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Chondrogenic differentia
tion of rat bone marrow
mesenchymal stem cells induced by puerarin and
tetrandrine
Xin-Ran Dong1, Meng-Jiao Hu1, Hui-Xin Pan1, Ke-Feng Li2,∗, Yuan-Lu Cui1,∗
Abstract
Objective: This study aims to clarify the effect of the active components puerarin and tetrandrine on the chondrogenic
differentiation of bone marrow mesenchymal stem cells (BMSCs).

Methods:Using network pharmacology, protein targets of puerarin and tetrandrine were predicted, and a database of cartilage
formation targets was established. The protein target information related to disease was then collected, and the drug-targeting
network was constructed by analyzing the protein–protein interactions. Genes related to chondrogenesis induced by puerarin and
tetrandrine and chondroblast differentiation signaling pathways were searched. Finally, potential drug- and disease-related genes,
as well as proteins, were screened and verified using real-time RT-PCR and western blotting.

Results: Network pharmacological studies have shown that puerarin and tetrandrine are involved in BMSCs cartilage
differentiation. The experimental results showed that puerarin and tetrandrine could regulate the expression of cartilage
differentiation-related genes and proteins. Puerarin increased the protein expression of COL2A1, COL10A1, MMP13, and SOX-9,
as well as the gene expression of Col2a1, Mmp13, Tgfb1, and Sox-9. Tetrandrine increased the protein expression of COL2A1,
COL10A1, MMP13, and SOX-9, as well as the gene expression of Col10a1, Tgfb1, Sox-9, and Acan. The combination of puerarin
and tetrandrine increased the protein expression of COL2A1, COL10A1, MMP13, and SOX-9 and the gene expression of Col2a1,
Col10a1, Sox-9, and Acan.

Conclusions: Puerarin, tetrandrine, and their combination can promote the proliferation of BMSCs and induce their
differentiation into chondrocytes, and they are thus expected to be inducers of chondrogenic differentiation. These results suggest
that puerarin and tetrandrine have potential therapeutic effects on osteoarthritis.

Keywords: Bone marrow mesenchymal stem cells (BMSCs), Chondrogenic differentiation, Network pharmacology, Puerarin,
Tetrandrine
Introduction

Osteoarthritis is a common chronic degenerative disease
characterized by articular cartilage degeneration and
secondary osteoporosis. It mainly occurs in the knee
joints, hip joints, spine, and other parts that bear the
weight of middle-aged and elderly individuals[1]. Chon-
drocyte depletion and extracellular matrix degradation
are the main pathological changes. Approximately
33.9% of people over 65years of age suffer from
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osteoarthritis, which has been a main cause of disability
among those over 50years old, second only to coronary
heart disease[2]. This is partially due to the difficulty of
repairing and regenerating articular cartilage after
injury. Existing treatments, such as cartilage tissue
engineering or matrix-induced autologous chondrocyte
transplantation, cannot treat large areas of cartilage
defects[3]. As such, bone marrow mesenchymal stem cells
(BMSCs) are at present widely used for osteoarthritis
treatment.
BMSCs are adult stem cells in the bone marrow, in

addition to hematopoietic stem cells and early meso-
dermal cells, first reported in 1976[4]. BMSCs have the
common characteristics of stem cells, such as self-renewal
ability, low immunogenicity, multi-organ homing ability,
and multi-directional differentiation, including meso-
dermal cells such as adipocytes, osteoblasts, chondro-
cytes, tendon cells, endothelial cells, cardiomyocytes, liver
and lung epithelial cells, and ectodermal cells such as
neurons[5–6]. BMSCs can differentiate into chondrocytes
under specific conditions and actively migrate to the
cartilage defect site for repair and reconstruction under
the influence of the in vivo microenvironment. They can
also activate cell and vascular regeneration pathways[7],
thereby achieving anti-inflammatory effects by inhibiting
T lymphocyte activity and natural killer cell differentia-
tion[8]. BMSCs transplantation therapy has attracted
considerable attention for the treatment of osteoarthri-
tis[9–10]. Bone morphogenetic protein (BMP)-2 can
promote the differentiation of BMSCs into osteoblasts,
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http://creativecommons.org/licenses/by-nc-nd/4.0
http://dx.doi.org/10.1097/HM9.0000000000000031


Dong et al. � Volume 2 � Number 2 � 2022 www.ahmedjournal.com

D
ow

nloaded from
 http://journals.lw

w
.com

/ahm
 by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
n

Y
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 09/20/2022
significantly increase alkaline phosphatase activity, and
promote the expression of collagen type-I and osteocal-
cin[11]. Transforming growth factor-beta 1 (TGF-b1),
TGF-b3, and insulin-like growth factor 1 (IGF-1)
proprotein can promote extracellular matrix synthesis,
increase cell proliferation, and promote the differentia-
tion of BMSCs into chondrocytes[12]. IGF-1 can delay
matrix degradation and inhibit chondrocyte apopto-
sis[13]. However, cytokines are both expensive and
relatively unsafe. It is thus necessary to look for
substitutes as inducers of BMSCs differentiation, for
which natural drugs are good candidates. Further, net-
work pharmacology is a powerful tool for the screening of
natural drugs.
Network pharmacology is based on the concept of

systems biology theory, which helps to broaden the
knowledge of disease manifestation and the role of drugs
in its cure[14]. In recent years, it has often been used in the
integrated analysis of disease-related targets and drug
action targets and is a favorable tool to realize the
transformation of drug action points from a single target
to multiple targets[15]. This helps solve the unclear
material basis and mechanism of action of traditional
Chinesemedicine, favored by researchers of this branch of
medicine[16].
Puerarin, a major flavonoid isolated from Pueraria

lobata (Willd.) Ohwi, has the functions of improving
immunity[17], enhancing myocardial contractility, pro-
tecting myocardial cells, lowering blood pressure, and
inhibiting platelet aggregation, among others[18]. It can
also induce embryonic stem cells to differentiate into
cardiomyocytes[19] and umbilical cord mesenchymal stem
cells to differentiate into osteoblasts[20], in addition to
enhancing the viability of osteoblasts by stimulating
differentiation[21]. Puerarin can also upregulate the
expression of SOX-9 in BMSCs through the TGF-b1/
Smad pathway[22]. SOX-9, regulated by fibroblast growth
factor, TGF-b, BMP, andWnt family members, is an early
marker of cartilage differentiation that increases the
expression of key genes, including collagen type-II
(Col2a1)[23] and aggrecan (Acan), thus promoting the
differentiation of BMSCs into cartilage[24]. Puerarin in the
collagen matrix can locally affect new bone formation[25]

and has also been shown to prevent bone loss in castrated
male mice[26]. Based on these reasons and the results of
network pharmacology analysis, we speculate that
puerarin has the potential to induce BMSCs to differenti-
ate into cartilage.
Tetrandrine is a bibenzylisoquinoline alkaloid

extracted from Stephania tetrandra S. Moore, which
has anti-inflammatory and immunosuppressive effects
by inhibiting the function of inflammatory cells, free
radical damage, and the release of inflammatory
mediators[27]. Low concentrations of tetrandrine can
promote the proliferation of chondrocytes, increase their
activity, and promote the secretion of COL2A1 and
glycosaminoglycan by chondrocytes, which is conducive
to the repair and reconstruction of cartilage tissue in
vitro[28]. It might also affect the treatment of osteoar-
thritis through the Wnt/b-catenin signaling pathway[29–
30]. Based on these reasons and the results of network
pharmacology analysis, we speculated that tetrandrine
could promote the differentiation of BMSCs into
cartilage. Therefore, puerarin and tetrandrine were used
together to induce the chondrogenic differentiation of
BMSCs in this study.
131
Materials and methods

Database construction

The traditional Chinese medicine systems pharmacology
database and analysis platform (TCMSP, http://lsp.nwu.
edu.cn/tcmsp.php), the encyclopedia of traditionalChinese
medicine (http://www.nrc.ac.cn:9090/ETCM), an integra-
tive database of traditional Chinese medicine enhanced by
symptom mapping (http://www.symmap.org), the data-
base and analytical system for network pharmacology
analysis for TCM preparations (http://mesh.tcm.micro
bioinformatics.org), anda libraryof relevant target sites for
puerarin and tetrandrine was established by combining
literature extraction methods. Targets for chondrogenesis
were collected from the Online Mendelian Inheritance in
Man (OMIM, https://www.omim.org/) database. The
targets of puerarin and tetrandrine were compared with
the relevant targets of chondrogenesis, and the targets
predicted to have beneficial effects were summarized. All
target information related to the active ingredients of target
proteins was obtained using the universal protein knowl-
edgebase (UniProtKB) search function in the UniProt
database (https://www.uniprot.org/).

Network construction and analysis

In this study, the targets of puerarin and tetrandrine were
predicted using multiple databases and the targets of
chondrogenesis were retrieved from the OMIM database.
The UniProt database was used to obtain target
information related to the active ingredients of the target
proteins. A string database was used for protein
interaction analysis. Cytoscape software (version 3.2.1)
was used to construct the drug–target network to cross-
fuse the target protein–protein interaction (PPI) network
and disease target PPI network. Puerarin and tetrandrine
target genes related to chondrogenesis were screened, and
chondrogenic differentiation signaling pathways were
identified. Potential drugs, disease-related genes, and
proteins were selected for verification.

Experimental verification

Reagents and animals

Puerarin (95.5%)and tetrandrine (99.2%)were purchased
from the National Institute for Food and Drug Control
(Beijing,China).Trizma®base, real-timeRT-PCRkitswere
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
The anti-transcription factor SOX-9 antibody, anti-
COL2A1 antibody, anti-collagenase 3 (MMP 13) anti-
body, and anti-glyceral-dehyde-3-phosphate dehydroge-
nase (GAPDH)antibody,HRP-conjugatedgoat anti-rabbit
IgG antibody, and UNIQ-10 column Trizol total RNA
extraction kit were purchased from Sangon Biotech, Co.,
Ltd. (Shanghai, China). Anti-collagen type-X (anti-CO-
L10A1)antibodywaspurchased fromAbcam(Cambridge,
UK). Trypsin solution (0.25%) was purchased from
SolarbioCo.Ltd. (Beijing,China).Anti-CD29(PEHamster
anti-Rat CD29), anti-CD45 (PE-CyTM5 Mouse anti-Rat
CD45), anti-CD54 (PEMouse anti-RatCD54), anti-CD90
(APC Mouse anti-Rat CD90/Mouse CD90.1), and anti-
CD11b (FITC Mouse anti-Rat CD11b) antibodies were
purchased from BD Biosciences (Bedford, MA, USA).
Healthy specific pathogen-free (SPF) male Sprague

Dawley (SD) rats aged 4 to 6weeks (180–220g) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (SCXK2016–0006, Beijing, China).

http://lsp.nwu.edu.cn/tcmsp.php
http://lsp.nwu.edu.cn/tcmsp.php
http://www.nrc.ac.cn:9090/ETCM
http://www.symmap.org/
http://mesh.tcm.microbioinformatics.org/
http://mesh.tcm.microbioinformatics.org/
https://www.omim.org/
https://www.uniprot.org/
http://www.ahmedjournal.com
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Animals were placed in a pathogen-free environment at
room temperature (20°C–22°C), with light control (12h
light/12h dark, lights on at 07:00AM) andwith free access
to clean food and water. All animal experiments were
performed in accordance with the NIHGuide for the Care
and Use of Laboratory Animals, and the protocols were
approved by the Animal Ethics Committee of the Tianjin
UniversityofTraditionalChineseMedicine (TCM–2017–
037 – E10). Significant efforts have beenmade tominimize
the number of experimental animals and their suffering.

Isolation and culture of primary cells

The rats were sacrificed by cervical dislocation and soaked
in 75% alcohol for 10min. The femur and tibia were
separated on a super clean bench and washed three times
with phosphate-buffered saline (PBS) buffer (Solarbio,
Beijing). The epiphytic ends of the femur and tibiawere cut
off to expose the marrow cavity. The marrow cavity was
rinsed with serum-free a-MEM (Hyclone, La, USA), and
the rinsed solution was placed in a Petri dish. The rinsed
solution with marrow cells was pipetted repeatedly to
obtain a single-cell suspension. The suspension was
centrifuged at 250�g for 10min, and the supernatant
was discarded. The cells were resuspended in a medium
containing 10% fetal bovine serum and inoculated in a 25
cm2 tissue culture flask. The primary cells were cultured at
37°C,with5%CO2andsaturatedhumidity.Non-adherent
cells were removed after 2days, after whichmorphological
changeswereobservedunderamicroscope.Cellswereused
for experiments at passage levels between 3 and 4.
The cells were digested with 0.25% trypsin, and a single

cell suspension was prepared. The supernatant was
discarded after centrifugation at 1,000�g for 5min,
and the pellet was washed twice with PBS buffer. The cell
count was measured and the cell density was calculated to
be 1�106cells/mL.

Identification of BMSCs

Passage 3 BMSCs (approximately 1�105 cells) were
divided into 1.5mL microcentrifuge tubes. CD45 and
CD11b were used as negative markers, CD29, CD54 and
CD90 were used as positive markers. Diluted antibodies
(500mL, anti-CD29, anti-CD54, anti-CD90, anti-CD11b,
and anti-CD45) were added to BMSCs, and the cells were
investigated by flow cytometry. Cells at passage 3 were
cultured incartilage inductionmediumfor21daysuntil cell
pellets formed. The cell pellets were fixed and embedded in
paraffin, cut into 5mm slices, and stained with toluidine
blue solution. The cells and slices were observed under a
microscope, and digital micrographs were obtained.

Effects of puerarin and tetrandrine on cell viability

BMSCs (passage 3) were seeded in 96-well cell culture
plates. New phenol red-free media with puerarin at
different concentrations (10, 1, 0.1, 0.01, 0.001mM),
tetrandrine at different concentrations (10, 5, 2.5, 1.25,
0.625mM), and a combination of puerarin and tetran-
drine at different concentrations (1mM+5mM, 0.1mM+
2.5mM, 0.01mM+1.25mM) were added respectively.
Dose–response curves were calculated using a 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT) assay following the manufacturer’s instructions
(Sigma-Aldrich, Co., St. Louis, MO, USA). The absor-
bance at 570nm was measured using a plate reader.
132
Verification for gene and protein levels
Real-time RT-PCR analysis
BMSCs at passage 4 were seeded into 6-well plates. The
cells were divided into a blank control group, active drug
group (10mg/L, TGF-b), puerarin group (1mM), tetran-
drine group (5mM), and combined puerarin and tetran-
drinegroup (1mM+5mM)for treatment,with fourparallel
wells in eachgroup.TotalRNAwasextracted fromBMSCs
using a Trizol total RNA extraction kit after 3days and 7
days of continuous culture. Oligonucleotide primer
sequences are listed in Supplementary Table 1, http://
links.lww.com/AHM/A18. GAPDH was used as the
internal control. The cycling conditions for amplification
were as follows: denaturation at 95°C for 10min, 40 cycles
of denaturation at 95°C for 15s, annealing at 60°C for 30s,
and elongation at 72°C for 30s. Amplification and analysis
were performed using the ABI Prism 7500 real-time PCR
system. The samples were analyzed using the relative CT
method. The fold increase or decrease in the targeted genes
was calculated based on the formula 2�DDCT.

Western blotting
Passage 4 BMSCs were divided into a blank control group,
active drug group (10mg/L, TGF-b), puerarin group (1m
M), tetrandrine group (5mM), and compatibility of
puerarin and tetrandrine group (1mM puerarin and 5m
M tetrandrine) to intervene with medicines. Total proteins
were isolated fromBMSCsafter 3 and 7days of continuous
culture using the mammalian protein prep kit (Sangon
Biotech, Co., Ltd., Shanghai, China). Protein concentra-
tions were determined using a BCA protein assay kit
(Thermo Scientific, Waltham, MA, USA). The proteins
were then separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and the protein
bands were blotted onto PVDF membranes (Millipore,
MIT, USA). The membranes were blocked with 5% skim
milkat25°Cfor1h.Theproteinbandswere incubatedwith
primary antibodies (anti-SOX-9, anti-COL2A1, anti-
COL10A1, anti-MMP13, and anti-GAPDH) overnight
at4°C.Themembraneswere then incubatedwithgoat anti-
rabbit IgGantibodyat25°Cfor1h.Afterdevelopmentwith
horseradish peroxidase substrate and a fluorescent agent,
the protein bands were exposed, and the images generated
from the exposure were scanned and analyzed. ImageJ
softwarewasused toquantifyproteinconcentrations.Each
experiment was performed in triplicate. GAPDHwas used
as the internal control. The primary antibodies and
antibody concentrations used are listed in Supplementary
Table 2, http://links.lww.com/AHM/A19.
Statistical analysis

Statistical analysis was performed using one-way analysis
of variance and Origin Pro 8.0 (OriginLab, North-
ampton, MA, USA). Experimental data are expressed as
the mean± standard deviation. P<0.05 or P<0.01 was
considered to indicate significant differences.

Results

Network construction and analysis

To verify that puerarin and tetrandrine have chondroin-
ductive activity, according to the hypothesis generated,
puerarin and tetrandrine targets relevant to chondro-
genesis were compared, and their common targets were
summarized. Puerarin and tetrandrine target genes

http://links.lww.com/AHM/A18
http://links.lww.com/AHM/A18
http://links.lww.com/AHM/A19
http://www.ahmedjournal.com
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related to chondrogenesis were screened from an analysis
of the compound–target and target–pathway networks.
Based on the gene screening results, we concluded that
puerarin and tetrandrine might induce the chondrogenic
differentiation of BMSCs. Next, we investigated signaling
pathways related to chondrogenesis, and six targets were
selected, including TGFB1, ACAN, SOX-9, COL2A1,
COL10A1, and MMP13, for real-time RT-PCR and
western blot validation (Figure 1). The six selected targets
interacted with each other and regulated the chondro-
genic differentiation of BMSCs (Figure 2).

Experimental verification

Sorting and identification of BMSCs

Through continuous cleaning and fluid exchange, the
suspended hybrid cells gradually disappeared, and the
adherent cells gradually changed from triangular to
polygonal. With an increase in the cell fusion rate, the
cells grew in the same direction as a whirlpool. In the third
passage, the morphology of all cells turned to a spindle-
shape, which could be used in the following experiments
(Figure 3A–C).
After the cells were induced to differentiate into

chondrocytes, glycosaminoglycan, proteoglycan, and
collagen were produced in the extracellular matrix.
Figure 1. (A) 3D structural formula of tetrandrine. (B) Protein interaction map
3D structural formula of puerarin. (E) Action target protein interaction (PPI) ne
network.

133
Therefore, the induced cells aggregated and grew into
cell pellets. Cell pellets were stained with toluidine blue,
and the extracellular matrix was blue-purple (Figure 3D).
This showed that the cells could be induced to
differentiate into chondrocytes.
Flow cytometry results showed that the proportions of

cells exhibiting the positive expression of stromal cell and
stem cell antigens including CD29, CD54, and CD90
were 99.8%, 92.1%, and 98.3%, respectively. CD11b
and CD45 were virtually absent in the cells (Figure 3E–I).
Effects of puerarin and tetrandrine on the viability
of BMSCs

The MTT assay was used to determine the effect of
puerarin, tetrandrine, and their combination on the
viability of BMSCs. Compared to that in the blank
control group, puerarin at concentrations of 0.001mM,
0.01mM, 0.1mM, and 1mM increased the viability of
cells, among which, the concentration of 1mM had a
better effect. Tetrandrine at a concentration of 5mM
promoted the viability of BMSCs, which were used in a
follow-up study. The combination of puerarin and
tetrandrine (1mM of puerarin and 5mM of tetrandrine)
could promote the viability of BMSCs, and the effect was
similar to that in the tetrandrine groups (Figure 3J–L).
of tetrandrine targets. (C) Protein interaction map of puerarin targets. (D)
twork, cross-fuse of the drug–target PPI network, and disease target PPI

http://www.ahmedjournal.com


Figure 2. (A) Schematic representation of chondrogenesis and endochondral ossification. (a) Dense cell mass of bone marrow mesenchymal stem
cells (BMSCs). (b) BMSCs proliferated and differentiated into chondroblasts. (c) Chondroblasts secreted cartilage extracellular matrix (ECM), and the
cells grew into mature chondrocytes. (d) Chondrocytes turned hypertrophic. When endochondral ossification occurred in tissue, (e) Cartilage become
vascularized, the ECM was degraded, hypertrophic chondrocytes become apoptotic, and osteoblasts invaded the tissue. (B) Upstream and
downstream regulation of SOX-9. Chondrogenesis begins with the upregulation of N-cadherin and SOX-9 by paracrine factors like TGF-b, whereas
Wnts downregulate the expression of SOX-9. The expression of N-cadherins and SOX-9 is accompanied by the condensation and proliferation of
BMSCs, a process called mesenchymal condensation. SOX-9 induces the BMSCs to differentiate into chondroblasts after condensation.
Chondroblasts produce cartilage-specific ECM, including collagen type-II (COL2A1) and proteoglycans such as aggrecan (ACAN).
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Effects of puerarin on the expression of chondrogenic
differentiation-related genes and proteins

When chondrogenic differentiation of BMSCs was
induced by puerarin for 3 and 7days, the mRNA
expression in the puerarin group showed no significant
difference, except for Col2a1 on the seventh day. The
protein expression of COL2A1, COL10A1,MMP13, and
SOX-9 was promoted after induction for 3 and 7days,
especially the protein expression of SOX-9 and MMP13
(Figure 4).

Effects of tetrandrine on the expression of chondrogenic
differentiation-related genes and proteins

When chondrogenic differentiation of BMSCs was induced
by tetrandrine for3days, themRNAexpressionofCol10a1,
Tgfb1, and Sox-9 increased. The expression of COL2A1,
COL10A1, and SOX-9was also promoted. Seven days after
induction, the mRNA expression of Acan, Col10a1, and
Sox-9 was promoted. Moreover, protein expression of
COL2A1,MMP13, and SOX-9was promoted. ThemRNA
expression of Sox-9 increased dramatically at both 3 and 7
days,whereas the protein expression of COL2A1 and SOX-
9 was significantly higher (Figure 5).

Effects of combination of puerarin and tetrandrine on
the expression of chondrogenic differentiation-related
genes and proteins

When the combination of puerarin and tetrandrine was
used to induce the chondrogenic differentiation of BMSCs
for 3days, the mRNA expression of Sox-9 showed a slight
increase. The expression of COL2A1, COL10A1, and
SOX-9 was also promoted. After being induced for 7days
of induction, the mRNA expression of Col2a1, Acan,
Col10a1, and Sox-9 increased. Further, protein expres-
sion of COL2A1, COL10A1, MMP13, and SOX-9 was
promoted (Figure 6).
134
Discussion

Osteoarthritis is the leading cause of chronic disability
worldwide. Finding BMSCs chondrogenic differentiation
inducers is the ideal strategy to treat osteoarthritis, and
the advantages of traditional Chinese medicine in this
field have been highlighted. Puerarin can regulate the
expression of genes associated with the chondrogenic
differentiation of BMSCs[30]. Low concentrations of
tetrandrine can also promote the proliferation of
chondrocytes, increase their activity, and promote the
secretion of COL2A1 chain and glycosaminoglycan by
chondrocytes, which is conducive to the repair and
reconstruction of cartilage tissue in vitro[31]. Combined
with the results of the network pharmacology analysis,
puerarin and tetrandrine could have the potential to
induce the differentiation of BMSCs into chondrocytes.
Moreover, compatibility of puerarin and tetrandrine was
the basis for testing whether it had a better effect on
inducing chondrogenic differentiation.
Based on the results of network pharmacological

analysis, we generated signaling pathway maps and
selected Tgfb1, Acan, Sox-9, Col2a1, Col10a1, and
Mmp13, and related proteins SOX-9, COL2A1, CO-
L10A1, and MMP13 for mRNA and protein expression
validation. ACAN, also known as the aggrecan core
protein, is present in the cartilage matrix and participates
in stabilizing the tissue structure. SOX-9 is an early
marker of chondrogenic differentiation[32]. It also
regulates Col2a1 mRNA expression, a cartilage-specific
gene[33–34]. COL2A1 is a cartilage-specific collagen[35–36]

and an important marker of chondrogenic differentia-
tion[22]. COL10A1 is a marker of hypertrophic chon-
drocytes. TGFB1 can promote cell proliferation,
chondrogenic differentiation of BMSCs, and the synthesis
of extracellular matrix proteoglycans and COL2A1. It
can also promote generation of the extracellular matrix of
cartilage, downregulate the expression of COL10A1,
inhibit the final differentiation of chondrocytes, and

http://www.ahmedjournal.com


Figure 3. (A–C) Morphological charts of P0, P3, and resuscitation P6 bone marrow mesenchymal stem cells (BMSCs) from SD rats cultured in vitro
(�100). (D) Chondrogenic induction of BMSCs from SD rats for 21d, based on frozen sections and toluidine blue staining (�100). (E–I) Expression of
the surface markers of BMSCs. (J–L) Effects of puerarin and tetrandrine on the proliferation of BMSCs.

∗
P<0.05 or

∗∗
P<0.01 was considered to

indicate a significant difference.
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maintain chondrocytes in the pre-hypertrophic
state[35,37]. MMP13 is a substrate-specific marker of
COL2A1 that can promote the absorption and recon-
struction of the extracellular matrix and hypertrophy of
chondrocytes[36,38] (Figure 2).
BMSCs are the starting point for chondrogenic

differentiation[39]. With appropriate signaling regulation,
along with the interactions between the extracellular
matrix and surrounding cells, BMSCs assemble and
produce collagen type-I, fibronectin, and ACAN[40]

before differentiating into chondrocytes. At this point,
135
the assembled BMSCs begin to express SOX-9, which can
regulate downstream genes such as Col2a1 in cartilage
formation and promote progenitor cells to secrete
cartilage-specific extracellular matrix components[41–44].
BMSCs then differentiate into hyaline cartilage together
with ACAN, COL2A1, collagen type-IX and XI. Hyaline
chondrocytes differentiate into hypertrophic chondro-
cytes through a series of morphological and physical
changes. At this point, synthesis of the extracellular
matrix is completed, and COL10A1 and MMP13 are
secreted. Then, the extracellular matrix begins to degrade,
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Figure 4. Effects of puerarin (Pue) after 3days or 7days of administration. (A–F) After 3days or 7days of Pue administration, the mRNA expression of
Col2a1, Acan,Mmp13, Col10a1, Tgfb1, and Sox-9 was tested. (G–L) After 3days or 7days of Pue administration, the protein expression of COL2A1,
COL10A1, MMP13, and SOX-9 was tested.

∗
P<0.05 or

∗∗
P<0.01 was considered to indicate a significant difference.

Figure 5. Effects of tetrandrine (Tet) after 3days or 7days of administration. (A–F) After 3days or 7days of Tet administration, the mRNA expression of
Col2a1, Acan,Mmp13, Col10a1, Tgfb1, and Sox-9 was tested. (G–L) After 3days or 7days of Tet administration, the protein expression of COL2A1,
COL10A1, MMP13, and SOX-9 was tested.

∗
P<0.05 or

∗∗
P<0.01 was considered to indicate a significant difference.
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Figure 6. Effects of combined puerarin and tetrandrine (Pue+Tet) after 3days or 7days of administration. (A–F) After 3days or 7days of Pue+Tet
administration, the mRNA expression of Col2a1, Acan, Mmp13, Col10a1, Tgfb1, and Sox-9 was tested. (G–L) After 3days or 7days of Pue+Tet
administration, the protein expression of COL2A1, COL10A1, MMP13, and SOX-9 was tested.

∗
P<0.05 or

∗∗
P<0.01 was considered to indicate a

significant difference.
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part of the hypertrophic chondrocyte transforms into
osteocytes, called osteogenic chondrocytes, and the other
part becomes apoptotic. These two types of chondrocytes
were terminally differentiated (Figure 2).
TGFB1 can promote the formation of the extracellu-

lar matrix of chondrocytes, especially the synthesis of
ACAN, which was confirmed by the experimental
results of this study. As a marker of cellular hypertrophy
in the late stage of chondrogenic differentiation, the
treatment effects on MMP13 proved that puerarin can
promote the expression of related proteins in the late
stage of cartilage differentiation of BMSCs better than
that with tetrandrine, and results confirmed the
compatibility of puerarin and tetrandrine. Tetrandrine
promoted the expression of chondrogenic-related
genes, such as Sox-9, and related proteins better than
puerarin. In addition, the selection of detection time
points had a significant effect on gene and protein
expression.
Conclusion

Network pharmacology studies have demonstrated that
puerarin and tetrandrine influence the chondrogenic
differentiation of BMSCs, therefore, we performed
experimental verification by inducing the chondrogenic
differentiation of BMSCs using puerarin, tetrandrine, and
a combination of the two. These findings revealed that
137
puerarin, tetrandrine, and their combination have induc-
tive effects on the chondrogenic differentiation of BMSCs.
Interestingly, the induction effects of these drugs on
BMSCs were not completely consistent. Puerarin had a
better catalytic effect on late chondrogenic differentia-
tion, whereas tetrandrine and the combination of
puerarin and tetrandrine had a better promoting effect
on middle chondrogenic differentiation. Noticeably,
among the genes and proteins related to cartilage
formation, results of only a few genes and proteins
showed that the combination of puerarin and tetrandrine
was better than puerarin or tetrandrine alone. Compared
with puerarin and tetrandrine alone, the combination of
puerarin and tetrandrine did not significantly change this
effect. These results might be related to the different
effects of the drugs on protein expression. However, the
current conclusions are only based on cell experiments,
and more animal experiments and future clinical trials are
needed to further verify our conclusions.
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