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Abstract

Background
The combination of low-level laser therapy (LLLT) and stem cell transplantation with tendon-derived stem
cells (TDSCs) as seed cells provides a new treatment strategy for tendon injury. Nevertheless, the effect
of LLLT on the biological behavior of TDSCs and its internal mechanisms remain unclear. The purpose of
this study was to verify the effect of LLLT with a wavelength of 532 nm on the proliferation and
differentiation of TDSCs of Sprague-Dawley (SD) rats.

Methods
TDSCs were isolated from Achilles tendons of SD rats and identi�ed by cell morphology and �ow
cytometric analysis. Energy density gradient experiment was performed to determine the ideal energy.
Then TDSCs were treated with LLLT using a wavelength of 532 nm at a �uence of 15J/cm2. Cell
response after irradiation was observed at 6, 12 and 24 hours to ascertain cell morphology and cell
proliferation. RT-PCR was used to detect the RNA expression levels of the key genes of TDSCs
differentiation including Scx, Tnmd, Mkx and Dcn, PPARγ, Sox9 and Runx2. Then gene chip microarray
was used to detect the expression of differential genes after 532 nm laser intervention in TDSCs, and the
target genes were screened out to verify the role of target genes in this process.

Results
When the 532 nm laser energy density was 15 J/cm2, the proliferation capacity of TDSCs was improved
(2.73 ± 0.24 vs. 1.81 ± 0.71, P < 0.05), and the expression of genes related to tenogenic differentiation of
TDSCs was signi�cantly increased (P < 0.01), showing the potential of tenogenic differentiation. After
RNA-seq and bioinformatics analyses, we speculated that Nr4a1 was involved in the tenogenic
differentiation process of TDSCs regulated by 532 nm laser treatment. Subsequent experiments
con�rmed that Nr4a1 regulated the expression of the tenogenic differentiation genes scleraxis (Scx) and
tenomodulin (Tnmd) in TDSCs, affecting the process.

Conclusion
A 532 nm laser with 15J/cm2 regulated the process of TDSC proliferation and tenogenic differentiation
by up-regulating Nr4a, which could accelerate tendon healing.

Background
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With population aging and the promotion of sports, the number of people suffering from tendon injuries
is growing, with such injuries affecting younger and younger populations. According to the
epidemiological statistics, approximately 45% of musculoskeletal injuries are tendon or ligament injuries
in the US, and the incidence of tendon injury is more than 40% in baseball players and long-distance
runners [1]. Surgical treatment, which is the main treatment method for tendon injury, mainly involves the
combination of tendon suture and external �xation [2]. However, problems remain concerning
postoperative tendon mechanical strength, scar tissue hyperplasia, tissue adhesion, etc. [3]. Therefore,
identifying a tendon repair strategy with less damage and high e�ciency is of urgent importance.

Over recent years, stem cell transplantation in tissue engineering has become widely used to treat tendon
injury. Mesenchymal stem cells (MSCs), which have a wide range of sources, are relatively simple to
obtain. These cells also have the potential for rapid proliferation and multidirectional differentiation
under speci�c conditions, and are thus important seed cells for tissue engineering [4]. For example,
adipose-derived stem cells (ADSCs) have been applied in tendon repair [5]. Tendon-derived stem cells
(TDSCs) not only have the characteristics of mesenchymal stem cells, comparable to the more
commonly-used seed cells such as bone marrow stem cells (BMSCs), but can also highly express tendon-
related genes and proteins, such as scleraxis (Scx), tenomodulin (Tnmd), and mucin C, and have a special
tendency to differentiate into tendon cells [6, 7]. Therefore, numerous researchers have explored the
application of TDSCs in the treatment of injured tendons [8]. Some researchers transplanted TDSCs into
a rat model of patella tendon injury and found that, compared with the control group, the repaired tendon
showed a more orderly arrangement of �brous tissue and stronger biomechanics after 8 weeks [9]. Still,
there are some practical problems in applying stem cells in clinical treatment, such as unclear
differentiation mechanism, maintenance of the differentiation ability of stem cells, and di�culty in
controlling the direction of differentiation [6].

Low level laser therapy (LLLT) is a non-invasive phototherapy method that uses a laser to biologically
stimulate cells without thermal stimulation, affecting the biological behavior of cells and accelerating
tissue repair and reconstruction [10]. Since the discovery of lasers in the 1960s, LLLT has shown great
prospects for clinical application, such as in wound healing, androgenetic alopecia, muscle pain relief,
and regulation of in�ammation, because of its advantages of causing only slight damage, its strong
operability, and nontoxic side effects [11, 12]. Studies have shown that LLLT can regulate the proliferation
and differentiation of MSCs. Tani et al. reported that a 635 nm laser regulates differentiation of BMSCs
into osteoblasts by activating the AKT signaling pathway, which enhances cytoskeletal construction and
bone mineralization formation patterns [13]. The effects of LLLT of different wavelengths and energy
densities on MSCs are different. In a study comparing the effects of a 630 nm laser and an 810 nm laser
on the proliferation of ADSCs at energy densities of 0.6 J/cm2, 1.2 J/cm2, and 2.4 J/cm2, it was found
that a 630 nm laser with energy density of 1.2 J/cm2 and an 810 nm laser of 2.4 J/cm2 had the strongest
effect on the activity of ADSCs [14]. Numerous studies have shown that LLLT at a speci�c wavelength
and appropriate energy density activated MSCs and promote their proliferation and differentiation in
vitro.
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Our research group is devoted to exploring the mechanism of a 532 nm laser and its effect on tendon
repair. In our previous study, we used an optical treatment method called photochemical tissue bonding
(PTB) which employed a 532 nm laser and the photosensitizer Rose Bengal (RB) to treat Achilles tendon
injury in rats. Our results revealed that such an approach promoted repair of the injured tendon, and the
biomechanical strength of the tendon was also signi�cantly enhanced. Furthermore, study of the
mechanism revealed that the continuous low release level of reactive oxygen (ROS) in tendon cells
treated with a 532 nm laser activates the RhoA/NF-κB pathway, thereby promoting the proliferation and
migration of tendon cells and accelerating tendon healing [15, 16]. Most researchers believe that TDSCs
have an important role in repairing injured tendon [17, 18]. Whether the proliferation and differentiation of
TDSCs can be regulated to promote the repair of the injured tendon during the process of 532 nm laser-
induced repair of injured Achilles tendon remains to be elucidated.

Accordingly, the current study aimed to isolate, identify, and culture TDSCs from SD rats. Additionally,
after identifying a reasonable energy density of TDSCs irradiated by a 532 nm laser, the in�uence of the
532 nm laser on the proliferation and differentiation of TDSCs was investigated. RNA sequencing (RNA-
seq) was used to detect differentially-expressed genes in TDSCs after 532 nm laser irradiation, and the
key genes were screened and veri�ed by bioinformatics analysis so as to explore the possible mechanism
via which the 532 nm laser regulated the proliferation and differentiation of TDSCs.

Materials And Methods
TDSC isolation and cell culture

Achilles tendons (AT) were harvested from one of the hindlimbs of Sprague–Dawley (SD) rats,
anesthetized with 0.5% pentobarbital sodium (0.3 mL/100 g, Sigma-Aldrich) by intraperitoneal
administration. Pieces of the ATs 0.5 × 1.0 cm2 were isolated, cut into 0.25 cm3 pieces and digested with
type I collagenase (2 mg/mL; Sigma-Aldrich, St Louis, MO, USA) in DMEM supplemented with 2% fetal
bovine serum for 16 h at 37°C and collected using a 70-mm cell strainer to produce a single cell
suspension. The cells were washed in PBS by centrifugation at 800 × g for 5 min then reseeded at 1 × 104

cells/cm2 in monolayer cultures in complete high glucose DMEM (HG-DMEM) supplemented with 20%
fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. After 24 h of initial culture, the
rapidly-adherent, �broblast-like cells were excluded by transferring the nonadherent cells to fresh culture
�asks. At day 7, TDSCs were trypsinized and mixed together as passage 0, after which they were
passaged four or �ve times before use for experiments. 

Flow cytometry assay

In order to con�rm the presence of surface antigens characteristic of TDSCs, TDSCs at passage 4 were
harvested by digestion with 0.25% trypsin/ ethylenediaminetetraacetic acid (EDTA) as described above.
Approximately 1 × 106 cells separated through centrifugation were incubated with 1 mg �uorescein
isothiocyanate (FITC) or phycoerythrin (PE) �uorescent dyes conjugated with anti-rat monoclonal
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antibodies (CD44, CD45, and CD90), then �xed in 4% paraformaldehyde at room temperature for 20
minutes. After washing with 200 μL PBS (pH = 7.4), cells were removed from the �xing solution and
resuspended in PBS for �ow cytometry. Analysis of the phenotypic results was performed with an FC 500
Flow Cytometry Analyzer (Beckman Coulter, Brea, CA, USA).

Laser intervention method

A 532 nm Nd:YAG laser (Oculight; Iridex, Mountain View, CA, USA) with a diameter of 5 mm was used.
During the irradiation, the distance between the laser emitter and the cell layer was kept at 6 cm for all cell
groups. Sterile foil was used to create an enclosed space to prevent interference caused by light
dispersion and refraction. After irradiation, the cells were returned to the incubator for further culture, and
the stem cell culture medium was replaced every 1–2 days.

Cell Titer-Glo (CTG) assay

In order to determine the effect of 532 nm laser irradiation with different energy densities on cell viability,
so as to choose a reasonable energy density for subsequent experiments, cells were seeded into 96-well
plates at a density of 1 × 104 cells/well. The cells were then assigned to one of seven energy density laser
groups (0 J/cm2, 1.5 J/cm2, 3 J/cm2, 6 J/cm2, 9 J/cm2, 15 J/cm2 and 24 J/cm2). The irradiation times
for these seven groups were: 0 s, 30 s, 60 s, 2 min, 3 min, 5 min, and 8 min, respectively. The CTG assay
was performed at 24 and 48 h after a single exposure.

Crystal Violet assay

To determine the effects of 532 nm laser irradiation on cell activity and proliferation, cells were seeded
into 96-well plates at a density of 1 × 104 and incubated at 37°C in a constant temperature incubator.
After 6, 12, or 24 h, the culture medium was removed, and cells were �xed with 4% paraformaldehyde
(PFA) solution for 15 min at room temperature (RT). Then, cells were washed with PBS, and each well
was stained with 100 µL of 0.2% Crystal Violet solution in PBS for 15 min at RT. Deionized water was
used to wash the dye solution from the plates, and the dye was then solubilized in 100 µL of 1% sodium
dodecyl sulfate (SDS) solution in PBS. Optical density (OD) was measured at an emission wavelength of
570 nm using a microplate reader to compare the cell proliferation of the two groups. 

Quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) 

RT-PCR was performed to analyze the differentiation-related gene expression after 24 and 48 h of 532 nm
laser single irradiation. Total RNA was extracted using an RNA puri�cation kit (Corning, Corning, NY, USA)
according to the manufacturer’s instructions. Reverse transcription (RT) was performed using a Prime
Script RT Reagent Kit (Takara Bio Inc., Shiga, Japan) to reverse transcribe RNA into cDNA. Real-time PCR
was quanti�ed using SYBR Premix Ex Taq (Takara Bio Inc.) in a Light Cycler® 96 System (Roche, Basel,
Switzerland). The speci�c primers for differentiation-related genes (Invitrogen, Carlsbad, CA, USA) used in
this study are listed in Table 1. GAPDH was used as an internal control. The results are presented as the



Page 6/23

relative expression ratios of the target sample to the control group for each sample, calculated using the
2-ΔΔCT method.

Western blotting 

Total protein was collected from cultured cells using Lysis Buffer (RIPA, Beyotime, Shanghai, China)
supplemented with 1% protease inhibitor (Roche Applied Science), and a total of 40 μg protein were
loaded for electrophoresis. The proteins were separated by SDS polyacrylamide gel electrophoresis (SDS-
PAGE) using a 10% gel, and transferred to a nitrocellulose membrane (Merck Millipore, Darmstadt,
Germany). Membranes were blocked for 1 h with 5% nonfat milk at RT, and blots were probed with the
following antibodies: anti-Nr4a1 (1:1,000, ab13851, Abcam, Cambridge, UK), anti-Scx (1:1,000, ab185940,
Abcam), and anti-tenomodulin (1:1,000, ab203676, Abcam) at 4°C overnight. After washing in Tris-
buffered saline containing Tween, the membrane was incubated with anti-rabbit IgG (1:1,000, ab205718,
Abcam) for 1h at RT. 

Gene chip microarray assay and analysis

After 48h of 532 nm single laser irradiation, cells of 532 nm laser group and control unirradiated cells
were dissolved in Trizol (Life Technologies, USA) for total RNA isolation. RNA concentration was
quanti�ed using the EXON Gene Chip instrument (Affymetrix, Thermo Fisher Scienti�c, Waltham, MA,
USA), and RNA integrity was assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA, USA). For gene expression analysis, the Gene Chip Command Console software version 4.0
(Affymetrix) was used to extract raw data according to the manufacturer’s instructions. Basic analysis
was performed using the Gene software version 13.1 (Agilent Technologies). RNA normalization was
performed using the Expression Console software version 1.3.1 (Affymetrix). Ultimately, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and gene ontology (GO) analyses were applied to
clarify the molecular functions of up-regulated genes and relevant pathways.

Tendon injury model 

Thirty-six SD rats (male, 6-weeks-old) were obtained from the Laboratory Animal Services Centre. All the
animals were housed in an environment with a temperature of 25 ± 1ºC, a relative humidity of 65 ± 5%,
and a light/dark cycle of 12/12 hr. Animals were given water and sterilized food ad libitum. All animal
studies (including the rat euthanasia procedure) were carried out in compliance with the regulations and
guidelines of Shanghai Jiao Tong University institutional animal care and conducted according to the
AAALAC and the IACUC guidelines.

Thirty-six rats were divided into two groups: a control group and a 532 nm laser group. For the tendon
injury model, we adopted a rat model of Achilles-tendon injury following a previously-reported method
[19]. The Achilles tendon was separated from the plantaris and soleus tendons and injury were surgically
induced by semi-cutting, followed by primary suture repair. For rats in the laser group, the tendon was
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irradiated with a 532 nm laser and then sutured, while for those in the control group the tendons were
directly sutured. Tendon tissue samples were collected 7 days after modeling. 

Hematoxylin and eosin (H&E) staining

Normal and degenerative tendons were �xed with 4% paraformaldehyde, dehydrated with 30% sucrose,
embedded in OCT (Sakura Finetek, Torrence, CA, USA), and frozen at -80°C before sectioning.
Cryosections were cut at 5 μm thickness and stained with H&E (Sakura Finetek) to observe cell
morphology and cell number. The samples were imaged using an upright microscope (Olympus, Tokyo,
Japan).

Immunohistochemistry 

The specimens of the tendon injury model were collected and divided into two groups for histological
tests. The tissues were �xed in 4% paraformaldehyde solution, dehydrated with a series of graded
ethanol, and then embedded in para�n. Sections were stained as 5 mm-thick sections with Anti-Nr4a1
(1:1,000, ab13851, Abcam). After nonspeci�c reactive sites were blocked with 5% bovine serum albumin,
slides were incubated overnight at 4°C with anti-rat targeted antibodies at 1:200 to 1:500 dilutions and
then conjugated with goat anti-rabbit IgG (1:1500; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
secondary antibody in the dark at RT for 1 h. Finally, the sections were stained with 3,3′-diaminobenzidine
and then counterstained with hematoxylin.

Cell transfection 

The Nr4a1 coding sequence was cloned into the pCDNA3.1 (+) vector. The primers were as follows: 

F: ATGCGATTCTGCAGCTCTTCC, 

R: GGGTGGTATTGTCGTAGTAGAAGG. 

TDSCs (5 × 103 cells/well) were plated into 6-well plates and transfected with either blank pCDNA3.1 (+)
vector or pCDNA3.1(+)-Nr4a1. The transfection was performed using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer's instructions. After 6–8 h, TDSCs were washed and cultured
for 24 h in complete medium.

Statistical analysis

All individual experiments were performed at least three times, with three replicates. Data are expressed
as means ± standard deviation (SD). All statistical analyses were carried out using SPSS 13.0 (IBM,
Armonk, NY, USA). Differences among more than two experimental groups were evaluated by one-way
ANOVA. P ≤ 0.05 was considered statistically signi�cant. Image J and GraphPad Prism software were
used for plotting calculations.
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Results
Isolation and characterization of TDSCs

Cells were isolated from Achilles tendons of SD rats and formed initial colonies when inoculated into
culture dishes at low density. The cell morphology was cobblestone-like, and the cells had clone-forming
ability after subculture (Fig. 1a), which was in accordance with other reports [20]. In addition, the
separated cells exhibited homogeneous spindle-shaped or �broblastic features, and the morphology
remained stable for several passages (Fig. 1b). Furthermore, when compared with isotype control by �ow
cytometric analysis, 95.3% of cells were positive for CD44 (Fig. 1c), and 97.6% were positive for CD90
(Fig. 1e), but they were negative for the leukemia cell marker CD45 (Fig. 1d). These data demonstrated
that the isolated cells had characteristics of stem cells indicating that they were TDSCs.

3.2 The energy density gradient experiment of TDSCs was regulated by the 532 nm laser.

The CTG �uorescent cell viability test is a method that indirectly re�ects cell viability by measuring the
synthesis of adenine nucleoside triphosphate (ATP) in cells. We used CTG to measure the OD value of
TDSCs at 12 and 24 h after a single 532 nm laser irradiation. The experimental results (Fig. 2) revealed
that when the energy density of the 532 nm laser exceeded 6 J/cm2, the cell activity of TDSCs in each
group signi�cantly increased compared with that in the control group (P < 0.01), and the cell activity of
TDSCs also increased with the increase of energy density. However, when an energy density of 15 J/cm2

or 24 J/cm2 was used, there was no signi�cant difference in the cell viability of TDSCs in the two groups
(P > 0.05). Therefore, we selected the 15 J/cm2 group for subsequent study.

The 532 nm laser stimulated the proliferation of TDSCs.

To investigate the impact of the 15 J/cm2 532 nm laser on the proliferative ability of TDSCs, we used the
Crystal Violet staining method to analyze the number of cells in the control group and the 532 nm laser-
treated group at 6, 12, and 24 h (Fig. 3a). When the cells were cultured for 6 h, the TDSCs of the two
groups were adherent to the wall, and the cell inoculation density was basically the same. At 24 h, the cell
morphology was polygonal, and the number of cells in the 532 nm laser group signi�cantly increased.
After dissolving the Crystal Violet with SDS, the OD values of the two groups were measured (Fig. 3b).
This showed that the OD value of the 532 nm laser group was signi�cantly higher than the control group
(2.73 ± 0.24 vs.1.81 ± 0.71, *P < 0.05). Thus the 532 nm laser at 15 J/cm2 can promoted the proliferation
of TDSCs.

Irradiation with a 532 nm laser regulated the differentiation of TDSCs.

To investigate the effect of 532 nm laser irradiation on the differentiation ability of TDSCs, RT-PCR was
used to analyze the RNA expression levels of the key genes of TDSC differentiation, Scx, Tnmd, Mkx, and
Dcn (related to tendinous differentiation), PPARγ (adipogenic marker gene), Sox9 (chondrogenic marker
gene) and Runx2 (osteogenic marker gene). Our data showed that at 24 and 48 h, the expression levels of
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Scx and Tnmd genes in TDSCs in the 532 nm laser group were signi�cantly increased compared with
those in the control group, showing a statistically-signi�cant difference (**P < 0.01). In contrast, the
markers of adipogenic, chondrogenic, and osteogenic differentiation did not signi�cantly change (P >
0.05), which indicated that after 532 nm laser intervention, the tenogenic differentiation-related markers
of TDSCs were highly expressed, inducing the cells to differentiate into tendon cells.

The Nr4a1 and the TGF-β signaling pathway is involved in the process of TDSC differentiation regulated
by 532 nm laser irradiation.

To investigate the mechanism of 532 nm laser irradiation in regulating the differentiation process of
TDSCs, gene expression was analyzed in TDSCs collected from the laser-treated group and the control
group using gene chip microarray (Fig. 5a). GO and KEGG pathway analyses were performed to con�rm
the roles of up-regulated genes in molecular functions and pathways. Skeletal muscle tissue
development and skeletal muscle cell differentiation were both enriched in the biological process
category of GO analyses (Fig. 5b). In addition, the TGF-β signaling pathway was enriched in KEGG
pathway analysis of up-regulated genes (Fig. 5c).

Among the 795 differentially-expressed genes identi�ed by gene chip microarray, 15 genes that were
closely related to the signaling pathways enriched by GO analysis and KEGG pathway analysis included
Nr4a1, Tnmd, Scx, Fos, Egr1, and Btg2. These genes related to the TGF-β pathway showed a signi�cant
difference in expression between the two groups. According to the literature review, among these genes,
Nr4a1 is closely related to TGF-β, and it has been reported that Nr4a1 induces cell differentiation [21, 22].
Therefore, we focused on the role of Nr4a1 in the differentiation of TDSCs regulated by 532 nm laser
irradiation.

The expression of Nr4a1 was increased in injured tendons of the rat model after 532 nm laser
intervention.

H&E staining was used to observe the repair of tendon tissue in the two groups (Fig. 6a). At 7 d, the
damaged tendon �bers in the control group were arranged in a disordered manner, with irregular cell
morphology and more “vacuole-type” structures. At 14 d, in the 532 nm laser group, the structure of the
Achilles tendon was denser, the arrangement was orderly, and the in�ltration of in�ammatory cells was
lower. The results showed that the repair effect in the 532 nm laser group was better than that of the
control group.

To verify whether Nr4a1 was expressed in tendon tissues after 532 nm laser intervention, the expression
of Nr4a1 in Achilles tendon tissue was analyzed by immunohistochemical staining. The results revealed
that the expression of Nr4a1 in Achilles tendon tissue was signi�cantly increased in the laser-treated
group compared with the control group (Fig. 6b and 6c).

Nr4a1 inhibited the expression of Scx and Tnmd to regulate the differentiation of TDSCs induced by 532
nm laser irradiation.
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To preliminarily explore the role of Nr4a1 in the differentiation of TDSCs induced by 532 nm laser
irradiation, RT-PCR was used to analyze the expression of the Nr4a1 gene in TDSCs of the 532 nm laser
group and the expression changes of Scx and Tnmd in TDSCs of the transfected Nr4a1 siRNA+ 532 nm
laser group. The results showed that Nr4a1 expression after 532 nm laser irradiation of TDSCs was
signi�cantly increased compared with the control group (2.74-Fold, P < 0.01) (Fig. 7a). The expression
levels of Scx and Tnmd genes in the Nr4a1 siRNA+532 nm laser group were signi�cantly down-regulated
compared with the 532 nm laser group (P < 0.05) (Fig. 7b). The expression levels of the proteins Scx and
Tnmd related to tendon differentiation in TDSCs in the 532 nm laser group were signi�cantly increased
compared with the control group (P < 0.05), while the expression levels of proteins Scx and Tnmd in the
Nr4a1 siRNA+ 532 nm laser group were signi�cantly decreased compared with the 532 nm laser group (P
< 0.05) (Fig. 7c and 7d). These results show that inhibiting the expression of Nr4a1 also blocked the
expression of Scx and Tnmd.

Discussion
Over recent years, low-level laser therapy (LLLT) has achieved good e�cacy in inhibiting in�ammation,
relieving pain, and promoting injury repair. Some researchers used an 808 nm laser of 6.38 J/cm2 to
irradiate the wound in a rat injury model, and the results showed that the wound surface contraction rate
of the 808 nm laser group was faster than that of the control group at 2 weeks after injury, while the
average wound healing rate was signi�cantly higher [23]. The role of LLLT in the repair of tendon injury
has attracted increasing attention. In our previous study, we used a 532 nm laser combined with the
photosensitizing agent Rose Bengal (RB) to treat an Achilles tendon injury in rats and observed that this
treatment signi�cantly promoted the repair of the injured Achilles tendon. Further studies revealed that
the tendon cells treated with the 532 nm laser exhibited sustained and low release of reactive oxygen
species (ROS), which could activate the RhoA/NF-B pathway, promote the proliferation and migration of
tendon cells, and accelerate tendon healing [15, 16]. Therefore, in this study, we wanted to investigate
whether a 532 nm laser promoted the repair of injured tendon by regulating the proliferation and
differentiation of TDSCs.

Previous studies have con�rmed that LLLT promoted the proliferation of vascular endothelial cells,
osteoblasts, and other cell types. Some researchers believe that the main reason why LLLT promotes cell
proliferation is that the colored groups in mitochondria absorb and convert the light energy from LLLT
irradiation into chemical energy, which is stored and utilized in the form of ATP, so as to enhance cell
proliferation and activation [24]. Altan et al. irradiated the damaged upper incisors of mice with a laser of
15 J/cm2 at 830 nm wavelengths. After 1 week, they found increased neovascularization, signi�cant
proliferation of osteoblasts and osteoclasts, and accelerated bone reconstruction [25]. The regulation and
differentiation induced by LLLT is closely related to the energy density and wavelength of the laser [26]. In
this experiment, we investigated the energy density and found that the proliferation capacity of TDSCs
was signi�cantly enhanced when the energy density exceeded 6 J/cm2. At the same time, we found no
signi�cant difference in proliferation capacity between the groups treated with energy densities of 15
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J/cm2 and 24 J/cm2. Therefore, we chose 15 J/cm2 as the appropriate energy density for subsequent
studies.

Scx and Tnmd are not only important transcription factors expressed in TDSCs during tendon
differentiation but also key genes related to the formation and development of tendons [27]. Nicholas et
al. pointed out that when gene knockout technology was used to construct Scx-de�cient mice, their
tendon tissues were naturally de�cient due to the decrease of tendon matrix and disordered �ber
arrangement, indicating the importance of Scx in the process of tendon formation [28]. TDSCs
spontaneously express Scx and Tnmd. When TDSCs differentiate into adipocytes or chondrocytes, the
expression of Scx and Tnmd are signi�cantly decreased, while the expression of Scx and Tnmd are often
increased during the differentiation of TDSCs into tendons and ligaments, thus indicating that Scx and
Tnmd have a certain speci�c correlation with the differentiation of tendons [29]. Therefore, we used Scx
and Tnmd as two observational indicators to judge the differentiation of TDSCs. RT-RCR and western blot
detection showed that both the gene and protein levels of Scx and Tnmd of TDSCs at different phase
points after 532 nm laser irradiation were signi�cantly higher than those of the control group (P < 0.01),
suggesting that a 532 nm laser could regulate the tendon differentiation of TDSCs.

Orphan nuclear receptor NR4A1, a member of the early response gene family, also known as Nur77 or
TR3, is widely expressed in a variety of tissues, including skin, muscle, and blood [30]. It is rapidly
expressed under chemical and physical stimulation and speci�cally combines with the regulatory region
of the target gene to exert its role in regulating gene transcription, thus participating in cell survival and
apoptosis, energy metabolism, in�ammatory response regulation, angiogenesis and remodeling, and
other cellular biological behaviors [21, 31]. Some studies have shown that Nr4a1 inhibited apoptosis by
reducing the activity of caspase 3/caspase 8 [32]. Moreover, it regulates the expression of cell cycle
genes and promotes cell proliferation and differentiation [33]. Some experiments found that in Nr4a1-
de�cient mice, the apoptosis of bone-marrow-derived monocytes was accelerated, and their
differentiation was inhibited [34]. However, the mechanism via which Nr4a1 regulates cell differentiation
is still unclear. By comparing the transcription levels of Nr4a1-de�cient mice with those of normal mice, it
was found that Nr4a1 inhibited the differentiation of T cells into regulatory T cells by activating the
mTOR/Akt pathway. Thus, Nr4a1 has an important role in regulating cell differentiation [35].

In this study, we found that Nr4a1 expression was signi�cantly increased in TDSCs after 532 nm laser
irradiation, through RNA sequencing technology (RNA-seq) and GO and KEGG analysis. Moreover, Nr4a1
was closely related to the skeletal muscle development pathway, and we believe that Nr4a1 has an
important role in this process. We used Nr4a1 siRNA to inhibit the expression of Nr4a1, which targeted
Nr4a1 by interfering with Nr4a1 gene expression via mRNA degradation after transcription, resulting in
translation blockage. Our results indicated that Nr4a1 siRNA inhibited the expression of the tenogenic
differentiation-related genes Scx and Tnmd in TDSCs.

Our KEGG pathway analysis suggested that highly-enriched TGF pathways were activated during this
process. There is a negative feedback loop between Nr4a1 and TGF-β which jointly regulate �brosis in
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tissues [22]. Some studies have pointed out that the TGF-β signaling pathway was closely related to Scx,
TGF-β regulates the expression of Scx and Tnmd by activating Smad 2/3 and regulating the downstream
Sox9 [36]. From the perspective of embryonal development, TGF-β stimulates the differentiation of
mesoderm cells towards the tendon-forming direction and inhibits chondrogenesis at the same time [37].
Considering the above, it is reasonable to speculate that Nr4a1 regulates the tenogenic differentiation
factors Scx and Tnmd of TDSCs by regulating the TGF-β signaling pathway. Further experiments are
needed to verify this hypothesis.

Conclusions
In summary, we successfully isolated and identi�ed tendon-derived stem cells (TDSCs) from SD rats in
this study. After �nding the ideal 532 nm laser energy density, the effect of a 532 nm laser on the
proliferation and differentiation of TDSCs was veri�ed. Then, bioinformatics analysis revealed that 532
nm laser-treated TDSCs exhibited high Nr4a1 expression. At the same time, by transfecting TDSCs with
an Nr4a1 siRNA plasmid, we veri�ed that Nr4a1 acted during 532 nm laser irradiation to induce TDSCs to
differentiate into tendon and plays a role in the process. Meanwhile inhibiting the Nr4a1 expression of
TDSCs obviously decreased the expression of the tendon differentiation markers Scx and Tnmd at the
gene and protein levels in the 532 nm laser treatment group. Therefore, we speculated that 532 nm laser
irradiation of TDSCs activated the early response gene Nr4a1 to regulate the generation of tendon
differentiation markers such as Scx and Tnmd, promoting the differentiation of TDSCs into tendon cells
and thus promoting the repair of injured tendon. However, the speci�c intrinsic molecular mechanisms
still need to be veri�ed by further experiments.
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Tables
Table 1 Primer sequences (5′-3′) used in real time RT-PCR.

Gene Primer sequences

Scx

 

Tnmd

 

Mkx

 

Dcn

 

GADPH

 

PPARγ

 

SOX9

 

RUNX2

 

Nr4a1

Forward AACACGGCCTTCACTGCGCTG

Reverse CAGTAGCACGTTGCCCAGGTG

Forward CCAGACAAGCAAGCGAGGA

Reverse AACTTCCTATTAGACTCTCC

Forward AGTGGCTTTACAAGCACCGT

Reverse ACACTGAGCCGCTCGGCGTT

Forward TTGCAGGGAATGAAGGGTCT

Reverse TGTGGGTGAATTTGCCAATA

Forward ACAGCAACAGGGTGGTGGAC

Reverse TTTGAGGGTACAGCGAACTT

Forward CGGCGATCTTGACAGGAAAG

Reverse GCTTCCACGGATCGAAACTG

Forward AGAGCGTTGCTCGGAACTGT

Reverse TCCTGGACCGAAACTGGTAAA

Forward CCGATGGGACCGTGGTT

Reverse CAGCAGAGGCATTTCGTAGCT

Forward ATGCGATTCTGCAGCTCTTCC

Reverse GGGTGGTATTGTCGTAGTAGAAGG 

Figures
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Figure 1

(a.b) Morphological characteristics of TDSCs and identi�cation by �ow cytometry. (c-e) Morphological
characteristics of TDSCs from generation 0 and 3. Identi�cation of TDSCs by �ow cytometry for CD44,
CD90 (positive markers), and CD45 (negative marker)
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Figure 2

Effects of 532 nm laser with different energy density on cell viability of TDSCs. (a) Cell viability of TDSCs
was detected by CTG after 24h of laser intervention with 532 nm (n=6, *P < 0.05, **P < 0.01). (b) Cell
viability of TDSCs was detected by CTG after 48h of laser intervention with 532 nm (n=6, *P < 0.05, **P <
0.01).

Figure 3
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Effects of 532 nm laser on the proliferation of TDSCs. (a) The TDSCs of the control group and the 532
nm laser group were compared at 6h, 12h, and 24h by crystal violet staining. (b) The OD value of each
group was detected, and the cell proliferation was quantitatively compared (n=6, *P < 0.05).

Figure 4

Effects of 532 nm laser on differentiation of TDSCs. (a) The expression of tenogenic differentiation
markers of TDSCs after 24h of TDSCs intervention with 532 nm laser (n=6, **P<0.01). (b) The expression
of tenogenic differentiation markers of TDSCs after 24h of TDSCs intervention with 532 nm laser (n=6,
**P<0.01 ***<0.001). (c) The expression of adipogenic differentiation, chondrogenic differentiation, and
osteogenic differentiation markers of TDSCs after 24h of TDSCs intervention by 532 nm laser (n=6,
*P<0.05). (d) The expression of adipogenic differentiation, chondrogenic differentiation, and osteogenic
differentiation markers of TDSCs after 48h of TDSCs intervention by 532 nm laser.
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Figure 5

Gene expression pro�le of Rat Achilles tendon tissue. (a) Results of gene chip microarray in the control
group and 532 nm laser group. (b) The top 20 biological processes enriched in the up-regulated genes by
GO analysis of up-regulated genes. (c) The top 20 canonical pathways enriched in the up-regulated genes
by KEGG pathway analysis.
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Figure 6

The expression of Nr4a1 in Achilles tendon tissue of rats. (a) The repair of the injured Achilles tendon in
the control group and 532 nm laser group was observed by HE staining, x200 (b) The expression of Nr4a1
was detected by immunohistochemistry in human samples. x200. (c) A signi�cant difference in Nr4a1
expression level between control group and the 532 nm laser group (n=3, **P<0.01).
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Figure 7

Nr4a1 inhibition by siRNA in�uences the expression of tenogenic differentiation markers of TDSCs. (a)
Nr4a1 was highly expressed in TDSCs after 532 nm laser intervention (n=6, **P<0.01). (b) The RT-PCR
analysis of the mRNA levels of Scx, Tnmd expression in TDSCs (n=6, *P<0.05, **P<0.01). (c) Western blot
analysis of the protein levels of expression Scx, Tnmd expression in TDSCs. (d) The grayscale value of
the strip was detected, and the expressions of Scx and Tnmd were quantitatively analyzed (n=3, *P<0.05).


