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Abstract. Nucleus pulposus cell (NPC) transplantation can 
be a potential therapeutic approach for intervertebral disc 
degeneration (IDD). However, low cell viability has restricted 
the therapeutic capacity of NPCs, and sources of natural 
NPCs are limited. Bone marrow‑derived mesenchymal stem 
cells (BMSCs) and adipose‑derived mesenchymal stem 
cells (ADSCs) can be differentiated toward NPC‑like cells. 
However, it is unknown whether there are differences in the 
abilities of these two cell types to differentiate into NPC‑like 
cells, or which cell type exhibits the best differentiation 
ability. The present study compared the abilities of BMSCs 
and ADSCs to differentiate toward NPC‑like cells with or 
without a 3D culture system to lay a foundation for stem cell 
transplantation therapy for IDD. BMSCs were isolated from 
the rat whole bone marrow cell using the repeated adherent 
culture method. ADSCs were isolated from rat adipose tissues 
in the subcutaneous inguinal region using the enzyme diges‑
tion method. Cells were identified using flow cytometry. Cell 
viability was assessed via Cell Counting Kit‑8 assays, and 
reverse transcription‑quantitative PCR and western blotting 
were carried out to evaluate the expression of NPC markers 
and chondrocyte‑specific genes. Glycosaminoglycans (GAGs) 
and proteoglycans were examined via Alcian blue and safranin 
O staining, respectively. ADSCs in 3D culture displayed 
the highest cell proliferative ability, compared with the 2D 

culture system and BMSC culture. In addition, ADSCs in 3D 
culture exhibited increased GAG and proteoglycan synthesis 
than BMSCs. Compared with BMSCs in 3D culture, ADSCs 
in 3D culture exhibited higher mRNA and protein expres‑
sion of NPC marker genes (hypoxia‑inducible factor 1‑α, 
glucose transporter 1) and chondrocyte‑specific genes (Sox‑9, 
aggrecan and type II collagen). The present findings indicated 
that ADSCs exhibited a better ability to differentiate into 
NPC‑like cells in 3D culture compared with BMSCs, which 
may be of value for the regeneration of intervertebral discs 
using cell transplantation therapy.

Introduction

Low back pain caused by intervertebral disc degeneration 
(IDD) seriously affects the quality of life of patients with this 
condition (1). Therapy for IDD includes conservative treat‑
ment (including physical therapy and pain management) and 
surgical treatment, but neither can reverse the pathological 
status of IDD (2). IDD is caused by a decrease in nucleus 
pulposus cells (NPCs) and a subsequent decrease in proteo‑
glycans in the extracellular matrix (ECM) (3). The cell density 
and cell regeneration rate in the nucleus pulposus are low; 
therefore, repair after degeneration is difficult (4). To alleviate 
and treat IDD, researchers have focused on maintaining and 
increasing the number of NPCs and enhancing ECM deposi‑
tion (5). In a previous study, regenerative therapy with stem 
cells has provided a novel approach for the treatment of IDD. 
This approach can help repopulate intervertebral discs by 
promoting the production of ECM, restoration of damaged 
tissue and secretion of growth factors to regulate inflammation 
and strengthen tissue regeneration, without causing additional 
intervertebral disc injury (6).

The native intervertebral disc is typically composed of 
two distinct anatomic regions, the annulus fibrosus and the 
nucleus pulposus (7). NPCs can be obtained from interver‑
tebral disc tissues and have been used to regenerate the disc 
tissue. Although NPCs have been used to regenerate disc 
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tissue (8,9), access to healthy NPCs, especially autologous 
cells, is limited in clinical settings. NPC‑like cells are not 
obtained from the intervertebral disc tissue, but they exhibit a 
nucleus pulposus‑like phenotype and can potentially provide 
a suitable autologous cell source for nucleus pulposus tissue 
regeneration (10). Continuous progress has been made with 
in vitro and in vivo experiments of stem cell therapies for IDD, 
and biological scaffolds have been widely used (11). In stem 
cell therapy for disc degeneration, the seed cell selection is the 
first consideration (12). Stem cells used in the biological treat‑
ment of IDD should exhibit the following characteristics (13): 
i) Be abundant and easy to obtain; ii) be able to differentiate 
well into NPCs; iii) be able to adapt to the local microenviron‑
ment of IDD with low oxygen, low glucose and slight acidity; 
iv) not elicit a strong immune response after transplantation; 
and v) have a low potential for tumor growth. At present, 
commonly used stem cells include mesenchymal stem cells 
(MSCs), induced pluripotent stem cells (iPSCs), hematopoietic 
stem cells and embryonic stem cells. Commonly used MSCs 
include bone marrow‑derived MSCs (BMSCs), adipose‑derived 
MSCs (ADSCs) and umbilical cord MSCs (13).

BMSCs and ADSCs are two of the most widely studied 
types of MSCs, and they are widely available and easy to 
culture in vitro (14). It was indicated that TGF‑β1 (15) and 
bone morphogenetic protein 7 (16) could effectively induce the 
differentiation of BMSCs into NPC‑like cells. Elabd et al (17) 
injected autologous BMSCs cultured in a hypoxic environment 
into the intervertebral disc of 5 patients with intervertebral 
discogenic low back pain and observed that the waist activity 
in 4 patients improved to different degrees. Noriega et al (18) 
conducted allogeneic BMSC transplantation in 24 patients 
with discogenic low back pain and demonstrated that alloge‑
neic BMSC transplantation was also effective. Xu et al (19) 
revealed that ADSCs could be induced to differentiate into 
NPC‑like cells after co‑culture with NPCs. Clarke et al (20) 
confirmed that TGF‑β1, growth differentiation factor 5 or 
growth differentiation factor 6 could induce better differentia‑
tion of ADSCs into NPC‑like cells compared with BMSCs, 
and could promote the expression of ECM molecules.

In tissue engineering, biological scaffolds can maintain 
cell function and provide mechanical protection for cells (10). 
The selection of stem cell scaffolds for the treatment of IDD 
is an important issue  (21,22). Gelatinous scaffolds exhibit 
low viscosity during cell delivery and can be gelled in situ 
after injection, thereby filling micro‑ and macro‑cracks 
and restoring the height of intervertebral discs  (23,24). 
Therefore, gelatinous scaffolds are an ideal scaffold system. 
Feng et al (10) successfully established a biological scaffold 
containing glucan‑gelatin hydrogel‑TGF‑β1 and used the scaf‑
fold to effectively induce mouse BMSCs to differentiate into 
NPCs and promote the expression of related ECM genes.

Under appropriate conditions, BMSCs (25) and ADSCs (26) 
can differentiate into NPCs and reduce the apoptosis of NPCs. 
However, a comparative study on the differentiation of these two 
types of cells into NPC‑like cells in 3D culture has not yet been 
reported, to the best of our knowledge. The present study aimed 
to investigate the differences between BMSCs and ADSCs in 
their ability to differentiate into cells with an NPC‑like pheno‑
type in 3D culture to provide a reference for the selection of 
candidate cells for the biotherapy of IDD‑associated diseases.

Materials and methods

Isolation of BMSCs and ADSCs. BMSCs were isolated and 
purified using the whole bone marrow cell repeated adherent 
culture method  (27‑30). All animal experiments were 
approved by the Animal Experiment and Ethics Committee 
of Kunming Medical University (Kunming, China; approval 
no.  KM20190301). Three male Sprague‑Dawley rats 
(6‑8 weeks old; ~200 g in weight) were purchased from the 
Laboratory Animal Center of Kunming Medical University 
and housed in a humidity (50‑65%) pathogen‑free environ‑
ment at 20‑25˚C with free access to food and water under a 
12/12 h light/dark cycle. Rats were euthanized with sodium 
pentobarbital overdose (160 mg/kg; intraperitoneal injection). 
Euthanasia was confirmed when the rats exhibited no heartbeat 
and breathing for 2‑3 min and no blinking reflex. The femur 
and tibia of the rats were removed under aseptic conditions, 
and the bone marrow cavity was exposed after the two ends 
were cut off. The bone marrow cavity was washed with PBS 
three times. The wash solution was collected and centrifuged 
at 800 x g for 5 min at room temperature. Subsequently, the 
bone marrow cell pellet was suspended in 1 ml DMEM/F12 
(Thermo Fisher Scientific, Inc.) medium containing 10% FBS 
(Thermo Fisher Scientific, Inc.) and plated into a 25 cm2 cell 
culture flask. Cells were then maintained at 37˚C with 5% 
CO2. The medium was changed every 3 days. When the cell 
culture reached 90% confluence, the cells were passaged at a 
ratio of 1:3.

Adipose tissues in the subcutaneous inguinal region were 
separated, and the fascial tissue and lymph nodes were elimi‑
nated with tweezers as much as possible. The adipose tissue 
was washed with PBS three times. After being cut into pieces, 
the tissue was centrifuged at 800 x g for 10 min at 4˚C, and 
the pelleted layer of adipose tissue was retained. After being 
resuspended in PBS, the tissue was centrifuged at 800 x g for 
10 min at 4˚C. The pelleted layer of adipose tissue was mixed 
with 0.1% collagenase (Beijing Solarbio Science & Technology 
Co., Ltd.) solution (prepared in DMEM/F12 containing 10% 
FBS; each, Thermo Fisher Scientific, Inc.) and digested in a 5% 
CO2 incubator at 37˚C for 2 h. The solution was shaken every 
half hour. After the digested tissue solution was centrifuged 
at 600 x g for 5 min at 4˚C, the supernatant was discarded and 
the pellet was resuspended in PBS.

BMSCs and ADSCs were cultured in a 5% CO2 incubator 
at 37˚C with DMEM/F12 (Thermo Fisher Scientific, Inc.) 
containing 10% FBS, 1 IU/ml penicillin (Beijing Solarbio 
Science & Technology Co., Ltd.) and 1 µg/ml streptomycin 
(Beijing Solarbio Science & Technology Co., Ltd.). Cells from 
the third passage were preserved for further experiments.

Identification of BMSCs and ADSCs. BMSC and ADSC 
cell surface markers were examined via flow cytometry 
using the forward scatter/side scatter method. Cells were 
trypsinized and resuspended in PBS at  1x105  cells per 
1.5 ml. BMSCs were incubated for 2  h at room tempera‑
ture in the dark with the following FITC‑conjugated 
antibodies: Anti‑CD29 (1:50; cat.  no.  bs‑20630R‑FITC), 
anti‑CD90 (1:200; cat.  no.  bs‑0778R‑FITC), anti‑CD45 
(1:100; cat.  no.  bs‑10599R‑FITC) and anti‑CD34 (1:50; 
cat.  no.  bs‑0646R‑FITC; all from BIOSS). ADSCs 
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were incubated for 2  h at room temperature with the 
following FITC‑conjugated antibodies: Anti‑rat stem cells 
antigen‑1 (Sca‑1; 1:100; cat.  no.  bs‑3752R‑FITC; BIOSS), 
anti‑CD44 (1:50; cat.  no.  bs‑0521R‑FITC), anti‑CD45 
(1:100; cat.  no.  bs‑10599R‑FITC) and anti‑CD11b (1:200; 
cat. no. bs‑1014R‑FITC; all from BIOSS). Subsequently, the 
cells were washed twice with PBS and analyzed by a CyFlow™ 
Space flow cytometer (Sysmex Partec GmbH) with FloMax 
2.8 software (Sysmex Partec GmbH).

3D culture and grouping. The experiments were performed 
with four groups: i) BMSC control group; ii) ADSC control 
group; iii) BMSC 3D culture group; and iv) ADSC 3D culture 
group. In the control groups, cells were cultured with differ‑
entiating medium in 2% O2 and 5% CO2 at 37˚C. The 3D 
culture system was based on the bioactive hydrogel method 
(3D cell culture hydrogel kit; cat.  no. FS0469; Shanghai 
Fushen Biotechnology Co., Ltd.) and was performed 
according to the manufacturer's protocol. In the 3D culture 
groups, gel solution and 1x106/ml BMSC or ADSC suspen‑
sion were gently mixed in a centrifuge tube, which was 
gently and quickly inverted 1‑2 times for 1 sec. After the cell 
culture plate was washed with 1X PBS, the gel‑cell mixture 
was added and gently shaken to evenly spread the mixture in 
the plate (under different circumstances the mixture could 
quickly adhere to the walls of the plates). Subsequently, the 
cells in the 3D culture were incubated at 37˚C for 5‑10 min 
to form a gel. After incubation, the culture medium was 
added by pipetting down towards the cell plate wall, and 
the cells were cultured at 37˚C in 5% CO2 for 24 h. After 
24  h, half of the upper cell differentiation medium was 
gently removed with a pipette, and the same amount of 
fresh medium for NPC‑like cells was added, after which 
the medium was regularly changed. To induce differentia‑
tion, cells in 3D culture were cultured with differentiating 
medium consisting of DMEM/F12 supplemented with 
10 ng/ml TGF‑β1 (cat. no. 96‑100‑21‑2; PeproTech, Inc.), 
100 nmol/l dexamethasone (cat. no. D8040; Beijing Solarbio 
Science & Technology Co., Ltd.), 50 mg/ml aseorbie acid 
(cat. no. A8100; Beijing Solarbio Science & Technology Co., 
Ltd.), 100 mg/ml sodium pyruvate (cat. no. P8380; Beijing 
Solarbio Science & Technology Co., Ltd.), 40 mg/ml proline 
(cat.  no.  P0011; Beijing Solarbio Science & Technology 
Co., Ltd.) and ITS‑Plus Media Supplement (Collaborative 
Biomedical Products, Inc.) in 2% O2. After 7 days of culture, 
the cells were subjected to subsequent experiments.

Cell viability. The viability of BMSC and ADSC in 3D and 
2D culture conditions was evaluated with the Cell Counting 
Kit‑8 (CCK‑8) assay (BIOSS). A total of 3x104 BMSCs or 
ADSCs were plated into 96‑well‑plates for 3D and 2D culture. 
After culture at 37˚C for 48 h, a CCK‑8 assay was used to 
detect cell viability. For 3D culture, cells were released from 
the gel via treatment with pyrolysis liquid (cat. no. FS0469‑B; 
Shanghai Fushen Biotechnology Co., Ltd.) for 10 min at room 
temperature. The cells were washed with PBS, and the CCK‑8 
solution (10 µl/well) was added to the plates. Subsequently, the 
cells were incubated at 37˚C for 2 h. The optical density (OD) 
at 450 nm was measured using a microplate reader (BioTek 
Instruments, Inc.).

Visualization of sulfated glycosaminoglycans (GAGs) and 
proteoglycans. BMSCs and ADSCs from the control and 3D 
culture groups were stained with Alcian blue (cat. no. G1563; 
Beijing Solarbio Science & Technology Co., Ltd.) and safranin 
O (cat. no. G2540; Beijing Solarbio Science & Technology 
Co., Ltd.), respectively, to visualize the formation of GAGs and 
proteoglycans. For Alcian blue staining, cells and gels were 
washed with PBS three times, fixed in 4% paraformaldehyde 
(cat. no. P1110; Beijing Solarbio Science & Technology Co., 
Ltd.) for 20 min at room temperature, then incubated with a 
1% Alcian blue staining solution for 4 h at room temperature. 
For safranin O staining, cells and gels were washed with PBS 
three times, fixed in 4% paraformaldehyde for 30 min at room 
temperature, then incubated with safranin O for 30 min at 
room temperature. After removing the dye solution, the cells 
and gels were briefly washed with ddH2O three times, and 
the staining intensity was then observed via light microscopy 
(magnification, x200).

Reverse transcription‑quantitative PCR (RT‑qPCR) assay. 
BMSCs and ADSCs were released from the gel via treatment 
with pyrolysis liquid (cat. no. FS0469‑B; Shanghai Fushen 
Biotechnology Co., Ltd.) for 10 min at room temperature in 
the 3D cell culture hydrogel kit. Total RNA was extracted 
from cells using Trizol reagent (Takara Biotechnology Co., 
Ltd.) according to the manufacturer's instructions. cDNA 
was synthesized using a PrimeScript RT Reagent kit (Takara 
Biotechnology Co., Ltd.) according to the manufacturer's 
protocol. mRNA levels were measured via qPCR (ABI 7900; 
Applied Biosystems; Thermo Fisher Scientific, Inc.) using 
a TB Green Premix ExTaq kit (Takara Biotechnology Co., 
Ltd.). Relative gene expression was analyzed with the 2‑ΔΔCq 
method (31). GAPDH was used as the reference gene. The 
primers for the genes were as follows: GAPDH forward, 
5'‑AGA​ACA​TCA​TCC​CTG​CAT​CC‑3' and reverse, 5'‑TTA​
CTC​CTT​GGA​GGC​CAT​GT‑3'; collagen Ⅱ forward, 5'‑CAC​
TCA​TCT​GTT​GTG​ATG​AGT​TCT​CC‑3' and reverse, 5'‑CAA​
CAC​ACA​CCA​GCG​CAG​TTT‑3'; aggrecan forward, 5'‑GGG​
TGA​GGT​CTT​TTA​TGC​CA‑3' and reverse, 5'‑GCT​TTG​CAG​
TGA​GGA​TCA​CA‑3'; Sox‑9 forward, 5'‑TTG​CTC​GGA​ACT​
GTC​TGG​AA‑3' and reverse, 5'‑CCT​GCT​CGT​CGG​TCA​
TCT​T‑3'; hypoxia‑inducible factor 1‑α (HIF‑1α) forward, 
5'‑ACT​ATG​TCG​CTT​TCT​TGG‑3' and reverse, 5'‑GTT​TCT​
GCT​GCC​TTG​TAT‑3'; and glucose transporter 1 (GLUT1) 
forward, 5'‑GCC​CTG​GAT​GTC​CTA​TCT​GA‑3' and reverse, 
5'‑CCC​ACG​ATG​AAG​TTT​GAG​GT‑3'.

Western blot assay. BMSCs and ADSCs were released from 
the gel via treatment with pyrolysis liquid as aforemen‑
tioned. Cell proteins were extracted using RIPA lysis buffer 
(Beyotime Institute of Biotechnology) and quantified using a 
BCA Protein Assay Kit (Beyotime Institute of Biotechnology). 
A total of 30 µg protein lysate of each group was separated 
via 10% SDS‑PAGE and transferred to a PVDF membrane 
(Merck KGaA). Membranes were blocked with 5% skimmed 
milk in TBS ‑0.05% Tween 20 (TBST) for 1.5 h at room 
temperature and then incubated with primary antibodies at 4˚C 
overnight. Primary antibodies included rabbit anti‑Sox‑9 anti‑
body (1:1,000; cat. no. bs‑4177R; BIOSS), rabbit anti‑HIF‑1α 
antibody (1:1,000; cat.  no.  bs‑0737R; BIOSS), rabbit 
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anti‑GLUT1 antibody (1:1,000; cat. no. bs‑20173R; BIOSS), 
rabbit anti‑aggrecan antibody (1:1,000; cat. no. bs‑1223R; 
BIOSS), mouse anti‑collagen II antibody (1:1,000; 
cat. no. bsm‑33409M; BIOSS) and rabbit anti‑β‑actin anti‑
body (1:2,000; cat. no. AC038; ABclonal Biotech Co., Ltd.). 
The membranes were then washed with TBST three times 
and incubated with HRP‑conjugated goat anti‑rabbit IgG 
(H+L) (1:5,000; cat. no. AS014; ABclonal Biotech Co., Ltd.) 
or HRP‑conjugated goat anti‑mouse IgG (H+L) secondary 
antibody (1:5,000; cat. no. AS003; ABclonal Biotech Co., 
Ltd.) for 1 h at room temperature. The bands were detected 
using a bioimaging system (Bio‑Rad Laboratories, Inc.) using 
ECL reagent (Merck KGaA). The bands were analyzed using 
ImageJ 2x software (National Institutes of Health). β‑actin 
was used to normalize the relative expression of proteins.

Statistical analysis. Data are presented as the mean ± SEM. 
Statistical analysis was performed using one‑way ANOVA 
followed by Tukey's multiple comparison test with GraphPad 
Prism 5.0 software (GraphPad Software Inc.). The number 
of biological replicates was three, and the experiments were 
performed at least three times. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Culture and identification of BMSCs and ADSCs. BMSCs and 
ADSCs were examined via flow cytometry. The present results 
demonstrated that rat BMSCs were positive for CD29 and 
CD90 and negative for CD45 and CD34 (32) (Fig. 1A and B). 
Rat ADSCs expressed high levels of a number of stem 
cell‑specific markers (Sca‑1 and CD44) and were negative 
for CD45 and CD11b (26,33) (Fig. 1C and D). Therefore, the 
present results confirmed that rat ADSCs and BMSCs were 
successfully obtained and cultured.

Viability of BMSCs and ADSCs differentiated toward 
NPC‑like cells. After 7 days of induction, the shape of BMSCs 

and ADSCs cultured in 3D gradually changed from a long 
spindle‑like morphology to a round or triangular morphology. 
In addition, the cells became shorter, indicating an alteration 
toward NPC‑like cells (10,34) (Fig. 2A). It was subsequently 
assessed whether these two cell types also exhibited differences 
in cell viability. CCK‑8 assay results indicated that the OD 
values were higher in 3D culture (Fig. 2B) and that ADSCs in 
3D culture presented higher OD values compared with BMSCs. 
The current results suggested that BMSCs and ADSCs exhib‑
ited an increased growth potential in 3D than in 2D culture. 
Moreover, ADSCs were indicated to present a greater potential 
for differentiation into NPC‑like cells compared with BMSCs.

NPC‑like differentiation of BMSCs and ADSCs. To further 
examine the potential of BMSCs and ADSCs to differentiate 
toward an NPC‑like phenotype in 3D and 2D culture under 
hypoxia, the secretion of GAGs was examined. GAGs are the 
main components of ECM, and can be visualized via Alcian 
blue staining. Proteoglycan formation was also examined in all 
groups using safranin O staining. The present results indicated 
that BMSCs and ADSCs in 3D culture exhibited higher levels 
of GAGs and proteoglycans than those in the control groups; 
moreover, ADSCs in 3D culture exhibited higher levels of GAGs 
and proteoglycans than BMSCs in 3D culture, but there was no 
notable difference between the two groups in 2D culture (Fig. 3).

Gene expression analysis of BMSCs and ADSCs differentiated 
toward NPC‑like cells. To further investigate the difference 
between BMSCs and ADSCs in their ability to differentiate 
toward NPC‑like cells, RT‑qPCR and western blot assays were 
performed to examine differences in the expression of NPC 
marker genes (HIF‑1α and GLUT1) and chondrocyte‑specific 
genes (Sox‑9, aggrecan and type II collagen) among the groups. 
As presented in Fig. 4, there was a significant increase in the 
mRNA expression of HIF‑1α, GLUT1, Sox‑9, aggrecan and 
collagen II in BMSCs and ADSCs in 3D culture compared 
with BMSCs and ADSCs in 2D culture. In addition, the mRNA 
expression of HIF‑1α, GLUT1, Sox‑9, aggrecan and collagen II 

Figure 1. Flow cytometry analysis for the identification of rat BMSCs and ADSCs. BMSC (A) gating strategy and (B) gene markers using flow cytometry. 
ADSC (C) gating strategy and (D) gene markers using flow cytometry. BMSC, bone marrow‑derived mesenchymal stem cell; ADSC, adipose‑derived mesen‑
chymal stem cell; Sca‑1, stem cells antigen‑1.
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was significantly higher in the ADSC compared with the BMSC 
3D culture group (Fig. 4). Similar results were obtained at the 
protein expression level via western blotting, as presented in 
Fig. 5. However, Sox‑9 protein expression was not significantly 
higher in the ADSC 3D culture group when compared with the 
BMSC 3D culture group. The present data indicated that ADSCs 
were exhibited a higher tendency to differentiate into NPC‑like 
cells compared with BMSCs upon differentiation induction.

Discussion

IDD is one of the main clinical causes of neck pain and low 
back pain (35). From a physiological structure perspective, 

the intervertebral disc is in a microenvironment with high 
mechanical strength, high osmotic pressure and low nutrition 
and oxygen levels, and is prone to degeneration with increasing 
age (36,37). During the degenerative process, intervertebral 
disc cell apoptosis increases and the matrix composition 
changes; in particular, there is gradual loss of collagen and 
proteoglycans, resulting in a deterioration of the local environ‑
ment, which in turn accelerates cell apoptosis (38). At the same 
time, the number of intervertebral disc cells is limited, and the 
regenerative ability of these cells is weak (36). Once degenera‑
tion occurs, it is usually irreversible in the natural state (36). 
Although a number of surgical procedures have been applied 
in an attempt to relieve clinical symptoms, they all damage 

Figure 2. Viability of BMSCs and ADSCs under different culture conditions. (A) Morphology of BMSCs and ADSCs cultured in a monolayer and in 3D gels. 
Scale bar, 50 µm. (B) Viability of BMSCs and ADSCs analyzed using Cell Counting Kit‑8 assay (n=3). Data were analyzed via one‑way ANOVA with Tukey's 
multiple comparison test. **P<0.01; ***P<0.001. BMSC, bone marrow‑derived mesenchymal stem cell; ADSC, adipose‑derived mesenchymal stem cell; OD, 
optical density.

Figure 3. Formation of proteoglycans and GAGs. Proteoglycans and GAG formation by BMSCs and ADSCs was visualized by safranin O and Alcian 
blue staining, respectively. Scale bar, 50 µm. BMSC, bone marrow‑derived mesenchymal stem cell; ADSC, adipose‑derived mesenchymal stem cell; GAG, 
glycosaminoglycan.
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the structure of the intervertebral disc and accelerate IDD to a 
certain extent (39,40).

The past decade has witnessed an increase in regenerative 
medicine research and tissue engineering, with exciting results 
for disc regeneration, such as new biomaterials and improved 
cellular and molecular solutions (41,42). Previous studies have 

addressed IDD with biological solutions, including growth 
factors and cytokines, gene therapy, tissue engineering and 
cell therapy based on the transplantation technology (41,42). 
Cell therapy is a novel therapeutic approach that aims to delay 
or even reverse IDD by replenishing the body with stroma‑rich 
cells to compensate for the lack of stromal components 

Figure 4. Gene expression of BMSCs and ADSCs under different culture conditions. The mRNA levels of HIF‑1α, GLUT1, Sox‑9, aggrecan and type II 
collagen were determined by reverse transcription‑quantitative PCR (n=3). Data were analyzed via one‑way ANOVA with Tukey's multiple comparison test. 
*P<0.05; **P<0.01; ***P<0.001. HIF‑1α, hypoxia‑inducible factor 1‑alpha; GLUT1, glucose transporter 1; BMSC, bone marrow‑derived mesenchymal stem cell; 
ADSCs, adipose‑derived mesenchymal stem cell.

Figure 5. Protein expression of BMSCs and ADSCs under different culture conditions. (A) The protein levels of HIF‑1α, GLUT1, Sox‑9, aggrecan and 
type II collagen were determined via western blot assays. (B) Quantitative results of the western blot assays (n=3). Data were analyzed via one‑way ANOVA 
with Tukey's multiple comparison test. *P<0.05; **P<0.01; ***P<0.001. HIF‑1α, hypoxia‑inducible factor 1‑α; GLUT1, glucose transporter 1; BMSC, bone 
marrow‑derived mesenchymal stem cell; ADSC, adipose‑derived mesenchymal stem cell.
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(especially collagen and proteoglycans) (43,44). Several types 
of cell transplantation therapies have entered the rapid research 
stage (43,44).

Chen et al (45) and Liu et al (46) uncovered through in vitro 
culture and iPSC identification that iPSCs exhibited the poten‑
tial to differentiate into myeloid nucleoid cells. Ni et al (47) 
successfully isolated embryonic‑derived MSCs and revealed 
that the expression of nucleoid cell markers increased signifi‑
cantly when they were cultured under hypoxia. Jin et al (33) 
induced adipogenic MSCs with TGF‑b3 treatment and 
observed that the expression of intervertebral disc‑like cell 
markers and ECM components was increased compared with 
adipogenic MSCs alone. Cao et al  (48) demonstrated that 
BMSC can increase TGF‑b and decrease the NF‑κB pathway 
activity to promote proteoglycan, predominately type  II 
collagen and Sox‑9 gene expression, delaying the degeneration 
of intervertebral discs. Therefore, BMSCs and ADSCs can be 
differentiated into NPC‑like cells, which may then be used for 
the treatment of IDD.

The aim of the present investigation was to compare 
the potential of these two types of cells to be induced to 
differentiate into NPC‑like cells and serve as seed cells for 
cell therapy in the treatment of IDD. CCK‑8 assay results 
indicated that cell viability was increased in the 3D compared 
with the 2D culture, and that ADSCs exhibited a higher 
viability than BMSCs, which suggested that the two stem cell 
types were suitable for growth in 3D culture, while ADSCs 
exhibited a greater growth potential in 3D culture. The same 
number of cells were inoculated into the plates, the final cell 
density in 3D culture was observed to be higher compared 
with the 2D culture. Collagen II, Sox‑9 and aggrecan are 
chondrocyte‑specific (49), while HIF‑1α and GLUT1 are two 
NPC markers (50,51); however, NPCs can also be regarded 
as chondrocyte‑like cells because of their expression of 
chondrocyte‑specific genes (52). Risbud et al (53) suggested 
that under hypoxic conditions (2% O2), rat BMSCs can be 
differentiated toward an NPC‑like phenotype in chondrogenic 
medium within alginate beads. In the present study, BMSCs 
and ADSCs treated with differentiating medium exhibited a 
significant increase in the expression of NPC marker genes 
(HIF‑1α, GLUT1) and chondrocyte‑specific genes (Sox‑9, 
aggrecan and type II collagen) in 3D culture compared with 
2D culture. Furthermore, ADSCs exhibited higher expression 
of these genes compared with BMSCs in 3D culture. In NPCs 
and chondrocytes, characteristic markers, including type II 
collagen, aggrecan and Sox‑9 are expressed (33). HIF‑1α is a 
key transcription factor, which can be used as a phenotypic 
marker to distinguish NPCs from chondrocytes  (54). The 
present results demonstrated ADSCs had a greater ability 
to differentiate into NPC‑like cells than BMSCs when 3D 
cultured.

Rat ADSCs can be differentiated toward an NPC‑like 
phenotype in 3D alginate hydrogels and cultured in an 
induction medium containing TGF‑β1 under hypoxic condi‑
tions (26). GAGs are the main components of ECM and were 
produced by the differentiated BMSCs and ADSCs cultured 
in differentiation medium, as detected by Alcian blue staining. 
Feng et al (55) also indicated that hypoxia markedly enhanced 
NPC phenotypes, resulting in a greater production of collagen 
type II and GAGs in nanofibrous scaffolds. Safranin O is a 

cationic basic dye (56) that can bind to 6‑chondroitin sulfate 
or keratinic sulfate, but not to collagen (57). Proteoglycans in 
NPCs mainly include chondroitin sulfate or keratinic sulfate, 
and the content and distribution of chondroitin sulfate or kera‑
tinic sulfate in NPCs can be indirectly measured by safranin O 
staining (56,57). In the present study, higher GAG and proteo‑
glycan levels were detected in 3D culture than in 2D culture; 
moreover, in 3D culture, ADSCs produced higher levels of 
GAGs and proteoglycans compared with BMSCs. The expres‑
sion of NPC marker genes and chondrocyte‑specific genes was 
detected using RT‑qPCR and western blot assays, confirming 
that BMSCs and ADSCs produced higher proteoglycan 
levels under the 3D compared with the 2D culture condition, 
suggesting that the differentiation into NPC‑like cells under 
the 3D culture condition was enhanced. The present results 
indicated that BMSCs and ADSCs differentiated toward an 
NPC‑like phenotype, and that ADSCs had a greater ability to 
differentiate into NPC‑like cells than BMSCs. Previous studies 
demonstrated that both BMSCs (53,58) and ADSCs (27) could 
differentiate toward NPC‑like cells under the same conditions 
with a differentiating medium.

Although NPCs have been used to regenerate the disc 
tissue in previous studies  (8,9), access to healthy NPCs, 
especially autologous cells, is very limited in clinical settings. 
BMSCs and ADSCs are multi‑potential stem cells that can 
differentiate along several lineages, potentially providing 
a suitable autologous stem cell source for nucleus pulposus 
tissue regeneration (14). BMSCs or ADSCs are two of the 
most widely studied types of MSCs and can be derived from 
a wide range of sources, including bone and fatty tissue (13). 
Moreover, ADSCs are easier to obtain than BMSCs as adipose 
tissue is more readily available and widely distributed than 
bone in animals. Thus, these cell sources could be candidate 
cells for the treatment of IDD‑related diseases.

The current study presents a number of limitations. Animal 
implantation experiments should be conducted to confirm that 
hypoxic induction can contribute to maintaining the NPC 
phenotype, and that BMSCs or ADSCs can be used to treat 
IDD‑related diseases in vivo. In future studies, the therapeutic 
function of BMSC or ADSC‑3D scaffold implantation will be 
explored on a mouse IDD model.

It has been reported that BMSCs and ADSCs exhibited 
an equal potential to be differentiated into osteocytes, 
adipocytes and chondrocytes  (59‑61). However, research 
comparing the differentiation of these two types of stem 
cells into NPC‑like cells in the same study has not been 
previously reported. The present results are the first to indi‑
cate that ADSCs have a greater ability to differentiate into 
NPC‑like cells than BMSCs when cultured in 3D hydrogels 
with differentiation medium under hypoxic conditions, to 
the best of our knowledge. Furthermore, while obtaining 
BMSCs represents a difficult procedure, ADSCs can be 
easily harvested from patients via a simple and minimally 
invasive approach. Thus, the present findings provided a 
reference for the selection of candidate cells for the treatment 
of IDD‑related diseases.
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