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	� CARTILAGE

Dihydrocaffeic acid improves IL-1β-
induced inflammation and cartilage 
degradation via inhibiting NF-κB and 
MAPK signalling pathways

Aims
Osteoarthritis (OA) is a prevalent joint disorder with inflammatory response and cartilage 
deterioration as its main features. Dihydrocaffeic acid (DHCA), a bioactive component ex-
tracted from natural plant (gynura bicolor), has demonstrated anti-inflammatory properties 
in various diseases. We aimed to explore the chondroprotective effect of DHCA on OA and its 
potential mechanism.

Methods
In vitro, interleukin-1 beta (IL-1β) was used to establish the mice OA chondrocytes. Cell 
counting kit-8 evaluated chondrocyte viability. Western blotting analyzed the expression 
levels of collagen II, aggrecan, SOX9, inducible nitric oxide synthase (iNOS), IL-6, matrix 
metalloproteinases (MMPs: MMP1, MMP3, and MMP13), and signalling molecules associated 
with nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) pathways. 
Immunofluorescence analysis assessed the expression of aggrecan, collagen II, MMP13, and 
p-P65. In vivo, a destabilized medial meniscus (DMM) surgery was used to induce mice OA 
knee joints. After injection of DHCA or a vehicle into the injured joints, histological staining 
gauged the severity of cartilage damage.

Results
DHCA prevented iNOS and IL-6 from being upregulated by IL-1β. Moreover, the IL-1β-
induced upregulation of MMPs could be inhibited by DHCA. Additionally, the administration 
of DHCA counteracted IL-1β-induced downregulation of aggrecan, collagen II, and SOX9. 
DHCA protected articular cartilage by blocking the NF-κB and MAPK pathways. Furthermore, 
DHCA mitigated the destruction of articular cartilage in vivo.

Conclusion
We present evidence that DHCA alleviates inflammation and cartilage degradation in OA 
chondrocytes via suppressing the NF-κB and MAPK pathways, indicating that DHCA may be 
a potential agent for OA treatment.
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Article focus
	� We hypothesized that dihydrocaffeic acid 

(DHCA) could alleviate osteoarthritis 
(OA) progression.

Key messages
	� DHCA was proved to possess the anti-

inflammation and anti-cartilage degrada-
tion properties in OA chondrocytes.

	� DHCA alleviated OA progression via 
inhibiting the nuclear factor-kappa B 
(NF-κB) and mitogen-activated protein 
kinase (MAPK) pathways.

Strengths and limitations
	� The strength of this study is that we are 

the first to present evidence that DHCA 
alleviates inflammation and cartilage 
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degradation in OA chondrocytes in vitro and in vivo 
by suppressing the NF-κB and MAPK pathways, indi-
cating that DHCA may be a potential agent for OA 
treatment.
	� The limitation of this study is that in vivo evidence of 

chondroprotective mechanism of DHCA on OA needs 
to be addressed in the future.

Introduction
Osteoarthritis (OA) is a common age-related degenera-
tive disease which mainly affects 10% of males and 18% 
of females aged over 60 years old, and about 240 million 
individuals worldwide.1–3 It is believed that the incidence 
of OA will double in the middle of the 20th century, 
leaving behind significant social and financial difficulties.4 
In addition to subchondral osteosclerosis and osteo-
phytes, the pathophysiology of OA includes the break-
down of articular cartilage, with pain and dysfunction 
as its main clinical manifestations.5 Due to the lack of 
understanding of the mechanism and effective measures, 
the OA treatment mainly focuses on anti-inflammation 
and protection of articular cartilage, and joint prosthesis 
arthroplasty surgery, as a ultimate treatment, is appli-
cable to end-stage OA patients.6

Numerous physiological and mechanical factors such 
as trauma, obesity, inheritance, sex, and mechanical 
stress contribute to the OA progression.7–9 Inflammation 
is considered as a major contributor to the symptoms of 
OA, as well as the degradation of articular cartilage.10 
Inflammatory cytokines like interleukin-1β (IL-1β) induces 
apoptosis of chondrocytes, initiates overproduction of 
catabolic components, such as thrombospondin motifs 
(ADAMTS) and matrix metalloproteinases (MMPs), and 
reduces the production of metabolic components, such 
as aggrecan and collagen II. These changes will lead to 
degradation of extracellular matrix (ECM) in articular 
cartilage.11 Measures to inhibit the release of inflamma-
tory cytokines can effectively improve OA.12

In recent years, more and more attention has been paid 
to the research of active components in plants found in 
common diseases, such as artemisinin against malaria.13 
Dihydrocaffeic acid (DHCA), as a main bioactive compo-
nent in gynura bicolor, possesses anti-inflammatory and 
anti-oxidative properties in various diseases.14,15 However, 
the precise effect of DHCA in OA is still unknown, and the 
potential mechanism by which DHCA inhibits inflamma-
tion and cartilage degradation in IL-1β-induced mouse 
chondrocytes was examined in this study.

In this study, we show that DHCA downregulated the 
inflammatory response (inducible nitric oxide synthase 
(iNOS) and IL-6) and catabolic response (MMPs), while 
upregulating the anabolic response (aggrecan, collagen 
II, and SOX9) in IL-1β-induced OA chondrocyte in vitro 
studies. Furthermore, the effects of DHCA on inhibiting 
catabolism and promoting anabolism were also veri-
fied by immunohistochemistry (IHC) in destabilized 
medial meniscus (DMM) OA mice model. Additionally, 
DHCA mitigated the destruction of articular cartilage by 

blocking the NF-κB and MAPK pathways. We thus iden-
tify, for the first time, the chondroprotective role of DHCA 
in OA through its suppression of NF-κB and MAPK path-
ways and provide a potential agent for OA treatment.

Methods
Predict the pharmacological targets of DHCA.  The po-
tential drug targets of DHCA were acquired from 
Pharmmapper (East China University of Science and 
Technology, China). The candidate genes were further 
identified using the Uniprot database.16

Enrichment analyses.  R packages “clusterProfiler”, “en-
richplot”, and “ggplot2” were used to perform the 
Gene Ontology (GO) enrichment analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis.
The PPI networks.  Metascape was used to identify tran-
scription factors and represent the network of protein-
protein interaction (PPI) analysis.17

Reagents.  Dihydrocaffeic acid (HY-N2406) was obtained 
from MedChemExpress (MCE, USA). Recombinant 
mouse IL-1β was purchased from R&D Systems (USA). 
Dulbecco’s modified Eagle medium F12 (DMEM/F12) 
was obtained from HyClone (USA). Fetal bovine serum 
was purchased from BioInd (Biological Industries, Israel). 
Primary antibodies for western blotting were as follows: 
Proteintech (China) supplied primary antibodies against 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(60004-1-Ig, 1:10,000), IL-6 (21865-1-AP, 1:500), MMP1 
(10371-2-AP, 1:500), MMP13 (18165-1-AP, 1:1,000), col-
lagen II (28459-1-AP, 1:1,000), and aggrecan (13880-
1-AP, 1:1,000). Cell Signalling Technology (CST, USA) 
provided the iNOS (13120, 1:1,000), SOX9 (82630, 
1:1,000), p-IκBα (2859, 1:1,000), IκBα (4814, 1:1,000), 
p-IKKα/β (2697, 1:1,000), IKKα (61294, 1:1,000), IKKβ 
(8943, 1:1,000), p-P65 (3033, 1:1,000), P65 (8242, 
1:1,000), p-ERK (4370, 1:1,000), ERK (4695, 1:1,000), p-
P38 (4511, 1:1,000), P38 (8690, 1:1,000), p-JNK (4668, 
1:1,000), and JNK (9252, 1:1,000) antibodies. Primary 
antibody against MMP3 (BM4074, 1:1,000) and second-
ary antibodies came from Boster (China). Primary anti-
bodies for immunofluorescence staining were collagen II 
(Proteintech, 28459-1-AP, 1:50), aggrecan (Proteintech, 
13880-1-AP, 1:100), MMP13 (Proteintech, 18165-1-AP, 
1:50), and P65 (CST, 8242, 1:400). Primary antibodies for 
IHC staining were collagen II (Proteintech, 28459-1-AP, 
1:800), aggrecan (Proteintech, 13880-1-AP, 1:200), and 
MMP13 (Proteintech, 18165-1-AP, 1:50).
Murine chondrocyte isolation and culture.  Primary chon-
drocytes were extracted from knee joints of five-day-old 
C57BL/6  J mice. Briefly, the fur and skin were cleaned, 
then the mice were killed and disinfected in 75% alcohol. 
After that the ankle joint was clamped with a tweezer, 
the skin at the front of knee joint was cut with a micros-
cissor, the fascia tissue around the knee joint was peeled 
off, the joint capsule was opened and the cartilage gran-
ules were obtained. Remove the adipose and synovial tis-
sue around the cartilage granules which are hyaluronic 
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and flexible. Next, the cartilage granules from the knee 
joints were cut into pieces with a microscissor. Cartilage 
granules were digested with 0.25% trypsin for 30 min-
utes and 0.25% type II collagenase for six hours at 37°C. 
Afterwards, the primary chondrocytes were cultured in a 
DMEM/F12 medium containing 10% fetal bovine serum 
in a humid environment (37°C, 5% CO2). Chondrocytes 
of the first or second passage were employed in subse-
quent experiments.
Viability of chondrocytes.  To assess the viability of chon-
drocytes, we used a cell counting kit-8 (CCK-8, Boster). 
Chondrocytes (5,000  cells/well) were seeded in a 96-
well plate with six replicates. After the cells had adhered, 
they were given treatment with 5 ng/ml IL-1β for differ-
ent time durations (0, 3, 6, 12, 24, and 48 hours) or with 
40 μM DHCA for 24 hours. Then, the cells received a CCK-
8 solution (100 μl, 10%) after the medium had been with-
drawn, and were incubated in an incubator at 37°C for 
one hour without any light. Absorbance was determined 
at 450 nm using a microplate reader from Thermo Fisher 
Scientific (Finland).
Western blotting.  Chondrocytes from each treatment 
group were lysed with radioimmunoprecipitation as-
say (RIPA) (Boster) buffer, which contains 1% protease 
inhibitor and 1% phosphatase inhibitor for 15  minutes 
on ice. Then, lysed protein samples were gathered and 
centrifuged (12,000  g, 30  minutes, 4°C). After that, a 
bicinchoninic acid (BCA) assay kit (Boster) was employed 
to quantify the protein content of each sample after col-
lecting the supernatant after centrifugation. In electro-
phoresis on a polyacrylamide-sodium dodecyl sulfate gel 
(SDS-PAGE), multiple proteins were isolated and subse-
quently transferred to polyvinylidene difluoride (PVDF) 
membranes (Millipore, USA). Next, the membranes 
were incubated with 5% skim milk for one hour at room 

temperature to inhibit any potential permeability, and 
treated with primary antibodies for more than 14 hours at 
4°C, followed by one hour of treatment with secondary 
antibodies at room temperature. Protein bands were vis-
ualized using a Western ECL System (Boster), and images 
were captured using a Bio-Rad scanner (USA).
Quantitative reverse transcription polymerase chain re-
action.  Cells in a six-well plate were exposed to DHCA 
(40  µM) or IL-1β (5  ng/ml) for 24  hours after reaching 
80% confluence. The catabolism and anabolism of chon-
drocytes at gene levels were assessed using quantitative 
reverse transcription polymerase chain reaction (qRT-
PCR) analysis. The total RNA is extracted and purified 
with the aid of an RNA extraction kit (Omega Bio-Tek, 
USA). The quality of the RNA samples was evaluated with 
microplate reader. Next, a complementary DNA (cDNA) 
synthesis kit (Yeasen, China) was employed to synthe-
size the cDNA, which was then amplified by a qRT-PCR 
kit (Yeasen). The comparative 2−ΔΔCt method was selected 
to reflect the levels of various gene expressions. Table  I 
displays the primer sequences that were used in the 
experiment.
Chondrocytes stained with toluidine blue.  Following 
the manufacturer’s instruction, toluidine blue agent 
(Solarbio, China) was employed to examine the chon-
drocytes’ external characteristics. In a six-well plate, 
chondrocytes reaching 80% confluence were exposed to 
DHCA (40 µM) or IL-1β (5 ng/ml) for 24 hours. Then, the 
pre-treated chondrocytes were fixed with 4% paraformal-
dehyde for 15 minutes at room temperature, and stained 
with toluidine blue dye for 24 hours. Subsequently, the 
excess dye was removed and the cells were washed with 
phosphate-buffered saline (PBS). Then, the morphologi-
cal features of chondrocytes with DHCA and IL-1β treat-
ment were detected by an Evos Fl Auto microscope (Life 
Technologies, USA).
Immunofluorescence.  Chondrocytes were planted at a 
density of 1 × 104 cells per well in a 24-well plate. In either 
the presence or absence of 40 µM DHCA, IL-1β (5 ng/ml) 
was used to treat the cells. For 15 minutes at room tem-
perature, the cells were fixed with 4% paraformaldehyde. 
Then, cell membranes were punched using a 0.2% Triton 
X-100 solution for five minutes, and blocked with 5% bo-
vine serum albumin (BSA) for 30 minutes. After that, col-
lagen II, aggrecan, MMP13, and P65-specific antibodies 
were used to treat the cells overnight at 4°C. After being 
washed three times with PBS, the cells were incubated 
with Cy3/Fitc-conjugated secondary antibodies for one 
hour at 37°C in the dark. The DAPI was left to soak into 
the cell nuclei for a full ten minutes. The immunofluores-
cence images were captured using an Evos Fl Auto fluo-
rescent microscope (Life Technologies).
Destabilized medial meniscus-induced mice OA mod-
els.  The C57BL/6 J mice (five mice in each cage) had free 
access to water and food in a specific pathogen-free en-
vironment, a constant temperature (22°C), and 12 hours 
of alternating light and dark. An intraperitoneal injection 
of pentobarbital (35 mg/kg) was used to sedate the mice. 

Table I. Primer sequence used in quantitative reverse transcription 
polymerase chain reaction experiment.

Gene Sequence

Aggrecan Forward: 5’-AGGTGTCGCTCCCCAACTAT-3’

Reverse: 5’-CTTCACAGCGGTAGATCCCAG-3’

Collagen II Forward: 5’-GGCCAGGATGCCCGAAAATTA-3’

Reverse: 5’-CGCACCCTTTTCTCCCTTGT-3’

SOX9 Forward: 5’-AGGAAGTCGGTGAAGAACGG-3’

Reverse: 5’-GGACCCTGAGATTGCCCAGA-3’

MMP3 Forward: 5’-ACTCCCTGGGACTCTACCAC-3’

Reverse: 5’-GGTACCACGAGGACATCAGG-3’

MMP13 Forward: 5’-TGATGGACCTTCTGGTCTTCTGG-3’

Reverse: 5’-CATCCACATGGTTGGGAAGTTCT-3’

iNOS Forward: 5’-GACCCAGAGACAAGCCTAC-3’

Reverse: 5’-GTGAGCTGGTAGGTTCCTG-3’

IL-6 Forward: 5’-AGTTGCCTTCTTGGGACTG-3’

Reverse: 5’-CCACGATTTCCCAGAGAAC-3’

GAPDH Forward: 5’-CTCCCACTCTTCCACCTTCG-3’

Reverse: 5’-TTGCTGTAGCCGTATTCATT-3’

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL-6, 
interleukin 6; iNOS, inducible nitric oxide synthase; MMP, matrix 
metalloproteinase.
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Fig. 1

Identification of chondrocytes, detection of cell viability, and selection of proper time of interleukin-1β (IL-1β) stimulation on chondrocytes. a) Morphology of 
primary mouse chondrocytes under phase contrast microscope. b) Immunofluorescence analysis showed that the cytoplasm of primary mouse chondrocytes 
was rich in collagen II, which was stained with fluorescein isothiocyanate (FITC). c) Chemical structure of dihydrocaffeic acid (DHCA). d) Cell counting kit 
assesses the viability of chondrocytes treated with 5 ng/ml IL-1β for different time durations (0, 3, 6, 12, 24, and 48 hours) or with 40 μM DHCA for 24 hours. 
e) Toluidine blue staining of the chondrocytes treated with 40 μM DHCA or/and 5 ng/ml IL-1β for 24 hours. f) Western blot bands and quantitative analysis 
of mediators about anabolism (aggrecan, collagen II, and SOX9) and catabolism of chondrocytes (matrix metalloproteinase 3 (MMP3) and MMP13) in 
chondrocytes stimulated with 5 ng/ml IL-1β at different timepoints (0, 3, 6, 12, 24, and 48 hours). Data were presented as means and standard deviations (n 
= 3). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.
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Then, the medial meniscus of the right knee was surgically 
destabilized to establish the destabilization of the medial 
meniscus (DMM)-induced OA models. In sham surgery, 
only the joint capsule was cut without medial meniscus 
instability surgery. The SHAM, DMM, and DMM + DHCA 
groups were randomly formed from 24 eight-week-old 
male C57BL/6 J mice. DHCA was dissolved in co-solvents 
such as 40% polyethylene glycol300 (PEG300), 10% 
DMSO, 5% Tween-80, and 45% saline according to man-
ufacturer guidance, and 10  μl DHCA (0.0036  mg/kg) 
was intra-articular administered to the mice in the DMM 

+ DHCA group. The identical volume (10 μl) of vehicle 
(40% PEG300, 10% DMSO, 5% Tween-80, and 45% sa-
line) was intra-articularly injected into the mice in the 
SHAM and DMM groups. For eight weeks straight, the 
injection was administered twice every week. The sam-
ples of their knee joints were taken for later research. An 
ARRIVE checklist is included to prove compliance with the 
ARRIVE guidelines.
Radiograph examination and histological evaluation.  The 
sacrificed mice’s right knee joints were extracted from 
muscle tissue and a radiograph examination was 

Fig. 2

Dihydrocaffeic acid (DHCA) decreased interleukin-1β (IL-1β)-induced upregulation of catabolic mediators in mouse osteoarthritis (OA) chondrocytes. 
Chondrocytes were administrated with 40 μM DHCA or/and 5 ng/ml IL-1β for 24 hours. a) Western blot bands and quantitative analysis of catabolic-
related proteins (matrix metalloproteinase 1 (MMP1), MMP3, and MMP13). b) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 
analysis of catabolic-related genes (MMP3 and MMP13) at the messenger RNA expression level. c) Immunofluorescence images (magnification: ×200) and 
quantitative analysis of the MMP13 expression. Data were presented as means and standard deviations (n = 3). DAPI, 4′,6-diamidino-2-phenylindole; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 3

Dihydrocaffeic acid (DHCA) increased interleukin-1β (IL-1β)-induced downregulation of anabolic mediators in mouse osteoarthritis (OA) chondrocytes. 
Chondrocytes were administrated with 40 μM DHCA or/and 5 ng/ml IL-1β for 24 hours. a) Western blot bands and quantitative analysis of anabolic-related 
proteins (aggrecan, collagen II, and SOX9). b) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of anabolic-related genes 
(aggrecan, collagen II, and SOX9) at the mRNA expression level. c) and d) Immunofluorescence images and quantitative analysis of the expression of 
aggrecan and collagen II. Data were presented as means and standard deviations (n = 3). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ns, no 
significance; *p < 0.05; **p < 0.01; ***p < 0.001.
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performed by a digital X-ray machine (Kubtec Model 
XPERT.8; KUB Technologies, USA). After that, the knee 
joint samples were kept for 24 hours in 4% paraformalde-
hyde, then decalcified for 30 days in a 10% EDTA solution 
before being embedded in paraffin wax. Prior to being 
stained with haematoxylin and eosin (H&E) and safra-
nin O/fast green, the samples were divided into pieces 
that were 5 μm thick. A blinded method was employed 
to evaluate the progression of OA using a score assigned 
by the Osteoarthritis Research Society International 
(OARSI).18 Histochemistry required deparaffinization, re-
hydration, and blocking for one hour in BSA containing 
0.1% Triton X-100, staining the slices with diaminobenzi-
dine, and counterstaining with haematoxylin after being 
incubated with anti-MMP13, -collagen II, and -aggrecan 
antibodies. Using fluorescent microscopy, pictures were 
taken (Evos Fl Auto; Life Technologies).
Statistical analysis.  Data were shown as the mean and 
standard deviation (SD) for independent experiments 
and analyzed using GraphPad Prism 8 (GraphPad, USA). 
A one-way analysis of variance was used to compare all of 
the research groups, and independent-samples t-test and 
Bonferroni’s test were used for a post hoc comparison. To 
denote statistical significance, p < 0.05 was used.

Results
Identification of chondrocytes.  Proteoglycan and colla-
gen II make up the ECM of chondrocytes, which are the 
only cells that make up articular cartilage.19 To detect 
mouse chondrocytes, we therefore used phase contrast 
microscopy, immunofluorescence, and toluidine blue 
staining. As shown in Figure  1a, chondrocytes showed 
typical paving stone-like changes in cell morphology, 
which were round or polygonal. Immunofluorescence 
staining showed that the target cells were rich in collagen 
II (Figure 1b). Toluidine blue staining reflects the content 
of proteoglycan (Figure 1e). Combined with where the 
cells come from, we determined that the cells obtained 
from the knee joint are chondrocytes.
Effect of DHCA on chondrocyte viability.  In order to ex-
plore whether DHCA and/or IL-1β affects the viability of 
chondrocytes, CCK-8 assay was performed. The chemical 
structure of DHCA can be found in Figure 1c. As shown in 
Figure 1d, 5 ng/ml IL-1β at different time durations (0, 3, 
6, 12, 24, and 48 hours) and DHCA at a concentration of 
40 μM alone, or together with 5 ng/ml IL-1β for 24 hours 
did not affect the vitality of chondrocytes compared with 
the control group and the DHCA group. Additionally, 
when chondrocytes were exposed to 40 μM DHCA alone 

Fig. 4

Dihydrocaffeic acid (DHCA) decreased interleukin-1β (IL-1β)-induced upregulation of inflammatory mediators in mouse osteoarthritis (OA) chondrocytes. 
Chondrocytes were administrated with 40 μM DHCA or/and 5 ng/ml IL-1β for 24 hours. a) Western blot bands and quantitative analysis of inflammation-
related proteins (inducible nitric oxide synthase (iNOS) and IL-6). b) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis 
of inflammation-related genes (iNOS and IL-6) at the mRNA expression level. Data were presented as means and standard deviations (n = 3). GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.
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or together with 5  ng/ml IL-1β for 24  hours, toluidine 
blue staining failed to detect any apparent morphological 
alterations (Figure 1e).
Selection of proper time of IL-1β stimulation on chondro-
cytes.  The balance between catabolism and anabolism, 
as well as chondrocyte homeostasis, are both impacted 
by the well-known major inflammatory cytokine IL-1β, 
which accelerates cartilage degradation.20 To determine 
the optimal time of IL-1β action, the following experi-
ments were performed. First, the vitality of chondrocytes 
was tested with 5 ng/ml IL-1β at various time durations 
(0, 3, 6, 12, 24, and 48  hours), and Figure  1d demon-
strates that there was no significant difference in the cy-
totoxicity of chondrocytes. Next, the effect of affected 
chondrocytes’ catabolism and anabolism at various stim-
ulation periods of IL-1β was detected with western blot 
analysis. As shown in Figure 1f, collagen II, aggrecan, and 
SOX9, which are anabolic markers, declined over time, 
whereas MMP3 and MMP13, which are catabolic mark-
ers, were seen to rise over time. The decrease expression 
levels of aggrecan, collagen II, and SOX9 were obvious at 
24 hours and 48 hours, while MMP3 and MMP13 reached 
their highest points at 24 hours. Thus, the stimulation du-
ration of IL-1β on mouse chondrocytes that we ultimately 
chose was 24 hours.

DHCA decreased IL-1β-induced upregulation of catabolic 
mediators in mouse OA chondrocytes.  Matrix-degrading 
proteases, including aggrecanases and metalloprotein-
ases (MMP1, MMP3, and MMP13), are known to be ac-
tivated during the pathogenesis of OA.21,22 In response 
to IL-1β, chondrocytes produce the overexpression of 
catabolic enzymes, such as MMP1, MMP3, and MMP13, 
which aid in the degradation of ECM. Our western blot 
data demonstrated that treatment with DHCA signifi-
cantly suppressed the expression of the abovementioned 
enzymes (Figure 2a). Furthermore, qRT-PCR analysis re-
vealed that IL-1β triggered the overexpression of MMP1, 
MMP3, and MMP13 at gene levels, whereas DHCA re-
versed the upregulated trends in IL-1β-induced chondro-
cytes (Figure 2b). The results of western blot and qRT-PCR 
data about MMP13 were also verified by immunofluores-
cence analysis, as DHCA effectively decreased the ele-
vated MMP13 in cytoplasm caused by IL-1β (Figure 2c). 
When seen collectively, these findings imply that DHCA 
may be a potent inhibitor of matrix-degrading proteases 
in mouse chondrocytes.
DHCA increased IL-1β-induced downregulation of anabol-
ic mediators in mouse OA chondrocytes.  Anabolism has a 
crucial protective role in preserving the homeostasis of 
cartilage. The most crucial mediators of chondrocytes 

Fig. 5

Bioinformatics analysis illustrated that dihydrocaffeic acid (DHCA) might regulate nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) 
signalling pathway. a) DHCA targets were frequently enriched in the MAPK pathway. b) 28 genes were enriched in the MAPK pathway. c) According to 
transcription factors (TF) analysis, RELA (P65) and NFKB1 were identified as key TFs. d) PPI analysis of DHCA targets illustrated that the MAPK pathway and 
collagen catabolic process were involved. AGE-RAGE, advanced glycosylation end products-receptor for advanced glycosylation end products; HIF-1, hypoxia-
inducible factor 1; VEGF, vascular endothelial growth factor.
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metabolism are collagen II, aggrecan, and SOX9.23,24 
Therefore, we investigated whether DHCA can restore 
the expression of aforementioned mediators in chondro-
cytes activated with IL-1β. As shown in Figures  3a and 
3b, IL-1β stimulation drastically reduced the expression 
of aggrecan, collagen II, and SOX9 at both mRNA and 

protein levels in mouse chondrocytes. Conversely, DHCA 
markedly increased the anabolic mediators (aggrecan, 
collagen II, and SOX9) both at mRNA and protein lev-
els in mouse IL-1β-induced chondrocytes. Additionally, 
immunofluorescence verified the expression level of ag-
grecan and collagen II that observed in western blot and 

Fig. 6

The early activation of nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) signalling pathway induced by interleukin-1β (IL-1β). 
Chondrocytes were administrated with 5 ng/ml IL-1β at different time durations (0, 0.25, 0.5, 1, 2, and 4 hours). a) Western blot bands and b) quantitative 
analysis of proteins associated with the NF-κB (p-P65, P65) and MAPK (p-JNK, JNK, p-ERK, ERK, p-P38, and P38) pathways. Dihydrocaffeic acid (DHCA) 
inhibited IL-1β-induced activation of the MAPK signalling pathway. Chondrocytes were treated with 40 μM DHCA for 24 hours or/and 5 ng/ml IL-1β for 
0.25 hours. c) Western blot bands and d) quantitative analysis of proteins associated with the MAPK pathway. Data were presented as means and standard 
deviations (n = 3). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.
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qRT-PCR analysis (Figures 3c and 3d). These findings col-
lectively suggest that, under the pathological conditions 
of inflammation, DHCA may exert cartilage protective ef-
fects by increasing the expression of anabolic mediators 
in chondrocytes.
DHCA decreased IL-1β-induced upregulation of inflamma-
tory mediators in mouse OA chondrocytes.  It is acknowl-
edged that inflammation acts as a significant contributor 

to the pathophysiology of OA.25 We explored how DHCA 
affected the expression of inflammatory mediators in-
duced by IL-1β in OA chondrocytes. The expression levels 
of specific inflammatory mediators (iNOS and IL-6) were 
assessed using western blot and qRT-PCR analysis after 
chondrocytes were stimulated with 5 ng/ml of IL-1β or 
with 40  µM DHCA for 24  hours. Data revealed that IL-
1β upregulated the expression levels of iNOS and IL-6 

Fig. 7

Dihydrocaffeic acid (DHCA) suppressed interleukin-1β (IL-1β)-induced activation of the nuclear factor-kappa B (NF-κB) signalling pathway. Chondrocytes were 
treated with 40 μM DHCA for 24 hours or/and 5 ng/ml IL-1β for 0.25 hours. a) Western blot bands and b) quantitative analysis of proteins associated with the 
NF-κB pathway. c) Immunofluorescence images (magnification: ×200) and d) quantitative analysis of the expression of p-P65. Data were presented as means 
and standard deviations (n = 3). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IKK, inhibitor of nuclear factor-κB (IκB) kinase; ns, no significance; *p < 
0.05; **p < 0.01; ***p < 0.001.
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compared with the control group and the DHCA group. 
However, DHCA greatly decreased these expressions of 
inflammatory mediators in IL-1β-induced chondrocytes 
(Figure  4a). In addition, the mRNA expression of IL-6 
and iNOS dramatically rose after IL-1β stimulation, and 
decreased with the DHCA treatment in IL-1β-induced 
chondrocytes (Figure 4b). Together, these findings sug-
gest that DHCA possess anti-inflammatory properties in 
IL-1β-induced chondrocytes.

Bioinformatics analysis illustrated that DHCA might reg-
ulate NF-κB/MAPK signalling pathway.  Bioinformatics 
analysis plays an important role in finding potential diag-
nostic markers of OA.26 To explore the underlying mech-
anism by which DHCA modulates OA, we analyzed the 
potential drug targets of DHCA. Overall, 294 drug targets 
were identified by means of the Pharmmapper database. 
KEGG analysis suggested that the MAPK signalling path-
way might be regulated by DHCA, and 28 DHCA targets 

Fig. 8

Dihydrocaffeic acid (DHCA) attenuated mouse knee cartilage degradation in vivo. a) Radiograph, b) haematoxylin and eosin (H&E) staining, and c) Safranin 
O/fast green staining of the knee articular cartilage among the SHAM, DMM, and DMM + DHCA group (magnification: ×100 for 400 μm, ×200 for 200 μm). 
d) Osteoarthritis Research Society International (OARSI) scoring analysis demonstrated the degree of cartilage degradation (n = 8). e) Immunohistochemical 
(IHC) staining and f) quantitative analysis of positive chondrocytes about anabolism (aggrecan and collagen II) and catabolism (MMP13) (n = 3). Data were 
presented as means and standard deviations. *p < 0.05; **p < 0.01; ***p < 0.001.
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were enriched to MAPK pathway (Figures  5a and 5b). 
Transcription factors analysis indicated that RELA (P65) 
and NFKB1 played an important role in regulating DHCA 
targets, which suggested P65 NF-κB pathway might be 
regulated by DHCA (Figure 5c). Further PPI analysis vali-
dated that MAPK pathway was highly enriched; addition-
ally, DHCA might affect collagen catabolic process, which 
was consistent with our previous conclusions (Figure 5d).
Determining the best time for IL-1β-induced activation of 
the NF-κB/MAPK signalling pathway.  The earliest events 
that contribute to the development of OA are the trans-
duction of NF-κB and MAPK signal pathways. According 
to a recent study, preventing the aforementioned two 
signalling pathways from being activated via IL-1β slows 
down the degradation of the cartilage.27 To determine 
the ideal activation timepoints of the aforementioned 
two pathways induced by IL-1β at different time dura-
tions (0, 0.25, 0.5, 1, 2, and 4 hours), we therefore exam-
ined proteins associated with the pathways. As shown in 
Figures 6a and 6b, the NF-κB and MAPK pathways were 
activated by IL-1β in a time-dependent manner, with the 
peak of activation happening at 0.25 hours after stimu-
lation, and fading thereafter. Therefore, chondrocytes 
stimulated with IL-1β for 0.25 hours was chosen in subse-
quent study of the two pathways.
DHCA inhibited IL-1β-induced activation of the MAPK 
signalling pathway.  Next, we identified the molecular 
mechanism underlying the chondroprotective actions 
of DHCA. Recent research reveals that the MAPK path-
way, which includes the signal transducers P38 kinase, 
c-Jun NH2-terminal kinase (JNK), and extracellular signal-
regulated kinase (ERK),28 have been activated to regulate 
the IL-1β-mediated MMP expressions.29 To ascertain if 
DHCA exerts its chondroprotective effects by inhibiting 
MAPKs, we measured the phosphorylation levels of JNK, 
ERK, and P38 (p-JNK, p-ERK, and p-P38) in IL-1β-activated 
murine chondrocytes. The results showed that within 
0.25 hours of IL-1β administration, the MAPK pathway in-
cluding JNK, ERK, and P38 was activated in chondrocytes, 
as the expression level of p-JNK, p-ERK, and p-P38 were 
elevated. However, the activation trends were inhibited 
when mouse chondrocytes were pretreated with DHCA 
(Figures 6c and 6d). According to these findings, DHCA 
modulates the activation of MAPK signalling pathway un-
der pathological circumstances, which has a chondropro-
tective impact.
DHCA suppressed IL-1β-induced activation of the NF-κB 
signalling pathway.  The generation of catabolic mediator 
is stimulated by IL-1β, as well as IL-6 and iNOS, through 
transcriptional regulation, while NF-κB is a signal path-
way mainly regulated by transcription factors, thus we 
next investigated the role of NF-κB transcription factor 
in chondrocyte metabolism.30 We discovered that with-
in 15 minutes of treatment, IL-1β increased the phos-
phorylation levels of IKKα/β, IκBα, and P65 (p-IKKα/β, 
p-IκBα, and p-P65), and the degradation of IκBα in mice 
chondrocytes. However, the treatment with DHCA re-
versed these alterations (Figures 7a and 7b). Moreover, 

when p-P65 accumulates in the nucleus, it can act as a 
downstream effector protein of NF-κB pathway activa-
tion. Immunofluorometric assay revealed that p-P65 
was restricted to the cytoplasm of healthy chondrocytes, 
but the propensity of p-P65 to migrate into the nucleus 
was elevated following IL-1β treatment of chondrocytes. 
However, by using DHCA, the amount of p-P65 that ac-
cumulated in the nucleus decreased (Figures 7c and 7d). 
These findings collectively imply that, under pathological 
circumstances, DHCA exhibits chondroprotective effects 
by controlling the NF-κB signalling pathways in mouse 
chondrocytes.
DHCA attenuated cartilage degradation in vivo.  Eight 
weeks after DMM surgery or intra-articular DHCA in-
jection, mice were killed and the knee joints were ob-
tained. The knee joint samples among the three groups 
underwent radiograph assessment, and were stained 
with H&E and safranin O/fast green to determine the ex-
tent of the cartilage damage. The DMM group demon-
strated OA-like features, such as the roughness and un-
evenness of the articular cartilage surface, the damage 
of articular cartilage, and the formation of osteophytes. 
While in the DMM + DHCA group, we found that DHCA 
mitigated cartilage deterioration when measured by ra-
diograph, H&E, and safranin O/fast green staining. As 
shown in Figure 8a, the knee joint surface in the SHAM 
group was smooth, with a wider joint space, without os-
teophyte formation and osteosclerosis, while the DMM 
group exhibited obvious OA changes, such as joint space 
narrowing, osteophyte formation, bone cystic change, 
etc. However, the above OA changes in DMM + DHCA 
group were alleviated to a certain extent. Furthermore, 
in Figures 8b and 8c, the DMM group exhibited an un-
even, rough, and damaged cartilage surface compared 
with the SHAM group, whereas the DMM + DHCA group 
showed a full and smooth cartilage surface. Additionally, 
we evaluated the severity of OA by calculating OARSI 
scores, and data revealed that the DMM group received 
a higher score than that of the SHAM group, whereas the 
DMM + DHCA group exhibited a lower score compared 
with the DMM group (Figure  8d). Moreover, the three 
groups’ IHC results for aggrecan, collagen II, and MMP13 
supported the in vitro experiment. In the mouse DMM-
induced OA models, DHCA treatment boosted aggrecan 
and collagen II expression, and decreased MMP13 pro-
duction (Figures 8e and 8f). In conclusion, the outcomes 
of the in vivo studies revealed that DHCA could slow the 
development of OA in DMM mice.

Discussion
OA, one of the most prevalent joint diseases associated 
with the elderly, is a heterogeneous, complicated, multi-
factorial illness.31,32 The present strategies for OA are 
symptomatic treatment which cannot be used to cure 
the OA.33 These treatment methods include reducing 
the movement of the affected joints, and medical and 
surgical treatment. However, serious side-effects are 
frequently experienced with medication therapy for 
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OA.34 Moreover, the surgical treatment is mostly joint 
prosthesis arthroplasty surgery, leaving patients with 
unpredictable psychological pressure, and placing a 
huge economic burden on the society.35 Exploring the 
pathological mechanism of OA and searching for drugs 
without side-effects have become the urgent areas to be 
solved by the current research institute. A growing body 
of research indicates that natural substances may be able 
to treat OA with few negative effects.36 DHCA, a bioac-
tive component extracted from Gynura bicolor, has been 
proved to have anti-inflammatory properties.14 However, 
inflammation is considered as a pathogenic factor of OA. 
This study aimed to investigate how DHCA affects chon-
drocyte inflammation brought on by IL-1β. Our findings 
demonstrated that DHCA prevented an IL-1β-induced 
inflammatory response, and cartilage degradation, by 
preventing the activation of NF-κB and MAPK signalling 
pathways.

Previous research believed that inflammatory medi-
ators, including iNOS and IL-6, are crucial mediators in 
the progression of OA.37 Studies revealed that iNOS and 
IL-6 levels were shown to be elevated in OA patients.38,39 
Moreover, research has confirmed that it is the produc-
tion of these inflammatory factors that leads to the emer-
gence of clinical symptoms, such as pain and swelling. 
Anti-inflammatory treatment, such as oral administration 
of non-steroidal anti-inflammatory drugs, can alleviate 
patients’ clinical discomfort.40 Our data demonstrated 
that DHCA decreased the expression of inflammatory 
mediators, such as iNOS and IL-6, in IL-1β-stimulated 
chondrocytes, implying that DHCA possesses anti-
inflammatory properties.

The importance of NF-κB signalling pathway in 
controlling inflammatory mediators has been well 
established.41,42 The aggravation of OA is closely related 
to the activation of this pathway, and inhibiting acti-
vation has been shown to improve OA.43–45 NF-κB is 
often found in the cytoplasm and coupled to the inhib-
itor of NF-κB (IκB). When cells were being triggered by 
IL-1β, IκB protein such as IκBα was phosphorylated and 
destroyed, together with the nucleus translocation of 
NF-κB P65, which ultimately regulates the production of 
inflammatory mediators.46–48 In this study, we discovered 
that DHCA prevented the activation of NF-κB signalling 
pathway in IL-1β chondrocytes. In addition, MAPK signal-
ling pathway is also closely related to inflammation and 
is associated with the progression of OA.49 Proteins at 
the key nodes of the P38, JNK, and ERK MAPK signalling 
pathways are phosphorylated and activated when IL-1β 
stimulates chondrocytes,50 which are consistent with our 
experimental results. Strategies of suppressing the MAPK 
signalling pathway could alleviate the OA progression.51 
Our data found evidence of DHCA’s impact on MAPK acti-
vation, as DHCA inhibited IL-1β-induced P38, JNK, and 
ERK MAPK activation. Overall, our findings revealed that 
DHCA prevented IL-1β-induced activation of the NF-κB 
and MAPK signalling pathways.

In addition to inflammatory response, cartilage dete-
rioration is another main feature of OA. The balance of 
chondrocyte metabolism is a crucial factor to maintaining 
cartilage homeostasis. Cartilage degeneration includes the 
imbalance of anabolism and catabolism in chondrocytes, 
such as the weakening of anabolism and/or enhancement 
of catabolism, which will lead to the increased degrada-
tion of ECM on the surface of cartilage and contribute to 
cartilage deterioration and OA formation.52,53 MMPs, such 
as MMP1, MMP3, and MMP13, are important catabolic 
enzymes, the overexpression of which target collagen 
II and aggrecan for degradation.54–56 However, the most 
important enzymes of anabolism are collagen II and 
aggrecan, which could maintain the physiological struc-
ture of ECM. The reduction of their synthesis will cause 
the degradation of ECM.57 However, the above-mentioned 
inflammatory response is one of the main pathogenic 
factors leading to the imbalance of chondrocyte metab-
olism. Excessive pro-inflammatory factors will trigger the 
upregulation of catabolic enzymes and downregulation 
of anabolic enzymes in chondrocytes, and ultimately 
contribute to the degradation of ECM, the deterioration 
of cartilage, and the occurrence of OA.58–60 Our in vitro 
experiments confirmed that DHCA maintains the meta-
bolic balance of chondrocytes by inhibiting inflammatory 
response. In addition, DMM method was a commonly 
used surgical strategy for establishing the OA cartilage. In 
our in vivo study, H&E and safranin O/fast green staining 
data revealed that the SHAM group showed a full and 
smooth cartilage surface, with a considerable thickness 
of cartilage and without any cartilage damage. However, 
the DMM group experienced pronounced cartilage loss 
and erosion, whereas the DHCA-treated group experi-
enced a reduction in these changes, indicating that DHCA 
treatment slowed down the progression of OA in vivo. 
Furthermore, the IHC staining for the protein expression 
of anabolic-related indicators (aggrecan and collagen II) 
and catabolic-related indicators (MMP13) supported the 
in vitro experiment, as DHCA treatment boosted aggrecan 
and collagen II expression and decreased MMP13 produc-
tion. This supported OARSI results and histochemical find-
ings, pointing to the protective role of DHCA in the mouse 
DMM model. Therefore, strategies of inhibiting inflamma-
tion can effectively improve the progression of OA.

In summary, our findings indicated that DHCA reduced 
the inflammatory reaction and deterioration of cartilage 
brought on by IL-1β via suppressing the NF-κB and MAPK 
pathways through in vivo and in vitro tests, implying that 
DHCA might be a promising agent for OA treatment.

Supplementary material
‍ ‍ARRIVE checklist, and schematic diagram of dihy-

drocaffeic acid improving mouse osteoarthritis.
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