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Curcumenol mitigates chondrocyte inflammation
by inhibiting the NF-kB and MAPK pathways,
and ameliorates DMM-induced OA in mice
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Abstract. At present, an increasing number of individuals are
affected by osteoarthritis (OA), resulting in a heavy socio-
economic burden. OA in knee joints is caused by the release
of inflammatory cytokines and subsequent biomechanical
and structural deterioration. To determine its anti-inflam-
matory function, the current study investigated the use of
the plant-derived medicine, curcumenol, in OA treatment.
Curcumenol was not cytotoxic to ATDCS chondrocytes and
primary chondrocytes, as determined using a cell viability test.
When these cells were treated with TNF-a and IL-1f3 to induce
inflammation, curcumenol treatment inhibited the progres-
sion of inflammation by inactivating the NF-xB and MAPK
signaling pathways, as well as decreasing the expression levels
of MMP3 (as indicated by reverse transcription-quantitative
PCR and western blotting). Moreover, to analyze metabolic
and catabolic status in high-density and pellet culture, cata-
Iytic changes and the degradation of the extracellular matrix
induced by TNF-a and IL-1f3, were evaluated by alcian blue
staining. These catalytic deteriorations were ameliorated by
curcumenol. Using curcumenol in disease management, the
mechanical and metabolic disruption of cartilage caused in
the destabilization of medial meniscus (DMM) model was
prevented in vivo. Thus, curcumenol mitigated inflammation
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in ATDCS chondrocytes and primary mice chondrocytes, and
also ameliorated OA in a DMM-induced mouse model.

Introduction

Osteoarthritis (OA) is a degenerative joint disorder causing
disability in the elderly population worldwide (1), and is esti-
mated to potentially affect ~400 million individuals in China
by 2030 (2). OA has caused a heavy socioeconomic burden,
which costs almost 2.5% of the gross domestic product of
developed countries (3). Generally speaking, joints (especially
the knee joint) are flexible, act as a functional motif to withstand
compressive forces, and allow for a multi-directional range of
motion for movement. Joints are composed of articular carti-
lage, subchondral bone and synovium, which are all severely
compromised by OA, but especially the cartilage. However,
the etiology of OA is complicated, particularly that which is
associated with anatomic hip dysplasia or joint morphology (4),
or that caused by immune factors, including rheumatoid
arthritis (5). Thus, the management of OA is currently focused
on pain relief and functional reconstruction. These conven-
tional strategies include oral non-steroidal anti-inflammatory
drugs (6), intra-articular injection of glucocorticoids (2) or
hyaluronic acid (7), and surgical methods such as arthroscopic
management and total arthroplasty. Stem cell injection
therapy has gained significant attention in basal research and
clinical trials (8); however, based on challenges such as cell
leakage, osteogenic transformation of mesenchymal stem cells
and other safety concerns, long-term complications and the
cost-effectiveness of the procedure should be addressed (9,10).
Therefore, from the prospective of the underlying molecular
mechanism of OA progression, inhibiting inflammatory
pathways, such as the NF-kB or MAPK cascades, may help to
alleviate the progression of joint degeneration.

Curcumenol is a bioactive ingredient isolated from edible
rhizome of Curcuma zedoaria (zedoary, Zingiberaceae),
which is an important constituent of Chinese Traditional
Medicine (11,12). Subsequently, curcumenol was found
to be one of the primary constituents in numerous other
plants, such as various Piper species, Torilis japonica and
Neolitsea pallens (13,14). Such plants exhibit various functions,
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including anti-inflammatory, hepatoprotective, neuroprotec-
tive and antioxidant activities (15,16). Thus, curcumenol may
be considered a potential option for treating inflammation.
The aim of the present study was to investigate the
potential use of curcumenol to treat OA in vitro and in vivo.
First, the inhibitory effect of curcumenol on the NF-xB and
MAPK pathways was determined in ATDCS chondrocytes
and primary chondrocytes in vitro, after which the rescue
function of curcumenol in destabilization of medial meniscus
(DMM)-induced knee joint OA in mice was evaluated in vivo.

Materials and methods

Reagents. Curcumenol was purchased from Selleck Chemicals,
and according to the manufacturer's protocol, was isolated
from Curcuma zedoary, with the following characteristics:
High performance liquid chromatography, purity=99.89%;
nuclear magnetic resonance, consistent structure. Then,
10 mg curcumenol was dissolved in 0.4268 ml DMSO
(Sigma-Aldrich; Merck KGaA) to a concentration of 100 mM,
and stored at -20°C. Recombinant TNF-a (PeproTech China)
and IL-1p (R&D Systems, Inc.) were dissolved in sterile PBS
containing 0.1% BSA (Beyotime Institute of Biotechnology) to
a concentration of 10 yg/ml.

Primary antibodies against IKKa (cat. no. D3W6N;
rabbit monoclonal), phosphorylated (p)-IKKa/p (Ser176/180;
cat. no. 16A6; rabbit monoclonal), P65 (cat. no. D14E12; rabbit
monoclonal), p-P65 (Ser536; cat. no. 93H1; rabbit monoclonal),
IkBa (cat. no. L35A5; mouse monoclonal), p-IkBa (Ser32;
cat. no. 14D4; rabbit monoclonal), Akt (cat. no. 11E7; rabbit
monoclonal), p-Akt (Ser473; cat. no. D9E; rabbit monoclonal),
SAPK/JNK (cat. no. 9252; rabbit monoclonal), p-SAPK/INK
(Thr183/Tyr185, G9; cat. no. 81E11; rabbit monoclonal), P38
(cat. no. D13El; rabbit monoclonal), p-P38 (Thr180/Tyr182;
cat. no. D13.14 4E; rabbit monoclonal), p44/42 (cat. no. 137F5;
rabbit monoclonal), p-p44/42 (Thr202/Tyr204; cat. no. D3F9;
rabbit monoclonal) and f-actin (cat. no. D6AS; rabbit mono-
clonal) were purchased from Cell Signaling Technology,
Inc. Primary antibodies against collagen type II a 1 chain
(Col2al; cat. no. ab188570; rabbit monoclonal), MMP3
(cat. no. ab52915; rabbit monoclonal), MMP7 (cat. no. ab5706;
rabbit monoclonal) and MMP13 (cat. no. ab51072; rabbit
monoclonal) were obtained from Abcam.

Isolation and culture of primary mouse chondrocytes. For
each isolation process, three 5-day-old mice (weight, 2-4 g;
Shanghai Lab, Animal Research Center Co., Ltd.; housed
under pathogen-free conditions at 26-28°C and 50-65%
humidity with a 12-h day/night cycle.) were sacrificed via
decapitation and immersed in 75% ethanol for 10 min. Both
of the lower limbs were dissected, and the skin removed, and
the whole knee joint was extracted with the synovial and
muscle tissue stripped. These six cartilage samples were cut
into pieces (0.5-1 mm) and then soaked in 1% collagenase
IT solution for 2 h at 37°C, followed by centrifugation (in
300 x g, 37°C for 5 min) and resuspension in complete medium
(DMEM/F12 with 5% FBS, 1% penicillin-streptomycin). The
primary chondrocytes were cultured in DMEM/F12 (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 5% FBS,
1% penicillin-streptomycin (Gibco; Thermo Fisher Scientific,

Inc.) and 1% insulin-transferrin-selenium (ITS) solution
at 37°C with 5% CO,.

ATDC5 cell culture. Mouse ATDCS5 immortalized chon-
drocytes (17) were purchased from Shaanxi Fuheng (FH)
Biotechnology Co., Ltd., and were maintained in DMEM/F12
supplemented with 5% FBS and 1% penicillin-streptomycin
(Gibco; Thermo Fisher Scientific, Inc.) at 37°C with 5% CO,.

RNA extraction and reverse transcription-quantitative PCR
(qPCR). ATDCS and primary chondrocytes were stimulated
with TNF-a and IL-1B (both 10 ng/ml) with or without
curcumenol (50 uM), and the control group was cultured in
medium with 1:2,000 DMSO. After 24 h at 37°C, total RNA
was isolated from cells using TRIzol® reagent (Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
Extracted RNA was reverse transcribed to first strand cDNA
using the cDNA Synthesis kit (Takara Bio, Inc.). gPCR was
conducted using the TB Green Premix Ex Taq kit (Takara Bio,
Inc.) on an Applied Biosystems QuantStudio 6 Flex Real-Time
PCR system (Applied Biosystems; Thermo Fisher Scientific,
Inc.) per the following conditions: Denaturation at 95°C for
30 sec; 40 cycles of 95°C for 3 sec and 60°C for 34 sec; and then
95°C for 15 sec, 60°C for 60 sec and finally, 95°C for 15 sec.
Primers were designed using NCBI BLAST (18), the sequences
of which are provided in Table I. Target gene expression levels
were determined using the 2224 method (19), with GAPDH as
the internal reference control.

Cell viability analysis. Cell viability was evaluated using the
Cell Counting Kit-8 (CCK-8; Dojindo Molecular Laboratories,
Inc.). ATDCS5 chondrocytes were seeded into a 96-well plate
at a density of 3x10° cells/well. The next day, the cells were
treated with increasing concentrations of curcumenol (12.5,
25, 50 and 100 pM, dissolved in DMSO) for 24, 48 and 72 h
at 37°C; the control group was cultured in medium containing
1:1,000 DMSO. Media were refreshed every 2 days.
Subsequently, the cells were incubated with fresh complete
media containing 10 pul CCK-8 reagent, for 2 h at 37°C.
Complete medium containing CCK-8 reagent, with no cells
or untreated cells, were used as the blank and mock controls,
respectively. Absorbance at 450 nm (mean optical density;
OD) was measured using an Infinite M200 Pro multimode
microplate reader (Tecan Group, Ltd.).

High-density culture and pellet culture. To assess chondrogenic
differentiation, 1.5x10° ATDCS5 or primary chondrocytes were
resuspended in 10 pl incomplete MEM/F12 (Gibco; Thermo
Fisher Scientific, Inc.) and seeded as micromasses in the
bottom of a 24-well plate. The cells were allowed to adhere for
1 h at 37°C, after which 0.5 ml MEM/F12 containing 10 ng/ml
ITS and 2% FBS were added. After 24 h at 37°C, the cells
were stimulated with TNF-a and IL-1f (both 10 ng/ml) with
or without curcumenol (50 M), and the control groups were
cultured in a medium with DMSO only (1:2,000) for 9 days
at 37°C. All media were refreshed every other day, and after
9 days the micromasses were stained with alcian blue for 24 h
at room temperature (RT).

For pellet culture, 1.5x10” ATDC5 were pelleted in 15-ml
centrifuge tubes (200 x g, 37°C for 5 min) supplemented with
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Table I. PCR primer information.

Gene Accession number Description Sequence (5'-3")
MMP3 NM_010809.2 Forward CCCTGCAACCGTGAAGAAGA
Reverse GACAGCATCCACCCTTGAGT
MMP7 NM_010810.5 Forward CCCTGTTCTGCTTTGTGTGTC
Reverse AGGGGGAGAGTTTTCCAGTCA
MMP13 NM_008607.2 Forward AGAAGTGTGACCCAGCCCTA
Reverse GGTCACGGGATGGATGTTCA
ADAMTS4 NM_172845.3 Forward GAGTCCCATTTCCCGCAGA
Reverse GCAGGTAGCGCTTTAACCCT
ADAMTSS NM_011782.2 Forward GAGAACCCTGCAAAACAGCC
Reverse AACCATACAAGTGCCTTTTCTCT
Col2al NM_053593.2 Forward GTGTGACACTGGGAATGTCCTCT
Reverse TGGCCCTAATTTTCCACTGGC
GAPDH NM_008084.3 Forward CGACTTCAACAGCAACTCCCACTCTTCC
Reverse TGGGTGGTCCAGGGTTTCTTACTCCTT

ADAMTS, ADAM metallopeptidase with thrombospondin type 1 motif.

mesenchymal stem cell chondrogenic differentiation medium
(Cyagen Biosciences, Inc.). After 48 h at 37°C, the ATDCS5 and
primary chondrocyte pellets were stimulated with TNF-o and
IL-1B (both 10 ng/ml) with or without curcumenol (50 xM),
and the control group was cultured in medium containing
DMSO only (1:2,000) for 21 days at 37°C. The media were
refreshed every 3 days. After 21 days of culture, the pellets
were collected and fixed at RT in 4% paraformaldehyde (PFA)
for 5 h, and then embedded in optimal cutting temperature
compound (Sakura Finetek USA, Inc.). The samples were then
stored at -80°C overnight and cut to a 20-um thickness using a
freezing microtome (Leica Microsystems GmbH).

Digital images were captured under a light microscope at
a x7.8 magnification (Leica DM4000 B; Leica Microsystems
GmbH). Alcian blue staining intensity was analyzed using
Image Pro Plus 6.0 software (20) to evaluate the ratio of
integrated (I)OD (expressed as the IOD/area for each sample).

Senescence assays. The senescence of primary chondro-
cytes was analyzed using the Senescence -Galactosidase
Staining kit (Beyotime Institute of Biotechnology). Primary
chondrocytes were seeded into a 12-well plate at a density of
4x10° cells/well, following stimulation with TNF-a and IL-13
(10 ng/ml each) with or without curcumenol (50 pM). After
24 h at 37°C, the cells were fixed with Beyotime Fixative
Solution for 15 min at room temperature, and then incubated
with Beyotime (3-Galactosidase Staining buffer at 37°C over-
night. Digital images were captured under a light microscope
at x10x and x20 magnification (Leica DM4000 B; Leica
Microsystems GmbH) and the percentage of positive cells was
calculated.

Western blot analysis. ATDCS5 and primary chondrocytes
were stimulated with TNF-o and IL-1f (10 ng/ml each) with
or without curcumenol (50 gM). After 24 h at 37°C, total
cellular proteins were extracted for detection of MMP family

and Col2al protein expression. For preventive analysis of the
NF-kB and MAPK pathways, ATDC5 and primary chon-
drocytes were pretreated with increasing concentrations of
curcumenol (6.25, 12.5, 25 and 50 uM, dissolved in DMSO)
for 2 h at 37°C, and then stimulated with TNF-a and IL-1p for
10 min at 37°C, then total cellular proteins were extracted. For
reactive analysis of the NF-xB and MAPK pathways, ATDCS5
chondrocytes were pretreated with serum-free medium for
2 h at 37°C and then stimulated with TNF-a with or without
curcumenol for 10 min at 37°C; total cellular proteins were
then extracted.

Cultured cells were lysed using RIPA lysis buffer supple-
mented with phosphatase and protease inhibitors (Roche
Diagnostics). The protein was quantified by BCA assay
(Thermo Fisher Scientific, Inc.) and then equal quantities
of extracted protein (20-30 ug) were separated via 10 or
12.5% SDS-PAGE and electroblotted onto 0.22-ym PVDF
membranes (MilliporeSigma). The membranes were blocked
with 5% BSA-PBS (Beyotime Institute of Biotechnology) at
room temperature for 1 h, and then incubated with primary
antibodies against IKKa, phosphorylated (p)-IKKa/f, P65,
p-P65, IkBa, p-IkBa, Akt, p-Akt, SAPK/INK, p-SAPK/INK,
P38, p-P38, p44/42, p-p44/42 and B-actin overnight (=16 h)
at 4°C. The membranes were washed with TBS-0.1% Tween20
(TBST) and subsequently incubated with anti-rabbit IgG (H+L)
secondary antibody (cat. no. 5151; DyLight™ 800 4X PEG
Conjugate; Cell Signaling Technology, Inc.; 1:5,000) for 1 h at
room temperature in the dark. After washing in TBST, protein
immunoreactivity was detected using the Odyssey Fluorescence
Imaging system (LI-COR Biosciences). Semi-quantitative
analysis of protein band intensity was conducted using ImageJ
V1.8.0 software (National Institutes of Health) and normalized
to the internal loading control, B-actin.

Animals and surgical procedures. All animal experiments
were approved by the Institutional Animal Care and Ethics
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Committee of Ninth People's Hospital, Shanghai Jiaotong
University School of Medicine (Shanghai, China), and
performed in accordance with the principles and procedures
of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals, and the Guidelines for Animal
Treatment of Shanghai Jiaotong University. A total of 18
8-week-old male C57/BL mice (weight, 18-22 g; Shanghai
Lab, Animal Research Center Co., Ltd.) were housed under
pathogen-free conditions at 26-28°C and 50-65% humidity
with a 12-h day/night cycle. Animals were fed standard rodent
chow and had access to fresh water ad libitum. Before the
surgical procedures, mice were anesthetized by intraperi-
toneal injection of pentobarbital sodium (50 mg/kg of body
weight). In the control group (n=6; underwent sham surgery
and were treated with corn oil; however, during research, one
mouse was lost from the control group), the fur on the skin was
shaved, a 0.5-cm incision was made near the right knee joint,
and the ligamentum patellaec was exposed and stretched. The
remaining 12 mice were assigned to the DMM group (n=6;
underwent DMM surgery and were treated with corn oil; 1
mouse was removed from the DMM group to equalize the
numbers) and the curcumenol group (n=6; underwent DMM
surgery and were treated with curcumenol; one was removed
from curcumenol group to equalize the numbers). After
exposure, the medial collateral ligaments were transected,
and the medial meniscus of the tibia was partially removed
using a 5-mm blade micro-surgical knife (Beyotime Institute
of Biotechnology) (21). After the operation, the incisions were
sutured and the mice were initially treated two days after
surgery, and then for another 2 months with intraperitoneal
injections of curcumenol (50 mg curcumenol pre-dissolved in
1 ml DMSO and then diluted in 100 ml corn oil) for the curc-
umenol group, and corn oil (cat. no. C8267; Sigma-Aldrich;
Merck KGaA; 1 ml DMSO diluted in 100 ml corn oil) for the
control and DMM groups, at 4 mg/kg/time twice a week. At
the end of the experimental period, all mice were sacrificed by
cervical dislocation and the right lower limbs were extracted,
cleaned of soft tissues, stretched and fixed in 4% PFA at RT
for 48 h.

Histology and immunofluorescence staining. Fixed lower limb
samples were embedded in paraffin and subjected to histo-
logical sectioning (5-xm thickness). For histological assessment,
paraffin-embedded tissue sections were processed for Safranin
O-Fast Green and hematoxylin and eosin (H&E) staining
(Servicebio) at RT for 2-5 min, in accordance with the manufac-
turer's instructions. Sections were examined for tissue thickness,
which was quantified by measuring the Safranin O-positive
thickness in the center of the medial tibial plateau (22,23), and the
OA Research Society Internationall histological (OARSI) score
system: 0, normal; 0.5, loss of Safranin-O without structural
changes; 1, small fibrillations without loss of cartilage; 2, vertical
clefts down to the layer immediately below the superficial layer
and some loss of surface lamina; 3, vertical clefts/erosion to the
calcified cartilage extending to <25% of the articular surface;
4, vertical clefts/erosion to the calcified cartilage extending to
25-50% of the articular surface; 5, vertical clefts/erosion to the
calcified cartilage extending to 50-75% of the articular surface;
and 6, vertical clefts/erosion to the calcified cartilage extending
>75% of the articular surface.

For immunofluorescence assessment, ATDCS5 cells were
cultured on slides added to a 6-well plate. At 10% confluence,
the cells were stimulated with TNF-a and IL-1f for 20 min
at 37°C, with or without curcumenol pretreatment for 2 h
at 37°C. Then the slides were fixed with 4% PFA at RT for
48 h, and then immersed in PBS (pH 7.4) and washed three
times for 5 min each. Auto-fluorescence quencher was added to
the sections for 5 min, which were then blocked with blocking
buffer (Cell Signaling Technology, Inc.) for 30 min at RT. The
slides were subsequently incubated with primary antibodies
in a wet box at 4°C overnight. Anti-pp65 primary antibody
was used at a 1:100 dilution. The following day, the slides
were washed with PBS and incubated with N Alexa Fluor
594-conjugated secondary antibody (cat. no. 8889; anti-rabbit;
1:500; Cell Signaling Technology, Inc.) for 50 min at RT in
the dark. Subsequently, the slides were washed with PBS and
then incubated with DAPI solution (Sigma-Aldrich; Merck
KGaA) for 10 min at RT in the dark to stain cell nuclei. After
a final wash with PBS, the samples were air-dried and sealed
with anti-fluorescence quenching tablets. Digital fluorescence
images were captured under a Leica DM4000 B epifluores-
cence microscope (Leica Microsystems GmbH) at a x10 and
x20 magnification, and IOD measurements were obtained
using Image Pro Plus 6.0 software (Media Cybernetics, Inc.).

For tissue staining, the sections were de-paraffinized in
graded xylene, rehydrated in graded alcohol solutions, and
then incubated in antigen retrieval buffer (Roche Diagnostics)
at 37°C for 30 min. After cooling to RT, the sections were
immersed in PBS (pH 7.4) and washed three times for
5 min each, and then processed as slides as aforemen-
tioned. Anti-TNF-a (cat. no. ab183218; Abcam), anti-IL-1
(cat. no. ab234437; Abcam) and anti-Col2al (cat. no. AF0135;
Affinity) primary antibodies were used at a 1:100 dilution.

Immunohistochemistry. Fixed lower limb samples were
embedded in paraffin as aforementioned, and cut into slices
(8 pm), then subjected to immunohistochemistry using a kit
(cat. no. G1215-200T; Wuhan Servicebio Technology Co., Ltd.)
according to the manufacturer's instructions. Briefly, tissue
sections were incubated with rabbit anti-TNF-a. (cat. no. ab9579;
Abcam), anti-IL-1f (cat. no. ab283818; Abcam) and anti-Col2al
(cat. no. ab34712; Abcam) overnight at 4°C (1:100 dilution). The
following day, the slides were washed with PBS and incubated
with goat anti-mouse/rabbit IgG HRP-polymer (cat. no. 91196;
anti-rabbit; 1:500; Cell Signaling Technology, Inc.) for 30 min
at RT using 3,3'-diaminobenzidin as the chromogen. Digital
images were captured under a Leica DM4000 B microscope
at x10 and x20 magnification, and positively-stained cell
measurements were obtained using Image Pro Plus 6.0 software.

Radiographic analysis. Digital X-ray imaging of the right
lower limbs was conducted per the manufacturer's instruc-
tions (24) in the anteroposterior axis with a 21 lp/mm detector
that provides up to x5 geometric magnification (Faxitron
VersaVision; Faxitron Bioptics LLC).

Statistical analysis. A total of three independent experiments
or repeated measurements were conducted for all data. Data
are presented as the mean + SD. Differences between study
groups were analyzed by one-way ANOVA with Tukey's post



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 48:

A B 24 h
08
2 06
3
s 0.4
S o2
0.0
Curcurmencl 0 125 25 50
(uM)
C MMP3
151 o * 4 69
B ]
3 3
g 101 % 44
c @
E E
2 5+ 25
k= 5
2 &
TNFe 0" N N N TNFa? ’
(10 ng/ml) (10 ng/ml)
Curcumenol 0 0 50 Curcumenaol [1]
(uM) (M)
D MMP3
20 ~ e ok 4 7
- —
815 2
z z
E10 1 E
g 2
T 5 - =
o ¢
0- 0
IL-1p - + + IL-1p -
(10 ng/ml) (10 ng/ml)
Curcumenol 0 0 50 Curcumenol 0
(uM) (M)
E ADAMTSS
25 -
5 n.s n.s
3 204
z
& 151
€
2 107
5
% 0.5 1
0.0 -
IL-1p - + +
(10 ng/ml)
Curcumenol 0 0 50
(M)

dak

192, 2021 5
48 h 72h
15 25
2 2 20
21.0 g 1.5
. ;o
S 0.5 8 os
0.0 5
100 Curcumencl 0 125 25 50 100 Curcumencl 0 125 25 50 100
(uM) (uM)
MMP13 ADAMTS4
*k 5—
= * n.s
8 41
s
g o1
E
o 24
2
3 14
o
04
TNFa
* * (10 ng/ml) - * *
0 50 Curcumenol 0 0 50
(uM)
MMP13
) -, ] ADAMTS4
1 n.s
— whE
2 3
€
27
o
0-
+ + IL-1js - + +
(10 ng/ml)
0 50 Curcumenol 0 0 50
(uM)
ADAMTSS
n.s
25
20 -
S
Z 1.5 4
£
@ 1.0 1
2
w05
o
0.0 -
IL-1p - + +
(10 ng/ml)
Curcumenol 0 0 50
(uM)

Figure 1. Curcumenol is not cytotoxic to ATDCS5 chondrocytes, and inhibits TNF-a and IL-1B-induced MMP family upregulation in vitro. (A) Chemical struc-
ture of curcumenol. (B) Cell Counting Kit-8 assay results of ATDCS5 chondrocytes stimulated with curcumenol at different concentrations (0, 12.5, 25, 50 and
100 #M) and over different time periods (24-72 h). (C) RT-qPCR analysis of relative mRNA expression levels of MMP3, MMP13 and ADAMTS4 in ATDC5
chondrocytes with TNF-a (10 ng/ml) or/and curcumenol (50 M) administration. (D) RT-qPCR analysis of relative mRNA expression levels of MMP3, MMP13
and ADAMTS4 in ATDCS chondrocytes with IL-1f (10 ng/ml) or/and curcumenol (50 M) administration for 24 h. (E) RT-qPCR analysis of relative mRNA
expression levels of ADAMTSS5 in ATDCS chondrocytes with TNF-a (10 ng/ml) and IL-1f (10 ng/ml) with or without curcumenol (50 #M) administration.
All data are presented as the mean + SD from three experiments. "P<0.05, “P<0.01, “"P<0.001 and "*"P<0.0001. RT-qPCR, reverse transcription-quantitative
PCR; ADAMTS4, ADAM metallopeptidase with thrombospondin type 1 motif 4; ADAMTSS, ADAM metallopeptidase with thrombospondin type 1 motif 5.

hoc test. Significant differences in ordinal data between study
groups were assessed by Kruskal-Wallis test with a Dunn's
post hoc test. Analyses were conducted using SPSS 19.0 soft-
ware (IBM Corp.), and P<0.05 was considered to indicate a
statistically significant difference.

Results

Curcumenol inhibits MMP family upregulation induced by
TNF-a and IL-1§3 in ATDCS chondrocytes. Curcumenol is
a bioactive ingredient isolated from Curcuma zedoaria, and

its chemical structure is shown in Fig. 1A. Considering its
safety for the treatment of OA, CCK-8 assays were conducted
to evaluate curcumenol cytotoxicity in ATDCS5 chondrocytes.
Concentrations of 12.5, 25, 50 and 100 yuM curcumenol were
not cytotoxic towards ATDCS5 chondrocytes, and did not
affect the proliferation rate of these cells between 24 and
72 h (Fig. 1B); 50 uM was selected for further experimenta-
tion, as in our preliminary studies, RT-qPCR and western
blotting revealed that the effects of 100 M curcumenol were
not considerably different to those after 50 M treatment
(data not shown). To further investigate the anti-inflammatory
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effects of curcumenol on ATDC5 chondrocytes, TNF-a
and IL-1p (10 ng/ml, 24 h) were used to activate the inflam-
matory response. The expression of the MMP3, MMP13,
ADAM metallopeptidase with thrombospondin type 1 motif 4
(ADAMTS4) and ADAMTSS genes was increased following
TNF-a (Fig. 1C and E) and IL-1f (Fig. 1D and E) stimulation.
However, following treatment with 50 yM curcumenol, the
expression levels of these genes were significantly decreased;
ADAMTS gene expression was also downregulated, but not
to a significant degree (Fig. 1C-E). Western blotting was
conducted to determine the effects of curcumenol on protein
expression levels in ATDCS chondrocytes. After stimulation
with TNF-a and IL-1p, MMP3 expression was increased,
and 50 uM curcumenol effectively mitigated the upregulation
of MMP3 protein (Figs. SIE-H). Moreover, Col2al expres-
sion decreased following inflammation induction, and was
subsequently increased by curcumenol treatment, though not
significantly so. In conclusion, curcumenol safely and effec-
tively inhibited the TNF-a- and IL-1B-induced upregulation of
MMP family proteins in ATDC5 chondrocytes.

Curcumenol mitigates TNF-a and IL-13 induced inflammation
in ATDCS cells by inhibiting the phosphorylation of NF-xB and
MAPK pathway components. To further investigate the under-
lying mechanisms by which curcumenol inhibits inflammation,
ATDCS cells were treated with various curcumenol concentra-
tions following stimulation with TNF-a and IL-1p. For NF-xB
pathway analysis, the levels of p-IKKa, p-P65 and p-IxBa were
significantly increased 10 min after TNF-o and IL-1f stimula-
tion (Fig. 2A and E). Although curcumenol had little effect on
p-IKKa, it effectively decreased the upregulation of p-P65 and
p-IkBa. Moreover, curcumenol increased the total inflamma-
tion-induced protein expression level of IkBa (Fig. 2A and E).
The quantification analysis revealed a significant rescue effect
of curcumenol on p-P65 and p-IkBa, following both TNF-a
(Fig. 2B-D) and IL-1p (Fig. 2F-H) stimulation.

For MAPK pathway analysis (10 min is the only timepoint
used in this study), curcumenol effectively inhibited the phos-
phorylation of SAPK/JNK, but showed a minimal inhibitory
effect on ERK and P38 phosphorylation in a short time period
(Figs. S1A and S1C). Quantification also revealed a significant
rescue effect of curcumenol on p-SAPK/JINK, but not on
p-ERK/ERK and p-p38/p38 (Fig. S1B and S1D). Based on
immunofluorescence analysis, after stimulation with TNF-a
and IL-1P, P65 was phosphorylated and translocated into the
cell nucleus within 20 min, but curcumenol treatment was able
to effectively block the phosphorylation and translocation of
P65 (Fig. 3A and B). The results indicated that in ATDCS5 chon-
drocytes, curcumenol exerted an inhibitory effect on NF-kB
and MAPK pathway activation induced by TNF-a and IL-1p.

Curcumenol modifies TNF-a and IL-13-induced catabolic
status in high-density culture and pellet culture. The dynamic
status between catabolism and metabolism was analyzed
using alcian blue staining of high-density and pellet cultures.
ATDCS5 chondrocytes were cultured at high-density culture,
and TNF-a and IL-1p stimulation was found to disrupt the
extracellular matrix (ECM) of the micromass (Fig. 3C and E).
However, the damage to the ECM was significantly reversed
by curcumenol treatment (Fig. 3D and F).

In pellet culture, the ATDCS pellets of the control group
showed abundant ECM, while in the TNF-o and IL-1f groups,
the pellets were shrunken and the ECM was degraded, with
decreased Safranine O staining. Moreover, curcumenol was
able to rescue this disruption, recovering the ECM to near
normal status (Fig. S2A and C), with the ratio of Safranin
O-Fast Green decreased in the TNF-a and IL-1p group, and
increased in the curcumenol group (Fig. S2B and D). Therefore,
curcumenol effectively altered catabolism status following
deterioration by inflammatory cytokines, and partially rescued
micromass and pellet damage.

Curcumenol exerts an anti-inflammatory effect on primary
chondrocytes by inhibiting the NF-xB and MAPK pathway
in vitro. Considering the prospect of using curcumenol in
clinical practice, the current study aimed to isolate mouse
primary chondrocytes to further confirm the anti-inflamma-
tory function of curcumenol (Fig. 4A). Curcumenol effectively
mitigated the ECM degradation induced by TNF-a and IL-13
(Fig. 4D-G). Moreover, the TNF-a- and IL-1B-induced senes-
cence of primary chondrocytes was rescued by curcumenol
treatment (Fig. S3A-D). Following stimulation with inflam-
matory cytokines, the number of cells stained with [3-gal
(blue stain) increased, suggesting that these cells aged under
stress; however, with curcumenol treatment number of aging
cells decreased compared with the TNF-a or IL-1f3 group.
The results demonstrated that TNF-a stimulation activated
the classical inflammation (NF-xB and MAPK) pathways,
and immediately increased the phosphorylation of IKKa,
P65, IxBa, Akt, SAPK/JNK, P44/P42 and P38. However,
after pre-treatment with curcumenol, the phosphorylation
of P65, IxBa and SAPK/JNK was significantly inhibited
(Fig. S3E and F). Furthermore, the degradation of IkBa was
rescued by curcumenol treatment (Fig. S3E). After these
pathways were inhibited with curcumenol, the catabolic
MMP family genes were similarly downregulated compared
with the inflammation-induced cells alone (Fig. 4H), as
shown by the reduced expression of MMP3, MMP7 and
MMP13 (Fig. 4B and C), which further confirmed the current
hypothesis. With regards to the chondrogenic marker Col2al,
curcumenol significantly rescued its downregulation following
inflammatory stimulation (Fig. 4B, C and H). Based on the
aforementioned results, curcumenol was not only functional
in ATDCS cells, but also exerted anti-inflammatory effects in
primary chondrocytes.

Curcumenol alleviates DMM-induced OA in mice by inhibiting
TNF-a expression. In addition to its preventative effects
in vitro, curcumenol also significantly inhibited the phosphory-
lation of P65, IxkBa and SAPK/JNK (Fig. S4A and B). Thus,
to further investigate the possibility of clinical curcumenol
use, a DMM-induced OA model was established in mice, and
intraperitoneally-injected curcumenol was used to mitigate
this degeneration (the exact number of mice in every group
was 6; however, during the research, 1 mouse was lost from
the control group, and 1 was removed from each of the other
two groups to equalize the numbers). As presented in Fig. 5A,
DMM-induced OA was severe, with additional osteophyte
formation and the collapse of the joint space. As shown by
the H&E and Safranine O-Fast green staining, curcumenol
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Figure 2. Curcumenol inhibits TNF-o and IL-1p3-induced phosphorylation of NF-xB pathway in ATDCS cells. (A-D) Western blot analysis of p-IKKa, IKKa,
p-P65, P65, p-IxBa and IxkBa expression in ATDCS chondrocytes stimulated with TNF-a (10 ng/ml) for 10 min (E-H) Western blot analysis of p-IKKa, IKKa,
p-P65, P65, p-IkBa and IkBa expression in ATDC5 chondrocytes stimulated with IL-1f (10 ng/ml) for 10 min. Cells were pretreated with 0, 6.25, 12.5,25 and
50 uM curcumenol. Grey scale values were generated using f$-actin as the internal reference. All data are presented as mean + SD from three experiments.
"P<0.05, “P<0.01, “"P<0.001 and “"*P<0.0001. p-, phosphorylated.
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Figure 3. Curcumenol modifies catabolism status induced by TNF-a and IL-1f in high-density culture. Immunofluorescence analysis for phosphorylation
and translocation of P65 in ATDCS5 chondrocytes pretreated with 50 xM curcumenol and stimulated with (A) TNF-a (10 ng/ml) or (B) IL-1f (10 ng/ml) for
20 min. (C and D) Alcian blue staining of ATDCS5 chondrocytes using high-density culture, stimulated with TNF-a (10 ng/ml) or/and curcumenol (50 xM) for
9 days. (E and F) Alcian blue staining of ATDCS chondrocytes using high-density culture stimulated with IL-1f (10 ng/ml) or/and curcumenol (50 xM) for
9 days. Ratio of IOD/area was analyzed using Image Pro Plus 6.0. All data are presented as mean + SD from three experiments. “P<0.01 and ““P<0.001 and
“*P<0.0001. Col2al, collagen type II o 1 chain; IOD, integrated optical density.

prevented further degeneration of the cartilage surrounding the  significantly restored (Fig. SE), and the OARIS histological
tibia and femur (Fig. 5B). Cartilage tissue thickness was also  score was decreased by curcumenol compared with the DMM
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Figure 4. Curcumenol exerts an anti-inflammatory effect on primary chondrocytes by inhibiting MMP family protein expression, rescuing high-density culture
in vitro. (A) Successful isolation of primary chondrocytes from mice. (B and C) Western blot analysis of Col2al, MMP3, MMP7 and MMP13 expression in
primary chondrocytes stimulated with TNF-a (10 ng/ml) or/and 50 uM curcumenol for 24 h. Grey scale values were generated using f-actin as the internal
reference. (D and E) Alcian blue staining of primary chondrocytes using high-density culture stimulated with TNF-a (10 ng/ml) or/and curcumenol (50 xM)
for 9 days. (F and G) Alcian blue staining of primary chondrocytes using high-density culture stimulated with IL-1$ (10 ng/ml) or/and curcumenol (50 yM) for
9 days. Ratio of IOD/area was analyzed using Image Pro Plus 6.0. (H) Reverse transcription-quantitative PCR analysis of the relative mRNA expression levels
of MMP3, MMP7, MMP13 and Col2al in primary chondrocytes with TNF-a (10 ng/ml) or/and curcumenol (50 M) treatment for 24 h. All data are presented
as mean + SD from three experiments. "P<0.05, “P<0.01, “"P<0.001 and ““"P<0.0001. Col2al, collagen type Il o 1 chain; IOD, integrated optical density.

group (Fig. 5D). The immunohistochemistry results demon-
strated that TNF-a and IL-1p expression was activated in the
DMM group, but that the levels of these inflammatory cyto-
kines were decreased by curcumenol treatment. By contrast,
Col2al was decreased in the DMM group, but was recovered

by curcumenol treatment (Fig. 5C and G). In line with the
immunohistochemistry results, immunofluorescence revealed
an increase in TNFa and IL-1p, and a decrease in Col2al in
the DMM group, which were decreased by curcumenol treat-
ment (Fig. 5F and H). Collectively, the results indicated that
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Figure 5. Curcumenol treats DMM-induced osteoarthritis in mice by inhibiting TNF-a and IL-1f in vivo. (A) X-ray of lower limbs. (B) Safranin O-Fast Green
and hematoxylin & eosin staining of paraffin sections of the medial chondrocyte end plate of knee joints at a coronal position. (C) Immunohistochemical
analysis of Col2al, TNF-a and IL-1p expression in knee joints at a coronal position. (D and E) Quantification of histological score and tissue thickness in
the sections described in (B). (F) Quantification of positive cells in sections described in (C). (G and H) Immunofluorescence analysis of Col2al, TNF-a and
IL-1P expression in knee joints at a coronal position. Data are presented as mean + SD using one-way ANOVA with a Tukey's post hoc test; ordinal data were
analyzed by Kruskal-Wallis test and Dunn's post hoc test from three experiments. “P<0.05, “P<0.01, “"P<0.001 and ***P<0.0001. Col2al, collagen type IT o 1
chain; IOD, integrated optical density; DMM, destabilization of medial meniscus.

curcumenol exerted an inhibitory effect on inflammatory
cascades such as the NF-xB and MAPK pathways in vitro,
and was involved in the rescue of DMM-induced osteoarthritis
in vivo.

Discussion

OA, associated with age-related degeneration, immune
reactivity and trauma, affects an increasing number of

individuals worldwide, and leads to suboptimal health status
and disability (25). At present, the primary treatment for
OA is surgical intervention, which aims to achieve symp-
tomatic relief, and while this treatment is effective as an
end-stage choice, it can also be traumatic and with numerous
side-effects (26). Thus, OA lacks early and mid-term treatment
options to ameliorate and cure this chronic disease.
Non-steroidal anti-inflammatory drugs, and some
analgesics, are the conventional medicines used to manage
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Figure 6. Curcumenol inhibits the phosphorylation and activation of the NF-xB and MAPK pathways induced by TNF-a and IL-1f3, and prevents inflammatory
cascade reactions in chondrocytes in vitro. Moreover, curcumenol serves as a protector in destabilization of medial meniscus-induced osteoarthritis model
mice by inhibiting TNF-a- and IL-1p-activated inflammation in vivo. ADAMTS, ADAM metallopeptidase with thrombospondin type 1 motif.

OA (27,28), but the side-effects of these drugs, such as hepatic
damage and gastrointestinal injury, are concerns for their
long-term usage (29). Due their reduced side-effects, abun-
dant production capacities and anti-inflammatory functions,
plant-derived traditional medicines have gained increasing
attention in previous years (30-32). Therefore, the present
study investigated whether traditional medicines could be used
to ameliorate the symptoms and slow the progression of OA.

Curcumenol is a bioactive compound isolated from edible
rhizome of Curcuma zedoaria, with potential anti-inflamma-
tory effects (33). Curcumenol belongs to the Curcuma genus,
and one of the most well-known members is Curcuma longa, of
which the bioactive extraction curcumin is used to treat syno-
vitis experienced by patients with knee OA (34). Considering
the broad application range of the Curcuma genus, and the
role of proinflammatory cytokines such as TNF-a and IL-1p
in the pathophysiology of OA (35), the current study aimed
to investigate the anti-inflammatory effects of curcumenol to
treat TNF-a- and IL-1B-induced inflammation in ATDCS5 and
primary chondrocytes. The present results also demonstrated
that curcumenol ameliorated the effects of OA in the knee
joints of DMM-model mice in vivo.

DMM surgery was used to generate a mechanical OA
model. During joint degeneration, especially that of the carti-
lage, the levels of some inflammatory cytokines, (including
TNF-a and IL-1p) are increased, and subsequently cause a
progressive, cell-mediated cascade of molecular and struc-
tural deterioration (36,37). TNF-a and IL-1p exert their
detrimental functions via multiple important intracellular
cascades, such as the NF-kB and MAPK pathways (38,39),
In general, TNF-a and IL-1p transmit inflammatory signals
via their receptors and activate the phosphorylation of the
IKK complex (40), which then phosphorylates IxBa (41).
Subsequently, IkBa is unbound and phosphorylates NF-«B,
which translocates into the nucleus to initiate the transcription

of inflammatory products, catabolic enzymes and apoptotic
mediators (42-45). Curcumenol blocks the phosphorylation
and translocation of NF-xB, and inhibits the phosphoryla-
tion of IkBa, to block the anti-inflammatory function. With
regards to the MAPK pathway, curcumenol prevents the
phosphorylation of JNK, which belongs to a large family
of serine/threonine kinases and crosslinks with numerous
developmental pathways, such as Hippo signaling (46),
promoting proteoglycan metabolism and inhibiting the
production of catabolic enzymes and inflammatory media-
tors in chondrocytes (47) and the nucleus pulposus (48).
After TNF-a stimulation, the expression levels of MMPs
are increased and the production of ECM is inhibited, which
promotes the ECM to change to a catabolic and degradable
status (49,50). This imbalance causes the senescence of
primary chondrocytes, followed by instability and cartilage
loss in joints (51). In the present study, curcumenol was used
to successfully inhibit the phosphorylation of IkBa, NF-kB
P65 subunit and SAPK/INK (Fig. 6). At the same time, the
nuclear translocation of p-P65 was blocked, which lead to
a subsequent decrease in MMP expression and the rescue
of type 2 collagen in ATDCS5 and primary chondrocytes.
Thus, it was suggested that inhibiting the function of these
cytokines may be beneficial in the DMM-induced OA model.

The DMM-induced OA model in mice is an effective
animal model first established in 2007 (21), whereby removing
the medial meniscus can pathologically disrupt the stability
status of normal knee joints, which can restrict the range of
motion (52). Using the widely recognized DMM-induced
model, the present study demonstrated the rescue effect of
curcumenol in OA of the knee joint, as it effectively mitigated
inflammation in the cartilage of the tibia and femur, as well
as preventing joint space collapse and osteophyte formation.
The mechanism underlying this damage was consistent with
the in vitro data. The immunohistochemistry results revealed
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an increase in TNF-a and IL-1f expression in the DMM
group, which triggered the subsequent detrimental molecular
cascade and degeneration. In the curcumenol-treated group,
TNF-a and IL-1p expression was downregulated and Col2al
expression was restored, demonstrating the curative effect of
curcumenol in DMM-induced OA in vivo. Another important
consideration is how to reconstitute and administer curcum-
enol, as it is insoluble in water. Therefore, DMSO was used
in the present study to pre-dissolve curcumenol, which was
then diluted in non-pharmaceutical grade corn oil, which
showed little adverse effect during intraperitoneal injection
in mice (53,54). With regard to the administration method,
intraperitoneal injection was selected rather than intraarticular
administration, based on the following: i) Intraperitoneal
injection of corn oil is widely used in mouse models and the
only administration method of curcumenol in mice appears to
be intraperitoneal injection (55); and ii) there is a possibility
of cartilage injury (56,57) and difficulties associated with
injecting corn oil via multiple micro-injections into the knee
joint.

The current study confirmed the efficiency and safety of
curcumenol, but there are still some concerns and limitations
to our studies. For efficiency, the systemic distribution of curc-
umenol after intraperitoneal injection was not assessed, thus
there was a lack of direct evidence that the optimal concentra-
tion of curcumenol reached the joint. In subsequent studies,
the concentration of curcumenol in in the blood will first be
assessed, and then preliminary investigations of curcumenol
distribution in the knee joint tissues will be conducted. For
safety, although the intraperitoneal injection of curcumenol
is relatively safe with corn oil (53), treatment-induced injury
was not evaluated. In subsequent studies, relevant experi-
ments will be conducted, such as the evaluation of paraffin
sections of lung, liver, heart, kidney and spleen, to further
confirm the safety of curcumenol in vivo. Furthermore, the
administration method was via intraperitoneal injection,
which in clinical use, may be more difficult when treating
patients. Therefore, the efficiency and safety of oral admin-
istration in DMM-induced osteoarthritis or type II collagen
(UC-II) diminished deterioration of articular cartilage will be
investigated in mice (58,59).

In conclusion, the current study presented a novel
plant-derived bioactive medicine, curcumenol, which was
demonstrated to serve as a potential anti-inflammatory agent
for the management of OA. The low cytotoxicity, reduced
side-effects and high production capacity are also considerable
advantages of future curcumenol use in the clinic.
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