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Effect of 660‑nm LED 
photobiomodulation 
on the proliferation 
and chondrogenesis 
of meniscus‑derived stem cells 
(MeSCs)
Jiabei Tong 1,2*, Suresh Kumar Subbiah 3, Sanjiv Rampal 4,5, Rajesh Ramasamy 6, 
Xiaoyun Wu 7, Yanyan You 8, Jiaojiao Wang 9 & Pooi Ling Mok 1*

Meniscus-derived stem cells (MeSCs), a unique type of MSC, have outstanding advantages in meniscal 
cytotherapy and tissue engineering, but the effects and molecular mechanisms of PBM on MeSCs are 
still unclear. We used 660-nm LED light with different energy densities to irradiate six human MeSC 
samples and tested their proliferation rate via cell counting, chondrogenic differentiation capacity 
via the DMMB assay, mitochondrial activity via the MTT assay, and gene expression via qPCR. The 
proliferation ability, chondrogenic capacity and mitochondrial activity of the 18 J/cm2 group were 
greater than those of the 4 J/cm2 and control groups. The mRNA expression levels of Akt, PI3K, 
TGF-β3, Ki67 and Notch-1 in the 18 J/cm2 group were greater than those in the other groups in most 
samples. After chondrogenic induction, the expression of Col2A1, Sox9 and Aggrecan in the 18 J/cm2 
group was significantly greater than that in the 4 J/cm2 and control groups in most of the samples. 
The variation in the MTT values and Src, PI3K, Akt, mTOR and GSK3β levels decreased with time. The 
results showed that 660-nm LED red light promoted proliferation and chondrogenic differentiation 
and affected the gene expression of MeSCs, and the effects on gene expression and mitochondrial 
activity decreased with time.

The knee meniscus, a vital tissue responsible for load transmission and shock absorption in the knee joint, is 
prone to injury and has limited self-repair capabilities. Progressive deterioration of meniscal injuries often 
leads to cartilage wear and eventually degenerative knee disease, osteoarthritis and, in some individuals, total 
knee replacement surgery1,2. The prevalence of meniscal injuries is particularly high among the middle-aged 
and elderly population, with an increasing trend observed in young adults1,3. Surgery is by far the most com-
mon medical intervention for meniscal injuries, but the success rate of treatment is low4. Most patients experi-
ence aggravated injuries leading to meniscectomy and osteoarthritis, resulting in missed work and a significant 
financial burden4.
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Regenerative medicine repair using stem cells holds great promise for meniscal repair, with research focusing 
on injectable treatments and tissue engineering using mesenchymal stem cells (MSCs)5,6. MeSCs display many 
characteristics very similar to those of MSCs, including cell surface markers (CD14+, CD29+, CD44+, CD73+, 
CD90+, CD105+, CD34-, and CD45-) and osteogenic, adipogenic and chondrogenic differentiation capacities7,8. 
MeSCs are ideal cells for meniscal cytotherapy and meniscal tissue engineering because of their advantages in 
terms of chondrogenic differentiation potential, easy access to cell sources, and high adaptability to the micro-
environment of the meniscal tissue7,9.

Photobiomodulation (PBM) is a noninvasive therapy that uses a low-intensity light-emitting diode (LED), 
laser or broadband light to relieve pain, reduce inflammation, and enhance healing; thus, it has been used clini-
cally to promote wound healing in various tissues10–12. Numerous studies have shown that PBM can affect the 
proliferation, differentiation and migration of MSCs in vitro13. We hope that these similar or better effects on 
MeSCs can be used as an ideal pretreatment for meniscal cell therapy and tissue engineering in the future.

PBM is also a potential means to enhance the performance of MSCs in tissue engineering materials and 
has been demonstrated in tissue engineering studies in a variety of tissues14,15. Red light (600–700 nm) easily 
penetrates tissues, especially collagen and other substances in tissues, so it is widely used in clinical and experi-
mental applications and is suitable for promoting cartilage and other types of tissue repair14,15. Several in vitro 
studies have demonstrated its ability to promote cell proliferation16, differentiation17, and migration18. Although 
many studies have been published on the effects of PBM on MSCs, many of them lack in-depth investigations 
on the related gene expression and molecular mechanisms. In recent years, some studies on the differentiation 
capacity of dental pulp stem cells have detected cytochemical changes only by staining, not by measuring RNA 
and protein levels19,20. Other studies on the cartilage differentiation of bone marrow MSCs have detected only 
the expression of genes related to cartilage differentiation products but not the expression of genes upstream of 
the cartilage differentiation pathway, which is directly related to PBM21.

In our unpublished study, we isolated, cultured and characterized MeSCs from six osteoarthritis patients. 
The characterization results revealed that these cells exhibited an MSC-specific phenotype and multilineage dif-
ferentiation ability in vitro. The MeSCs expressed high levels of CD29, CD44, CD73, CD90 and CD105 but not 
the hematopoietic markers CD34 and CD45. After a 4-week culture period of adipogenic differentiation induc-
tion, most cells exhibited positive Oil Red O staining, indicating adipogenic differentiation. Upon osteogenic 
differentiation induction, all the cell populations produced a mineralized matrix, as confirmed by Alizarin Red 
staining. When cultured in chondrogenic medium, all the cells presented glycosaminoglycan (GAG) deposi-
tion, as evidenced by Alcian blue staining. These characteristics are consistent with those previously reported 
for MeSCs7,22,23.

In a previous study, we compared the differences in the proliferative capacity, differentiation potential, cell 
phenotype and gene expression of cells with different media compositions and different numbers of media. We 
found that cells cultured in low-glucose DMEM as the basal medium supplemented with fetal bovine serum (FBS) 
and fibroblast growth Factor 2 (FGF2) cytokines presented increased proliferative capacity and chondrogenic 
differentiation ability (unpublished data). To investigate the mechanism of the changes in the chondrogenic 
differentiation potential of MeSCs, we cultured the cells in the optimized culture medium and irradiated them 
with 660 nm LED PBM.

Methods
In the present study, the medial and lateral meniscuses of human patients who underwent total knee arthro-
plasty at Hospital Sultan Abdul Aziz Shah, Universiti Putra Malaysia, were obtained with the approval of the 
Ethics Committee for Research Involving Human Subject-Universiti Putra Malaysia Malaysia (Ethics approval 
No. JKEUPM-2020-26). The donors consisted of three females and three males (mean age: 68 ± 2.5; age range: 
66–72 years). The meniscus tissues were rinsed five times with phosphate-buffered saline and immersed in a 
5% solution of penicillin‒streptomycin (Life Technologies, Carlsbad, CA) for 15 min. Then, the meniscus tis-
sues were treated with collagenase type I (2 mg/ml; Solarbio, Beijing, China) in DMEM/F12 (Nacalai Tesque, 
San Diego, CA, USA) and 1% penicillin‒streptomycin F12 (Nacalai Tesque, San Diego, CA, USA) for 6 h. The 
digested tissues were subsequently passed through 70-µm cell strainers (Millipore Sigma, St. Louis, MO, USA) 
and then cultured in DMEM/F12 F12 (Nacalai Tesque, San Diego, CA, USA) supplemented with 10% fetal calf 
serum (FBS) (Sigma, St. Louis, MO, USA) and 1% penicillin‒streptomycin (Nacalai Tesque, San Diego, CA, 
USA). The cells (P0) were grown until they reached a density of 80% confluence before being split into new flasks. 
The cell samples used in the downstream experiments were labeled with Nos. 1 to 6. The surface phenotypes 
of the cells were tested via flow cytometry, and their capacity to differentiate into adipogenic, osteogenic and 
chondrogenic lineages was determined. The results confirmed the similarities in their characteristics with those 
of mesenchymal stem cells (unpublished data) and were in agreement with those of other studies22–24.

Cell irradiation
MeSCs that were isolated and identified in previous studies were used in this study. The cells were then cultured 
in medium composed of DMEM (LG) (Nacalai Tesque, San Diego, CA, USA), 10% fetal bovine serum (FBS) 
(Sigma, St. Louis, MO, USA), 1% penicillin/streptomycin, 2 mM GlutaMAX (Solarbio, Beijing, China), and 2 ng/
mL basic fibroblast growth factor (FGF2; Sigma, St. Louis, MO, USA) inside a humidified incubator (37 °C, 5% 
CO2). The passage 2 cells were harvested and then seeded into a 35-mm petri dish and grown to 80% conflu-
ence. The current initial study with PBM irradiation aimed to investigate the effects of PBM on cell proliferation, 
chondrogenic induction, mitochondrial activity and gene expression. The cells were grouped according to the 
0 J/cm2, 4 J/cm2 and 18 J/cm2 energy densities and irradiated at 24-h intervals for a total of three irradiations. 
Meanwhile, to identify the specific gene changes in the cells (JNK, p38, MARK, JAK, Bax, Bcl2, Akt-1, PI3K, Src, 
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GSK3β, mTOR, p53 and p21) following introduction to PBM, MeSCs from donor No. 1 were irradiated once at 
18 J/cm2, and gene expression assays were performed at 8, 16 and 24 h after irradiation. To assess whether the 
cells would exhibit greater mitochondrial activity at higher energy densities, we also irradiated the MeSCs once 
at 18 J/cm2 and 30 J/cm2 and assessed their mitochondrial activity via the MTT assay. 

The light source for cell irradiation used in the current study was an LH-SDT5W red light therapy device 
(Lv Heng Sdn Bhd, Shenzhen, Guangdong, China). The output power at the material irradiation distance was 
determined with an SM206 photo power meter (Xin Bao Sdn Bhd, Shenzhen, Guangdong, China). The MeSCs 
were cultured in a 35-mm petri dish. The LED light source was maintained at a distance of 15 mm from the 
cells for irradiation, and the spot size was 35 mm in diameter (Fig. 1). A power meter was used to determine 
the energy output in the area of light exposure, and the power density was measured to be 35.398 W/cm2. The 
culture medium was removed just before cell irradiation. To irradiate the cells with energy densities of 4 J/cm2, 
18 J/cm2 and 30 J/cm2, the cells were irradiated in the dark for 113 s, 508 s, and 847.5 s, respectively. Irradiation 
was performed at room temperature. In the control group, the cells were not irradiated. New culture medium 
was added to the cells immediately after irradiation.

Energy density was calculated via the following formula: energy density (J/cm2) = power density (W/
cm2) × irradiation time (seconds).

Cell propagation
To evaluate the changes in the proliferative capacity of MeSCs after irradiation, a uniform population of 1500 
viable cells per cm2 was seeded on 6-well cell culture plates. The cells were then cultured in the same environment 
as described above.The culture medium was completely replaced 24 h after the initial seeding and every 3 days 
thereafter. The resulting cells were then plated at the original seeding density every 10 days.

To determine the proliferation potential of MeSCs, the cells harvested at the end of each passage were counted 
via the trypan blue exclusion method. The number of cells that doubled (NCPD) and the cell population doubling 
time (CPDT) were subsequently calculated via the following formulas25:

where Nt and Ni are the cell numbers at a specific time point t (Day 10) and at initial seeding (Day 0), respectively.

MTT assay
After irradiation, formazan production was measured via MTT. Formazan production is related to mitochondrial 
metabolic activity. The cells were seeded in a 96-well plate at 5000 cells/well in a 100-µL volume and incubated 
overnight at 37 °C with 5% CO2. A solution containing 0.5 mg/mL 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT; Solarbio, Beijing, China) was added to the wells, and the plates were incubated 
at 37 °C for 4 h in the dark. DMEM containing MTT was then removed from the wells, and dimethyl sulfoxide 
(DMSO, Solarbio, Beijing, China) was added to solubilize the formed crystals. Formazan formation was measured 
spectrophotometrically (Flx 800 Fluorescence Microplate Reader; Agilent, CA, USA) at 570 and 630 nm, and the 
net ΔA (570–630) nm was used as an index of mitochondrial function. The results are expressed as a percentage 
of the control, which was assigned 100% activity.

NCPD = 3.33 ∗ log (Nt/Ni);

CPDT = (t − ti) ∗ log{2 ∗ log(Nt/Ni)}
−1.

Figure 1.   The MeSCs were expanded in cell culture flasks until passage 3. The energy output in the area of light 
exposure was measured with a power meter.
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MeSC chondrogenic differentiation, the DMMB assay and Alcian blue staining
MeSCs were immediately exposed to chondrogenic conditions 24 h after irradiation to assess the chondrogenic 
differentiation potential. The chondrogenic differentiation medium used in this study was the MesenCult™-ACF 
Chondrogenic Differentiation Kit (05457), which was purchased from STEM CELL (Vancouver, BC, Canada).

Proteoglycan content was estimated by measuring glycosaminoglycan (GAG) content via a 1,9-dimethyl 
methylene blue (DMMB; Solarbio, Beijing, China) dye binding assay to assess the potential for chondrogenic 
differentiation. Specifically, a 20-μL sample was mixed with 200 μL of DMMB solution, and the absorbance was 
measured at a wavelength of 530 nm. A standard curve was generated using shark-derived chondroitin-6-sulfate 
(Solarbio, Beijing, China) to compare the absorbances of the samples.

After chondrogenic differentiation was induced, the cells were stained with Alcian blue solution (C0153S-1; 
Beyotime, Beijing, China). After the culture medium was removed, the cell-seeded hydrogels were fixed in 4% 
paraformaldehyde for 30 min and then washed three times with PBS before the addition of Alcian blue solution. 
After 30 min of incubation at room temperature, the dye solution was removed, and the constructs were washed 
with distilled water. The staining results were recorded under an inverted microscope.

Real‑time PCR
The gene expression profiles of passaged MeSCs and differentiated cells were assessed via real-time polymerase 
chain reaction (qPCR). The cells were irradiated at 0, 4 or 18 J/cm2 three times and harvested 24 h after the last 
irradiation. The cells from donor No. 1, which were irradiated once at 18 J/cm2, were harvested at 8, 16 and 24 h 
after irradiation. Total RNA was extracted from the harvested cells via the Manual innuPREP DNA RNA Mini Kit 
2.0, which was purchased from IST Innuscreen GmbH (Berlin, Germany). The RNA samples were then reverse 
transcribed into cDNA via the LunaScript® RT SuperMix Kit (New England Biolabs, MA, USA), and the resulting 
cDNA gene expression analysis was performed via TransStart® Tip Green qPCR SuperMix (TransGen Biotech, 
Beijing, China) according to the manufacturer’s instructions. Each PCR was performed in technical triplicate 
for 40 cycles on a LightCycler® 480 Real-Time PCR System (Roche, IN, USA). The experiment began with 5 min 
of enzyme activation at 95 °C, followed by 40 cycles of 5 s at 95 °C and 30 s at 57 °C. The cycle threshold (Ct) 
value for each sample was determined by averaging triplicate measurements. A relative quantification method 
was used to analyze the data, where the fluorescence signals were adjusted relative to the expression of β-actin 
as a housekeeping gene. The primer sequences of the selected genes are listed in Table 1.

Statistical analysis
The data are presented as the mean ± SEM. Student’s t test was used for comparisons between groups, where 
appropriate, via SPSS 27 (IBM, Chicago, IL, US). p < 0.05 was considered statistically significant.

Ethical approval
All the human sample isolation procedures were performed following the Guidelines of the National and Inter-
national Ethical Guidelines for Biomedical Research Involving Human Subjects (CIOMS) and the Guideline for 
Stem Cell Research & Therapy, and they were approved by the Ethics Committee for Research Involving Human 

Table 1.   Sequences of primers used for qPCR.

Primers forward reverse

Human Akt-1 5′- TGA​GAC​CGA​CAC​CAG​GTA​TTTTG-3′ 5′- GCT​GAG​TAG​GAG​AAC​TGG​GGAAA-3′

Human PI3K 5′-CTG​GAA​GCC​ATT​GAG​AAG​-3′ 5′-CAG​GAT​TTG​GTA​AGT​CGG​-3′

Human Ki67 5′-CTT​CCA​GCA​GCA​AAT​CTC​A-3′ 5′-ACA​ATC​AGA​TTT​GCT​TCC​GA-3′

Human Notch-1 5′-GTC​CCA​CCC​ATG​ACC​ACT​AC-3′ 5′-CCT​GAA​GCA​CTG​GAA​AGG​AC-3′

Human Col2A1 5′-CTC​CTG​GAG​CAT​CTG​GAG​AC-3′ 5′-ACC​ACG​ATC​ACC​CTT​GAC​TC-3′

Human Sox9 5′-CAG​GCT​TTG​CGA​TTT​AAG​GA-3′ 5′-CCG​TTT​TAA​GGC​TCA​AGG​TG-3′

Human Aggrecan 5′-CAA​CTA​CCC​GGC​CATCC-3′ 5′-GAT​GGC​TCT​GTA​ATG​GAA​CAC-3′

Human TGF-β3 5′-CTT​TGG​ACA​CAA​ATT​ACT​GCTTC-3′ 5′- GGG​TTC​AGA​GTG​TTG​TAC​AGTCC-3′

Human JNK 5′- AAC​TCT​TTG​ACG​CTG​CTT​GC-3′ 5′- TGA​AGC​ACT​GTG​CCT​TTA​CC-3′

Human p38 5′- GAG​CGT​TAC​CAG​AAC​CTG​TCTC-3′ 5′-AGT​AAC​CGC​AGT​TCT​CTG​TAGGT-3′

Human MAPK 5′- AGC​CCA​AGG​GAT​TGT​TTG​TG -3′ 5′- AGG​ACG​AGT​TCA​CGA​TAA​GCTC-3′

Human JAK-1 5′-GAG​ACA​GGT​CTC​CCA​CAA​ACAC-3′ 5′-GTG​GTA​AGG​ACA​TCG​CTT​TTCCG-3′

Human SRC 5′-CAA​TGC​AAG​GGC​CTA​AAT​GT-3′ 5′-TGT​TTG​GAG​TAG​TAA​GCC​ACGA-3′

Human GSK3β 5′-CCG​ACT​AAC​ACC​ACT​GGA​AGCT-3′ 5′-AGG​ATG​GTA​GCC​AGA​GGT​GGAT-3′

Human mTOR 5′-ACC​CAT​CCA​ACC​TGA​TGC​TG-3′ 5′-ACA​CTG​TCC​TTG​TGC​TCT​CG-3′

Human BAX 5′-CGG​CGA​ATT​GGA​GAT​GAA​CTGG-3′ 5′-CTA​GCA​AAG​TAG​AAG​AGG​GCA​ACC​-3′

Human Bcl2 5′-TAC​TTA​AAA​AAT​ACA​ACA​TCACA-3′ 5′-GGA​ACA​CTT​GAT​TCT​GGT​G-3′

Human p53 5′-CCC​CTC​CAT​CCT​TTC​TTC​TC-3’ 5′-ATG​AGC​CAG​ATC​AGG​GAC​TG-3′

Human p21 5′-AGG​TGG​ACC​TGG​AGA​CTC​TCAG -3′ 5′-TCC​TCT​TGG​AGA​AGA​TCA​GCCG-3′

Human β-actin 5′- CAC​CAT​TGG​CAA​GCG​GTT​C -3′ 5′-AGG​TCT​TTG​CGG​ATG​TCC​ACGT-3′
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Subject-Universiti Putra Malaysia Malaysia (Ethics approval No. JKEUPM-2020–26). Informed consent was 
obtained from all participants.

Results
18 J/cm2 PBM promoted the proliferation of MeSCs
After irradiation, the MeSCs were subcultured every 10 days, and NCPD and CPDT were measured after each 
passage (Fig. 2). While MeSCs irradiated at 18 J/cm2 showed superior proliferative capacity (higher NCPD and 
lower CPDT) at passage 3, there were no significant differences between the groups at passages 4 and 5 in the No. 
1–5 samples in the NCPD and No. 1–6 samples in the CPDT. Only the NCPD of No. 6 was significantly different 
between the 18 J/cm2 group and the other two experimental groups at passages 4 and 5.

PBM promoted the mitochondrial activity of MeSCs
After 24 h of exposure to 660-nm LED red light irradiation, the MTT assay revealed that the mean 570/630-nm 
absorbance of the 18 J/cm2 group was significantly greater than that of the control group for all six samples, 
but that of only two samples in the 4 J/cm2 group was significantly greater than that of the control group. 

Figure 2.   MeSCs were subcultured every 10 days, and NCPD and CPDT measurements were performed after 
each passage. Compared with those in the 4 J/cm2 and control groups, the proliferative capacity of the MeSCs in 
the 18 J/cm2 group was greater at passage 3. n = 3; *p < 0.05, **p < 0.01.



6

Vol:.(1234567890)

Scientific Reports |        (2024) 14:19735  | https://doi.org/10.1038/s41598-024-70258-0

www.nature.com/scientificreports/

The absorbance at 570/630 nm was 17.0–72.4% greater in the 18 J/cm2 group than in the control group and 
12.8–18.0% greater in the 4 J/cm2 group than in the control group (Fig. 3).

The MTT results after 18 and 30 J/cm2 irradiation were significantly different from those of the control group 
(p < 0.01), 40.8–53.9% higher in the 18 J/cm2 group than in the control group and 41.4–51.6% higher in the 30 J/
cm2 group than in the control group. There was no significant difference (p > 0.05) between the 18 and 30 J/cm2 
groups. At 24 h after irradiation, that of the 18 J/cm2 group was 32.7–44.0% greater than that of the control group, 
and that of the 30 J/cm2 group was 29.8–47.7% greater than that of the control group. There was no significant 
difference (p > 0.05) between the 18 and 30 J/cm2 groups. When the MTT results at 4 and 24 h after irradiation 
were compared, the MTT values of the cells at 4 h were greater than those at 24 h, and the results were signifi-
cantly different (p < 0.05). The energy density of 30 J/cm2 did not improve the MTT detection value for MeSCs, 
and the MTT value decreased with time (Fig. 4).

PBM promoted the chondrogenic differentiation potential of MeSCs
DMMB assays were used to determine GAG production in differentiated MeSCs after irradiation (Fig. 5). After 
28 days of chondrogenic induction in cells irradiated with 660-nm LED red light, the mean GAG concentration 
of the 18 and 4 J/cm2 groups was significantly greater than that of the control group in all six samples, but no 
significant difference was found between the 18 and 4 J/cm2 groups. The GAG concentration in the 18 J/cm2 
group was 37.2–44.2% greater than that in the control group, and the total mean GAG concentration in the 4 J/
cm2 group was 28.2–34.2% greater than that in the control group.

PBM affected the gene expression of the PI3K/Akt‑related pathway in MeSCs
The expression of Akt-1 (AKT serine/threonine kinase 1), PI3K (phosphatidylinositol-3-kinase), Ki67 (prolifera-
tion marker Kiel 67), Notch-1 (neurogenic locus notch homolog protein 1), TGF-β3 (transforming growth factor 
beta 3), Col2A1 (collagen type II alpha 1 chain), Sox9 (SRY box transcription Factor 9) and aggrecan (aggregating 
chondroitin sulfate proteoglycans) in the cells was determined by qPCR (Fig. 6).

Upregulation of Akt-1 or PI3K was detected in the cells of most of the donors exposed to 18 J/cm2. Compared 
with those of the other two groups, the 18 J/cm2 groups in the No. 1, No. 5 and No. 6 samples were significantly 
greater, and most of the 4 J/cm2 groups were not significantly different from the control group, except for Akt-1 
in the No. 4 and PI3K in the No. 3 samples. Specifically, no significant differences were observed among the 
groups in the cells of No. 2 and No. 3 for Akt-1 or No. 4 for PI3K (Fig. 6a,b). Akt-1 and PI3K were confirmed as 
PBM-related signaling pathways. Given that Ki67, Notch-1, TGF-β3, Col2A1, Sox9 and Aggrecan were upregu-
lated in some of the donor cells in the 4 J/cm2 group (Fig. 6c,d,e,f,g,h), it is possible that the genes or signaling 
pathways involved in the response of MeSCs to PBM are not limited to Akt/PI3K. It is also possible that the 
different response rates of the Akt/PI3K pathway in different cells led to the different levels of Akt-1 and PI3K 
upregulation that we detected in different samples.

Ki67 and Notch-1 are genes were associated with cell proliferation. As shown in Fig. 6c,d, in samples No. 1, No. 
2, No. 3 and No. 5, Ki67 and Notch-1 were significantly greater in the 18 and 4 J/cm2 groups than in the control 
group. There were also significant differences between the 4 J/cm2 groups and the control groups. There was no 
significant difference between the groups in samples No. 4 and No. 6.

As chondrogenic-related genes, TGF-β3, Col2A1, Sox9 and Aggrecan presented different levels of variation 
in different samples. TGF-β3 was upregulated in the 18 J/cm2 groups of all samples and in the 4 J/cm2 group of 
one sample (No. 4). Col2A1 was upregulated in the 18 J/cm2 groups of No. 2, No. 5 and No. 6 and in the 4 J/cm2 
groups of No. 5 and No. 6. Sox9 was upregulated in the 18 J/cm2 groups in almost all the samples except for No. 
3, but in the 4 J/cm2 group, only No. 4 was upregulated. Among the 18 J/cm2 samples, almost all samples except 
No. 5 were upregulated, but among the 4 J/cm2 samples, only No. 1 was upregulated.

Figure 3.   MeSCs were subjected to the MTT assay at 24 h after irradiation, with the absorbance at 570/630 nm. 
n = 3; *p < 0.05, **p < 0.01.
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Figure 4.   MeSCs were subjected to the MTT assay at 4 and 24 h after irradiation, at which point the absorbance 
at 570/630 nm was measured. (a) Four hours after irradiation, the MTT values of the 18 and 30 J/cm2 groups 
were significantly greater than those of the control group; (b) Twenty-four hours after irradiation, the MTT 
values of the 18 and 30 J/cm2 groups were significantly greater than those of the control group; (c) The MTT 
value at 4 h after irradiation was greater than that at 24 h. n = 3; *p < 0.05, **p < 0.01.
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RNA was extracted from irradiated cells from donor No. 1, and gene expression was detected via qPCR. Akt-
1, PI3K, Ki67, Notch-1, TGF-β3, Col2A1, Sox9 and Aggrecan were upregulated in most samples in the 18 J/cm2 
group and in a few samples in the 4 J/cm2 group. n = 3; *p < 0.05, **p < 0.01.

The PI3K/Akt/mTOR signaling pathway is an important intracellular network that leads to cell proliferation. 
Several studies have shown that Src kinase increases the activity of PI3K26. At 8, 16, and 24 h, Src mRNA expres-
sion was 39.6%, 31.0%, and 27.9% greater than that in the control group; PI3K expression was 30.2%, 21.1%, 
and 20.9% greater than that in the control group; Akt-1 expression was 45.2%, 36.2%, and 25.1% greater than 
that in the control group; and mTOR expression was 24.3%, 18.2%, and 12.3% greater than that in the control 
group. The PI3K/Akt/GSK3β signaling pathway plays a critical role in the regulation of cell growth and survival, 
with GSK3β facilitating apoptosis by activating transcription factors. At 8, 16, and 24 h, the level of GSK3β was 
18.9%, 32.1%, and 18.7% lower than that in the control group, respectively (Fig. 7).

JNK, p38, MAPK, JAK, Bax, Bcl, p21 and p53 have also been reported to be involved in some of the signaling 
pathways associated with the effect of PBM on cells. Our results revealed no significant differences between the 
18 J/cm2 group and the control group at any time point (Fig. 7).

MeSCs from donor No. 1 were irradiated at 18 J/cm2 one time, and the cells were harvested at 8, 16 and 24 h 
postirradiation. The RNA was also harvested from the control group at the same time points. Gene expression 
was detected via qPCR. The histograms show the multiples of the irradiated group compared with the control 
group. n = 3; *p < 0.05, **p < 0.01.

Figure 5.   Comparison of the effects of the PBM at different power densities. DMMB assays were used to 
determine the production of GAGs in differentiated MeSCs. (a) The values in the 18 and 4 J/cm2 groups were 
greater than those in the control group for all samples, but there was no significant difference between the 18 
and 4 J/cm2 groups. n = 3; *p < 0.05, **p < 0.01. (b) Alcian blue staining; scale bars = 500 μm.
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Discussion
Despite the positive results of the application of PBM to different MSCs27, the relationship between the param-
eters of PBM and its effect on cells cannot yet be determined in detail and with precision due to the great 
variation in protocol design and results. For example, the optimal energy densities for MSCs used in previous 
studies were 1 J/cm228, 8 J/cm229 and 60 J/cm230, whereas the optimal wavelengths for PBM studies were blue light 
(400–500 nm), red light (620–660 nm) and near-infrared light (800–980 nm)13,31. Since the effect of PBM on 
MeSCs has not been previously reported, we chose one of the more commonly reported wavelengths (660 nm) 
and selected three values (4 J/cm2, 18 J/cm2, and 30 J/cm2) within the more common energy density range for 
a preliminary investigation.

Figure 6.   Gene expression results.
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The primary concept regarding the mechanism of PBM in cells is that the photons emitted by PBM are 
absorbed by chromophores within the mitochondria, with the enzyme cytochrome c oxidase absorbing pri-
marily red and infrared light32. The activation of the enzyme cytochrome c oxidase can enhance the functions 
of calcium ions, reactive oxygen species (ROS), ATP, nitric oxide (NO), and various other signaling molecules, 
thereby stimulating cellular activity33,34.

Although there are many reports in the literature that PBM can promote the ability of MSCs to prolifer-
ate and differentiate, there are discrepancies in the conclusions reached by different studies, some of which 

Figure 7.   Gene expression results.
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observed an element of uncertainty and failed to reveal the potential cause14. For example, between reports 
with similar research objectives, there are large differences in the effects obtained for the same energy density of 
irradiation29,35–38. In addition, cells treated with PBM in both 2D and 3D culture environments showed significant 
differences or even extreme polar changes in cell proliferation and differentiation35.

In addition, some of the previous studies on the PBM effects on MSCs lacked an in-depth investigation of 
the related gene expression and molecular mechanisms. For example, in recent years, many studies on the dif-
ferentiation ability of dental pulp stem cells have detected only changes in cell differentiation ability via specific 
staining but not in RNA and protein expression19,20; studies on the cartilage differentiation of bone marrow stem 
cells have detected only the expression of genes related to cartilage differentiation products but not the expres-
sion of genes upstream of the cartilage differentiation pathway, which is directly related to PBM21. In this novel 
study, we aimed to detect the effects of 660-nm PBM on promoting the proliferation, mitochondrial activity 
and chondrogenic differentiation potential of MeSCs and to explore the underlying molecular mechanisms by 
detecting gene expression changes.

In the present study, by testing the effects of 660-nm LED red light at different energy densities on MeSCs, 
we demonstrated that 660-nm LED PBM promotes the proliferation, mitochondrial activity, chondrogenic dif-
ferentiation potential and related gene expression of MeSCs. NCPD and CPDT were used to evaluate the pro-
liferation ability of MeSCs. Compared with that in the 4 J/cm2 and control groups, the proliferation of passage 
3 cells in the 18 J/cm2 group was significantly greater (Fig. 2). DMMB assays revealed that the 18 J/cm2 groups 
contained significantly more GAGs than the 4 J/cm2 and control groups did after the induction of chondrogenic 
differentiation (Fig. 5). The MTT results following exposure to PBM revealed that all donor samples exposed 
to 18 J/cm2 had significantly greater mitochondrial activity compared with the control samples, and only two 
samples presented greater mitochondrial activity when exposed to 4 J/cm2 than the control samples (No. 3 and 
No. 4) (Fig. 4).

A comparison of the gene expression results revealed that No. 3 was the only sample with higher PI3K expres-
sion in the 4 J/cm2 group than in the control group, and No. 4 was the only sample with higher Akt-1 expression 
in the 4 J/cm2 group than in the control group. The expression of most of the genes examined was significantly 
greater in the 18 J/cm2 group than in the control group, and the expression of fewer genes was significantly greater 
in the 18 J/cm2 groups than in the cells exposed to 4 J/cm2 light irradiation (Fig. 6). The lower energy density 
(4 J/cm2) slightly upregulated Akt-1, PI3K, Ki67, Notch-1, TGF-β3, Col2A1, Sox9 and Aggrecan gene expression 
in a few donors and promoted chondrogenic differentiation ability in all of them, and increased mitochondrial 
activity was also observed in some samples. However, a lower energy density had no significant effect on pro-
moting proliferation ability (Fig. 6).

Regarding cell proliferation and differentiation, Akt-1 and PI3K play important roles in the effects of PBM13. 
As one of the most versatile kinase families, Akt-1 is a key regulator of cell proliferation, metabolism and migra-
tion and can regulate the cell cycle and DNA damage checkpoint signaling39. In the downstream pathway of the 
tyrosine protein kinase receptor (TPKR) signaling pathway, PI3K phosphorylation plays an important role in 
cell proliferation40. By phosphorylating Akt and PI3K, low-level lasers activate eukaryotic translation initiation 
Factor 4E (eIF4E) through the phosphorylation of mTOR and promote cell proliferation and migration through 
the phosphorylation of eIF4E41–43. Our results revealed that Akt-1 was significantly upregulated in the 18 J/
cm2 group (four samples) and in the 4 J/cm2 group (one sample), and PI3K was significantly upregulated in the 
18 J/cm2 group (five samples) and in the 4 J/cm2 group (one sample) (Fig. 6b). The changes in the expression of 
these two genes were correlated with changes in proliferation and chondrogenic differentiation (Figs. 2 and 4). 
There are two possible reasons for this result: (1) the PI3K/Akt pathway is not the only pathway by which PBM 
regulates the proliferation and differentiation of MeSCs, and (2) cells from different donor sources respond to 
PBM at different rates; thus, different gene expression differences were again observed at the same time point.

Based on these results, we further verified the signaling pathways involved in PBM reported in other 
articles40,44. In the cells from donor No. 1, Akt-1 and PI3K gene expression was most highly upregulated. Since 
cells can continue to proliferate after PBM irradiation, most cells may not receive direct irradiation when they 
are examined for a longer period of time. When the PBM irradiates the cells multiple times, the number of times 
and the energy density of different cells directly irradiated by the PBM are inconsistent. Due to these factors and 
the lack of similar study protocols in previous studies for reference, we performed only one PBM irradiation and 
collected the cells at a short interval (8, 16 and 24 h) after irradiation to exclude the interference of the above 
factors for verification of signaling pathways.

The results revealed that Src, PI3K, Akt-1 and mTOR were upregulated in the PBM experimental cell group 
at 8, 16, and 24 h after irradiation compared with those in the control group, and the degree of upregula-
tion decreased with time. However, GSK3β was significantly downregulated, with the most significant decrease 
observed at 16 h after irradiation. Some investigators have hypothesized that PBM causes a decrease in ROS in 
certain cells, which may activate the Src and PI3K/Akt signaling pathways45. Our results verified the existence 
of the same phenomenon in MeSCs and revealed that the effect of PBM on gene expression varied depending 
on the interval after irradiation.

Our results are in agreement with those of a previous study reporting that low-level laser irradiation resulted 
in the upregulation of genes related to the Akt/PI3K/mTOR pathway in rat bone marrow MSCs, and it was 
hypothesized that PBM may promote the proliferation of MSCs through this pathway46. The results revealed that 
the expression of the Akt-1, Vdac-1, and Ptpn-6 genes was upregulated within 8 days after 635-nm low-level laser 
irradiation; however, the extent of upregulation varied with time (e.g., the expression of Akt-1 showed an upward 
trend from 0 to 8 days after irradiation, whereas that of Ptpn-6 peaked on the fourth day before declining)46. 
Because of the significant differences between our study and the experimental methods used in this report, it is 
not possible to provide a specific analysis or speculation regarding the cause of this discrepancy.
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The upregulation of mTOR and downregulation of GSK3β are consistent with the results of previous studies 
on the effects of PBM on other cells and tissues47. To our knowledge, very few PBM studies on MSCs have directly 
detected changes in the gene expression of the PI3K/Akt/mTOR or PI3K/Akt/GSK3β pathway, and our results 
provide clearer evidence for the role of this pathway in the promotion of MSC proliferation and differentiation 
by PBM.

The results of other studies in other types of cells revealed that PBM with varying light wavelengths and 
energy densities could affect the gene expression of the JNK/NF-κB/MMP-1, ERK1/2 MAPK/P38, ΔΨm/ATP/
cAMP/JNK/AP-1, ERK1/2/MAPK/p38, JNK/MAPK, and JAK/STAT​ pathways and may lead to changes in the 
expression of the Bcl-2, Bax, p53, and p21 genes15. However, our experimental results revealed that the expression 
of the JNK, p38, MAPK, JAK, Bcl-2, Bax, p53, and p21 genes did not significantly change; therefore, 660-nm light 
is believed to not exert cellular effects through the above pathways/genes.

High Ki67 expression indicates that cells are proliferating rapidly48. Notch-1 is a key receptor in the Notch 
signaling pathway and encodes an important member of the Notch family of proteins; overexpression of Notch-
1 promotes MSC proliferation, whereas inhibition of Notch-1 expression decreases BMSC proliferation49. The 
qPCR results revealed that Ki67 and Notch-1 were significantly upregulated (Fig. 6c,d). However, only three of the 
samples exhibited simultaneous upregulation of both Ki67 and Notch-1. These changes could be attributed to the 
variability of the donors. This phenomenon was also observed for Akt-1, PI3K and chondrogenic gene expression.

In the study of the ability of PBM to promote the chondrogenic differentiation potential of MSCs, numerous 
reports have shown that red light is the most desirable wavelength50. Studies on the effects of these wavelengths 
of light illumination on signaling pathways related to chondrogenic differentiation have focused mainly on the 
activity of genes such as TGF-β1, TGF-β3, Wnt, Sox9 and Col2A110,42.

Our results revealed that 660-nm PBM promoted the chondrogenic differentiation of MeSCs by significantly 
increasing the expression of TGF-β3 (Fig. 6e). However, no significant upregulation was detected for Col2A1 
in three samples, Sox9 in one sample or Aggrecan in one sample (Fig. 6f,g,h). Thus, we could only confirm the 
preliminary effect of 660-nm PBM on the chondrogenic differentiation potential of MeSCs, and more in-depth 
studies are needed to investigate factors such as the state of the donor cells and the timing of changes in the 
relevant signaling pathways. Previous studies have also failed to investigate the effects of PBM on upstream and 
downstream gene expression changes in relevant pathways, which is a shortcoming of our current study.

Next, we investigated whether increasing the energy density to 30 J/cm2 improved the mitochondrial activity 
of the cells. The MTT results revealed that mitochondrial activity was not improved compared with that in the 
cells exposed to 18 J/cm2 (Fig. 4a,b). Other studies also reported similar results and revealed that exposure to 
higher energy density could instead lead to adverse effects51. Based on this result, we assume that the best energy 
density for the MeSC in 660-nm LED light is between 18 and 30 J/cm2. Compared with those at 24 h, the cells 
tested at 4 h after irradiation presented greater mitochondrial activity. This result revealed that the effect of PBM 
on MeSCs decreased with time.

In this study, we focused on the application of a 660-nm LED PBM to stimulate MeSCs. Although our study 
did not explore the comparative effects of different wavelengths of red light or the differences between pulsed 
and continuous light, it provides a strong foundation for future investigations in these areas. In addition, existing 
research suggests that PBM above 30 J/cm2 may enhance the differentiation of MSCs, suggesting the potential 
for further exploration beyond the energy densities examined in our study.

Nevertheless, this study revealed that the 660-nm LED PBM promoted the proliferative capacity and chon-
drogenic differentiation potential of MeSCs; even in older donor MeSCs, PBM promoted their proliferation 
and chondrogenic differentiation potential. This can be used as a pretreatment for cell therapy. In addition, red 
light has been shown to readily penetrate collagenous tissues or tissue-engineered materials; therefore, 660-nm 
LED PBM holds promise for the delivery of PBM into damaged menisci in arthroscopic surgical procedures to 
promote injury repair or as scaffold cells for meniscal tissue engineering. This method is inexpensive, minimally 
invasive, does not alter the genome of the cell culture, and selectively acts directly on the cells in the defect area 
due to the physical properties of the laser radiation.

Compared with other studies on the effects of PBM on MSCs13,52, the present study more clearly demonstrated 
the effects of 660-nm LED light on the gene expression of the PI3K/Akt/mTOR and PI3K/Akt/GSK3β signaling 
pathways and revealed that the effects of PBM on mitochondrial activity and gene expression decreased with 
time. However, our study still had many limitations. Our multiple assays yielded different results in different 
samples, but we could not identify the detailed reasons for these differences. Although we detected differences in 
mRNA expression, we could not confirm these differences via protein expression assays. We examined changes 
in mitochondrial activity and gene expression only 8–24 h after exposure, which is too short a time period.

Conclusion
This study revealed the effects of 660-nm LED PBM on the proliferation, mitochondrial activity, chondrogenic 
differentiation ability and gene expression of MeSCs. The ability of the 660-nm LED PBM to promote MeSC 
proliferation may be related to the PI3K/Akt/mTOR and PI3K/Akt/GSK3β signaling pathways, whereas its ability 
to improve the chondrogenic differentiation ability of MeSCs may be related to the TGF-β3-related signaling 
pathways. This study provides a theoretical basis and preliminary reference data for PBM as a cell and processing 
tool for MeSC therapy and tissue engineering. In the future, it will be necessary to conduct more in-depth studies 
on the molecular mechanism of PBM and the optimal parameters for its action on MeSCs.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author 
upon reasonable request.
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