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The anti-fibrotic agent nintedanib protects chondrocytes against tumor necrosis 
factor-ɑ (TNF-ɑ)-induced extracellular matrix degradation
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ABSTRACT
Osteoarthritis is an inflammatory disease of the musculoskeletal system characterized by damaged 
articular cartilage. Nintedanib is an oral triple kinase inhibitor with anti-fibrotic and anti- 
inflammatory properties. Thus, we hypothesized that nintedanib might exert a protective effect 
in chondrocytes and it could be meaningful to repurpose the drug for osteoarthritis. In this study, 
we aimed to investigate the potential effects of nintedanib on TNF-α-induced cellular injury in 
CHON-001 chondrocytes. The results show that nintedanib ameliorated TNF-α-induced reactive 
oxygen species (ROS) production and reduced glutathione (GSH) decrease. Nintedanib reduced 
the production of pro-inflammatory cytokines interleukin-6 (IL-6) and interleukin-1β (IL-1β) in TNF- 
α-induced CHON-001 chondrocytes. Nintedanib restored TNF-α caused decreased expression 
levels of Col II and sry-type high-mobility-group box-9 (SOX-9) in CHON-001 chondrocytes. 
Moreover, nintedanib ameliorated the TNF-α-caused impairment of protein kinase A/cAMP- 
response element-binding protein (PKA/CREB) signaling pathway as revealed by the decreased 
PKA RI expression and increased p-CREB in CHON-001 cells. Inhibition of PKA by H89 abolished the 
effects of nintedanib on SOX-9 and Col II expression. Taken together, nintedanib presented 
protective effects on TNF-α-induced oxidative stress, inflammation, and ECM damage in CHON- 
001 chondrocytes. Mechanically, the effect of nintedanib is associated with the PKA/CREB path-
way. These data imply that the anti-fibrotic agent nintedanib may have a potential therapeutic 
application for osteoarthritis.
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1. Introduction

Osteoarthritis is the most common chronic disease 
of the musculoskeletal system nowadays and its 
incidence is on the rise [1]. Osteoarthritis is an 
inflammation-associated condition that leads to 
progressive functional decline and loss of life 

quality, resulting in a high burden of health care 
and society costs [2]. Osteoarthritis is mainly char-
acterized by damage to articular cartilage due to 
biochemical and biomechanical changes in several 
joint tissues, which can lead to irreversible degra-
dation of the cartilage [3].
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The cartilage matrix comprises two major com-
ponents: type II collagens and aggrecans. Type II 
collagens form the structure of cartilage, and 
aggrecans intersperse in the collagen matrix. 
Chondrocytes are the predominant cell type within 
articular cartilage and are responsible for regulat-
ing the specialized extracellular matrix (ECM) by 
synthesizing ECM components and ECM degrad-
ing enzymes, thereby maintaining normal articular 
cartilage structure [4,5]. Under pathological con-
ditions, such as inflammatory conditions and 
abnormal mechanical loading or injury, chondro-
cytes undergo oxidative stress, inflammation, and 
apoptosis [6]. In addition, chondrocytes produce 
more catabolic factors, which are involved in car-
tilage degradation. Subsequently, the cartilage 
integrity is disrupted, eventually leading to the 
complete loss of articular cartilage [7]. Therefore, 
changes in chondrocytes’ behaviors are associated 
with the progression of osteoarthritis.

The current treatment of osteoarthritis is only 
limited to medication that reduces pain and 
improves mobility through different approaches. 
The future treatment strategy of osteoarthritis 
could face new challenges and new promises. 
Several new technology and innovative approaches 
have been reported. For example, nanoparticles for-
mulated with fungal compounds and their analogues 
have the potential to be developed as immunother-
apy agents for immune diseases [8,9]. The recent 
development of the small extracellular vesicles from 
human umbilical cord-derived mesenchymal stem 
cells exhibited the capacity for osteogenic, and chon-
drogenic differentiation [10]. Meanwhile, the repur-
posing of existing medication provides innovative 
approaches to seek anti-osteoarthritic agents.

Nintedanib is an oral triple kinase inhibitor that 
has been used for the treatment of idiopathic pulmon-
ary fibrosis (IPF) targeting pro-fibrotic pathways [11]. 
In addition to its antifibrotic activity, it also shows 
anti-inflammatory activity in a pulmonary fibrosis 
animal model [12]. Nintedanib attenuates airway 
inflammation and remodeling in a mouse model of 
acute asthma through regulating airway eosinophilic 
inflammation and Th2 cytokines and airway hyper- 
reactivity [13]. In addition, there is increasing evi-
dence that it also has anti-inflammatory properties 
outside of the lung tissue. Particularly, in a mouse 
model of rheumatoid arthritis (RA)-associated 

interstitial lung disease, nintedanib reduces pulmon-
ary fibrosis and blocks the development of arthri-
tis [14].

The anti-fibrotic and anti-inflammatory proper-
ties present ample evidence that this agent could 
be a potential candidate for drug repurposing. We 
hypothesized that nintedanib might exert 
a protective effect on osteoarthritis. In this study, 
we aimed to investigate the effects of nintedanib 
on TNF-α-induced inflammatory damage in 
CHON-001 chondrocytes.

2. Materials and methods

2.1 Cell culture and treatment

Human chondrocytes cell line CHON-001 (ATCC, 
Rockville, MD) were maintained in DMEM 
(Thermo, Waltham, MA) with 10% FBS (Thermo 
Fisher Scientific, USA) under a 5% CO2 atmo-
sphere with 95% humidity [15]. We obtained the 
cell treatment reagents human TNF-α and 
Nintedanib from Sigma-Aldrich (St. Louis, USA). 
CHON-001 cells were stimulated with TNF-α 
(10 ng/mL) with or without the presence of ninte-
danib (15 μM) for 24 h. For the PKA inhibitor 
experiment, the cells were treated with PKA inhi-
bitor H89 (10 μM) for 24 h.

2.2 Measurement of lactate dehydrogenase 
(LDH) release

CHON-001 cells were treated with a series of con-
centrations of nintedanib (0, 0.75, 1.5, 7.5, 15, 75, and 
150 μM) for 24 h. Cytotoxicity of the drug on 
CHON-001 cells was assessed using the LDH release 
assay, which was performed using a commercially 
available kit (Beyotime, Shanghai, China) to detect 
the LDH release level in the medium according to 
the manufacturer’s protocol [16,17].

2�,7�-Dichlorofluorescin diacetate (DCFH-DA) 
staining

To measure ROS generation in CHON-001 cells, 
the probe DCFH-DA (10 μM; Beyotime) was 
added to the cells for 25 min incubation. Cells 
were then detected with a fluorescence microscope 
(Zeiss, Germany) and the fluorescence intensity 

BIOENGINEERED 5319



was analyzed using a fluorescence microplate 
reader (excitation/emission 488/525 nm) (BioTek 
Instruments, Inc., USA).

2.4 Measurement of reduced GSH

The CHON-001 cells were treated as described 
above, and the cellular GSH content was measured 
with a commercial GSH commercial assay kit 
(Beyotime, China) as reported. In brief, the cells 
were equilibrated with cold PBS and then lysed 
with the lysis buffer from the kit. The lysate was 
centrifuged, and the supernatant samples were col-
lected to measure the protein concentration using 
a BCA protein assay kit (Thermo Fisher Scientific, 
USA). The reduced GSH level was measured 
according to the manufacturer’s instructions.

2.5 RT-PCR

Total RNA of CHON-001 cells extracted by TRIzol 
reagent (Thermo) was used to analyze the mRNA 
levels of IL-6, IL-1β, collagen type II (Col II), and 
SOX-9. PrimeScript RT reagent kit and SYBR 
Premix Ex Taq II kit (Takara, Dalian, China) 
were respectively used for the reverse transcription 
and PCR reactions. Data were analyzed using the 
2−ΔΔCT method.

2.6 ELISA

After indicated treatments, samples of the super-
natant from CHON-001 cells were collected. The 
collected samples were quantified using a BCA 
protein assay kit (Thermo Fisher Scientific, USA). 
The amount of secreted IL-6 and IL-1β was mea-
sured using corresponding ELISA kits (Jiancheng 
BioTech., Nanjing, China). The assay procedure 
was performed according to the manufacturer’s 
instructions.

2.7 Western blot

Total proteins of CHON-001 cells extracted with 
RIPA lysate buffer (Solarbio, Beijing, China) were 
used for the determination of protein levels of Col 
II, SOX-9, PKARI, and p-CREB using Western blot 
analysis [16,17]. The primary antibodies against 
indicated target proteins as well as HRP-linked IgG 

secondary antibodies were obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA). The intensity 
of protein bands was analyzed using Image Lab 
Software (Bio-Rad, Hercules, CA).

2.8 Statistical analysis

All results were repeated three times and the data were 
analyzed with the usage of GraphPad Prism 8 statis-
tical software. All values were presented as mean ±  
standard error of mean (S.E.M). Comparisons of data 
among multiple groups were performed using analy-
sis of variance (ANOVA), followed by Tukey’s 
post-hoc test. P < 0.05 was considered statistically 
significant.

3. Results

In the current study, our data show that nintedanib 
ameliorated the TNF-α-induced oxidative stress 
and pro-inflammatory cytokine production in 
CHON-001 chondrocytes. Nintedanib ameliorated 
TNF-α-caused decreased synthesis of extracellular 
matrix Col II and chondrogenesis regulator SOX-9. 
Mechanistically, nintedanib ameliorated the TNF- 
α-caused impairment of the PKA/CREB signaling 
pathway.

3.1 Cytotoxicity of nintedanib in CHON-001 
chondrocytes

To validate whether nintedanib (Structure in 
Figure 1(a)) had cytotoxicity in CHON-001 cells, 
LDH release was assessed after incubating with 
0.75, 1.5, 7.5, 15, 75, and 150 μM nintedanib for 
24 h. As shown in Figure 1(b), CHON-001 cells 
treated with 75 or 150 μM nintedanib exhibited 
a significant increase in LDH release with a 1.6- or 
2.2-fold change. Therefore, 7.5 and 15 μM ninte-
danib were used for the subsequent experiments.

3.2 Nintedanib ameliorated TNF-α-induced 
oxidative stress in CHON-001 chondrocytes

TNF-α-induced CHON-001 cells yielded a 3.4-fold 
increase in intracellular levels of ROS. The 
increased ROS level was markedly reduced by 
nintedanib (7.5 and 15 μM) treatment with 29.4% 
and 50.0% reductions, respectively (Figure 2(a)). 
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GSH (reduced form) is the most important hydro-
philic antioxidant that protects chondrocytes from 
ROS-induced injury. We also measured the cellu-
lar GSH levels. CHON-001 cells under TNF-α 
induction exhibited a significant reduction (0.52- 
fold change) in the level of reduced GSH, which 
was mitigated by nintedanib (7.5 and 15 μM) 
(Figure 2(b)).

3.3 Nintedanib inhibited TNF-α- induced 
expressions of IL-6 and IL-1β in CHON-001 
chondrocytes

The results in Figure 3(a) show that exposure to 
TNF-α (10 ng/mL) caused a significant increase in 
the mRNA levels of IL-6 (4.2-fold) and IL-1β 
(3.5-fold). Pretreatment with nintedanib (7.5 or 
15 μM) led to obvious decreases in both mRNA 
levels of IL-6 (0.7- and 0.5-fold) and IL-1β (0.7- 
and 0.4-fold) when compared with cells stimulated 
with TNF-α only. Consistently, stimulation with 
TNF-α effectively induced the secretion of IL-6 
(4.0-fold) and IL-1β (3.2-fold), whereas nintedanib 
(7.5 or 15 μM) intervention reversed the TNF-α- 
caused induction of IL-6 and IL-1β secretion 
(Figure 3(b)).

3.4 Nintedanib restored the decrease in the 
expression of Col II

Results in Figure 4(a) indicate that TNF-α induced 
a significant decrease (0.46-fold) in the mRNA 
level of Col II in CHON-001 chondrocytes, while 
the decreased Col II mRNA was elevated 1.5- or 
2.0-fold after treatment with nintedanib (7.5 or 
15 μM). Consistent with the changes in its 
mRNA level, the protein level of Col II was 
reduced by 47.0% in TNF-α-stimulated cells, 
which was attenuated by 7.5 or 15 μM nintedanib 
(Figure 4(b)).

3.5 Nintedanib prevented TNF-α- induced 
reduction of SOX-9

After TNF-α induction, the mRNA level of SOX- 
9 in CHON-001 chondrocytes was significantly 
decreased by 57.0%. The SOX-9 mRNA level was 
increased by 1.7- and 2.2-fold after treatment 
with 7.5 or 15 μM nintedanib (Figure 5(a)). 
A similar response was found in its protein 
level, the TNF-α-caused reduction (51.5%) in 
the SOX-9 protein level was elevated by 7.5 
or 15 μM nintedanib (1.5- and 1.9-fold) 
(Figure 5(b)).

Figure 1. Cytotoxicity of Nintedanib in CHON-001 chondrocytes. Cells were treated with 0.75, 1.5, 7.5, 15, 75, and 150 μM for 
24 hours. (a). Molecular structure of Nintedanib; (b). Cytotoxicity was assayed by measuring LDH release (#, ##, P < 0.05, 0.01 vs. 
Vehicle group).
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3.6 The protective effects of nintedanib are 
associated with the PKA/CREB/SOX-9 signaling 
pathway

Exposure of CHON-001 chondrocytes to TNF-α 
resulted in a significant increase in PKA RI expres-
sion (2.7-fold) and a decrease in p-CREB (0.36- 
fold). Pretreatment with 7.5 or 15 μM nintedanib 
reversed these changes in PKA RI expression and 
p-CREB (Figure 6(a,b)).

RT-PCR results show that the nintedanib (15 μM)- 
induced increase in SOX-9 mRNA was reversed by 
H89 (10 μM) (Figure 7(a)). Meanwhile, the result of 
Western blot shows that nintedanib also induced 
SOX-9 protein but was attenuated when the PKA 
inhibitor H89(10 μM) was present (Figure 7(b)). 

Further, the Western blot analysis indicated that the 
inductive effect of nintedanib (15 μM) on Col II 
expression was restrained by H89 (10 μM) 
(Figure 7(c)).

4. Discussion

Along with the anti-fibrotic and anti-inflammatory 
capacity in the lung, nintedanib also exerts anti- 
inflammatory and anti-oxidative effects in other 
tissues. Notably, Nintedanib is beneficial in attenu-
ating hepatic necrosis, inflammation, and fibrosis 
in the CCl4-induced hepatic injury model in mice 
[18]. Nintedanib attenuates the expression of cyto-
kines/chemokines, including TNF-α, IL-1β, and 

Figure 2. Nintedanib ameliorated TNF-α-induced oxidative stress in CHON-001 chondrocytes. Cells were stimulated with TNF-α 
(10 ng/mL) with or without Nintedanib (7.5, 15 μM) for 24 hours. (a). Intracellular levels of ROS; (b). The levels of reduced GSH (####, 
P < 0.0001 vs. Vehicle group; **, ***, P < 0.01, 0.001 vs. TNF-α group).
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IL-6, monocyte chemoattractant protein-1 (MCP- 
1) and prevents the macrophages infiltration to the 
injured peritoneum in chlorhexidine gluconate 
(CG)-induced peritoneal fibrosis [19]. Nintedanib 
ameliorates imiquimod-induced psoriasis in mice 
through improving keratinocyte homeostasis via 
inhibiting hyperproliferation, regulating the 
expression of proinflammatory factors, and pro-
moting apoptosis [20]. Nintedanib attenuates uni-
lateral ureteral obstruction-elicited expression of 
proinflammatory cytokines and macrophage infil-
tration in the kidney [21]. Moreover, nintedanib 
presents a potential anti-oxidative effect in chronic 
lung allograft dysfunction through downregulation 
of ROS and transglutaminase-2 (TGM-2) [22]. 
Nintedanib exerts a beneficial effect on specific 

markers of systemic oxidative stress and inflam-
mation in idiopathic pulmonary fibrosis (IPF) 
patients [23]. These data support that Nintedanib 
possesses a broad spectrum of anti-inflammatory 
and anti-oxidative benefits in various cells.

Osteoarthritis is a degenerative joint disease 
with irreversible structural and functional changes 
in cartilage. During the development of osteoar-
thritis, oxidative stress and inflammation are inter-
dependent, leading to ECM degradation and joint 
dysfunction [24]. Oxidative stress and inflamma-
tory response are critical events that contribute to 
the progression of osteoarthritis [25,26]. As the 
sole cell type in cartilage tissue, chondrocytes are 
exposed to high inflammation and oxidative 
stress-induced micro-environment, the quiescent 

Figure 3. Nintedanib inhibited the TNF-α-induced expression of pro-inflammatory cytokines such as IL-6 and IL-1β. Cells were 
stimulated with TNF-α (10 ng/mL) with or without Nintedanib (7.5, 15 μM) for 24 hours. (a). mRNA of IL-6 and IL-1β; (b). Secretions of 
IL-6 and IL-1β (####, P < 0.0001 vs. Vehicle group; **, ***, P < 0.01, 0.001 vs. TNF-α group).
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state of metabolic balance is impaired, and the 
balanced function to synthesis and degradation of 
extracellular matrix is disturbed. To remedy the 
elevated inflammatory status, we sought the drug 
repurposing study to validate the effect of ninte-
danib in cytokine elicited chondrocytes. Our 
results indicate that nintedanib ameliorated TNF- 
α-induced production of key mediators of oxida-
tive stress and inflammation in CHON-001 chon-
drocytes. Our tests prove that nintedanib restored 
the decrease in the expression of Col II, which is 
a major component of ECM. SOX-9, a member of 
the Sry-related high mobility group box (SOX) 
family, is an anabolic transcription factor that 
plays an important role in the development of 
cartilage [27]. SOX-9 is expressed in chondrocytes 
and contributes to chondrogenesis by activating 
cartilage-specific genes [28,29]. Since SOX-9 plays 
an essential role in regulating chondrocytes, its 

dysregulation is likely to contribute to the pathol-
ogy of OA. A previous study has shown that SOX- 
9 has been found to be downregulated in osteoar-
thritic cartilage [30]. Here, we demonstrate TNF- 
α-induced reduction of SOX-9 expression in 
CHON-001 chondrocytes. Furthermore, its 
expression was mitigated by nintedanib treatment. 
These data suggest the nintedanib treatment mod-
ulates the inflammation associated with SOX-9 
reduction, and that SOX-9 could be a mediator 
of nintedanib in chondrocytes. Our data confirm 
that nintedanib restrained TNF-α-induced oxida-
tive stress, inflammation, and ECM damage in 
CHON-001 chondrocytes, implying its beneficial 
effect in chondrocytes.

The PKA/CREB signaling pathway has been 
shown to be involved in chondrogenesis regula-
tion. PKA, a key cellular target for cAMP, and 
PKA contains two catalytic and two regulatory 

Figure 4. Nintedanib restored the decrease in the expression of collagen type II. (a). Gene of COL2A1; (b). Protein of collagen type II 
(####, P < 0.0001 vs. Vehicle group; **, ***, P < 0.01, 0.001 vs. TNF-α group).
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subunits [31]. After binding to cAMP through its 
regulatory subunits, the catalytic subunits become 
active and thereby phosphorylate the specific resi-
dues (serine or threonine) on the substrate pro-
teins [31]. CREB is a well-known major nuclear 
target of PKA and is critical for cellular differen-
tiation, proliferation, and adaptive responses 
[32,33]. Studies on the PKA/CREB signaling path-
way have shown that it is involved in the patho-
genesis of various inflammatory diseases including 
osteoarthritis [34–36]. Another study showed that 
Liraglutide ameliorated inflammation in a rat 
osteoarthritis model through the activation of the 
PKA/CREB signaling pathway [37]. A most recent 
study reveals that Follicle-stimulating hormone 
(FSH) modulates cartilage ECM metabolism in 
chondrocyte-like ATDC5 cells by targeting the 
PKA/CREB/SOX9 pathway [38]. It has been 
known that CREB directly regulates SOX-9 

expression by binding to its promoter, but PKA 
phosphorylates the SOX-9 protein by epigenetic 
regulation [39]. Based on these evidences, we 
next assessed whether the PKA/CREB pathway 
participates in the protective effects of nintedanib 
on TNF-α-induced CHON-001 chondrocytes. We 
found that nintedanib restored the levels of PKA 
RI and p-CREB in CHON-001 cells after TNF-α 
stimulation. Additionally, inhibition of PKA by 
H89 abolished the effects of nintedanib on SOX- 
9 and Col II expression, implying that the protec-
tive effects of nintedanib on ECM damage were 
mediated by the PKA/CREB signaling pathway.

In light of the above discussion, the limitations of 
the study have to be addressed. First, the current 
studies were all performed in immortalized chon-
drocyte CHON-001 cells. Although often used as 
one of the well-established osteoarthritis models 
in vitro, this cell line is not equivalent to primary 

Figure 5. Nintedanib prevented the TNF-α-induced reduction of SOX-9. (a). mRNA levels of SOX-9; (b). Protein levels of SOX-9 (####, 
P < 0.0001 vs. Vehicle group; **, ***, P < 0.01, 0.001 vs. TNF-α group).
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chondrocytes in humans [17]. To validate the cur-
rent findings, future tests on primary chondrocytes 
from human cartilage or animal models are neces-
sary. Secondly, the pharmacological mechanism of 
nintedanib in chondrocytes and cartilage tissue 
remains to be fully elucidated. So far, it is unclear 
how nintedanib exerts its effect on the inflammatory 
mediators and ROS generation. It may involve the 
regulation of the PKA/CREB/SOX-9 pathway, but 
could also have other cellular pathways. 
Furthermore, the optimal dosage of nintedanib in 
chondrocytes remains to be tested for its best effect.

Conclusion

In conclusion, we provided evidence that the anti- 
fibrosis drug nintedanib possesses a protective 
effect against TNF-α-induced oxidative stress, 
inflammation, and ECM damage in CHON-001 
chondrocytes. Mechanistically, the biological func-
tion of nintedanib is partially attributed to the 
regulation of the PKA/CREB/SOX-9 signaling. 
These findings indicate that the repurposing of 
nintedanib might be meaningful for developing 
a potential therapeutic strategy for osteoarthritis.

Figure 6. Nintedanib restored the levels of PKA RI and p-CREB against TNF-α. Cells were stimulated with TNF-α (10 ng/mL) with or 
without Nintedanib (7.5, 15 μM) for 6 hours. (a). The expression of PKA RI; (b). The levels of p-CREB (####, P < 0.0001 vs. Vehicle 
group; **, ***, P < 0.01, 0.001 vs. TNF-α group).
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Highlights

1. miR-3646 was upregulated in LUAD tissues and cells, 
whereas SORBS1 was downregulated.
2. miR-3646 overexpression stimulated the proliferation, adhe-
sion, and tumor growth of LUAD cells and inhibited apoptosis.
3. SORBS1 was identified as a target gene downstream of 
miR-3646.
4. SORBS1 overexpression suppressed the malignant pheno-
types of LUAD cells, which was restored by upregulation of 
miR-3646.
5. miR-3646 overexpression activated the JNK signaling pathway 
in LUAD cells, whereas SORBS1 overexpression inhibited it.

Acknowledgements

The authors would like to thank “Shanghai Traditional 
Chinese Medicine Hospital” for their assistance.

Author contribution

Chuankun Wang and Lizhe Qu made a substantial contribu-
tion to the experimental design and data analysis; Chuankun 
Wang made a substantial contribution to the investigation 
and data collection; Lizhe Qu drafted the manuscript. All 
authors have read and approved the manuscript.

Consent to publication

All the authors have read and approved the final submission 
of this study.

Data availability statement/availability of 
data materials

The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Ethical statements

I confirm that all the research meets ethical guidelines and 
adheres to the legal requirements of the study country. 

Funding

This work was supported by the Shanghai Traditional 
Chinese Medicine Hospital.

Figure 7. Blockage of the PKA/CREB signaling with H89 abol-
ished the protective effects of Nintedanib against TNF-α- 
induced reduction of SOX-9 and collagen type II. Cells were 
stimulated with TNF-α (10 ng/mL) with or without Nintedanib 
(15 μM) and H89 (10 μM) for 24 hours. (a). Gene levels of SOX-9; 
(b). Protein levels of SOX-9; (c). Protein levels of type 2 collagen 
(####, P < 0.0001 vs. Vehicle group; **, ***, P < 0.01, 0.001 vs. 
TNF-α group).

BIOENGINEERED 5327



References

[1] Pereira D, Ramos E, Branco J. Osteoarthritis. Acta Med 
Port. 2015;28:99–106.

[2] Geyer M, Schonfeld C. Novel insights into the patho-
genesis of osteoarthritis. Curr Rheumatol Rev. 2018;14 
(2):98–107.

[3] Becerra J, Andrades JA, Guerado E, et al. Articular 
cartilage: structure and regeneration. Tissue Eng Part 
B Rev. 2010;16(6):617–627.

[4] Charlier E, Deroyer C, Ciregia F, et al. Chondrocyte 
dedifferentiation and osteoarthritis (OA). Biochem 
Pharmacol. 2019;165:49–65.

[5] Fosang AJ, Beier F. Emerging frontiers in cartilage and 
chondrocyte biology. Best Pract Res Clin Rheumatol. 
2011;25(6):751–766.

[6] Charlier E, Relic B, Deroyer C, et al. Insights on mole-
cular mechanisms of chondrocytes death in 
osteoarthritis. Int J Mol Sci. 2016;17(12):2146.

[7] Trachana V, Mourmoura E, Papathanasiou I, et al. 
Understanding the role of chondrocytes in osteoarthri-
tis: utilizing proteomics. Expert Rev Proteomics. 
2019;16(3):201–213.

[8] How CW, Ong YS, Low SS, et al. How far have we 
explored fungi to fight cancer? Semin Cancer Biol. 
2021;S1044-579X(21)00059–6.

[9] Looi QH, Foo JB, Lim MT, et al. How far have we 
reached in development of effective influenza vaccine? 
Int Rev Immunol. 2018;37(5):266–276.

[10] Tan KL, Chia WC, How CW, et al. Benchtop isolation 
and characterisation of small extracellular vesicles from 
human mesenchymal stem cells. Mol Biotechnol. 
2021;63(9):780–791.

[11] Kuwana M, Azuma A. Nintedanib: new indication for 
systemic sclerosis-associated interstitial lung disease. 
Mod Rheumatol. 2020;30(2):225–231.

[12] Wollin L, Maillet I, Quesniaux V, et al. Antifibrotic and 
anti-inflammatory activity of the tyrosine kinase inhi-
bitor nintedanib in experimental models of lung 
fibrosis. J Pharmacol Exp Ther. 2014;349(2):209–220.

[13] Lee J, Rhee CK, Lee JH, et al. Effect of nintedanib on 
airway inflammation in a mouse model of acute 
asthma. J Asthma. 2020;57(1):11–20.

[14] Redente EF, Aguilar MA, Black BP, et al. Nintedanib 
reduces pulmonary fibrosis in a model of rheumatoid 
arthritis-associated interstitial lung disease. Am J Physiol 
Lung Cell Mol Physiol. 2018;314(6):L998–L1009.

[15] Shi JM, Cao FY, Chang YJ, et al. Long non-coding 
RNA MCM3AP-AS1 protects chondrocytes ATDC5 
and CHON-001 from IL-1β-induced inflammation via 
regulating miR-138-5p/SIRT1. Bioengineered. 2021;12 
(1):1445–1456.

[16] Qi H, Zhang JC, Shang Y, et al. Argon inhibits reactive 
oxygen species oxidative stress via the miR-21- 
mediated PDCD4/PTEN pathway to prevent myocar-
dial ischemia/reperfusion injury. Bioengineered. 
2021;12(1):5529–5539.

[17] Wang X, Fan J, Ding X, et al. Tanshinone I inhibits IL- 
1β- induced apoptosis, inflammation, and extracellular 
matrix degradation in chondrocytes CHON-001 cells 
and attenuates murine osteoarthritis. Drug Des Dev 
Ther. 2019;13:3559–3568.

[18] Wollin L, Togbe D, Ryffel B. Effects of nintedanib in an 
animal model of liver fibrosis. Biomed Res Int. 
2020;2020:3867198.

[19] Liu F, Yu C, and Qin H, et al. Nintedanib attenuates 
peritoneal fibrosis by inhibiting mesothelial-to- 
mesenchymal transition, inflammation and 
angiogenesis. J Cell Mol Med. 2021;25(13):6103–6114.

[20] Li X, Xi B, Miao Y, et al. Nintedanib ameliorates 
imiquimod-induced psoriasis in mice by inhibiting 
NF-kappaB and VEGFR2 signaling. 
Int Immunopharmacol. 2021;100:108129.

[21] Liu F, Wang L, Qi H, et al. Nintedanib, a triple tyrosine 
kinase inhibitor, attenuates renal fibrosis in chronic 
kidney disease. Clin Sci (Lond). 2017;131 
(16):2125–2143.

[22] Boxhammer E, Lehle K, Schmid C, et al. Anti- 
oxidative effect of the tyrosine kinase inhibitor nin-
tedanib: a potential therapy for chronic lung allo-
graft dysfunction? Exp Lung Res. 2020;46 
(5):128–145.

[23] Fois AG, Sotgiu E, and Scano V, et al. Effects of 
pirfenidone and nintedanib on markers of systemic 
oxidative stress and inflammation in patients with 
idiopathic pulmonary fibrosis: a preliminary report. 
Antioxidants (Basel). 2020;9:1064.

[24] Ansari MY, Ahmad N, Haqqi TM. Oxidative stress and 
inflammation in osteoarthritis pathogenesis: role of 
polyphenols. Biomed Pharmacother. 2020;129:110452.

[25] Lepetsos P, Papavassiliou AG. ROS/oxidative stress 
signaling in osteoarthritis. Biochim Biophys Acta. 
2016;1862:576–591.

[26] Shen J, Abu-Amer Y, O’Keefe RJ, et al. Inflammation 
and epigenetic regulation in osteoarthritis. Connect 
Tissue Res. 2017;58:49–63.

[27] de Crombrugghe B, Lefebvre V, Nakashima K. 
Regulatory mechanisms in the pathways of cartilage 
and bone formation. Curr Opin Cell Biol. 2001;13 
(6):721–727.

[28] Zhao Q, Eberspaecher H, Lefebvre V, et al. Parallel 
expression of Sox9 and Col2a1 in cells undergoing 
chondrogenesis. Dev Dyn. 1997;209:377–386.

[29] Sekiya I, Tsuji K, Koopman P, et al. SOX9 enhances 
aggrecan gene promoter/enhancer activity and is 
up-regulated by retinoic acid in a cartilage-derived 
cell line, TC6. J Biol Chem. 2000;275(15):10738–10744.

[30] Orfanidou T, Iliopoulos D, Malizos KN, et al. 
Involvement of SOX-9 and FGF-23 in RUNX-2 regula-
tion in osteoarthritic chondrocytes. J Cell Mol Med. 
2009;13:3186–3194.

[31] Tasken K, Aandahl EM. Localized effects of cAMP 
mediated by distinct routes of protein kinase A. 
Physiol Rev. 2004;84(1):137–167.

5328 C. WANG AND L. QU



[32] Mayr B, Montminy M. Transcriptional regulation by 
the phosphorylation-dependent factor CREB. Nat Rev 
Mol Cell Biol. 2001;2(8):599–609.

[33] Shaywitz AJ, Greenberg ME. CREB: a 
stimulus-induced transcription factor activated by 
a diverse array of extracellular signals. Annu Rev 
Biochem. 1999;68(1):821–861.

[34] Wang L, Feng L, Zhang J. Liraglutide exhibits 
anti-inflammatory activity through the activation of 
the PKA/CREB pathway. J Inflamm (Lond). 2019;16 
(1):21.

[35] Guo J, Li Y, Zhao R, et al. Adipokine zinc-alpha2- 
glycoprotein alleviates lipopolysaccharide-induced 
inflammatory responses through the beta3-AR/PKA/ 
CREB pathway. Cytokine. 2019;123:154742.

[36] Li H, Li J, Zhang X, et al. DC591017, a 
phosphodiesterase-4 (PDE4) inhibitor with robust 
anti-inflammation through regulating PKA-CREB 
signaling. Biochem Pharmacol. 2020;177:113958.

[37] Que Q, Guo X, Zhan L, et al. The GLP-1 agonist, 
liraglutide, ameliorates inflammation through the acti-
vation of the PKA/CREB pathway in a rat model of 
knee osteoarthritis. J Inflamm (Lond). 2019;16(1):13.

[38] Zhang M, Wang Y, Huan Z, et al. FSH modulated carti-
lage ECM metabolism by targeting the PKA/CREB/SOX9 
pathway. J Bone Miner Metab. 2021;39(5):769–779.

[39] Juhász T, Matta C, Somogyi C, et al. Mechanical load-
ing stimulates chondrogenesis via the PKA/CREB-Sox9 
and PP2A pathways in chicken micromass cultures. 
Cell Signal. 2014 Mar;26(3):468–482.

BIOENGINEERED 5329


	Abstract
	1.  Introduction
	2.  Materials and methods
	2.1  Cell culture and treatment
	2.2  Measurement of lactate dehydrogenase (LDH) release
	2′,7′-Dichlorofluorescin diacetate (DCFH-DA) staining
	2.4  Measurement of reduced GSH
	2.5  RT-PCR
	2.6  ELISA
	2.7  Western blot
	2.8  Statistical analysis

	3.  Results
	3.1  Cytotoxicity of nintedanib in CHON-001 chondrocytes
	3.2  Nintedanib ameliorated TNF-α-induced oxidative stress in CHON-001 chondrocytes
	3.3  Nintedanib inhibited TNF-α- induced expressions of IL-6 and IL-1β in CHON-001 chondrocytes
	3.4  Nintedanib restored the decrease in the expression of Col II
	3.5  Nintedanib prevented TNF-α- induced reduction of SOX-9
	3.6  The protective effects of nintedanib are associated with the PKA/CREB/SOX-9 signaling pathway

	4.  Discussion
	Conclusion
	Highlights
	Acknowledgements
	Author contribution
	Consent to publication
	Data availability statement/availability of data materials
	Disclosure statement
	Ethical statements
	Funding
	References

