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Galangin attenuates IL-1B-induced catabolism in mouse
chondrocytes and ameliorates murine osteoarthritis

Yanben Wang?*, Tan Zhang'*, Qichang Yang'?, Yewei Jia*, Peng Sun?3, Ziyuan Fu'2, Weiqgi Han?, Yu Qian*

1Department of Orthopaedics, Shaoxing Hospital, Zhejiang University School of Medicine, Shaoxing, Zhejiang, Chi-
na; 2Department of Orthopaedics, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou,
Zhejiang, China; 3The Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University,
Wenzhou, Zhejiang, China. "Equal contributors and co-first authors.

Received December 22, 2020; Accepted June 24, 2021; Epub August 15, 2021; Published August 30, 2021

Abstract: Objective: Osteoarthritis (OA) is one of the most common chronic diseases, which is characterized by car-
tilage degeneration, subchondral osteosclerosis, and synovitis. Accumulating evidence has shown that galangin, a
flavonoid derived from medicinal herbs, exhibits numerous pharmacological activities in various diseases. This study
aimed to investigate the effects of galangin on interleukin (IL)-1B-induced inflammation in mouse chondrocytes and
explore the underlying mechanisms. Methods: In this study, we investigated the protective effects of galangin on
IL-1B-induced inflammatory response in vitro using the CCK-8 assay, RT-qPCR, western blotting, and immunofluores-
cence staining. In addition, the therapeutic effects of galangin on the anterior cruciate ligament transection (ACLT)
mouse model were also explored in vivo. Results: Galangin treatment suppressed the expression of IL-13-induced
inflammatory cytokines, such as nitric oxide synthase, cyclooxygenase-2, TNF-«, and IL-6. Furthermore, galangin at-
tenuated hypertrophic conversion and the extracellular matrix degradation via inhibiting the expression of catabolic
enzymes. Mechanistically, galangin inhibited the activation of the JNK and ERK MAPK pathways and nuclear factor
kappa-B (NF-kB) signaling pathway. In addition, galangin treatment ameliorated cartilage degeneration in an OA
model in vivo. Conclusion: Galangin suppressed the IL-B-induced inflammatory response in vitro and ameliorated
cartilage degeneration in vivo via inhibiting the NF-kB pathway and JNK and ERK pathways, suggesting its potential
as an effective candidate for the treatment of OA.
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Introduction

Osteoarthritis (OA) is one of the most common
chronic diseases, which causes pain and dys-
function among the aged [1, 2]. Cartilage
degeneration, subchondral osteosclerosis, and
synovitis are considered as the main pathologi-
cal features of OA [3, 4]. It is widely accepted
that chondrocytes, the only cell type in the
articular cartilage, are closely related to OA
development. Chondrocytes maintain the bal-
ance between anabolic metabolism and cata-
bolic metabolism in the extracellular matrix
(ECM) which includes type Il collagen and pro-
teoglycans [5-7]. Therefore, the apoptosis of
chondrocytes and the degradation of ECM
jointly promoted the development of OA [8].
Recent studies have reported that pro-inflam-

matory factors, such as IL-13 and TNF-a, have
been found to be increased and activated in the
development of OA [9, 10]. Moreover, IL-13
exerts inflammatory effects by regulating the
release of inflammatory cytokines such as IL-6,
inducible nitric oxide synthase (iNOS), and
cyclooxygenase-2 (COX-2). Type Il collagen is
degraded by collagenase or matrix metallopro-
teinases (MMPs) [11]. Proteoglycans are
cleaved by several members of a disintegrin
and metalloproteinase with thrombospondin
motifs (ADAMTS) family, most probably by
ADAMTS5 [12]. IL-1B is considered as a central
factor in OA progression and IL-1B stimulation
markedly increases the expression of MMPs
and ADAMTS5 [13]. Therefore, inhibiting the
IL-1B-induced inflammation might be an effec-
tive method for treating OA.
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Previous studies have demonstrated that
OA-related inflammation is mediated by several
classical signaling pathways, such as MAPK
pathways and NF-kB signaling pathway [14].
The NF-kB signaling pathway is considered
to play a vital role in the development of OA
and can be activated by IL-1[ stimulation [15].
Thus, disruption of the inflammatory signaling
pathways may be effective in the treatment of
OA.

Galangin, a natural compound derived from
medicinal herbs, has been demonstrated to
possess multiple pharmacological effects,
including anti-cancer, anti-inflammatory, and
anti-oxidant activities through several signaling
pathways [16-18]. Furthermore, a recent study
reported that galangin alleviated collagen-
induced arthritis via inhibiting the JNK, p38,
and NF-kB pathways [19]. However, its poten-
tial effect on OA remains unknown. Therefore,
we investigated the inhibitory effects of galan-
gin on IL-1B-stimulated inflammation and the
underlying mechanisms in vitro. We also deter-
mined the therapeutic effects of galangin in the
anterior cruciate ligament transection (ACLT)
mouse model of OA in vivo.

Material and methods
Reagents

Galangin (purity > 99%) was obtained from
MCE (New Jersey, USA) and diluted in dimethyl
sulfoxide for storage. Dulbecco’s modified Ea-
gle’s medium (DMEM/F12) and fetal bovine
serum (FBS) were obtained from Gibco (Rock-
ville, MD, USA). Primary antibodies against
MMP3, MMP13, p65, p-p65, iINOS, COX-2,
aggrecan, and ADAMT5 were acquired from Ab-
cam (Cambridge, UK). Antibodies against type X
collagen, type Il collagen, ERK, p-ERK, p38,
p-p38, JNK, p-JNK, PI3K, AKT, p-AKT, IkBa, and
B-actin were obtained from Cell Signaling
Technology (Danvers, MA, USA). The secondary
antibodies were purchased from Abcam. Type
collagenase was obtained from Sigma (St.
Louis, MO, USA). Safranin O, Fast Green, and
hematoxylin and eosin (H&E) solutions were
obtained from Solarbio (Beijing, China).

Primary mouse chondrocyte culture

Mouse chondrocytes were extracted from the
knee joints of 5-day-old C57BL/6 mice. Car-
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tilage tissue was cut into pieces and then
digested with 10 mL 0.25% collagenase Il for 8
h under 5% CO,. Following this, the tissue was
washed by PBS and seeded onto tissue culture
flasks with DMEM/F12, 10% FBS, and antibiot-
ics at 5% CO, and 37°C. After the confluency
reached 80-90%, the cells were passaged and
only passage 1 and 2 were used for the subse-
quent experiments.

Cytotoxicity assay

The cytotoxicity of galangin on the chondro-
cytes was determined using the CCK-8 assay
(Thermo Scientific, Waltham, MA, USA).
Chondrocytes were seeded onto 96-well plates
at a density of 1x10* cells/well for 24 h. Then,
the cells were incubated with different concen-
trations of galangin (0, 0.5, 1, 2, 4, 8, 16, or 32
M) for 24 or 48 h. Finally, cells were incubated
with 10 pL of the CCK-8 reagent for 2 h. The
absorbance was detected at 450 nm by a
microplate reader (BioTek Instruments, Wino-
oski, VT, USA).

Western blot analysis

Total proteins were isolated with RIPA lysis buf-
fer, and their concentration was determined
using the BCA protein assay kit (Beyotime,
Shanghai, China). The total proteins were se-
parated using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE)
and subsequently transferred to polyvinylidene
difluoride (PVDF) membranes. After blocking
with 5% nonfat milk at 37°C for 1 h, the mem-
branes were incubated with the indicated pri-
mary antibodies at 4°C for 24 h, and then incu-
bated with the secondary antibodies for 2 h.
Finally, the bands were detected via Enhanced
Chemiluminescence Reagent (Beyotime, Jiang-
su, China) and the intensity was quantified
using the Image J (Bio-Rad).

Quantitative RT-PCR

The total RNA was extracted by RNAiso Plus
(Takara Bio, Otsu, Japan). First-strand cDNA
was synthesized using 1000 ng of extracted
RNA template. Then qPCR was performed with
a 10-pL reaction volume using the SYBR Green-
based Real-time PCR Master Mix (Takara Bio)
under the cycling parameters: 35 cycles at
95°C for 15 s, 60°C for 60 s. The level of each
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gene was normalized to B-actin. The following
primers were used to amplify the target genes:
B-actin (forward: 5’-AGCCATGTACGTAGCCATCC-
3’, reverse: 5-CTCTCAGCAGTGGTGGTGAA-3');
IL-6 (forward: 5’-TAGTCCTTCCTACCCCAATTTCC-
3’, reverse: 5-TTGGTCCTTAGCCACTCCTTC-3’);
TNF-a0 (forward: 5-CAGGCGGTGCCTATGTCTC-
3, reverse: 5-CGATCACCCCGAAGTTCAGTAG-
3’); MMP9 (forward: 5-GCAGAGGCATACTTGT-
ACCG-3, reverse: 5-TGATGTTATGATGGTCCCAC-
TTG-3’); MMP3 (forward: 5-ACATGGAGACTTT-
GTCCCTTTTG-3', reverse: 5-TTGGCTGAGTGGT-
AGAGTCCC-3’); MMP13 (forward: 5-TGTTTGC-
AGAGCACTACTTGAA-3, reverse: 5-CAGTCACC-
TCTAAGCCAAAGAAA-3).

Immunofluorescence staining

The cells were fixed with 4% paraformaldehyde
and permeabilized with 0.1% triton X-100. Next,
the cells were blocked by 5% BSA and incubat-
ed with primary antibodies against MMP3
(1:200) and type 1l collagen (1:200) for 24 h.
The chondrocytes were then incubated with
secondary antibody for 1 h and with DAPI in the
dark for 10 min. In the end, images were
observed by a microscope (Olympus, Tokyo,
Japan).

Animal experiments

All animal experiments were approved by Ani-
mal Care and Use Committee of the Zhejiang
University (No. ZJU20200114). Eighteen O9-
week-old C57BL/6 female mice were obtained
from the Animal Center of the Chinese Academy
of Sciences (Shanghai, China). Mice were ran-
domly divided into three groups (sham group,
ACLT group, and ACLT + galangin treatment
group). An OA model was established by per-
forming surgical anterior cruciate ligament
transection of the mouse right knee joint
[20]. Subsequently, mice in ACLT + galangin
treatment group received intragastric admi-
nistration of galangin (10 mg/kg/d) based on
previously published articles [17, 21]. The
mice were sacrificed 8 weeks post-surgery and
knee joints were collected for the following
analysis.

Histological analysis

The samples were coronally sectioned and
the cartilage destruction was evaluated using
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Hematoxylin and eosin staining and Safranin O
staining. Images were obtained by a high-quali-
ty microscope. The Osteoarthritis Research
Society International (OARSI) scoring system
was used to measure the cartilage damage.
The expression of MMP13 was detected using
immunohistochemical analysis.

Statistical analysis

Experiments were performed independently
at least three times and the results were pre-
sented as the mean + SD. Statistical analys-
es were performed using SPSS 20.0 statisti-
cal software program (IBM Corporation, Arm-
onk, NY, USA). Data were analyzed by one-
way analysis of variance followed by Tukey’s
post-hoc test to assess statistical differenc-
es between different experimental groups. P
values < 0.05 were considered statistically
significant.

Results
Effects of galangin on chondrocyte viability

The chemical structure of galangin is shown in
Figure 1A. Mouse chondrocytes morphology is
displayed in Figure 1B. The CCK-8 assay was
performed to assess the potential toxicity of
different concentrations of galangin on mou-
se chondrocytes. As shown in Figure 1C, 1D,
galangin treatment at specific concentrations
(0-16 uM) did not affect the viability of chondro-
cytes. Therefore, we used galangin concentra-
tions of 4, 8, and 16 uM in the following
experiments.

Galangin inhibits IL-1B-induced inflammatory
response

To assess the protective effect of galangin on
IL-1B-induced inflammatory response, western
blotting and qPCR experiments were performed
to detect the expression of inflammatory fac-
tors. IL-1B stimulation significantly increased
mRNA levels of inflammation-related genes
such as TNF-«, IL-6, and iNOS, while galangin
treatment reversed this effect in a dose-depen-
dent manner (Figure 2A). Consistent with gPCR
results, western blotting demonstrated that
galangin inhibited the release of inflammatory
cytokines, such as iNOS and COX-2 (Figure 2C,
2D).
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Figure 1. Effects of galangin on the viability of chondrocytes. A. Chemical structure of galangin. B. Representative
images of mouse chondrocytes (magnification: 100x, scale bar: 200 ym). C, D. The cytotoxicity of various concentra-
tions of galangin on chondrocytes was determined at 24 and 48 h using the CCK-8 assay. All data are presented as
mean + SD. P < 0.01, "P < 0.001 vs. control group, n = 3.
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Figure 2. Galangin suppressed IL-13-induced inflammation. A, B. Chondrocytes were incubated with or without IL-13
(10 ng/mL) and with indicated concentrations of galangin (0, 4, 8, 16 uM) for 24 h. The expressions of TNF-&, INOS,
IL-6, MMP3, MMP9, and MMP13 were detected via qPCR. C, D. The expression of iNOS and COX-2 was measured
via western blot analysis. All data are presented as mean + SD. Significant differences among groups are indicated
as #P < 0.001 vs. control group; "P < 0.05, P < 0.01, and P < 0.001 vs. IL-1B alone treatment group, n = 3.
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Figure 3. Galangin reduced IL-1B-induced hypertrophic conversion of chondrocytes. A, B. Collagen Il and collagen
X expression was detected by western blotting. C, D. Representative immunofluorescence image of collagen Il with
DAPI staining, and the fluorescence intensities were quantified by Image J (magnification: 100x%, scale bar: 200 ym).
All data are presented as mean + SD. Significant differences among groups are indicated as #**P < 0.001 vs. control
group; "P < 0.05, P < 0.01, "P < 0.001 vs. IL-1B alone treatment group, n = 3.

Galangin alleviates IL-1B-induced hypertrophic
conversion and ECM degradation

Type 1l collagen is an essential component of
the extracellular matrix [22], whereas, type X
collagen is considered as a marker protein of
hypertrophic cartilage [23]. Thus, we explored
the effects of galangin on ECM components
using immunofluorescence staining and west-

8746

ern blotting. We observed that IL-13 markedly
suppressed the expression of type Il collagen
and increased the expression of type X colla-
gen. However, galangin treatment reversed
these effects, particularly at 8 and 16 uM
(Figure 3A, 3B). Similarly, immunofluorescence
staining indicated that galangin reduced IL-1j-
induced type Il collagen degradation (Figure
3C, 3D). In addition, IL-1B stimulation markedly
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Figure 4. Galangin inhibited IL-1B-stimulated ECM degradation. A. The levels of ECM-related proteins, aggrecan,
MMP3, and ADAMTS5, were assessed by western blotting. B. The expression of ECM proteins relative to B-actin
was detected by Image J. C, D. Representative immunofluorescence image of MMP3 with DAPI staining, and the
fluorescence intensities were quantified by Image J (magnification: 100x%, scale bar: 200 um). All data are presented
as mean + SD. Significant differences among groups are indicated as #*#P < 0.001 vs. control group; ""P < 0.01, and
P < 0.001 vs. IL-1B alone treatment group, n = 3.

increased ADAMTS5 and MMP3 protein expres- er major component of ECM (Figure 4A, 4B).
sion, which was inhibited by galangin treat- Similarly, RT-PCR and immunofluorescence
ment. The results revealed the therapeutic assay results were consistent with these find-
effect of galangin on aggrecan, which is anoth- ings (Figures 2B, 4C and 4D). Thus, above
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Figure 5. Galangin inhibited IL-1B-stimulated activation of the NF-kB pathway and the JNK and ERK pathways. A,
B. The expression of p-p65, p65, IkBa, and B-actin was detected via western blotting and quantified by image J. C,
D. The expression of p-ERK, ERK, p-JNK, JNK, p-p38, and p38 was detected by western blotting and quantified by
Image J. E, F. The expression of PI3K, p-AKT, and AKT was detected via western blotting and quantified by Image J.
All data are presented as mean + SD. Significant differences among groups are indicated as “P < 0.05, "*P < 0.01,

and "P < 0.001 vs. IL-1B treatment group, n = 3.

results demonstrated that galangin alleviated
IL-1B-induced hypertrophic conversion and
ECM degradation.

Galangin suppresses IL-1B-induced NF-«kB ac-
tivation

The NF-kB pathway has been demonstrated
to play a vital role in modulating the ECM
metabolism and inflammation in the develop-
ment of OA [24]. We further explored the pro-
tective effect of galangin on IL-1B-induced acti-
vation of the NF-kB signaling pathway. Western
blotting results revealed that IL-13 stimulation
markedly promoted the IkBa degradation and
p65 phosphorylation, while galangin treatment
reversed these effects at 15 and 30 min (Figure
5A, 5B). These results indicated that IL-1B-
induced NF-kB activation was suppressed by
galangin.

Galangin inhibits IL-1B-induced phosphoryla-
tion of the ERK and JNK signaling pathway

Previous studies reported that the MAPK
and PI3K/AKT pathways were also associated
with IL-1B-stimulated inflammatory response
[25-27]. To further investigate whether galan-
gin exerted protective effects via the MAPK
and PI3BK/AKT pathways, we detected the early
activation and phosphorylation of these two
pathways using western blot analysis. The data
showed that IL-1B stimulation activated the
ERK, JNK, and p38 signaling rapidly within 15
min, lasting for 30 min before the levels
returned to baseline (Figure 5C). However,
galangin treatment significantly suppressed
the phosphorylation of JNK and ERK signa-
ling, but not of p38 signaling, compared with
the IL-1B alone treatment group. In addition,
the activation of AKT was unaffected by
galangin (Figure 5E). Statistical analysis for
western blotting is presented in Figure 5D
and 5F. In short, galangin suppressed IL-1p-
induced inflammatory response via inhibiting
the NF-kB pathway and the ERK and JNK
pathway.
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Galangin attenuates cartilage degeneration in
an OA model in vivo

To determine the therapeutic effects of galan-
gin on cartilage degeneration during OA pro-
gression in vivo, an ACLT-induced OA model
was established. The cartilage destruction was
evaluated using H&E and Safranin O staining.
Results of the ACLT group exhibited severe
proteoglycan loss and cartilage damage. How-
ever, galangin treatment reversed the effects
(Figure 6A). Further, lower OARSI scores were
measured in the ACLT + galangin treatment
group (Figure 6B). Immunohistochemical an-
alysis revealed that galangin treatment mark-
edly reduced MMP13 expression in the carti-
lage (Figure 6C). In conclusion, galangin treat-
ment attenuated cartilage degeneration of OA
in vivo.

Discussion

OA is a common chronic bone disease which
is characterized by cartilage degeneration,
subchondral osteosclerosis, and synovitis [28].
The apoptosis of chondrocytes and the de-
gradation of ECM jointly initiate cartilage de-
gradation and promote OA development [29].
At present, traditional drugs only alleviate
clinical symptoms temporarily but fail to effi-
ciently treat OA [30]. More effective agents
are urgently required to attenuate the deve-
lopment of OA. Galangin has been demons-
trated to exert anti-inflammatory and anti-
cancer effects in several diseases [16-18].
Therefore, in this study, we investigated the
effects of galangin on the IL-1B-induced in-
flammation and elucidated the underlying
mechanisms.

The inflammatory response runs through the
initiation and the development of cartilage
destruction [31]. The pro-inflammatory factors,
especially IL-1j, release a series of inflamma-
tory cytokines such as iNOS and COX-2. iNOS
and COX-2 subsequently promote the produc-
tion of NO and prostaglandin E2 which cause
non-bacterial inflammatory response in the

Am J Transl Res 2021;13(8):8742-8753
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Figure 6. Galangin ameliorated OA progression in mouse ACLT model. A.
Representative H&E and Safranin O staining of the cartilage tissues (mag-
nification: 200x or 200x, scale bar: 100 ym or 200 pym). B. Cartilage OARSI
scores. C. Immunohistochemical staining of MMP13 of the cartilage tissues
(magnification: 100x or 200x, scale bar: 100 um or 200 um). All data are

presented as mean * SD. Significant differences among groups are indicat-
ed as #P < 0.001 vs. sham group; “*P < 0.001 vs. ACLT group, n = 6.

reduced IL-1B-induced iNOS
and COX-2 expression.

The ECM comprises two main
components, aggrecan and
type Il collagen, which provi-
de a metabolic microenviron-
ment for cells and the integri-
ty of cartilage tissue [34].
Type X collagen is considered
as a marker protein of hyper-
trophic cartilage, and its
excessive production causes
cartilage ossification [35].
Accumulated evidence con-
firmed that IL-1B stimulation
increased the expression of
MMPs and ADAMTS, which
are the key enzymes in
ECM degradation [9, 36, 37].
MMP13 is responsible for col-
lagen degradation [38], while
ADAMTS5 plays an important
role in cleaving aggrecan [39].
Our data indicated that galan-
gin attenuated IL-1B-induced
hypertrophic conversion by
upregulating type Il collagen
and downregulating type X
collagen expression. Similarly,
galangin reduced the expres-
sion of catabolic enzymes,
thereby ameliorating the loss
of ECM components.

Mechanistically, the NF-kB
pathway is a classical path-
way in the modulating inflam-
mation in OA development,
which promotes chondrocyte
apoptosis and ECM degrada-
tion. Once chondrocytes be-
come simulated by IL-1(3,
IkBa is activated and p65 is
released from the cytoplasm
and then translocated to the
nucleus, resulting in the pro-
duction of inflammatory medi-
ators and catabolic enzym-
es [40]. Herein, we confirmed

cartilage [32, 33]. Previous studies have indi- that galangin dramatically suppressed the
cated that inhibitors of INOS and COX-2 could IL-1B-induced NF-kB activation. Previous stud-
attenuate the development of OA. Our data ies confirmed that the MAPK and PISK/AKT
determined that galangin treatment markedly pathways are associated with IL-13-stimulated
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IL-1B-stimulated inflammation via inhibiting the NF-kB pathway and the JNK
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and ERK pathway.

inflammatory response [14, 25]. Galangin has
also been reported to alleviate collagen-
induced arthritis via inhibiting MAPK pathway
[19]. Thus, we assessed the effect of galangin
on the MAPK and PI3K/AKT pathways. Our find-
ings determined that galangin treatment signifi-
cantly attenuated the phosphorylation of ERK
and JNK, but not of p38. Additionally, the acti-
vation of PI3K/AKT pathway was not influenced
by galangin.

Having confirmed the therapeutic effects of
galangin in vitro, we established a mouse ACLT
model to mimic cartilage damage of OA [20,
41]. The ACLT group exhibited severe proteogly-
can loss and cartilage erosion. However, galan-
gin treatment significantly ameliorated carti-
lage destruction and decreased the OARSI
scores.

In summary, our study revealed that galangin
suppressed the IL-B-induced inflammatory
response in vitro and ameliorated ACLT-induced
cartilage degeneration in vivo via inhibiting the
NF-kB pathway and JNK and ERK pathways
(Figure 7). These findings indicate that galangin
has potential as a novel agent for the treatment
of OA.
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