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Abstract. Chinese herbal extracts are being used increasingly 
to treat osteoarthritis (OA) in recent years. Baicalin (BA) 
is an active component of Scutellaria baicalensis Georgi 
extracts and protects chondrocytes against damage. The 
aim of the present study was to examine the mechanism of 
action of BA on chondrocytes from mouse articular cartilage. 
In total, 44 µM BA and 10 µM hypoxia‑inducible‑factor‑1α 
(HIF‑1α) inhibitor BAY‑87‑2243 were screened by the 
[3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑(3‑carboxymethoxyphenyl)‑2‑​
(4‑sulfophenyl)‑2H‑tetrazolium] method. Alcian blue and 
Safran O staining were used to investigate the synthesis of 
extracellular matrix (ECM) in chondrocytes treated with BA. 
The expression of HIF‑1α and chondrogenic marker genes 
including SOX9, AGG and Col2α was detected by western 
blotting or reverse‑transcription quantitative (RT‑qPCR), 
the expression of PHD1,2,3 and catabolic genes including 
ADAMTS5, MMP9 and MMP13 were detected by RT‑qPCR. 
To investigate the effect of BA on the ECM synthesis of chon‑
drocytes, 44 µM BA and 10 µM BAY were chosen for further 
experimentation. It was confirmed that BA at a concentration 
of 44 µM could significantly promote the secretion of ECM. 
The expressions of genes including HIF‑1α, SOX9, collagen 
type 2 (Col2α) and aggrecan (AGG) were elevated following 
BA pretreatment and decreased by subsequent BAY‑87‑2243 
stimulation for 24 h. Compared with untreated chondrocytes, 
the expressions of genes including ADAMTS5, MMP9, 
MMP13, PHD1, PHD2 and PHD3 in chondrocytes treated 
by BA were downregulated, however, BAY‑87‑2243 reversed 
the effect of BA on the genes including ADAMTS5, MMP9, 
MMP13, PHD1, PHD2 and PHD3 in chondrocytes. The 

findings of the present study suggest that BA may promote 
ECM synthesis and marker gene expression in chondrocytes 
by activating HIF‑1α. Therefore, BA may represent a novel 
clinical drug for OA.

Introduction

Osteoarthritis (OA) is the main cause of mobility‑related 
disability caused by cartilage degeneration. Due to the rising 
average age of the global population in the United States, 
the prevalence of OA is expected to double by 2030 (1,2). 
OA could lead to a decreased quality of life, the occurrence 
and formation of OA is because that articular cartilage has 
limited regenerative capacity due to poor cell migratory 
ability and low density (3). Once damaged, articular carti‑
lage has a limited potential to repair (4,5). The expression 
levels of matrix metalloproteinases (MMPs), including 
MMP9 and MMP13, in damaged articular chondrocytes are 
increased (6,7). The extracellular matrix (ECM) of articular 
cartilage contains collagen type 2 (Col2α) and aggrecan 
(AGG) synthesized by chondrocytes (8). Imbalances in ECM 
function lead to degenerative diseases, such as OA and carti‑
lage injury (9), chondrocytes are stimulated to release MMPs, 
including MMP9, MMP13 and a disintegrin and metallopro‑
teinase with thrombospondin motifs‑5 (ADAMTS5) (10). It 
is well known that ADAMTS5 and MMPs serve essential 
roles in degradation of cartilage ECM during the progression 
of OA (11).

Chondrogenesis is affected by a variety of factors, 
including growth factors such as TGF‑β (12) and BMP4 (13) 
and oxygen levels (14,15). HIF‑1α in chondrocytes responds 
to oxygen concentration during cartilage differentiation and 
formation in a hypoxic microenvironment  (16). When the 
oxygen concentration is close to normal, specific proline 
residues of HIF‑1α are rapidly hydroxylated and degraded 
by a series of proteasomes, including prolyl hydroxylase and 
asparaginyl hydroxylase (17). When the oxygen concentra‑
tion is lower than the normal level, HIF‑1α is stable and 
binds to its counterpart HIF‑1α to form a heterodimer and 
relevant genes related to glucose metabolism, collagen 
production, angiogenesis and differentiation are activated 
and expressed (18,19). For chondrocytes, the expression of 
SOX9, Col2α and AGG can be activated and upregulated by 
stabilization and accumulation of HIF‑1α (16).
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Baicalin (BA) is a flavonoid compound extracted from the 
roots and stems of Scutellaria baicalensis Georgi and has a 
number of therapeutic effects, including antibacterial, diuretic, 
anti‑inflammatory, anti‑metamorphosis and antispasmodic 
effects, similar to those of other natural Chinese medicines, 
such as icariin and Salvianolic acid (20,21). According to a 
report by Chen et al (21), flavonoids including BA are effec‑
tive in the treatment of OA. Another study demonstrated that 
BA may maintain the phenotype of chondrocytes isolated 
from New Zealand rabbits (22). Previous studies have also 
demonstrated that BA inhibits the expression of inflamma‑
tory factors in articular chondrocytes by blocking the NF‑κB 
pathway  (23). It has also been confirmed that Bone Gla 
Protein (BGP, osteocalcin) promotes cartilage formation and 
glucose metabolism by activating HIF‑1α (24). Xing et al (23) 
concluded that BA protects chondrocytes by inhibiting NF‑κB 
signaling pathways (23). Moreover, it was reported that BA 
significantly inhibited the oxidative stress and decreased 
cell apoptosis (25). The HIF‑1α pathway generally involves 
chondrogenesis and cartilage formation of chondrocytes (16). 
BAY‑87‑2243 is a potent and selective HIF‑1α blocker and 
inhibitor (26,27), it is suggested that BAY‑87‑2243 could block 
of HIF‑1α expression mediated IL‑17 and CoCl2 in RAW 
264.7 macrophage cells (27). Although it is known that BA has 
a protective effect on chondrocytes, the effect and mechanism 
of BA on the HIF‑1α pathway in chondrocytes has not yet been 
elucidated.

Hence, the present study aimed to investigate the expression 
of chondrogenic genes and ECM in chondrocytes treated with 
or without BAY‑87‑2243 in the presence of BA. The regulatory 
mechanism of BA involving the HIF‑1α/SOX9 pathway was 
elucidated using molecularbiology experiments and morpho‑
logical analysis. The present study provides a theoretical basis 
for clinical applications of BA to treat patients with cartilage 
damage and OA.

Materials and methods

Chemicals. BA was obtained from Bioruler Co., Ltd. Stock 
solutions of BA were dissolved in dimethyl sulfoxide (DMSO; 
Sigma‑Aldrich; Merck KGaA) at room temperature and 
stored at ‑20˚C. The final concentration of dimethyl sulf‑
oxide used in the culture was 0.01% (v/v), the concentration 
of BA working solution were 11, 22, 44, 88 and 176 µM. 
BAY‑87‑2243 was purchased from Selleck Chemicals. Stock 
solutions of BAY‑87‑2243 were dissolved in double‑distilled 
water at room temperature and stored at ‑20˚C, the working 
solution concentrations of BAY‑87‑2243 were 5, 10, 20 and 
40 µM.

Animal experiments, cell culture and cytotoxicity analysis. 
Three to four weeks‑old C57BL/6 male mice (13‑20  g) 
were purchased from Medical Laboratory Animal Center 
(Guangzhou, China). The mice were bred and housed freely in 
a specific pathogen‑free condition at a temperature of 18‑22˚C 
with a relative humidity of 50‑60% on a 12 h light‑dark cycle, 
with free access to water and food. The mice were kept for 
five days prior to chondrocytes isolation. Chondrocytes were 
isolated from the mice and digested according to a previously 
described protocol  (28-30). Briefly, the mice (n=30) were 

sacrificed using carbon dioxide gas (28% chamber volume 
per min) under general anesthesia; chondrocytes were isolated 
immediately after the mice were euthanized. The knee cartilage 
was digested with collagenase I (Cat. no. C0130; Sigma‑Aldrich; 
Merck KGaA) and collagenase D (cat. no.  11088858001, 
Roche Diagnostics) for 30 min at 37˚C. The isolated chondro‑
cytes were seeded at a concentration of 5x105 cells/ml onto a 
10‑cm diameter Petri dishes containing complete Dulbecco's 
Modified Eagle's Medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% (v/v) fetal bovine serum (FBS; 
Gibco; Thermo Fisher Scientific, Inc.), 2 mM/l glutamine, 
100 U/ml penicillin and 100 µg/ml streptomycin in a humidi‑
fied atmosphere with 5% CO2 at 37˚C, after three days of 
culture, the cell confluence reached 80~90% and the harvested 
chondrocytes were used for subsequent experiments. For the 
[3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑​(3‑carboxymethoxyphenyl)‑2‑​
(4‑sulfophenyl)‑2H‑tetrazolium] (MTS) assay, ~4x103 
chondrocytes were transferred to 96‑well plates to make 
final volumes of 0.2 ml/well. For cytotoxicity analysis of BA, 
the medium was removed and the new medium containing 
gradient concentrations of BA (11, 22, 44, 88 and 176 µM) was 
added on the next day, the new medium of the control groups 
contained no BA, the chondrocytes were treated with different 
concentrations of BA respectively for 12, 24 and 48 h. For cyto‑
toxicity analysis of BAY‑87‑2243, the medium was removed 
and the new medium containing gradient concentrations of 
BAY‑87‑2243 (5, 10, 20 and 40 µM) was added on the next day, 
the new medium of control groups contained no BAY‑87‑2243, 
the chondrocytes were treated with different concentrations 
of BA respectively for 8, 12 and 24 h. The chondrocytes in 
all groups were incubated at 37˚C in a 5% CO2 container. 
Absorbance was determined at 490 nm.

Alcian blue and Safranin O (SO) staining of cultured cells. 
Chondrocytes were seeded in a 12‑well plate at a density of 
1x105 cells per well in a final volume of 10 µl. After 4 h of 
incubation for adherence of chondrocytes, 2 ml of complete 
DMEM medium containing various concentrations of BA 
(0, 11, 22, 44 and 176 µM) was added. After 14 days, cell 
masses were washed and fixed for 20 min with 0.5 ml of 4.0% 
paraformaldehyde at room temperature and then stained 
with 0.1% (w/v) Safranin O (Sigma‑Aldrich; Merck KGaA) 
for 30 min at room temperature and 1% (w/v) Alcian blue 
(Sigma‑Aldrich; Merck KGaA) for 1  h at room tempera‑
ture. Photographs of stained cells were captured using an 
optical microscope (magnification, x4) (Microphot; Nikon 
Corporation) and analyzed using Image‑Pro Plus 6.0 software 
(Media Cybernetics, Inc.).

Immunofluorescence. Chondrocytes at a concentration of 
4x104/well were seeded on round glass coverslips placed in 
6‑well plates and chondrocytes were exposed to 44 µM BA for 
2 h followed by 10 µM BAY‑87‑2243 for 24 h. The cells on the 
coverslips were fixed for 15 min with 2 ml of 4.0% paraformal‑
dehyde at room temperature, the sections were blocked with 
5% (v/v) bovine serum albumin (BSA) for 1 h at room temper‑
ature and incubated with the primary antibody against HIF‑1α 
(1:50; cat. no. 36169; Cell Signaling Technology, Inc.) at 4˚C 
overnight. Subsequently, the secondary fluorescein‑conjugated 
goat anti‑rabbit antibody (1:200; cat. no. ZF0311; OriGene 
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Technologies, Inc.) was added and incubated for 1 h at room 
temperature and the cover slips were sealed. Images of stained 
cells were viewed and captured using confocal laser scan‑
ning microscopy (CLSM; Zeiss LSM 510 META System; 
magnification, x400) and compared to untreated cells.

Western blotting. Chondrocytes were seeded at a concentra‑
tion of 2x105/well in 6‑well plates, the chondrocytes were 
pretreated with BA at 44 µM for 2 h and the chondrocytes 
were then treated or not treated with 10 µM BAY‑87‑2243 
for 24 h in the presence of BA. The chondrocytes in the 
all groups were incubated at 37˚C in an incubator with 5% 
CO2. The cells were harvested using radioimmunoprecipi‑
tation assay buffer (cat. no. P0013D, Beyotime Institute of 
Biotechnology). Subsequently, 100 µl cell‑lysate supernatants 
containing 1 mM PMSF (Sigma‑Aldrich; Merck KGaA) were 
analyzed using the bicinchoninic acid (BCA) protein quanti‑
tation kit. In total, 30 µg of protein from each sample were 
separated on a 10% SDS‑PAGE gel. The separated proteins 
were transferred onto polyvinylidene difluoride membranes 
(Bio‑Rad Laboratories, Inc.). The membranes were soaked 
overnight at 4˚C with solutions of primary rabbit anti‑GAPDH 
antibody (1:1,000; cat. no. 5174), rabbit anti‑HIF‑1α (1:1,000; 
cat. no. 36169), and rabbit anti‑SOX9 antibodies (1:1,000; 
cat. no.  82630; all Cell Signaling Technology, Inc.). The 
next day, the membranes were washed 3  times with PBS 
containing 0.1% Tween‑20 (TBS‑T). Diluted HRP‑labeled 
goat anti‑rabbit IgG (1:3,000; cat. no. ARG 65351; Arigo 
Biolaboratories) was added and left for 1 h at room tempera‑
ture. GAPDH was used as the loading control. Images of the 
stained‑protein bands were recorded using an ECL Western 
Blotting Substrate (Thermo Fisher Scientific, Inc.) kit and 
quantified using Image lab system version 2.0. (Bio‑Rad 
Laboratories, Inc.).

Reverse‑transcription quantitative PCR(RT‑qPCR). In total, 
~2x105 chondrocytes were transferred to 6‑well plates and 
cultured at 37˚C with 5% CO2. The chondrocytes in control 
and treatments were pretreated with BA at 44 µM for 2 h and 
the chondrocytes were then stimulated or not stimulated with 
10 µM BAY‑87‑2243 for 24 h in the presence of BA. Total 
RNA (Ribonucleic Acid) was extracted from chondrocytes 
using TRIzol reagent (Thermo Fisher Scientific, Inc.) and 
converted to cDNA using PrimeScript RT Master Mix (Takara 
Bio, Inc.). RT‑qPCR was performed with SYBR Premix ExTaq 
(Takara Bio, Inc.) using the qTOWER version 3.0 PCR system 
(Jena Industries, Inc.). The thermocycling conditions were as 
follows: At 95˚C for 2 min for pre‑denaturation; 40 cycles of 
denaturation at 95˚C for 34 sec, and annealing and extension 
at 55˚C for 5 sec. The forward and reverse primers for all the 
target genes are presented in Table I. The expression of all 
genes was calculated by the 2‑ΔΔCq method using β‑actin as the 
control (29).

Statistical analysis. Results from 3 experimental repeats are 
presented as the mean ± standard deviation. Comparisons 
were analyzed using analysis of variance (one‑way ANOVA) 
followed by the post hoc Fisher's least significant difference 
or Bonferroni's tests using SPSS version 22 software (IBM 
Corp.). *P<0.05 was considered to indicate a significant 

difference and **P<0.01 was considered to indicate a highly 
significant difference.

Results

Potential cytotoxicity of BA and BAY‑87‑2243 on chondro‑
cytes was evaluated by MTS. BA is the most abundant and 
active component in Scutellaria baicalensis Georgi, BA has 
a chemical formula C21H18O11 (Fig. 1A) with molecular mass 
446.361 g/mol (30). The effect of BA on chondrocytes was 
firstly determined by the MTS method. Chondrocytes were 
subjected to the indicated BA concentration of 0, 11, 22, 44, 88, 
and 176 µM for 12, 24 and 48 h. As demonstrated in Fig. 1B, 
BA at 11 and 22 µM had no cytotoxicity on chondrocytes; BA 
at 44 and 88 µM exhibited little cytotoxicity on chondrocytes 
and BA at 176 µM exerted a significant cytotoxicity effect on 
chondrocytes. This trend of the effect of BA on chondrocytes 
remained almost consistent at 12, 24 and 48  h (Fig.  1B). 
BAY‑87‑2243, a potent and selective HIF‑1α inhibitor (26,27), 
BAY‑87‑2243 at higher concentrations (10, 20 and 40 µM) 
had no effect on chondrocytes at the aforementioned 3 time 
points; however, BAY‑87‑2243 at a concentration of 10 µM 
had no cytotoxicity on chondrocytes cultured for 8, 6 and 24 h 
(Fig. 1C). The present study was designed to investigate the 
effect of BA on the ECM synthesis of chondrocytes instead of 
cell proliferation, hence, 44 µM BA and 10 µM BAY‑87‑2243 
were chosen for further experimentation.

BA promotes the expression of SOX9, AGG and Col2α and 
ECM synthesis. SO and Alcian blue staining are classic 
methods for detecting the ECM component AGG (16), SO and 
Alcian blue staining indicated that BA (at 22, 44 and 88 µM) 
promoted the secretion of AGG in chondrocytes at varying 
degrees. Compared with untreated chondrocytes, AGG 
secretion from chondrocytes in BA (44 µM) treated groups 
was significantly increased (Fig. 2A). In the present study, 
the protein level of SOX9 was significantly increased in the 
BA treatment groups compared with that of the control group 
(P<0.01) and the protein level of SOX9 was inhibited signifi‑
cantly by the addition of 10 µM of BAY‑87‑2243 (P<0.01; 
Fig. 2B and C). The mRNA expression of SOX9, AGG and 
Col2α was significantly upregulated following BA treat‑
ment and the effect of BA on chondrocytes were obviously 
eliminated by BAY‑87‑2243 (P<0.01; Fig. 2D‑F). These results 
indicated that ECM synthesis and chondrogenic expressionin 
chondrocytes were upregulated by BA and downregulated by 
BAY‑87‑2243.

BA activates HIF‑1α expression in chondrocytes compared 
with the untreated chondrocytes. HIF‑1α (green) nuclei 
expression was increased in chondrocytes treated with BA 
for 24 h, compared with the BA (only)‑treated chondrocytes. 
HIF‑1α (green) nuclei expression was decreased significantly 
in chondrocytes treated by BAY‑87‑2243 in the presence of 
BA (Fig. 2A). Simultaneously, BA stimulated an upregula‑
tion in HIF‑1α mRNA (P<0.01; Fig. 3B) and HIF‑1α protein 
expression (P<0.01; Fig. 3C and D) in the chondrocytes in 
accordance with the observed upregulation of HIF‑1α stabi‑
lization and nuclear translocation in immunofluorescence 
experiments. The expression level of HIF‑1α in chondrocytes 
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treated with BA was decreased significantly by BAY (Fig. 3). 
These results indicated that BA could activate the nuclear 
expression of HIF‑1α.

BA downregulates MMP9, MMP13, ADAMTS5 and prolyl 
hydroxylases (PHD) genes expression. MMPs (especially 
MMP9 and MMP13) and ADAMTS5 are regarded as the key 
enzymes in the progression of OA that involves the breakdown 

of the ECM (31). Compared with respective control groups, 
the mRNA expression of ADAMTS5, MMP9, MMP13, PHD1, 
PHD2 and PHD3 in chondrocytes of BA‑treated groups were 
significantly downregulated (P<0.01; Fig. 4A‑F). Compared 
with the BA‑treated chondrocytes, the mRNA expression 
of ADAMTS5, MMP9, MMP13, PHD1, PHD2 and PHD3 
were increased significantly in chondrocytes treated by 
BAY‑87‑2243 in the presence of BA (Fig. 4A‑F). These results 

Figure 1. Effects of BA and BAY‑87‑2243 on chondrocytes. (A) Molecular structure of BA. (B) Chondrocytes were treated with BA (0, 11, 22, 44, 
88 and 176 µM) for 12, 24 and 48 h and cytotoxicity was assessed using the MTS assay. (C) Chondrocytes were treated for 8, 16 and 24 h with BAY (5, 10, 
20 and 40 µM) and the cytotoxicity was determine by MTS assay. *P<0.05. BA, baicalin; BAY, hypoxia inducible factor‑1α inhibitor (BAY‑87‑2243); MTS, 
[3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑(3‑carboxymethoxyphenyl)‑2‑(4‑sulfophenyl)‑2H‑tetrazolium], comparisons were analyzed using one‑way ANOVA followed 
by Bonferroni's tests.

Table I. Sequences of primers used for gene amplification by reverse‑transcription quantitative PCR.

Genes	 Forward primer sequence (5'‑3')	 Reverse primer sequence (5'‑3')

β‑actin	 ATTGTGCACCGCAAATGCTT	 ACCACAGCACGATTGTCGAT
HIF‑1α	 CCACCACAACTGCCACCACTG	 TGCCACTGTATGCTGATGCCTTAG
SOX9	 TCAACGGCTCCAGCAAGAACAAG	 CTCCGCCTCCTCCACGAAGG
Col2α	 GGTCCTCCTGGTCCTGGCATC	 CGTGCTGTCTCAAGGTACTGTCTG
AGG	 CGTTGCAGACCAGGAGCAAT	 CTCGGTCATGAAAGTGGCGG
MMP9	 AGAGACCACCACCACCACCAC	 TGCCTGCCTCCACTCCTTCC
MMP13	 CTACCATCCTGCGACTCTTGCG	 CCACATCAGGCACTCCACATCTTG
ADAMTS5	 AAGAGGAGGAGGAGGAGGAGGAG	 AATGGTTGTGAGCTGCCGTATGG
PHD1	 AGGCTATGTCCGTCACGTTG	 TGGGCTTTGCCTTCTGGAAA
PHD2	 ATATTGTGCCTTGCATGCGG	 TGGCTCACTAGTTGCCCATC
PHD3	 AGGCAATGGTGGCTTGCTAT	 GACCCCTCCGTGTAACTTGG

HIF‑1α, hypoxia‑inducible factor‑1α; AGG, aggrecan; Col2α, collagen type 2; MMP, matrix metalloproteinase; ADAMTS5, a disintegrin and 
metalloproteinase with thrombospondin motifs 5; PHD, prolyl hydroxylase.
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indicated that BA exerted a protective effect on chondrocytes 
by inhibiting the expression of catabolic genes.

Discussion

In the present study, it was found that BA promoted the 
synthesis of ECM in chondrocytes. In addition, it was found 
that the effect of BA on chondrocytes was dependent on the 
activation and expression of HIF‑1α by BA. The addition of 
the HIF‑1α inhibitor BAY‑87‑2243 significantly inhibited 
the expression and activation of HIF‑1α. The findings of the 
present study indicated that BA may be a candidate drug to 
treat patients with cartilage damage and OA.

As shown in Fig. 1B, Low concentrations of BA (11 and 
22 µM) had no cytotoxic effect on chondrocyte, however, 
high concentrations of BA (176 µM) had significant cytotoxic 
effect on chondrocytes. Notably, it has been reported that 
BA at 1.25 µM increased rabbit primary chondrocyte prolif‑
eration  (32). The present study found that primary mouse 
chondrocytes were less sensitive to BA compared with rabbit 
chondrocytes used in the aforementioned study. It also indi‑
cated that low concentration BA (11 and 22 µM) promoted 
cell proliferation, suitable concentration of BA (11 and 22 µM) 
had no toxic side effects on chondrocytes, high concentration 
BA (176 µM) had cytotoxic effect toxic side effects on chon‑
drocytes. In the present study, the effect of BA on the ECM 
synthesis and the expression of HIF‑1α in chondrocytes was 
explored. In addition, 44 µM BA was demonstrated to have 
no proliferative effect or side effects on chondrocytes and was 
chosen for subsequent experiments.

In the present research, 10 µM BAY‑87‑2243 had no cyto‑
toxicity effect on chondrocytes, which was similar with the 

the conclusion reported in literature (33). Therefore, 10 uM 
BAY‑87‑2243 was used for western blotting, RT‑qPCR and 
immunofluorescence experiments. In the present study, the 
effects of BA on chondrocyte ECM production and function 
were examined by SO and Alcian blue staining and it was 
demonstrated that BA promoted AGG synthesis in chon‑
drocytes. The results of the present study demonstrated that 
BA treatment promoted AGG synthesis by chondrocytes at 
concentrations ranging from 22‑88 µM. Specifically, BA at 
44 µM had the strongest effect on AGG synthesis and secre‑
tion. Further, the upregulation of AGG and Col2α mRNA 
supported the conclusion that the BA exerted an effect on ECM 
synthesis. Key catabolic genes including ADAMTS5, MMP9, 
and MMP13 mRNA levels were downregulated following 
BA treatment. BAY‑87‑2243 significantly reversed the above 
effects of BA. The findings of the present study indicated that 
BA inhibited the expressions of catabolic genes including 
MMP9, MMP13, PHD1, PHD2 and PHD3.

In the present study, in order to explore the mechanism 
of action of BA on chondrocytes, HIF‑1α expression was 
examined after treatment with BA and HIF‑1α inhibitor 
BAY‑87‑2243. The expression of HIF‑1α and SOX9 was 
significantly increased as was the mRNA expression of AGG 
and Col2α in chondrocytes compared to the control cells. 
However, BAY‑87‑2243 inhibited the expression of HIF‑1α 
and SOX9 in the present study. Previous studies have reported 
that HIF‑1α exhibited cartilage‑formation ability and can also 
maintain chondrocyte phenotype by regulating SOX9 expres‑
sion (34‑36), Using a HIF‑1α deletion model, our previous 
study indicated that icariin (ICA) increased ECM expression 
by activating HIF‑1α (37), the conclusion of the present study 
was consistent with those studies reported previously.

Figure 2. BA enhances extracellular matrix synthesis and chondrogenic marker expression, while the effect was decreased by the HIF‑1α inhibitor 
BAY(BAY‑87‑2243). (A) The chondrocyte masses treated by gradient concentration of BA (0, 22, 44 and 88 µM) were stained by SO and Alcian blue 
staining (4x). (B‑D) Protein and mRNA expression of SOX9 was analyzed by western blotting and RT‑qPCR, respectively and quantified using histograms). 
(E) AGG and (F) Col2α mRNA expression was analyzed by RT‑qPCR and β‑actin was used as an internal control for RT‑qPCR. *P<0.05, **P<0.01. HIF‑1α, 
hypoxia‑inducible factor‑1α; BA, baicalin; BAY, hypoxia inducible factor‑1α inhibitor (BAY‑87‑2243); SO, Safranin O; RT‑qPCR, reverse‑transcription 
quantitative; AGG, aggrecan; Col2α, collagen type 2; con, control.
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In the present study, PHD1, PHD2 and PHD3 mRNA 
expression significantly decreased following BA treatment. 
HIF‑1α is usually induced by hypoxia, in addition, it has also 
been suggested that certain flavonoids sequester iron ions that 
are cofactors required for PHD activity, hence leading to the 
inactivation of PHDs (38). Once PHDs are inactivated, HIF‑1α 

enters the nucleus and then activates the expression of the down‑
stream genes including SOX9 and AGG (39). It was documented 
that some flavonoids (such as quercetin, galangin and icariin) 
chelated cellular iron ions, a required cofactor for PHD activity, 
leading to the inhibition of PHD‑catalyzed HIF prolyl hydrox‑
ylation and subsequently HIF‑1α/2α accumulation (38‑40). 

Figure 3. BA promotes the expression of HIF‑1α in newborn‑mouse cartilage chondrocytes and this effect was reversed by BAY. (A) HIF‑1α nuclear localiza‑
tion in BA (44 µM)‑treated chondrocytes with or without BAY (10 µM) was observed under a fluorescence microscope (magnification, 400x), the white 
arrows indicate chondrocytes with strong nuclear HIF‑1α expression. (B‑D) mRNA and protein levels of HIF‑1α measured by RT‑qPCR and western blotting, 
respectively. β‑actin was the control for RT‑qPCR and GAPDH was the control for western blotting. *P<0.05, **P<0.01. HIF‑1α, hypoxia‑inducible factor‑1α; 
BA, baicalin; BAY, hypoxia inducible factor‑1α inhibitor (BAY‑87‑2243); RT‑qPCR, reverse‑transcription quantitative; con, control; BAY, hypoxia inducible 
factor‑1α inhibitor.
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Thus, it was determined whether BA induced the accumulation 
of HIF‑1α in chondrocytes through the similar mechanism as 
other flavonoids. It was revealed that the protein expression of 
PHD1, PHD2 and PHD3 in chondrocytes was also reduced by 
BA treatment. It is purported that protein levels and activity 
of the hypoxia‑inducible transcription factors HIF‑1α is 
controlled by hydroxylation of the regulatory α chains. Proline 
hydroxylases (PHDs) target the protein for degradation via the 
von‑Hippel‑Lindau‑ubiquitin‑ligase complex, and asparagine 
hydroxylation by Factor Inhibiting HIF leads to transcriptional 
inactivation (41‑43). The present study only evaluated inhibition 
and accumulation of HIF‑1α in chondrocytes treated by BA; 

however, the method by which BA regulates PHD expression 
and whether the reduction in PHD expression also contributes to 
the HIF‑1α accumulation and has other biological significance 
in chondrocytes, need to be further studied.

The present study had some limitations. Firstly, the 
effectof BA on chondrocytes was not studied by performing 
chelation experiments. This can be the focus of research for 
further studies. Secondly, there was no in vivo experiments 
performed in the present study. Future studies are required for 
in vivo verification of the findings of the present study. Further 
studies are also required to investigatethe pharmacological 
mechanisms of BA effects on chondrocytes.

Figure 4. BA treatment decreased chondrogenic catabolic genes and PHD expression, the effect was blocked by the HIF‑1α inhibitor BAY. Chondrocytes 
originating from newborn mice were treated with or without 10 µM BAY in the presence of BA (44 µM) for 24 h. (A) ADAMTS5, (B) MMP9 and (C) MMP13 
mRNA expression was detected by RT‑qPCR. (D) PHD1, (E) PHD2 and (F) PHD3 mRNA expression was detected by RT‑qPCR, β‑actin was the control 
for RT‑qPCR. *P<0.05, **P<0.01. HIF‑1α, hypoxia‑inducible factor‑1α; BA, baicalin; BAY, hypoxia inducible factor‑1α inhibitor (BAY‑87‑2243); RT‑qPCR, 
reverse‑transcription quantitative; con, control; MMP, matrix metalloproteinase; ADAMTS5, a disintegrin and metalloproteinase with thrombospondin 
motifs 5; PHD, prolyl hydroxylase.
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In summary, it was confirmed that BA exerted a protec‑
tive effect on mouse chondrocytes in vitro. In addition, it was 
concluded that BA promoted ECM synthesis at least partly 
by activating the HIF‑1α/SOX9 pathway. The findings of the 
present study may lead to BA being developed as a potential 
drug to treat patients with OA.
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