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Abstract

Osteoarthritis has become one of the main diseases affecting the life of many elderly
people with high incidence of disability, and local chronic inflammation in the joint
cavity is the most crucial pathological feature of osteoarthritis. Astilbin is the main
active component in a variety of natural plants such as Hypericum perforatum and
Sarcandra glabra, which possess antioxidant and anti-inflammatory effects. At pre-
sent, there is no study about the protective effect of Astilbin for osteoarthritis. The
purpose of this study was to investigate the effect of Astilbin in human OA chondro-
cytes and mouse OA model, which was established by surgery-mediated destabiliza-
tion of the medial meniscus (DMM). In vitro, we found that Astilbin pre-treatment
inhibited lipopolysaccharide (LPS)-induced overproduction of inflammation-corre-
lated cytokines such as nitric oxide (NO), prostaglandin E2 (PGE2), tumour necrosis
factor a (TNF-a) and interleukin 6 (IL-6), and suppressed overexpression of inflam-
matory enzymes such as inducible nitric oxide synthase (iNOS) and cyclooxygenase
2 (COX-2). Astilbin, on the other hand, prevented the LPS-induced degradation of
extracellular matrix (ECM) by down-regulating MMP13 (matrix metalloproteinases
13) and ADAMTSS5 (a disintegrin and metalloproteinase with thrombospondin motifs
5). Moreover, by inhibiting the formation of the TLR4/MD-2/LPS complex, Astilbin
blocked LPS-induced activation of TLR4/NF-xB signalling cascade. In vivo, Astilbin
showed the chondro-protective effect in the surgical-induced OA mouse models.
In conclusion, our findings provided evidence that develops Astilbin as a potential

therapeutic drug for OA patients.

KEYWORDS
astilbin, osteoarthritis, TLR4/MD-2

Shuaibo Sun, Zijian Yan and Xiaolong Shui contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd

13104 wileyonlinelibrary.com/journal/jcmm

J. Cell. Mol. Med.. 2020;24:13104-13114.


www.wileyonlinelibrary.com/journal/jcmm
mailto:﻿
mailto:﻿
https://orcid.org/0000-0002-0743-5264
http://creativecommons.org/licenses/by/4.0/
mailto:zhejiangshangping@126.com
mailto:wjguo2015@sina.com

SUN ET AL.

WILEY- 3%

1 | INTRODUCTION

Osteoarthritis (OA) is a degenerative joint disease with substantial
morbidity most common among older people. At present, there are
120 million OA patients in China.>? The aetiologic agent of OA is re-
lated to age, obesity, gender and other factors.>* There is currently no
effective cure for OA.! Previous studies report that inflammation plays
a crucial role in the pathogenesis of OA.>7 Kraus et al reported the
presence of lipopolysaccharide (LPS) and lipopolysaccharide-binding
protein (LBP) in serum and synovial fluid of OA patients.® LPS is known
to cause low-grade inflammation and accelerate OA development.”°
Therefore, in this study, LPS was used to mimic OA in cell experiments.

Toll-like receptors (TLRs), are cell membrane receptors, partici-
pate in the progression of OA by activating a variety of downstream
signalling.**2 Mild TLRs activation triggers a self-protective mech-
anism, but excessive activation of TLRs contributes to inflammatory
responses due to the continuous secretion of pro-inflammatory cy-
tokines and chemokines. Although there are many subtypes of TLRs,
chondrocytes mainly express TLR4, which is reported to be involved
in OA progression.!®315 As an effective promoter of OA-related dis-
ease-associated molecular patterns (DAMPs), LPS initiates a series of
inflammatory reactions by activating TLR4 and subsequently leads
to structural damage of joint cartilage. Myeloid differentiation pro-
tein-2 (MD-2) is the extracellular domain of TLR4, which recognizes
LPS and assists it to bind TLR4.™® After the LPS/TLR4/MD-2 complex
is formed, downstream proteins such as myeloid differentiation fac-
tor 88 (MyD88), interleukin-1 (IL-1) receptor-related kinase (IRAKs)
and tumour necrosis factor (TNF) receptor-related factor 6 (TRAF6)
bind to the complex and further activate inflammation-related sig-
nalling pathways including the NF-kB pathway and eventually lead-
ing to the occurrence of inflammation and ECM catabolism.!21718
Therefore, targeted inhibition of the TLR4/MD-2 pathway is a po-
tentially promising therapy to prevent OA development.

Astilbin is a flavonoid widely found in daily diets and traditional med-
icines such as Dimorphandra Mollis, grape, Smilax corbularia, Hypericum
perforatum, Sarcandra glabra and other natural plants.”'21 Modern phar-
macological research shows that Astilbin has anti-oxidation,?? anti-in-

2324 anti-tumour?® and other pharmacological activities. It is

flammatory,
reported that Astilbin can alleviate LPS-induced inflammatory response
in macrophages®* and suppress high glucose-induced inflammation in rat
glomerular mesangial cells by intervening TLR4/MyD88/ NF-kB axis.?
However, the effect of Astilbin on osteoarthritis is not clear. Therefore,
in this study, we investigated the anti-inflammatory effect of Astilbin in
LPS-induced human chondrocytes and its protective effect and underly-

ing mechanism in the surgery-induced mouse OA model.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

Astilbin (purity > 98%) was purchased from BOC Sciences (New
York, USA). Cell Counting Kit-8 (CCK-8) was purchased from

Dojindo (Kumamoto, Japan). LPS, type Il collagenase and dimethyl-
sulphoxide (DMSQ) were obtained from Sigma-Aldrich (St Louis,
MO, USA). The primary antibodies against TLR4, MyD88, TRAF6,
Lamin B1 and GADPH were obtained from Abcam (Cambridge,
UK); iINOS antibodies were obtained from Sigma-Aldrich (St Louis,
MO, USA); and MD2 antibody was purchased from eBioscience
(eBioscience, SanDiego, CA). Antibodies against COX-2, pé65 and
IkBa were purchased from Cell Signaling Technology (Danvers,
MA, USA); anti-IRAK1, goat anti-rabbit and antimouse IgG-HRP
were from Bioworld (OH, USA). Recombinant human MD2 and
TLR4 protein (rhMD2 and rhTLR4) were purchased from R&D
Systems (Minneapolis, MN, USA). Biotin-labelled LPS (Biotin-
LPS) was obtained from InvivoGen (San Diego, CA, USA). Alexa
Fluor®488 labelled and Alexa Fluor®594 labelled Goat Anti-
Rabbit 1gG (H + L) the second antibody were purchased from
Jackson ImmunoResearch (West Grove, PA, USA). 4’,6-Diamidino-
2-phenylindole (DAPI) was purchased from Beyotime (Shanghai,
China), and cell culture reagents were obtained from Gibco (Grand
Island, NY, USA).

2.2 | Primary human chondrocyte culture

The human articular cartilage sample collection was approved by
the medical ethics committee of the Second Affiliated Hospital
of Wenzhou Medical University (ethics standard: LCKY-2017-25)
and followed the guidelines of Helsinki Declaration.?” The carti-
lage tissues were obtained from six patients (58-69 years old, 3
males and 3 females) who underwent total knee arthroplasty, and
informed consent was obtained from all patients before the start
of the study. To ensure that full-thickness cartilage was obtained,
the cartilage tissue was cut at the posterior femoral condyles and
avoided selecting cartilage tissue with a damaged surface. The
cartilage tissues were cut into 1.0 x 1.0 x 1.0 mm3 pieces and PBS
was used to blow and wash the tissues repeatedly. The cartilage
slices were treated with 2mg/ml type Il collagenase and digested
for 4h in Dulbecco’s modified Eagle's medium (DMEM)/F12 at
37°C. Following the basic digestion of the tissue, centrifugation at
1000 rmp for 5 minutes was done, and the supernatant discarded.
The chondrocytes were cultured at a density of 2 x 10° cells/ml in
a 6-well plate in DMEM/F12 supplemented with 10% FBS and 1%
antibiotics and incubated at 37°C with 5% CO,. The morphology
and the adherence of the cells were observed after one day. The
media was changed every 2-3 days, and the cells passaged after at-
taining 70%-90% confluence. To avoid changes in cell phenotype,
only the first to third generations of chondrocytes were consid-

ered for these experiments.

2.3 | Animal model

A total of forty-five 8-week-old C57BL/6 male wild-type (WT) mice

were purchased from the Shanghai animal research centre of the
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Chinese Academy of Sciences and were randomly divided into three
groups (n = 15). The animal protection and use regulations were
performed in accordance with the guidelines for the protection and
use of experimental animals issued by the National Institutes of
Health and approved by the animal protection and use Committee
of Wenzhou Medical University (code of Ethics: wydw2014-0127).
The mice were raised in a relatively suitable environment (tempera-
ture 20-28 °C, humidity 45%-70%, 24-hour cycle light, free food,
and drinking water). Subsequently, the experimental mice under-
went surgical destabilization of the medial meniscus (DMM) to in-
duce OA.?® Briefly, after intraperitoneal anaesthesia with 2% (w/V)
pentobarbital (40 mg/kg), the skin and joint capsule of the right knee
were cut along the medial side of patellar ligament using a mini blade,
and the muscle and fat pad separated to expose the joint cavity and
medial meniscus. The ligament of the medial meniscus was cut off
using a knife or scissors. Finally, the tissue and skin were sutured
layer by layer. Following intraperitoneal anaesthesia, the sham op-
eration was performed on the right knee joint of the sham group
mice, the skin and joint capsule were cut along the medial patellar
ligament, and then, the wound was sutured. After the operation,

penicillin was injected to prevent infection.

2.4 | Experimental design

To evaluate the protective effect of different concentrations of
Astilbin in vitro, cells were treated with 1 pug/mL LPS alone or in
combination with different concentrations (10, 20 or 40 pmol/L) of
Astilbin pre-treatment. The control group was not treated except for
the change of culture medium. After 24 hours of culture, the cells
were harvested. To study the activation of NF-kB and TLR4, the du-
ration of LPS stimulation was 2 hours. Meanwhile, to study func-
tional changes such as inflammation or ECM markers, the duration
was extended to 24 hours.

For in vivo experiments, the mice underwent surgical destabi-
lization of the medial meniscus (DMM) as described above. After
DMM,;, the mice in the Astilbin group were administered with Astilbin
(20 mg/kg/d) by gastric perfusion once a day for 8 weeks (Astilbin
diluted in 0.5% CMC). Similarly, the mice in the DMM alone group re-
ceived a similar amount of saline. All the animals were killed 8 weeks
after the operation, and the cartilage tissue samples collected for

imaging and histological analysis.

2.5 | Cell viability

Cell viability was assessed using the CCK-8 kit according to the man-
ufacturer's instructions. Briefly, human OA chondrocytes were incu-
bated in 96-well plates at a density of 5 x 10° cells/cm? for 24 hours.
The cells were treated with different concentrations of Astilbin (O,
5, 10, 20, 40, 80 pmol/L) for 24 or 48 hours. After washing the cells
with phosphate buffered saline (PBS), 100 uL DMEM/F12 containing
10% CCK-8 solution was added to each well and incubated at 37°C

for 4 hours. A microplate reader (Thermo Fisher, Waltham, MA, USA)
was used to measure the absorbance at 450 nm. All experiments
were conducted five times.

2.6 | Griess reaction and ELISA

The light absorption value of the sample was detected under the
ultraviolet spectrophotometer, and the NO content of the corre-
sponding sample was calculated according to the manufacturer's
instructions. The blood samples collected from the abdominal aorta
were centrifuged for 15 minutes at 1000 g. The concentration of
TNF-a, PGE2, IL-6, Collagen II, aggrecan, ADAMTS-5 and MMP13
in each sample was detected using commercial ELISA kits (R&D
Systems, Minneapolis, MN) according to the manufacturer's instruc-

tions. All tests were conducted five times.

2.7 | Protein extraction

Total proteins were extracted from chondrocytes using RIPA lysis
buffer. Cytoplasmic and nuclear proteins were extracted using the
corresponding protein extraction kit (Beyotime, Shanghai, China).
The sample solution was lysed on ice by ultrasound and centrifuged
at 15000 xg at 4°C for 30 minutes. The concentration of the pro-
tein was determined using the BCA protein assay kit (Beyotime,
Shanghai, China).

2.8 | Western blotting

A similar amount of protein (40 pg) was separated by sodium do-
decyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a polyvinylidene difluoride membrane (Bio-Rad,
USA). After blocking with 5% skim milk for 2 hours and washing 3
times with TBST, the membranes were incubated with primary an-
tibodies against iNOS (1:1000), MD-2 (1:500), COX-2 (1:1000), p65
(1:1000), TLR4 (1:500), IkBa (1:1000), TRAF6 (1:1000), MyD88
(1:1000), IRAK1 (1:500), GAPDH (1:5000) and Lamin B (1:5000) at
4°C overnight. The membranes were then incubated with the cor-
responding secondary antibody at room temperature for 2 hours.
After washing with TBST 3 times, antibody binding was visualized by
Electrochemiluminescence Plus reagent (Invitrogen), and the Image
Lab 3.0 software (Bio-Rad) used to quantitatively analyse the inten-
sity of the bands.

2.9 | MD-2 and TLR4 competitive ELISA assay

Human MD-2 or TLR4 antibody was coated on 96-well plates using
10 mmol/L Tris-HCI buffer (pH 7.5). The plates were incubated at
4 °C overnight, washed thrice with poly (butylene succinate-co-
butylene terephthalate) PBST, followed by blocking with 3% bovine
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serum albumin at room temperature for 1.5 hours. After block-
ing, 4 pg/mL of recombinant human MD-2 (rhMD-2) or recombi-
nant Toll-like receptor 4 (rhTLR4) was added to 10 mmol/L Tris-HCI
buffer (pH 7.5), and the plates were further incubated at room tem-
perature for 1.5 hours. After washing with PBST, biotin-LPS and
different concentrations of Astilbin (0, 10, 20 or 40 pmol/L) were
added at room temperature for 1.5 hours. The horseradish peroxi-
dase combined with streptavidin (Beyotime, Shanghai, China) was
added at room temperature and incubated for 1 hour. After the ad-
dition of tetramethylbenzidine substrate (eBioscience, San Diego,
CA, USA), horseradish peroxidase activity was then measured at
450 nm using a SpectraMax M5 plate reader (Molecular Devices,
Sunnyvale, CA, USA).

2.10 | Immunofluorescence

For collagen Il and MMP-13 staining, chondrocytes were placed in
a 6-well plate and treated with 1 pg/mL LPS alone or 1 pg/mL LPS
containing 40 pmol/L Astilbin for 24 hours and incubated overnight
in a serum-starved medium. For pé5 staining, the treatment time
for LPS and Astilbin was 2 hours. The samples were rinsed thrice in
PBS, fixed with 4% paraformaldehyde for 15 minutes and permea-
bilized in PBS containing 0.5% Triton X-100 at room temperature
for 15 minutes. The cells were then covered with 5% goat serum at
room temperature for 1 hour, washed with PBS and then incubated
with primary antibodies against collagen Il (1:200), MMP-13 (1:200)
and pé5 (1:200) at 4°C overnight. After washing thrice with PBS,
the glass plates were incubated with Alexa Fluor®488-labelled or
Alexa FIuor®594-conjugated secondary antibodies (1:400) at room
temperature for 1 hour and labelled with DAPI (Invitrogen) for
1 minute. Finally, five fields of each slide were randomly selected
for analysis using fluorescence microscopy (Olympus, Tokyo,

Japan).

2.11 | Immunoprecipitation

Cell lysates were obtained as mentioned above, incubated with suf-
ficient anti-TLR4 antibody for 1h, and protein G-Sepharose beads
added to retrieve the immune complexes overnight at 4°C in a shak-
ing bed. The precipitates were washed with cold PBS for 4 times and
boiled in sample buffer to release the proteins. Similarly, the level of
MD-2 was further detected by immunoblotting with the anti-MD-2
antibody (IB).

2.12 | Molecular modelling
ChemBioDraw software was used to draw the molecular structure

of Astilbin, and the energy of Astilbin minimized using ChemBio3D.
Access to the Protein Data Bank (https://www.rcsb.org/) to obtain

the crystal structure of the human MD2/lipid IVa complex (PDB
code 2E59) was done. After minimizing the energy with PyMOL
(version 1.7.6), the lowest energy conformation for docking was
determined using default parameters. To complete the protein-
ligand docking analysis, AutoDock Tools (version 1.5.6) was used.

Finally, UCSF PyMOL was used to create the image of a 3D view.

2.13 | X-ray imaging method

After 8 weeks of operation, all animals within or without treatment
were received X-ray examination. A digital X-ray machine (Kubtec
Model XPERT.8; KUB Technologies Inc) was used to assess changes
in knee joint space, osteophyte formation and cartilage surface cal-
cification. Appropriate images are obtained using the following set-
tings: 50kV and 160 pA.

2.14 | Histological analysis

The knee joint specimens were fixed with 4% paraformaldehyde
for 24 hours at 4°C, and decalcified with 10% EDTA solution for
4 weeks at 4°C. Then, dehydrate with an alcohol gradient, and em-
bedded in paraffin blocks. Continuous 5-pm-thick sagittal sections
(about 100) were cut across the entire medial compartment of the
knee joint until anterior cruciate ligament junction. For each joint, we
chose one pieces every 50 um, a total of 10 pieces, for safranin O/
fast green staining to assess the cartilage damage. The stained parts
were photographed digitally under a microscope. The destruction
of articular cartilage was evaluated by the Osteoarthritis Research
Society International (OARSI) scoring system for the medial tibial
condyle and medial femoral plateau.?’ Sections were divided as fol-
lows (6 OA grades): 1 = surface fibrillation without cartilage loss, 2
= vertical cracks and loss of surface layer (any percentage or joint
surface area), 3 = 1%-25% of quadrant width of vertical cracks/
erosion to the calcified layer lesion, 4 = lesion reaches of 25%-50%
of quadrant width of the calcified cartilage, 5 = lesion reaches of
50%-75% of quadrant width of the calcified cartilage, and 6 = le-
sion reaches of >75% of quadrant width of the calcified cartilage.
Then, the extent of articular cartilage destruction was graded by the
summed OARSI scores (0-12) from the medial femoral condyle and

medial tibial plateau.

2.15 | Statistical analysis

Each experiment was repeated at least 5 times. The results were
expressed as the mean + standard deviation, and SPSS 20.0 sta-
tistical software was used to process all data of the experiment.
Comparisons between control and treatment groups were analysed
using Mann-Whitney U test. The difference was statistically signifi-
cant when P < 0.05.
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3 | RESULTS
3.1 | Effect of Astilbin on human chondrocyte
viability

The molecular structure of Astilbin is shown in Figure 1A. We em-
ployed the CCK-8 assay to evaluate the cytotoxicity of Astilbin,
and chondrocytes were cultured with different concentrations of
Astilbin (0, 5, 10, 20, 40 and 80 pmol/L) for 24 or 48 hours, fol-
lowed by cholecystokinin-octapeptide (CCK-8) assay. The results
are shown in Figure 1B,C, after 24 hours, where Astilbin showed no
cytotoxicity to human OA chondrocytes. However, after 48 hours,
Astilbin showed cytotoxicity to human OA chondrocytes at a con-
centration of 80 pmol/L. Therefore, the Astilbin doses used in sub-

sequent experiments were 10, 20 and 40 pmol/L.

3.2 | Effect of Astilbin on the expression of
iNOS, COX-2, PGE2, NO, TNF-a and IL-6 in human
osteoarthritis chondrocytes induced by LPS

To determine the effect of Astilbin on LPS-induced inflammatory re-
sponse in human OA chondrocytes, the expression levels of several
inflammatory markers were determined. As shown in Figure 2A,B,
LPS-induced overexpression of COX-2 and iNOS was inhibited
by Astilbin treatment in a dose-dependent manner (10, 20 and
40 pmol/L). As shown in Figure 2C, ELISA results showed that LPS
up-regulated the expression of endogenous NO, PGE2, TNF-a and
IL-6 in chondrocytes. However, following treatment with Astilbin,
the expression decreased in a dose-dependent manner. These data
indicated that Astilbin inhibits the production of these inflammatory
cytokines in a dose-dependent manner.

3.3 | Effect of Astilbin on LPS-induced extracellular
matrix (ECM) degradation in human OA chondrocytes

The effect of Astilbin on the degradation of collagen Il and aggre-

gates induced by LPS in human OA chondrocytes was investigated.

A B
1.5+
OH 3
HO 0 @i 5
48 OH % 1.04
H 2
010 £
2 0.5-
OH O 'S
HO “OH 3
- 0.0
Astilbin OH Astilbin(uM) 0 5 10

Compared with LPS alone group, Astilbin treatment increased the
expression of aggrecan and collagen Il and suppressed the pro-
duction of matrix metalloproteinases (MMP)-13 and ADAMTS-5 in
a dose-dependent manner (Figure 3A). Additionally, the results of
immunofluorescence staining of collagen Il and MMP13 were con-
sistent with ELISA results (Figure 3B). Taken together, these results
indicated that Astilbin alleviates LPS-mediated ECM degradation in
human OA chondrocytes.

3.4 | Effect of Astilbin on LPS-induced NF-xB
activation in human OA chondrocytes

To determine the anti-inflammatory mechanism of Astilbin, we as-
sessed the change of NF-kB signalling activity. We found that LPS
stimulated IkBa degradation in the cytoplasm and increased p65
content in the nucleus. However, Astilbin pre-treatment (40 pmol/L)
inhibited this phenomenon, and the NF-kB activity in the Astilbin-
alone group did not change (Figure 4A,B, and C). Subsequently, we
examined the p65 translocation in human OA chondrocytes induced
by LPS. Immunofluorescence staining in. 4D shows that the p65 pos-
itive spot in the LPS-stimulated group was translocated from the cy-
toplasm to the nucleus compared with the control group. However,
pre-treatment with Astilbin (40 pmol/L) sharply reduced the trans-
location of p65. These results indicated that Astilbin could inhibit
NF-kB signalling activity in LPS-exposed human OA chondrocytes.

3.5 | Effects of Astilbin on the
interaction of TLR4 and MD-2 in LPS-induced human
OA chondrocytes

Accumulating evidence demonstrates that LPS binds to TLR4 by
recognizing the adaptor protein MD-2. We first used competitive
ELISA to explore the effect of Astilbin in the TLR4/MD-2 axis,
which is an upstream molecule of NF-xB signalling. As shown in
Figure 5A, Astilbin reduced the binding of LPS to rhMD-2, but
not to rhTLR4, which indicated that Astilbin acts on the TLR4/
MD-2 complex by inhibiting the binding of LPS to MD-2 and not

(]

1.5

0.5+

Cell viability(of control)

0.0

20 40 80 Astilbin(uM) 0 5 10 20 40 80

FIGURE 1 Effect of Astilbin on human chondrocytes viability. A, Chemical structure of Astilbin. (B,C) Cytotoxicity of Astilbin on
chondrocytes at 24 h and 48 h. The data in the figures represent the averages + SD. Significant differences among different groups are

indicated as *P < 0.05 vs control group,n =5



SUN ET AL. 13109
WILEY- 2
A B_, =i
3 * To_ aq ¥k
S& TE
iNOS |-130 kDa 2§ 3 25, |
§%5 + £5
WP R - i I..
COX-2 M 84kDa 55° %g ] -
<
521, 5391
GAPDH |4l 36 kDa go 2%
e —_— 2, 8 .
LPS(1pg/ml) - + + + + LPS(1 pg/iml) — + + + 4+  LPS(1 pgiml) -
Astilbin(um) 0 0 10 20 40 Astilbin(uM) 0 0 10 20 40 Astilb;?u"r‘d) 0 ; 1+o 27) :6
C
250 1250 ## * %K
*
2004 1000
s E
Z 150- S 750
> o
2 =~
& 100- W' 500- -
z 4
50+ 250-
0- 0-
LPS(1 pg/ml) — + + + + LPS(1 pgiml) — + & & 3
Astilbin(uM) 0 0 10 20 40 Astilbin(uM) 0 0 10 20 40
250 150 p ok
| *
200+ ; I
E = 100+
B 1501 E
3 g *
. 100- ©
z = 50+
=
50+
0- 0-
LPS(1pg/ml) + + + + LPS(1pg/ml) — + + + +
Astilbin(uM) 0 0 10 20 40 Astilbin(uM) 0 0 10 20 40
FIGURE 2 Influence of Astilbin in LPS-induced inflammatory reaction in human chondrocytes. (A,B) iINOS and COX-2 protein level

in chondrocytes measured by Western blot. C, Effect of Astilbin on LPS-exposed IL-6, TNF-a, PGE2 and NO production in human
chondrocytes. The data in the figures represent the averages + SD. Significant differences among different groups are indicated as
#p < 0.01, vs control group; **P < 0.01 vs LPS alone treatment group, n = 5

through any interaction with TLR4. Subsequently, we carried out
co-immunoprecipitation experiments (Figure 5B). LPS was found
to promote the binding of TLR4 and MD-2, whereas the addition
of Astilbin (40 pmol/L) inhibited the formation of the TLR4/MD-2
complex. Moreover, the interaction between TLR4 and MD-2
did not change when treated with Astilbin alone, indicating that
Astilbin competitively occupied the LPS binding site of the TLR4/
MD-2 complex. Molecular docking analysis results in Figure 5C
shows that Astilbin has a high affinity for the hydrophobic posi-
tion of MD-2 (-6.5 kcal/mol), and a hydrogen bond is formed be-
tween Astilbin and the LYS-132 residue of MD-2 by a band model.
The space-filling model showed that Astilbin is completely embed-
ded in the inhibition cavity of MD-2. Taken together, these results
suggested that Astilbin could competitively inhibit the binding of

LPS to MD-2, thereby preventing the formation of the TLR4/MD-2
complexes.

3.6 | Effects of Astilbin on LPS-induced
activation of Toll adapters in human OA chondrocytes

LPS induced TLR4 signalling activation by recognizing MD-2 and
up-regulating several Toll adapters, such as MyD88, IRAK-1 and
TRAF-6, which play a key role in NF-kB-mediated inflammation. To
determine the effect of Astilbin on these signal cascades, Western
blot analysis was used to evaluate the expression levels of MyD88,
IRAK-1 and TRAF-6 in LPS-induced human OA chondrocytes.
As shown in Figure 5D, LPS promoted the expression of MyD88,
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Influence of Astilbin in LPS-mediated ECM degeneration in human chondrocytes. A, The level of Collagen Il, aggrecan,

MMP13 and ADAMTS-5 in chondrocytes treated as above was visualized by ELISA. B, The representative collagen Il and MMP13 were
detected by the immunofluorescence combined with DAPI staining for nuclei (scale bar: 50 um or 30 um). The data in the figures represent
the averages + SD. Significant differences among different groups are indicated as **P < 0.01, vs control group; *P < 0.05, **P < 0.01 vs LPS

alone treatment group,n =5

IRAK-1 and TRAF-6, whereas this phenomenon was reversed by
Astilbin pre-treatment.

3.7 | Astilbin ameliorates OA development in the
mouse model of DMM

To study the protective ability of Astilbin in the OA process in vivo,
the DMM model was established by surgery. Mice in the Astilbin

group received 40 mg/kg of Astilbin orally once a day for 8 weeks
and were then sacrificed for imaging and histological analysis. As
shown on the radiographs in Figure 6A, the surface density of carti-
lage in the DMM group was higher compared with the sham group,
and the joint space was severely narrowed. However, in the Astilbin
treatment group, although the joint space was narrowed, the surface
calcification of cartilage was lighter. Histological analysis of OA was
performed by Safranin O staining (Figure 6B) and quantified using
the Osteoarthritis Research Society International (OARSI) scoring
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system. We found that the cartilage surface in the sham group was
smooth and stained red. In contrast, cartilage wear and erosion were
observed in the DMM group. The degree of cartilage erosion in the
Astilbin treatment group was lower compared with the DMM group.
The OARSI score (Figure 6C) of the DMM group was significantly
higher than that of the sham group, which was consistent with the
Safranin O staining. However, the OARSI score in the Astilbin group
was lower compared with the DMM group. In conclusion, these re-

sults suggested that Astilbin delays the development of OA in vivo.

4 | DISCUSSION
Osteoarthritis is a common clinical degenerative joint disease with
increasing morbidity rate.r”® Unfortunately, the aetiology of OA is
complex and remains unclear.®° Although non-steroidal anti-in-
flammatory drugs (NSAIDs) can effectively alleviate the pain in pa-
tients, they also have obvious limitations, such as intestinal adverse
reactions, and do not delay the progression of OA.3'3 Therefore, it
is urgent to explore drugs, which can prevent and delay the progres-
sion of OA.334

Accumulating evidence demonstrates that inflammation is
closely related to the development of OA.3>36 LPS has been widely
used as an agent to stimulate the inflammation and apoptosis in
chondrocytes in vitro.”” In previous studies, the dosage of LPS
varying from 0.1 to 50 pg/mL was applied to chondrocytes, a high
concentration of LPS was used to study the mechanism of cell death,
whereas the low dosage of LPS was considered more suitable for
mimicking the inflammatory environment.®”"? In this study, we used
LPS at 1 pg/mL for cellular experiments.

Astilbin is a flavonoid extracted, separated and identified from
Dimorphandra Mollis, grape, Smilax corbularia, Hypericum per-
foratum, Sarcandra glabra and other natural plants.'”?' Modern

pharmacology research shows that it possesses anti-oxidation,??

2324 anti-tumour®® and other pharmacological

anti-inflammatory,
activities. However, the mechanism of protection in OA remains
unclear. Therefore, in this study, we studied the anti-inflammatory
effect of Astilbin in OA.

Previous studies have reported that the progression of OA is
mainly caused by several pro-inflammatory mediators, iNOS catal-
yses NO or COX-2 to induce PEG2 production, then increases the
content of MMPs and ADAMTs, finally promoting the degradation
of collagen Il and proteoglycan.*®*! Moreover, TNF-« and IL-6 also
participate in the development of OA.*? In this study, we found that
Astilbin treatment inhibited the LPS-induced increase in PGE2 and
NO in human OA chondrocytes and up-regulation of COX-2 and
iNOS, as well as TNF-a and IL-6. Besides its anti-inflammatory ef-
fects, Astilbin also inhibits ECM degradation. Following LPS stim-
ulation, the synthesis and secretion of MMP-13 and ADAMTS-5
increased in human OA chondrocytes, and the expression of colla-
gen |l and aggrecan decreased, and these phenomena were reversed
after Astilbin pre-treatment. These results suggest that Astilbin has
a potential therapeutic role in preventing OA progression.

To explore the protective mechanism of Astilbin during OA,
the effect of Astilbin on the NF-xB pathway was studied, which
is a crucial inflammatory signalling pathway for OA.*>** The re-
sults showed that Astilbin inhibited LPS-induced NF-xB activation
in human chondrocytes. However, even though we have con-
firmed that Astilbin can exert anti-inflammatory effects by tar-
geting NF-«B, its potential upstream cascade effect also requires
to be studied further. Previous studies reveal that TLR4 signalling
is currently one of the most widely studied upstream cascades,
and the concentration of TLR4 in NF-kB activation and OA de-
velopment has received increasing attention.!®*> TLR4-targeted
antagonist is emerging as a new drug to alleviate the progression
of OA. Therefore, in this study, we investigated whether Astilbin
affects the TLR4/MD-2 axis using competitive ELISA. Astilbin
was found to prevent the binding between LPS and MD-2 but



13112 SUN ET AL.
222 | \wiLEy
A 8 ## 8 #i# *k
g - g : |
& __ 6 § _ 61
25 T £3F
S g oL
2 £ 44 Q € 4]
254 254 T
2% £
T 2 5 2
© ©
(4 [v4
0- 0-
LPS(1 pg/iml) + + + + LPS(1 pg/ml) — + + + +
Astilbin(uM) 0 0 10 20 40 Astilbin(uM) 0 0 10 20 40
B § '_g
oc
MD-2| % e s L5 KDa §§ 2-
4 s
o
ruvs [N o= | 2 - =
&q
LPS(1 pg/ml) - €£
Astilbin(uM) 0 0 40 40 = o
LPS(1 pg/ml) — + + -
Astilbin(um) 0 0 40 40
c
< s 3
o> | { T)? o
gS A ES >
(MD-2) ¢ & 41\ cd £
(=3 ‘&\@( v [« Y =
29 b a7 =
28 28 g
£ 22 ]
o
)

D

tn

Myd88| e e W }33 kDa
TRAFG (M0 S S S (58 kDa

IRAKT | s M i s [77 kDa I

GAPDH |.-35 kDa oo
LPS(1 pg/ml) —

LPS(1 pg/ml) - = Astilbin(uM) 0
Astilbin(uM) 0 0

o
o

-
o

Ralative protein level
MyDBBIGADPH, of mnlrol)
-
o

e
[

4040

FIGURE 5

= =25
=2 _8
$5 S
23 38 2.
£%2 £%
§ g - 1.5
Q % agd —_
g i = 2 1.0
201 25
56 =
S L ST 05
g e §
Eo X
LPS(1pg/ml) — + + - LPS(1 pglml) - + + -
Astilbin(um) 0 0 40 40 Astilbin(uMm) 0 0 40 40

Influence of Astilbin on LPS-induced TLR4/MD-2 signalling activation. A, The binding of biotin-labelled LPS to rhMD-2

and rhTLR4 was examined by competitive ELISA. B, The complexes of TLR4-MD-2 in chondrocytes treated as above were detected by
immunoprecipitation. C, Astilbin was docked with the MD-2 structure. Docking studies were performed as described in Materials and
methods. The protein residues are shown in a ribbon model. The proposed binding pose of Astilbin shows interactions with LYS-132. The
space-filling models show the binding of Astilbin in the inhibitory binding pockets. D, The protein expressions of MyD88, IRAK-1 and
TRAF-6 in chondrocytes treated as above were detected by Western blot. The data in the figures represent the averages + SD. Significant
differences among different groups are indicated as *#P < 0.01, vs control group; **P < 0.01 vs LPS alone treatment group, n = 5

showed no significant effect on TLR4. Co-immunoprecipitation
results showed that the interaction between TLR4 and MD-2
was greatly reduced by Astilbin treatment. Docking analysis
simulated the underlying mechanism of Astilbin acting on MD-2
and showed that Astilbin specifically binds the MD-2 inhibitory
pocket and interferes with the formation of the TLR4/MD-2 com-
plex. These results suggest that Astilbin may affect the TLR4/
MD-2 axis by competitively binding to MD-2. When the TLR4/

MD-2/LPS complex is formed, the intracellular domains of the

TLR4 are concatenated and are called Toll/IL-1R homology (TIR)
domains.***” The TIR domain of TLR4 combines with the TIR do-
main of MyD88. Meanwhile, MyD88 contains a death domain that
interacts with the IRAK's death domain to activate the signalling
of the TRAF6/IKKs/NF-kB axis.*® These results showed that the
levels of MyD88, TRAF-6 and IRAK-1 in human chondrocytes
were increased after LPS stimulation, whereas Astilbin pre-treat-
ment reversed these. Interestingly, these results are consistent
with the findings of Chen et al, who found that Astilbin attenuates
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FIGURE 6 Astilbin attenuates OA development in vivo.

A, Digital X-ray image of mouse knee joints from different
experimental groups. Narrowing of joint space was found in

both OA and treatment group (white triangles), the calcification

of cartilage surface was obviously shown in OA group (white
arrows). B, Representative S-O staining of cartilage from different
experimental groups at 8 wk post-surgery (scale bar: 200 um). C,
Diagrams showed the OARIS socres of cartilage. The data in the
figures represent the averages + SD. Significant differences among
different groups are indicated as *P < 0.01, **P < 0.01, n = 15

inflammation in rat glomerular mesangial cells by inhibiting the
TLR4/MyD88/NF-«kB pathway.2

A DMM-induced OA mouse model was established in vitro and
used to confirm the protective effect of Astilbin on the cartilage in
vivo. Mice in the DMM group showed obvious cartilage calcification
and erosion. However, treatment with Astilbin reversed this phe-
nomenon, and the OARSI score is consistent with these results. The
results indicated that Astilbin has the potential to reduce the devel-

opment of OA in vivo.

WILEY- 3%

In conclusion, this study demonstrated that Astilbin alleviates
LPS-induced inflammation and ECM catabolism by inhibiting the
TLR4/MD-2 axis and NF-kB signalling pathway in human OA chon-
drocytes. In vivo, Astilbin protects the cartilage and delays the
progression of OA. This study demonstrates that Astilbin can be
considered as a potential therapeutic drug for OA.
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