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�� BONE BIOLOGY

Tert-butylhydroquinone attenuates 
osteoarthritis by protecting 
chondrocytes and inhibiting 
macrophage polarization

Aims
Tert-butylhydroquinone (tBHQ) has been identified as an inhibitor of oxidative stress-
induced injury and apoptosis in human neural stem cells. However, the role of tBHQ in os-
teoarthritis (OA) is unclear. This study was carried out to investigate the role of tBHQ in OA.

Methods
OA animal model was induced by destabilization of the medial meniscus (DMM). Different 
concentrations of tBHQ (25 and 50 mg/kg) were intraperitoneally injected in ten-week-old 
female mice. Chondrocytes were isolated from articular cartilage of mice and treated with 
5 ng/ml lipopolysaccharide (LPS) or 10 ng/ml interleukin 1 beta (IL-1β) for 24 hours, and 
then treated with different concentrations of tBHQ (10, 20, and 40 μM) for 12 hours. The 
expression levels of malondialdehyde (MDA) and superoxide dismutase (SOD) in blood were 
measured. The expression levels of interleukin 6 (IL-6), IL-1β, and tumour necrosis factor al-
pha (TNF-α) leptin in plasma were measured using enzyme-linked immunoabsorbent assay 
(ELISA) kits. The expression of nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) and mitogen-activated protein kinase (MAPK) signalling pathway proteins, and mac-
rophage repolarization-related markers, were detected by western blot.

Results
Tert-butylhydroquinone significantly attenuated cartilage destruction in DMM-induced mice 
in vivo. It demonstrated clear evidence of inhibiting IL-1β-induced chondrocyte apoptosis, 
inflammation, and differentiation defect in vitro. Meanwhile, tBHQ inhibited LPS-induced 
activation of NF-κB and MAPK signalling pathways, and also inhibited LPS-induced reactive 
oxygen species production and macrophages repolarization in vitro.

Conclusion
Taken together, tBHQ might be a potential therapeutic strategy for protecting against OA 
development.

Cite this article: Bone Joint Res 2021;10(11):704–713.

Keywords:  tBHQ, Osteoarthritis, Apoptosis

Article focus
�� To explore the effect of tert-

butylhydroquinone (tBHQ) on osteoar-
thritis (OA).

Key messages
�� tBHQ effectively protected against desta-

bilization of the medial meniscus (DMM)-
induced cartilage destruction and 
inflammation in mice.

�� tBHQ significantly inhibited interleukin 1 
beta (IL-1β) induced chondrocyte apop-
tosis, inflammation, and differentiation 
defect in vitro.
�� tBHQ significantly inhibited LPS-induced 

reactive oxygen species production, 
macrophage repolarization, and the 
activation of NF-κB and MAPK signalling 
pathways in chondrocytes.
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Strengths and limitations
�� tBHQ could effectively alleviate OA development by 

protecting chondrocytes against apoptosis, inflam-
mation, and differentiation defect.
�� Whether tBHQ alleviated OA by inhibiting the NF-κB 

and MAPK signalling pathways and macrophage 
repolarization needs to be investigated in detail in 
future studies.

Introduction
Osteoarthritis (OA) is a common degenerative disease 
that can affect articular cartilage, synovium, and 
subchondral bone, and it is a leading cause of disability 
among older adults.1 OA affects approximately 240 
million people worldwide, including approximately 10% 
of men and 18% of women population who are over 60 
years of age.2 The main therapeutic strategies for OA are 
alleviating pain, reducing stiffness, maintaining the func-
tional capacities, and improving the quality of life of OA 
patients.3,4 Due to the limited knowledge of the molec-
ular mechanisms involved in OA development, effective 
treatment strategies to decelerate OA progression are still 
lacking.5 Therefore, better understanding of the under-
lying mechanisms of the occurrence and development of 
OA can contribute to identify specific therapeutic targets 
for OA treatment.

Reactive oxygen species (ROS) are mainly produced 
by the mitochondrial respiratory chain in aerobic metab-
olism (oxidative phosphorylation) or nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase.6 ROS 
has been reported to promote OA by disrupting homeo-
static intracellular signalling.7 The ROS level maintains at 
low concentrations in chondrocytes under normal condi-
tions, which participates in various intracellular processes 
and regulates cartilage metabolism including modulating 
chondrocyte apoptosis, downstream gene expression, 
and cytokine production.8,9 However, in chondrocytes 
during OA, ROS level is significantly increased,10 and 
the production of antioxidant enzyme is significantly 
decreased.11 In addition, ROS plays an important role 
in the pathophysiology of OA with the presence of lipid 
peroxidation products.12

Chondrocytes are the resident cells for articular carti-
lage and the dysfunction of chondrocyte may severely 
cause the failure of articular cartilage.13 Besides, apop-
tosis, inflammation, and differentiation of chondrocytes 
play essential roles in the development of OA.14 In addi-
tion, macrophages actively participate in the patho-
physiological processes of various chronic bone diseases 
such as gouty arthritis (GA), rheumatoid arthritis (RA), 
and OA.15 Macrophages can be polarized to M1/M2 
phenotypes according to the microenvironment, and 
M1 macrophages can lead to the copious secretion of 
proinflammatory cytokines such as interleukin 1 beta (IL-
1β), interleukin-6 (IL-6), interleukin-12 (IL-12), tumour 
necrosis factor alpha (TNF-α), as well as the production of 
ROS and inducible nitric oxide synthase (iNOS).16

Tert-butylhydroquinone (tBHQ) is a synthetic phenolic 
antioxidant that has potent antioxidant activities.17 
Increasing evidence has demonstrated that tBHQ might 
potentially be applied for the treatment of oxidant stress-
related diseases such as Alzheimer’s disease,18 ischaemic 
stroke,19 and heart failure.20 In addition, tBHQ could effi-
ciently attenuate ROS production and inhibit the apop-
tosis of human neural stem cells.21 However, the role of 
tBHQ in OA is unclear. Previous studies found that tBHQ 
had an anti-inflammatory effect both in vivo (10 to 100 
mg/kg)22,23 and in vitro (5 to 25 μM).24 Therefore, we 
selected similar concentration of tBHQ to explore its role 
in OA.

In this study, we demonstrated that tBHQ could effi-
ciently alleviate destabilization of the medial meniscus 
(DMM)-induced OA through inhibiting apoptosis and 
inflammation of chondrocytes, and promoting differ-
entiation of chondrocytes, as well as inhibiting ROS 
production and macrophage polarization by inhibiting 
activation of the NF-κB and MAPK signalling pathways. 
Our findings suggested that tBHQ might be an efficient 
therapeutic strategy for OA treatment.

Methods
Animals.  C57BL/6 female mice (ten-week-old) were 
housed under standard laboratory conditions (22°C 
(standard deviation (SD) 2), 40% to 60% humidity, 12 
hr/12 hr light/dark cycle). According to body weight 
(20 g (SD 1)), a total of 36 mice were randomly divid-
ed into sham groups and DMM groups. Further, mice 
in the sham group were randomly divided into three 
sub-groups: sham group injected with PBS, sham group 
injected with 25 mg/kg tBHQ, and sham group inject-
ed with 50 mg/kg tBHQ. Mice in the DMM group were 
randomly divided into three sub-groups: DMM group in-
jected with phosphate-buffered saline (PBS), DMM group 
injected with 25 mg/kg tBHQ, and DMM group injected 
with 50 mg/kg tBHQ. This made for a total of six groups, 
with six mice in each group. The animals were grouped 
by random number table. Overall, 36 mice were involved 
in the result analysis without any loss. The animal model 
with OA was induced by DMM as previously described.25 
One week after surgery, the mice were intraperitoneally 
injected with tBHQ (25 and 50 mg/kg) and observed for 
eight weeks. Mice in the control group received an equal 
volume of PBS. Finally, the mice were euthanized, and 
blood, plasma, and femur were collected for subsequent 
analysis. This study was approved by the Animal Ethics 
Committee of the First Affiliated Hospital of Guangzhou 
University of Traditional Chinese Medicine. All experi-
mental procedures were carried out according to the rec-
ommendations of the National Council for Animal Care. 
We have included an ARRIVE checklist to show that we 
have conformed to the ARRIVE guidelines.
Histopathological analysis.  Knee joint was isolated from 
each mouse and fixed in 10% paraformaldehyde and 
decalcified in 10 EDTA (pH = 7), and then embedded in 
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paraffin. Sections of 5 μm thickness were used for histo-
morphometry. The sections were stained with Safranin 
O-fast green (SO) staining and each cartilage sample 
was stained with haematoxylin and eosin (H&E) follow-
ing the manufacturer’s instructions (Sigma-Aldrich, USA). 
Tissue samples were prepared for light microscopy using 
standard procedures. Histomorphometric analysis was 
performed using Image J (National Institutes of Health, 
USA). The scores of the femur and tibia were summed 
and presented as the Osteoarthritis Research Society 
International (OARSI) Score26,27 for each sample as pre-
viously described.28 All the sections were observed and 
scored in a blinded fashion.
ELISA assay.  After the mice were euthanized, their blood 
samples were centrifuged at 2,000 rpm at 4°C for five 
minutes to obtain plasma samples. The expression of plas-
ma IL-6, IL-1β, and TNF-α leptin was detected by enzyme-
linked immunosorbent assay (ELISA) kit (Elabscience, 
China) following the manufacturer’s instructions.
MDA and SOD analysis.  The malondialdehyde (MDA) and 
superoxide dismutase (SOD) levels of blood were deter-
mined by MDA and SOD Assay Kit (Beyotime, China), 
respectively.
Chondrocyte isolation and treatment.  Articular cartilage 
was isolated from femur head of mice, and chondrocytes 
were isolated as previously described.29 In brief, mice were 
killed and disinfected in 75% alcohol for five minutes. The 
total articular cartilage was isolated from femur head and 
cut into pieces. Tissues were digested with 0.25% trypsin 
and 0.2% collagenase II for 40 minutes and four hours, 
respectively. Cells were then filtered through a 70-μm cell 
strainer and washed three times with PBS. Afterward, the 
collected chondrocytes were seeded into culturing dish-
es in Dulbecco's Modified Eagle Medium (DMEM) medi-
um at 37°C with 5% CO2. Culture medium was replaced 
every two to three days. The chondrocytes were used for 
subsequent experiments.

For the induction of inflammation and apoptosis, LPS 
(5 ng/ml, Escherichia coli, 055: B5, Sigma-Aldrich, USA) or 
IL-1β (10 ng/ml; Sigma-Aldrich) was added to the medium 
and incubated for 24 hours. Cells were then treated with 
different concentrations of tBHQ (10, 20, and 40 μM) for 
12 hours, and collected for subsequent experiments.
Western blot.  Total proteins were extracted using radio-
immunoprecipitation assay (RIPA) lysis buffer as previous-
ly described.30 Protein concentrations were determined 
using the protein assay kit (Beyotime, China). Protein 
samples (50 μg) were separated by 10% sodium dodecyl-
sulphate (SDS)-polyacrylamide gels and electrotrans-
ferred to nitrocellulose membranes. After blocking in 
3% bovine serum albumin (BSA) for one hour, the mem-
branes were incubated with primary antibodies at 4°C for 
12 hours. Primary antibodies (ratio 1:500) were: β-actin 
(sc-1616), Cleaved caspase-3 (9665), Cleaved caspase-9 
(9509), Bax (14796), Bcl-2 (3498), p-IκBα (8219), IκBα 
(9245), p-P65 (3033), P65 (3032), p-ERK (4370), ERK 
(4695), p-JNK (9251), JNK (9252), p-P38 (9215), P38 
(9212), p-STAT1 (9167), STAT1 (14994), p-STAT3 (9145), 

and STAT3 (12640). After washing with TBST, the mem-
branes were incubated with IgG-HRP at room temperature 
for one hour. β-actin was used as the internal reference. 
The protein signals were visualized using chemilumines-
cence detection (PerkinElmer Life Sciences, USA).
qRT-PCR.  Total RNAs were extracted and purified using a 
RNeasy kit (Qiagen, Germany). RNA quality was checked 
by Nanodrop. Synthesis of complementary DNAs (cDNAs) 
from total RNAs (approximately 350 ng) was performed 
using the iscript cDNA synthesis kit (Takara, Japan). 
SYBR Green-based quantitative PCR was performed us-
ing the QuantStudio 6 Flex (Applied Biosystems, USA). 
Data were analyzed by 2−∆∆CT method, and β-actin 
was used as the internal reference. The primers used 
were: IL-6: forward: 5ʹ-​GGCGGATCGGATGTTGTGAT-
3ʹ, reverse: 5ʹ-​GGACCCCAGACAATCGGTTG-3ʹ; IL-1β: 
forward: 5ʹ-AGTTGACGGACCCCAAAAG-3ʹ, reverse: 
5ʹ-​TTTG​AAGC​TGGA​TGCT​CTCAT-3ʹ; TNF-α: forward: 
5ʹ-​GGAA​CACG​TCGT​GGGA​TAATG-3ʹ, reverse: 5ʹ-​
GGCA​GACT​TTGG​ATGC​TTCTT-3ʹ; MMP3: forward: 
5ʹ-GGCCTGGAACAGTCTTGGC-3ʹ, reverse: 5ʹ-​TGTC​CATC​
GTTC​ATCA​TCGTCA-3ʹ; MMP13: forward: 5ʹ-​TGTT​TGCA​
GAGC​ACTA​CTTGAA-3ʹ, reverse: 5ʹ-​CAGT​CACC​TCTA​AGCC​
AAAGAAA-3ʹ; Col2A1: forward: 5ʹ-​TGTT​TGCA​GAGC​ACTA​
CTTGAA-3ʹ, reverse: 5ʹ-​ACCAGGGGAACCACTCTCAC-3ʹ; 
Col10a1: forward: 5ʹ-​GGGACCCCAAGGACCTAAAG-3ʹ, 
reverse: 5ʹ-​GCCC​AACT​AGAC​CTAT​CTCACCT-3ʹ; Aggrecan: 
forward: 5ʹ-​CCAC​GACC​CTCA​AGAA​CTTTT-3ʹ, reverse: 5ʹ-​
CTGCATCGTAGTGCTCTTCG-3ʹ; iNos: forward: 5ʹ-​CTCT​
TCGA​CGAC​CCAG​AAAAC-3ʹ, reverse: 5ʹ-​CAAG​GCCA​TGAA​
GTGA​GGCTT-3ʹ.
ROS detection.  The intercellular ROS levels were detect-
ed by dichlorofluorescein (DCF) fluorescence as previ-
ously described.31 Briefly, cells were treated by 5 ng/ml 
LPS for 24 hours and then treated with different con-
centrations of tBHQ (10, 20, and 40 μM) for another 12 
hours. Subsequently, cells were incubated in 2.5 μM DCF 
in DMEM at 37°C in the dark for 30 minutes. The ROS 
level was detected by flow cytometry. The mean fluores-
cence intensities for DCF were analyzed by Flow-Jo (BD 
FACSCalibur; BD Biosciences).
Statistical analysis.  Data were presented as the mean and 
SD. Analyses were performed using GraphPad Prism 5 
(USA). Difference among multiple groups was explored 
by one-way analysis of variance (ANOVA) followed by a 
post hoc test. A p-value < 0.05 was considered statistical-
ly significant.

Results
tBHQ attenuated cartilage destruction in DMM-induced 
OA mice.  To investigate the role of tBHQ in DMM-induced 
OA mice, the Sham-operated mice and DMM-induced 
mice were treated with different concentrations of tBHQ 
(25 and 50 mg/kg). We found that tBHQ had no obvious 
effect on Sham-operated mice, and tBHQ significantly de-
pressed the cartilage destruction of DMM-induced mice 
in a dose-dependent manner (Figures 1a and 1b). It has 
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been reported that ROS plays an important role in OA 
development, which contains two aspects: oxidant stress 
and antioxidant reserves.32,33 To further evaluate whether 
tBHQ inhibited DMM-induced OA progression through 
inhibiting ROS production, we detected the MDA level 
(an indicator of oxidant stress) and SOD activity (antioxi-
dant reserves). The results showed that the levels of blood 
MDA exhibited no obvious change in Sham-operated 
mice after tBHQ administration, and the levels of blood 
MDA level in DMM-induced mice were remarkedly de-
creased by tBHQ administration in a dose-dependent 
manner (Figure  1c). Meanwhile, tBHQ administration 
visibly increased the SOD activity in DMM-induced mice 
(Figure 1d). These results suggested that tBHQ could in-
hibit the development of DMM-induced OA in mice by 
suppressing ROS production.
tBHQ inhibited IL-1β-induced chondrocyte apoptosis, in-
flammation, and differentiation in vitro.  In order to further 
explore the protective role of tBHQ against DMM-induced 
OA, we evaluated the role of tBHQ on chondrocyte ap-
optosis, inflammation, and differentiation. It has been re-
ported that IL-1β can induce apoptosis and inflammation 
in chondrocytes, and meanwhile inhibits chondrocyte dif-
ferentiation.34–36 As shown in Figure 2a, IL-1β significantly 
increased the expression levels of apoptosis-related mark-
ers including Cleaved caspase-3, Cleaved caspase-9, and 
Bax, while it decreased the expression levels of Bcl-2; and 
tBHQ clearly decreased the expression levels of Cleaved 

caspase-3, Cleaved caspase-9, and Bax, while increasing 
the expression levels of Bcl-2 (Figure  2a). Additionally, 
IL-1β visibly enhanced chondrocyte inflammation, 
which was characterized by elevated expression levels 
of cytokines such as IL-6 (Figure  2b), IL-1β (Figure  2c), 
TNF-α (Figure  2d), matrix metalloproteinase-3 (MMP-3) 
(Figure 2e), and MMP-13 (Figure 2f), while tBHQ visibly 
decreased the expression levels of these cytokines in a 
dose-dependent manner (Figures  2b to 2f). For chon-
drocyte differentiation, IL-1β distinctly inhibited the ex-
pression of chondrocyte differentiation-related proteins 
including collagen, type II, alpha 1 (Col2A1) (Figure 2g), 
collagen, type X, alpha 1 (Col10A1) (Figure  2h), and 
aggrecan, and tBHQ treatment notably attenuated IL-
1β-induced decrease in differentiation-related markers 
including Col2A1, Col10A1, and aggrecan (Figures  2g 
to 2i). These results indicated that tBHQ could efficiently 
protect chondrocytes against IL-1β-induced damage in 
vitro.
tBHQ decreased inflammation in DMM-induced mice in 
vivo.  Previous studies reported that inflammation of the 
joint can lead to several diseases including OA.37 Based 
on the inhibitory inflammation of tBHQ in vitro, we fur-
ther explored the role of tBHQ in DMM-induced mice in 
vivo. The results demonstrated that tBHQ had no obvious 
effect on the expression of inflammation-related markers 
including plasma IL-6, IL-1β, and TNF-α in Sham-operated 
mice, while tBHQ distinctly reduced the expression levels 
of plasma IL-6 (Figure 3a), IL-1β (Figure 3b), and TNF-α 
(Figure 3c) in DMM-induced mice in a dose-dependent 
manner. These results suggested that tBHQ could effec-
tively inhibit DMM-induced inflammation in mice.
tBHQ inhibited the activation of LPS-induced NF-κB and 
MAPK signalling pathways.  It has been reported that 
LPS can stimulate intracellular ROS production through 
activating the NF-κB and MAPK signalling pathways.38 
We found that LPS distinctly stimulated ROS produc-
tion in vitro, and tBHQ markedly protected against LPS-
induced ROS accumulation in a dose-dependent manner 
(Figure 4a). To explore whether tBHQ protected against 
LPS-induced ROS accumulation through inhibiting the 
NF-κB and MAPK signalling pathways, the phosphoryla-
tion level of NF-κB pathway members (p-IκBα, IκBα, p-
p65, and p65) and MAPK signalling pathway members 
(p-ERK, ERK, P-JNK, JNK, p-p38, and p38) was detected. 
The results showed that LPS visibly activated the MAPK 
signalling pathway, which was characterized by increased 
expression levels of p-ERK, P-JNK, and p-p38, while tBHQ 
efficiently attenuated LPS-induced phosphorylation of p-
ERK, p-JNK, and p-p38 (Figure 4b). Similarly, tBHQ also 
visibly attenuated LPS-induced phosphorylation of p-IκBα 
and p-p65, and increased the expression levels of IκBα 
(Figure 4c). Taken together, tBHQ could obviously protect 
against LPS-induced ROS accumulation by inhibiting the 
MAPK and NF-κB signalling pathways.
tBHQ inhibited LPS-induced macrophage repolarization 
in vitro.  Synovial macrophage M1 polarization has been 
reported to exacerbate experimental OA progression.39 

Fig. 1

Tert-butylhydroquinone (tBHQ) attenuated cartilage destruction in 
destabilization of the medial meniscus (DMM)-induced mice. After DMM 
surgery for one week, mice were intraperitoneally injected with different 
concentrations of tBHQ (25 and 50 mg/kg) and maintained for eight weeks. 
a) Representative images of Safranin O/fast green in knee joints and b) 
quantification of Osteoarthritis Research Society International (OARSI) score. 
Blood levels of c) malondiadeldehyde (MDA) and d) superoxide dismutase 
(SOD) in mice. N = 6 in each group. Differences among multiple groups 
were explored by one-way analysis of variance followed by a post hoc test. 
*p < 0.05 vs DMM-control group, #p < 0.05 vs Sham group with the same 
tBHQ treatment.
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To explore the role of tBHQ in macrophage repolariza-
tion, the expression levels of macrophage repolarization-
related markers including p-STAT1, STAT1, p-STAT3, and 
STAT3 were detected. The results showed that LPS dis-
tinctly increased the expression levels of p-STAT1 and 
p-STAT3 in vitro, and tBHQ treatment notably attenu-
ated LPS-induced STAT1 and STAT3 phosphorylation 
(Figure  5a). The expression levels of IL-6, IL-1β, TNF-α, 
and iNos were also detected, and it showed that tBHQ 
attenuated LPS-induced IL-6, IL-1β, TNF-α, and iNos ele-
vation in a dose-dependent manner (Figure  5b). These 
results demonstrated that tBHQ could efficiently prevent 
against LPS-induced macrophage repolarization in vitro.

Discussion
OA is a chronic, prevalent, debilitating joint disease char-
acterized by progressive cartilage degradation, subchon-
dral bone remodelling, bone marrow lesions, meniscal 
damage, and synovitis.40,41 The molecular mechanisms 
underlying the progression of OA are still not fully 
understood, leading to a lack of effective treatment 
strategies.5 A TGF-β1 receptor inhibitor, SB-505124, was 

recently demonstrated to markedly attenuate articular 
cartilage degradation in an OA mouse model.42 Para-
thyroid hormone-related protein shows potent antioxi-
dant properties in osteoblastic cells that depend on its 
N-terminal and osteostatin domains, suggesting that it 
might serve as a potential therapeutic target for OA.43 
In addition, multiple intra-articular injections of allo-
genic bone marrow-derived stem cells can potentially 
attenuate knee lesions derived from surgically induced 
OA.44 These findings indicate that potential therapeutic 
strategies for the treatment of OA are developing too 
slowly. Tert-butylhydroquinone has been identified to 
efficiently prevent multiple human diseases. For instance, 
it was reported that tBHQ can effectively attenuate 
neonatal hypoxic-ischaemic brain damage by activating 
Nrf2-mediated antioxidative signalling pathways.19 Tert-
butylhydroquinone can protect hepatocytes against 
lipotoxicity by inducing autophagy independently of 
Nrf2 activation.45 Tert-butylhydroquinone promotes 
ischaemia-induced angiogenesis and improves heart 
functions in hypertensive rats by activating the AKT 
signalling pathway.46 Tert-butylhydroquinone can also 

Fig. 2

Tert-butylhydroquinone (tBHQ) inhibited interleukin 1 beta (IL-1β)-induced chondrocyte apoptosis, inflammation, and differentiation in vitro. a) 
Chondrocytes were treated with 10 ng/ml IL-1β for 24 hours and then treated with different concentrations of tBHQ (10, 20, and 40 μM) for another 12 
hours. b) to i) The expression levels of chondrocyte apoptosis-related markers including Cleaved caspase-3, Cleaved caspase-9, Bax, and Bcl-2 were detected 
by western blot. The expression levels of b) interleukin 6 (IL-6), c) IL-1β, d) tumour necrosis factor alpha (TNF-α), e) matrix metalloproteinase-3 (MMP3), f) 
MMP13, g) collagen, type II, alpha 1 (Col2a1), h) collagen, type X, alpha 1 (Col10a1), and i) aggrecan were measured by Real-time quantitative polymerase 
chain reaction (RT-qPCR). Each experiment was repeated three times. Difference among multiple groups was explored by one-way analysis of variance 
followed by a post hoc test. *p < 0.05 vs IL-1β treatment without tBHQ group; #p < 0.05 vs control group without IL-1β and tBHQ. mRNA, messenger RNA.
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attenuate ethanol-caused apoptosis and activate Nrf2 
antioxidant pathway in H9c2 cardiomyocytes.21 Based 
on the important roles of tBHQ in ROS and cell apop-
tosis, we explored its potential role in OA in this study 
and demonstrated that tBHQ could efficiently alleviate 
cartilage destruction in DMM-induced OA mice. It could 
also inhibit ROS production by decreasing MDA level (an 
indicator of oxidant stress) and increasing SOD activity 
(antioxidant reserves). These results potentially indicated 
a protective effect of tBHQ on OA.

Apoptosis occurs in osteoarthritic cartilage and the 
relative contributions of chondrocyte apoptosis in the 
pathogenesis of OA are difficult to evaluate, and contra-
dictory reports exist on the rate of apoptotic chon-
drocytes in osteoarthritic cartilage.13 Recent findings 
indicate that OA is a much more complex disease with 
inflammatory mediators released by cartilage, bone, 
and synovium, and a source of inflammatory mediators 
implicated in the OA pain process and the degradation 
of the deep layer of cartilage.47 In addition, a cartilage 
template is formed in which chondrocytes proliferate 
and differentiate into hypertrophic chondrocytes and 
are gradually replaced by bone, which is essential to 

the development of OA.48 To explore the role of tBHQ 
in the apoptosis, inflammation, and differentiation of 
chondrocytes, we selected IL-1β as the positive control 
that has been reported to significantly induce chon-
drocyte apoptosis and inflammation, while inhibiting 
the chondrocytes’ differentiation in vitro.49–51 Similar to 
the inhibitory effect of tBHQ in the cartilage destruc-
tion caused by DMM in vivo, we found that tBHQ could 
significantly inhibit IL-1β-induced chondrocyte apop-
tosis (apoptosis-related markers including Caspase-3, 
Cleaved caspase-9, Bax, and Bcl-2) and inflammation 
(cytokines such as IL-6, IL-1β, TNF-α, MMP-3, and MMP-
13), and also significantly promote chondrocyte differ-
entiation (chondrocyte differentiation-related markers 
including Col2A1, Col10A1, and aggrecan) in vitro. In 
addition, we detected the inflammatory level in DMM-
induced mice and found that tBHQ could also signifi-
cantly decrease the expression levels of cytokines such 
as IL-6, IL-1β, and TNF-α in DMM-induced mice in vivo.

In chondrocytes during OA, the elevated levels 
of ROS inhibit the PI3K/Akt pathway and activate the 
MEK/ERK pathway, therefore favouring the inflamma-
tory process.52 To determine the role of tBHQ on ROS 

Fig. 3

Tert-butylhydroquinone (tBHQ) decreased destabilization of the medial meniscus (DMM)-induced inflammation in vivo. After DMM surgery for one week, 
mice were intraperitoneally injected with different concentrations of tBHQ (25 and 50 mg/kg) and maintained for eight weeks. The expression levels of a) 
interleukin 6 (IL-6), b) interleukin 1 beta (IL-1β), and c) tumour necrosis factor alpha (TNF-α) were detected by enzyme-linked immunosorbent assay (ELISA) 
assay. Difference among multiple groups was explored by one-way analysis of variance followed by a post hoc test. N = 6 in each group. *p < 0.05 vs DMM-
control group, #p < 0.05 vs Sham group with the same tBHQ treatment.
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production, LPS was selected as the positive control 
which has been identified to stimulate ROS produc-
tion.53 The results demonstrated that tBHQ efficiently 
decreased LPS-stimulated ROS production. ROS has 
been shown to activate the MAPK and NF-κB path-
ways, leading to inflammatory responses.54 p65 and 
IκBα are members of the NF‐κB signalling pathway. 
When IκBα is phosphorylated and degraded, p65 is 

activated through phosphorylation and transferred to 
nucleus from cytoplasm, and activates the transcription 
of downstream genes.55 The MAPK signalling pathway 
mainly includes three members ERK, JNK, and p38, and 
phosphorylation of these can activate the MAPK signal-
ling pathway.56 Inhibition of ROS production has been 
reported to suppress the expression of inflammatory 
mediators in macrophages.57 To further explore whether 

Fig. 4

Tert-butylhydroquinone (tBHQ) inhibited LPS-induced activation of NF-κB and MAPK signalling pathways. Chondrocytes were treated with LPS (5 ng/ml) for 
24 hours and then treated with different concentrations of tBHQ (10, 20, and 40 μM) for 12 hours. a) Reactive oxygen species (ROS) levels were detected by 
flow cytometry. b) The protein levels of p-ERK, ERK, p-JNK, JNK, p-P38, and P38 were detected by western blot. c) The protein levels of p-IκBα, IκBα, p-P65, 
and P65 were detected by western blot. Each experiment was repeated three times. Difference among multiple groups was explored by one-way analysis of 
variance followed by a post hoc test. *p < 0.05 vs 5 ng/ml LPS group, #p < 0.05 vs control group without LPS and tBHQ.

Fig. 5

Tert-butylhydroquinone (tBHQ) prevented destabilization of the medial meniscus (DMM)-induced macrophage repolarization in vitro. Chondrocytes 
were treated with LPS (5 ng/ml) for 24 hours and different concentrations of tBHQ (10, 20, and 40 μM) for 12 hours. a) The protein levels of macrophage 
repolarization-related markers including p-STAT1, STAT1, p-STAT3, and STAT3 were detected by western blot. b) The messenger RNA (mRNA) expression levels 
of interleukin 6 (IL-6), IL-1β, tumour necrosis factor alpha (TNF-α), and inducible nitric oxide synthase (iNOS) were detected by qRT-PCR. Each experiment was 
repeated three times. Difference among multiple groups was explored by one-way analysis of variance followed by a post hoc test. *p < 0.05 vs 5 ng/ml LPS 
group, #p < 0.05 vs control group without LPS and tBHQ.
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tBHQ affected the activation of MAPK and NF-κB signal-
ling pathways, we detected the phosphorylation levels 
of members in the MAPK and NF‐κB pathways, and the 
results showed that tBHQ could significantly inhibit the 
activation of MAPK and NF‐κB signalling pathways.

In the last few years, the concept of macrophage 
polarization and its role in inflammation has been recog-
nized, which is clustered into two major macrophage 
polarization phenotypes: activated macrophages or 
M1, and alternatively activated macrophages or M2.58 
It has been reported that macrophage polarization 
plays important roles in bone metabolism59 and asso-
ciated simulation therapies.60 It has also been reported 
that obesity aggravates knee OA by promoting infrapa-
tellar fat pad (IFP) macrophage infiltration, M1 polariza-
tion, and the production of proinflammatory cytokines 
prior to the development of cartilage degeneration.61 
Further, Zhang et al39 reported that synovial macro-
phage M1 polarization could exacerbate experimental 
OA partially through R-spondin-2. To explore the role 
of tBHQ in macrophage M1 polarization, we detected 
the phosphorylation levels of M1 polarization-related 
marker including STAT1 and STAT3, and demonstrated 
that tBHQ significantly decreased the phosphorylation 
levels of p-STAT1 and p-STAT3 induced by LPS, i.e. that 
tBHQ could effectively inhibit LPS-induced macrophage 
M1 polarization. Meanwhile, tBHQ also attenuated LPS-
induced IL-6, IL-1β, TNF-α, and iNos elevation in vitro.

In conclusion, our results demonstrated that tBHQ 
could efficiently alleviate DMM-induced OA in vivo, 
and also protect chondrocytes against apoptosis, 
inflammation, and differentiation defects in vitro by 
inhibiting macrophage polarization and the activation 
of NF-κB and MAPK signalling pathways. Our study 
suggested that tBHQ might be an efficient therapeutic  
strategy for OA.

Supplementary material
‍ ‍An ARRIVE checklist is included in the Supplemen-

tary Material to show that the ARRIVE guidelines 
were adhered to in this study.
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