cox2, 
Tnfa, Il1b and Il6) in AFCs under different mechanical conditions. (B) qPCR analyses of relative expression of pro-inflammatory genes (Cox2, Tnfa, Il1b and Il6) in AFCs treated 
with 5% CTS in the presence or absence of IL-1β. (*p<0.05, nsp>0.05 vs. Ctrl). The error bars indicate SD. N = 3. 
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Figure 4. Gene expression profiles of AFCs under different mechanical loading conditions. AFCs were subjected to the CTS of 5% and 12% for 24 h and gene expression was 
analyzed by transcriptome sequencing. Cells under static condition served as the control. (A) Heatmap of the differentially expressed genes for cells as described above. (B) 
Venn diagram showed genes that were differentially expressed in AFCs cultured under 12% CTS, 5% CTS or static conditions. (C) The Gene Ontology (GO) and pathway 
enrichment analyses showed the top seventh biological processes activated by 12% CTS. (D) Heatmap showed the changes in the expression of pro-inflammatory genes, 
mechanosensitive genes and catabolic genes in AFCs of 12% CTS and Ctrl groups. (E) The Gene Ontology (GO) enrichment and pathway enrichment analyses showed the top 
sixth biological processes activated by 5% CTS. (F) Heatmap showed the changes in the expression of metabolic genes and proliferation-associated genes in AFCs of 5% CTS and 
the Ctrl groups. E, excessive; M, moderate; C, Ctrl. N = 3. 
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Figure 5. Change of expression of Cav1 and integrin β1 in CTS treated AFCs. (A, B) Change of protein expression of Cav1 and integrin β1 in AFCs under different mechanical 
conditions. (C-E) Location of Cav1, integrin β1 and p65 in AFCs under different mechanical conditions. (*p<0.05 vs. Ctrl). The error bars indicate SD. N = 3. 

 

The expression of Cav1 and integrin β1 in 
AFCs changed under different mechanical 
loading conditions 

To elucidate the mechanisms of mechanical 
signal transduction underlying CTS-induced 
inflammatory response, the levels of two 
mechanosensitive proteins, Cav1 and integrin β1, 
were directly cheeked after CTS treatment. Clearly, 
the expression of Cav1 and integrin β1 was 
down-regulated in the 5% CTS group, which might 
result in the decrease of cellular sensitivity to physical 
signals. In contrast, 12% CTS significantly increased 

the expression of these two proteins (Figure 5A, B). 
The cellular localization of Cav1 protein expression 
was detected by immunofluorescence. Interestingly, 
Cav1 was presented at the plasma and membrane of 
AFCs, and no further increase of nuclear Cav1 was 
measured upon CTS of 5% or 12% (Figure 5C). 
Similarly, integrin β1 was also located at the plasma 
and membrane under both static and mechanical 
conditions (Figure 5D). Now that these two 
mechanosensitive proteins were always presented at 
the plasma and membrane of AFCs under any 
mechanical conditions, they might transduce the 
external mechanical cues into specific biological 
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signals through the intracellular signaling pathway downstream. p65 nucleus translocation plays an 
important role in modulating the 
intracellular pro-inflammatory response. 
According to the immunofluorescence 
results, p65 was located in the cytoplasm 
under static and 5% CTS conditions, but 
was rapidly translocated into the 
nucleus upon 12% CTS (Figure 5E). 
These data suggest that the two proteins 
might participate in CTS-induced AFC 
inflammatory responses, and their 
functions might rely on the nucleus 
translocation of p65. 

Cav1-mediated signaling pathway 
was involved in CTS-induced 
inflammatory responses of AFCs 

To identify the involvement of 
Cav1 in excessive CTS-induced 
inflammation, small interfering RNA 
(siRNA) duplexes were used to inhibit 
Cav1 in AFCs. Successful suppression of 
Cav1 was assessed by Western blot 
analysis (Figure 6A, B). And knockdown 
of Cav1 in AFCs treated with 12% CTS 
led to a reduction of pro-inflammatory 
gene level (Figure 6C). Subsequently, 
pEX4-Cav1 plasmids were introduced 
into AFCs and utilized to overexpress 
Cav1. As shown, Cav1 over-expression 
in AFCs increased the protein level of 
the phosphorylation of p65 (p-p65), 
which is an indicator of p65 activation 
and acts as the major transcription factor 
of the NF-κB signaling pathway (Figure 
6D, E). Immunofluorescence results 
further confirmed that p65 rapidly 
accumulated in the nucleus in response 
to Cav1 overexpression (Figure 6F). To 
further confirmed the role of Cav1 in 
moderate CTS-exhibited anti- 
inflammatory effects, acute 
inflammation was induced in AFCs by 
adding IL-1β directly to the culture 
medium (20 ng/mL) before applying 
CTS. Subsequently, pEX4-Cav1 plasmids 
were transfected into the cells. RT-qPCR 
data showed that overexpression of 
Cav1 abrogated the anti-inflammatory 
effects induces by 5% CTS and resulted 
in up-regulation of pro-inflammatory 
genes (Figure 6G). These data indicate 
that Cav1 might act as a crucial 
mechanosensitive factor, which 
regulated the inflammatory response in 

 

 
Figure 6. Cav1-mediated signaling pathway was involved in CTS-induced inflammatory responses of AFCs. 
(A, B) Efficiency of Cav1-specific siRNA in AFCs. (C) qPCR analyses of relative expression of 
pro-inflammatory genes (Cox2, Tnfa, Il1b and Il6) in AFCs subjected to 12% CTS and transfected with or 
without Cav1-siRNA. (D, E) Protein level of p-p65 changed in AFCs transfected with pEX4-Cav1 plasmids. 
(F) Immunofluorescence images of Cav1 (red), p65 (green) and DAPI (blue) in AFCs transfected with 
pEX4-Vector or pEX4-Cav1 plasmids. (G) qPCR analyses of relative expression of pro-inflammatory genes 
(Cox2, Tnfa, Il1b and Il6) in AFCs of Ctrl, IL-1β, IL-1β+5% CTS, Vector+IL-1β+5% CTS and Cav1+ IL-1β+5% 
CTS groups, respectively. The error bars indicate SD. N = 3. 
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CTS-treated AFCs with the regulation of p65 nucleus 
translocation and downstream inflammatory signals. 

Cav1 interacted with integrin β1 directly 
Previous studies have shown the reciprocal 

regulation between Cav1 and integrin β1 which relied 
on varying matrix stiffness [44]. Based on the above 
results, we hypothesized that Cav1 might connect 
integrin β1 during the inflammatory response 
induced by external mechanical cues. To verify our 
hypothesis, we first applied immunofluorescent 
staining to trace the location of the two proteins in 
AFCs transfected with or without pEX4-Cav1 and 
pcDNA3.1-Integrin β1 plasmids. In this experiment, 
Cav1 and integrin β1 co-localized in the plasms of 
AFCs (Figure 7A). We then transfected AFCs with 
pEX4-Cav1 or pcDNA3.1-Integrin β1 plasmids to 
induce Cav1 or integrin β1 overexpression. Western 
blot assays showed significant up-regulation of 
integrin β1 (Figure S3A, B) or Cav1 (Figure S3C, D) 
protein level in AFCs transfected with pEX4-Cav1 or 
pcDNA3.1-Integrin β1 plasmids, respectively. Based 
on the results above, we predicted there is certain 
relationship between these two mechanosensitive 
proteins. 

To figure out whether Cav1 and integrin β1 
interacted with each other directly, we transfected 
AFCs with pEX4-Cav1 or pcDNA3.1-Integrin β1 
plasmids and then conducted co-immuno-
precipitation (Co-IP) to verify their relationship. 
Indeed, integrin β1 was precipitated with an 
anti-Cav1 antibody (Figure 7B), while Cav1 could also 
be precipitated with an anti-integrin β1 antibody 
(Figure 7C). However, p65 could not be precipitated 
with either Cav1 or integrin β1 antibody, which 
indicated that p65 nucleus translocation was 
indirectly regulated by the above mechanosensitive 
proteins. These results support that Cav1 and integrin 
β1 could interact with each other directly, and these 
two proteins might play synergistic roles during the 
inflammatory response induced by external 
mechanical cues. 

Moderate mechanical stimulation promoted 
recovery of degenerative disc in vivo 

To further examine the feasibility of restoring 
degenerative discs by means of dynamic traction, the 
caudal vertebrae of rats were first compressed for 2 
weeks to induce mild disc degeneration and then 
treated with moderate mechanical stimulation for 2 h 

 

 
Figure 7. The interaction between Cav1 and integrin β1. (A) Immunofluorescence images of Cav1 (red), integrin β1 (green) and DAPI (blue) in AFCs transfected with (Group 
of Overexpression) or without (Group of Ctrl) pEX4-Cav1 and pcDNA3.1-Integrin β1 plasmids. Co-IP assays were performed in AFCs transfected with pEX4-Cav1 (B) or 
pcDNA3.1-Integrin β1 (C) plasmids. Cell lysates were immunoprecipitated with either IgG, anti-Cav1 or anti-integrin β1 antibody and immunoblotted with indicated antibodies. 
While whole cell lysates (WCL) were immunoblotted with indicated antibodies. N = 3. Scale bar = 50 µm. 
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every other day, for a period of 2 weeks (Figure 8A). 
After 2 weeks of compression, magnetic resonance 

images revealed a decrease in disc height and NP 
water content when compared to the sham group 

(Figure 8B). Histological 
examinations were also performed 
to analyze the morphologic 
changes of the discs in each group. 
In both H&E and S.O. staining of 
disc sections, the collagen fibers of 
the AF arranged wavily and more 
chondrocyte-like cells appeared in 
the AF region (Figure 8C). 
Following moderate mechanical 
stimulation for 2 weeks, magnetic 
resonance images showed the 
recovery of NP water content 
(Figure 8B), and H&E and S.O. 
staining results showed typical 
morphologic recovery of the discs 
after dynamic traction (Figure 8C). 
In general, the degenerative discs 
after traction showed better 
restoration when compared to that 
of rats in the release group. 
Furthermore, we performed the 
immunohistochemical staining 
assay to analyze the expression of 
Cav1, p-p65, COX-2 and Collagen 
I in the AF of each disc from 
different groups. The data 
demonstrated that the expression 
of Cav1, p-p65 and COX-2 
upregulated in the compressed 
discs, but reduced significantly in 
the discs treated with moderate 
mechanical stimulation (Figure 
8D). However, the expression of 
Collagen I showed a reverse trend 
with a high expression level in the 
discs treated with moderate 
mechanical stimulation, 
representing a kind of 
compensatory repair of 
degenerative discs (Figure 8D). 
Consistent with in vitro results, 
moderate mechanical stimulation 
may have beneficial effects for the 
repair of degenerative discs, which 
may rely on the Cav1-mediated 
signaling pathways. 

Discussion 
In this study, we 

demonstrated that moderate 
mechanical loading relieved 
cellular inflammation induced by 

 

 
Figure 8. Effects of moderate mechanical stimulation on disc repair and regeneration in vivo. (A) Gross 
observation of IVDs in the groups of sham, compression, release and traction. Magnetic resonance images (B), H&E 
and Safranin O (S.O.) staining (C) of IVDs from the groups as described above. (D) Immunohistochemical expression 
of Cav1, p-p65, COX-2 and Collagen I in IVDs from the groups as described above. Negative control was shown in 
Figure S4. N = 3. 
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IL-1β via inhibiting the Cav1-mediated integrin β1 
and NF-κB signaling pathway. IVD is a pad of 
fibrocartilage that transmits loads and provides 
flexibility to the spine [45]. Therefore, IVD is 
considered to be situated in a loaded environment, in 
which the cells are subjected to mechanical stimuli, 
involving in tensile, compressive and shear stresses 
[18]. Recent studies suggested the possibility of 
aberrant mechanical loading stresses in the aetiology 
of disc degeneration [46, 47]. It is reported that 
excessive mechanical loading may result in 
deleterious changes of the discs by decreasing the 
expression level of anabolic genes, while 
simultaneously accelerating the expression of 
catabolic genes, such as Mmps and Adamts [48]. In 
contrast, moderate mechanical loading is important 
for a healthy IVD by promoting the anabolism of ECM 
and contributing to the regeneration of the tissue [49]. 
It is known that cells embedded in the discs can sense 
various mechanical signals, originated from the 
extracellular microenvironment, and transduce them 
into intracellular biochemical signals to influence cell 
fates. Moreover, recent studies have elucidated the 
mechanosensitive mechanisms of tissue (re)modeling 
[50-52]. For instance, mechanical loading at the 
physiological level improves the proliferation, 
migration, differentiation of cells, which finally 
contributes to tissue remodeling [53, 54]. Here, we 
used a loaded cell culture system which applied 
mechanical loading to cells in vitro to partially mimic 
the in vivo mechanical environment of AFCs. Of note, 
12% CTS led to inflammatory responses in AFCs, 
while 5% CTS promoted cell migration, proliferation 
and ECM synthesis and showed protection from 
cellular inflammation. Furthermore, both in vitro and 
in vivo studies implied that decreased Cav1 expression 
could be a critical factor in anti-inflammatory effects 
and disc repair. Overall, these findings provide new 
insights into the novel mechanism underlying the 
repair and regeneration of degenerative disc induced 
by physiologic stimulation. 

Mechanical stimulation underlies a very large 
coterie of cell behaviors, including cell morphology, 
proliferation, motility, gene expression, enzyme and 
matrix production [55]. Here, we found that AFCs, 
under static condition, showed a flattened cell shape, 
but the morphology of stretch-treated cells became 
slender and spindle-like. We also found that AFCs in 
the 12% CTS group grew along the perpendicular 
direction of longitudinal mechanical force, in contrast 
to random directions of cells in the control group and 
2% CTS group. (Figure 1A, B). Such a difference in cell 
morphology and alignment might attribute to the 
cytoskeletal remodeling [56]. However, the explicit 
mechanism underlying these biological processes 

remains to be further elucidated. Previous studies 
have demonstrated that the proliferation, migration 
and ECM synthesis of the native cells are important 
biological processes underlying tissue repair [57-59]. 
In addition, certain mechanical stimulation can 
promote cell proliferation, increase ECM production, 
and benefit for tissue repair [60, 61]. Moreover, 
mechanical stimulus is reported to achieve increased 
IVD cell proliferation and ECM deposition [62-64]. In 
our study, we found that 5% CTS promoted AFC 
proliferation, migration and ECM synthesis, but 12% 
CTS had the opposite effects (Figure 1C-D and 
Figure 2) and increased the expression of 
inflammatory genes, i.e., Cox2, Tnfa, Il1b, etc. (Figure 
3A). Combined with the results of transcriptome 
sequencing analysis, 12% CTS could activate the 
inflammatory response, while 5% CTS increased the 
expression of ECM-related genes (Figure 4). Thus, 5% 
CTS was defined as moderate mechanical stimulation, 
which benefited cell growth. In contrast, 12% CTS was 
considered as excessive mechanical stimulation that 
could lead to inflammatory responses. 

Inflammation in response to mechanical loading 
has been investigated in various studies. For instance, 
exposure of chondrocytes to excessive mechanical 
loading resulted in upregulation of inflammatory 
cytokines and matrix proteinases, such as IL-1β, 
TNF-α, MMP-3 and MMP-13 [65, 66]. Naoto and 
colleagues further explored the mechanisms 
underlying the mechanics-induced inflammatory 
response and demonstrated that excessive mechanical 
loading increased the sensibility of mechanosensors, 
such as integrin and focal adhesion kinase (FAK) [67]. 
In contrast, moderate mechanical loading has 
protective effects on inflammatory responses in 
chondrocytes. Thompson et al. demonstrated that the 
production levels of NO and PGE2 in articular 
chondrocytes induced by IL-1β were declined after 
subjected to CTS at 0.33 Hz, 10% strain [68]. Guilak et 
al. concluded that moderate loading was necessary for 
articular cartilage repair by modulating joint 
inflammation [69]. Lee et al. reported that mechanical 
loading could recover the injured tendon through the 
regulation of macrophage polarization [70]. Taken 
together, these findings point out that moderate 
mechanical stimulation can recover the injured tissues 
by reducing local inflammation. Recently, there is 
increasing evidence indicating that mechanical 
traction is one of the most effective physical therapy 
for alleviating symptomatic pain of IVD [71]. In a 
study, moderate CTS was reported to decrease the 
expression of catabolic genes in the AF under 
inflammatory conditions [72]. As a result, mechanical 
loading was proposed as a therapeutic option for the 
repair of IVD. In this study, we observed a decrease in 
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pro-inflammatory cytokines in IL-1β-treated AFCs 
after subjected to 5% CTS (Figure 3B). However, how 
IVD cells sense a mechanical stimulation and convert 
it into a biochemical signal to regulate inflammatory 
response in AFCs remains elusive. 

Integrin, focal adhesion kinase (FAK) and 
cadherin are known as mechanosensitive molecules 
that sense mechanical loads in cells [73]. Integrin is a 
transmembrane protein which acts as a receptor that 
binds to the ligands of ECM and cell-surface, while 
cadherin, a calcium-dependent cell adhesion protein, 
mediates homotypic adhesion between cells. Usually, 
cadherin functions as an upstream regulator of 
integrin activation and localization. For instance, 
Schwartz et al. demonstrated that the intercellular 
mechanosensitive complex of PECAM1, VEGF 
receptor and cadherin could transmit external force, 
activate integrins and finally lead to cellular 
alignment in response to shear stress [74]. Indeed, 
integrins and cadherins have been historically 
regarded as functionally and spatially crosstalk 
receptors, which determine the organization of 
mechanical signals at both cell and tissue level [75, 
76]. However, the assembly of integrin induced by 
external force also relies on another mechanosensitive 
protein of Cav1, which is the core structural protein of 
caveolae [77]. The mechanical forces, such as shear 
stress, pressure and stretch, are all shown to have 
various effects on caveolae. The absence of caveolae 
can make the vasodilator generating pathways lose 
their function in response to shear stress [78]. 
Caveolae deform under physiological mechanical 
stretch, but return to their original shape once the 
stimulus is removed [79]. Cav1 is critical for the 
pressure-induced myogenic tone, which has a major 
role in the regulation of blood flow [80]. According to 
recent studies, Cav1 is also reported to be involved in 
mechanical loading-related disc degeneration and 
repair [81]. In this study, we found that the expression 
of Cav1 and integrin β1 increased in AFCs treated 
with 12% CTS (Figure 4D and 5A, B), while 
significantly decreased after treated with 5% CTS 
(Figure 5A, B). Moreover, Cav1 and integrin β1 
interacted with each other directly (Figure 7) and 
overexpression of Cav1 activated the NF-κB signaling 
pathway (Figure 6D-F), which plays a critical role in 
cellular inflammatory responses under mechanical 
loading [82]. However, the relationship between Cav1 
and mechanical loading-induced disc degeneration or 
repair needs further investigation. 

Disc degeneration includes marked loss of water 
content in the NP, random and disorganized 
arrangement of the fibers and the changes of collagen 
content. It was previously demonstrated that the 
height of disc and water content of NP can be 

recovered by traction. Kroeber et al. used a rabbit 
model to investigate the regeneration of the disc by 
dynamic disc distraction for 28 days [23]. Luo et al. 
revealed that the degenerative discs of the rat caudal 
vertebrae could be repaired by immobilization- 
traction for 8 weeks [83, 84]. However, it is 
inconvenient for the patients to have the lumbar 
traction for such a long period of time. Thus, more 
effective and convenient treatments are necessary. In 
this study, we first established an early degenerative 
disc model by compressing the rat tail vertebrae for 2 
weeks and then treated the disc with timely and 
controllable dynamic traction in an attempt to reverse 
the structure and function of the discs (Figure 8A). 
Clearly, after 2 weeks of dynamic traction, the water 
content of NP largely recovered and the compressed 
AF became more organized (Figure 8B, C). 
Meanwhile, the elevated expression of COX-2, Cav1 
and its down-stream p-p65 in the degenerative discs 
was restrained after applying dynamic traction. 
Together with results from in vitro studies, we 
speculate that Cav1-mediated p65 activation might be 
a critical signal in the mechanotransduction of the disc 
and is likely involved in the overloading-induced 
degeneration of disc. Nonetheless, further studies are 
needed to explore the crosstalk between Cav1 and p65 
signaling pathways in vivo, and functional evaluation 
of recovered IVDs using biomechanical tests is 
necessary. 

Conclusions 
In summary, in this study we investigated the 

effects of mechanical loading on discs at the cellular 
and tissue levels through in vitro and in vivo models. 
We found that excessive mechanical loading (12% 
CTS) suppressed AFC proliferation and migration, 
and increased the expression levels of inflammatory 
genes. On the contrary, moderate mechanical loading 
(5% CTS) rescued the inflammatory responses and 
enhanced AFC proliferation, migration and ECM 
synthesis by suppressing Cav1-mediated integrin β1 
and NF-κB signaling pathways. In addition, in vivo 
results revealed that moderate mechanical stimulation 
could recover the water content of the NP and 
accelerate the reconstruction of the degenerative 
discs. Taken together, this study may foster progress 
towards understanding of the anti-inflammatory 
effects physiologically equivalent stimulations have 
on the cells and also provide the possibility of 
innovative design of physical therapies for DDDs. 
Further translational studies are needed to verify the 
clinical efficacy of mechanical stimulation by means of 
dynamic traction for DDD treatments. 
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