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Troxerutin suppresses the inflammatory response
in advanced glycation end-product-administered
chondrocytes and attenuates mouse osteoarthritis
development

Xinghe Xue,a,b Yunlin Chen,c Ye Wang,d Jingdi Zhan,a,b Bin Chen,*e

Xiangyang Wang*a,b and Xiaoyun Pan *a,b

As a chronic degenerative joint disease, osteoarthritis (OA) is clinically characterized by a high incidence,

long-term pain, and limited joint activity but without effective preventative therapy. Troxerutin (Tx) is a

natural flavonoid, also called vitamin P4, which is widely present in plants consumed as part of our daily

diet, such as cereals, various fruits and vegetables, tea, and coffee, and possesses various biological activi-

ties, especially an anti-inflammatory effect. Here, we aimed to investigate the potential chondroprotection

of Tx in experimental OA development. In in vitro studies, human chondrocytes were isolated and

exposed in advanced glycation end-products (AGEs) to simulate OA development. It was found that Tx

pretreatment inhibited the AGE-induced production of pro-inflammatory factors in chondrocytes, such

as cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), nitric oxide (NO), prostaglandin E2

(PGE2), tumor necrosis factor alpha (TNF-α), and interleukin-6 (IL-6). Meanwhile, AGE-medicated extra-

cellular matrix (ECM) degradation was decreased in Tx-pretreated chondrocytes. Furthermore, we found

that Tx pretreatment suppressed the activation of the nuclear factor kappa B (NF-κB) and mitogen-

activated protein kinase (MAPK) pathways in AGE-exposed chondrocytes. In vivo, Tx treatment prevented

the narrowing of the joint space, the calcification of cartilage, and the loss of proteoglycans in the mouse

OA model. In brief, Tx is considered as a potential therapeutic agent for OA.

1. Introduction

As the population ages, osteoarthritis (OA) gradually becomes
the most prevalent senile joint disorder, which is the fourth
leading cause of disability and affects the life quality of at least
10% of the population.1,2 Unfortunately, the clinical treatment
of OA is limited to relieving symptoms by pharmaceuticals and
surgeries, while there is little control over OA development.3,4

For non-pharmacological therapies, some researchers have
reported that physical activity, nutrition, and stem cell trans-
plantation promote cartilage restoration in an OA animal
model.5–8

Currently, the aetiology and pathogenesis of OA is still not
completely clear, but aging has been identified as one of
the critical risk factors for OA development.9,10 With the
senescence process, the nonenzymatic glycation of macro-
molecules (called the Maillard reaction) causes the generation
of advanced glycation end-products (AGEs), which are poorly
degenerated.11–13 These phenomena lead to the plentiful
accumulation of AGEs in the joint cartilage; subsequently,
accumulated AGEs affect the mechanical performance of
articular cartilage and induce an imbalance between extra-
cellular matrix molecule (ECM) catabolism and anabolism.14,15

In addition, the receptor of AGE (RAGE) has been found in
articular chondrocytes and synoviocytes.16 The activation of
RAGE by AGEs in chondrocytes causes the production of
multiple pro-inflammatory factors and catabolic mediators,
including TNF-α, interleukin, matrix metalloproteases (MMPs),
and thrombospondin motifs (ADAMTS), contributing to chondro-
cytes dysfunction and ECM degeneration.17 Thus, we utilized
AGEs as a potent agent in our in vitro experiments of OA.

The inflammatory response and ECM degradation stimu-
lated by AGEs in chondrocytes are related to nuclear factor
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kappa B (NF-κB) signaling.18 It is reported that AGE treatment
in human chondrocytes could activate the NF-κB pathway in a
concentration- and time-dependent manner.14,15 Also, it
increases nuclear p65 expression and decreases cytoplasmic
IκBα expression. Meanwhile, the pretreatment of chondrocytes
with pyrrolidine dithiocarbamate (PDTC), a recognized NF-κB
inhibitor, could suppress AGE-induced ECM degeneration.14

Moreover, AGEs have induced the phosphorylation of c-Jun
N-terminal kinase (JNK) and p38, two key members of the
mitogen-activated protein kinase (MAPK) signal family, in
human and rabbit chondrocytes, but the extracellular signal-
regulated kinase (ERK) phosphorylation only showed a slight
and transient increase.19,20 Also, small molecule-specific
inhibitors of JNK and p38, but not ERK, could potentially
reverse AGE-induced collagen II reduction in chondrocytes.14

Therefore, the NF-κB and MAPK pathways are considered as
potential therapeutic targets of OA.

Troxerutin (Tx) is a natural flavonoid widely present in
plants consumed as part of our daily diet, such as cereals,
various fruit and vegetables, tea, and coffee.21 Tx is also called
vitamin P4 and exerts abundant biological activities, including
anti-oxidant, anti-thrombosis, and anti-diabetic. It is worth
mentioning that the anti-inflammatory effect of Tx was proved
by performing extensive cellular and animal experiments.22

Hu et al. reported that Tx alleviated the transcription of
inflammatory genes in BDE-47(2,2′,4,4′-tetrabromodiphenyl
ether)-induced mouse liver injury via inhibiting the nuclear
transfer of p65.23 In a gentamycin-induced acute kidney injury
model, rats co-treated with Tx and gentamycin showed lower
levels of TNF-α, IL-6, and IL-10 expression as well as the down-
regulation of p38 phosphorylation relative to gentamycin-
treated rats.24 Due to these biological properties mentioned
above, we plausibly hypothesized that Tx may protect chondro-
cytes against OA development. In the present study, we treated
human chondrocytes with AGEs in vitro and established a
mouse OA model by surgery to confirm the protective effects
of Tx and to explore the underlining mechanisms.

2. Materials and methods
2.1 Ethics statement

The collection of human articular cartilage tissues was carried
out according to the terms of the Medical Ethical Committee
of the Second Affiliated Hospital, Wenzhou Medical University,
following the guidelines of the Declaration of Helsinki. Also,
all the experiments were performed in accordance with the
guidelines of the Declaration of Helsinki, and approved by the
ethics committee at Wenzhou Medical University (ethic code:
2018-078). Informed consents were obtained from all human
participants of this study.

2.2 Reagents and antibodies

Troxerutin (purity ≥95%) was purchased from Selleck
Chemicals (Houston, TX, USA). The primary antibodies against
COX-2, IκBα, p65, p-p38, p38, p-JNK, and JNK were purchased

from Cell Signaling Technology (Danvers, MA, USA). The
primary antibodies against collagen II, ADAMTS5, iNOS,
Lamin B, and GADPH were acquired from Abcam (Cambridge,
UK). Goat anti-rabbit and anti-mouse IgG-HRP were from
Bioworld (OH, USA). Alexa Fluor®488 labeled Goat Anti-Rabbit
IgG (H+L) second antibody was purchased from Jackson
ImmunoResearch (West Grove, PA, USA). Bovine serum
albumin (BSA) and AGE-BSA (AGEs), safranin-O, fast green,
and type II collagenases were purchased from Sigma-Aldrich
(St Louis, MO, USA). Cell Counting Kit-8 (CCK-8) was pur-
chased from Dojindo (Kumamoto, Japan). The 4′,6-diamidino-
2-phenylindole (DAPI) was obtained from Beyotime (Shanghai,
China). Bicinchoninic acid (BCA) was purchased from
Beyotime Institute of Biotechnology (Shanghai, China). The
cell culture reagents were purchased from Gibco (Grand
Island, NY, USA).

2.3 Primary human chondrocytes culture

Joint cartilage tissues were obtained from eight OA patients
(aged 63–70 years, three men and five women) who undergoing
total knee replacement surgery at the Second Affiliated
Hospital of Wenzhou Medical University. Full ethical consent
was obtained from all patients. The hyaline cartilage tissues
were cut into smallish pieces and washed three times with
PBS. After washing by PBS, tissue was dealed with 0.2% type II
collagenase collagenase II, which could digest cartilage
tissues, for 5 h at 37 °C. After washing by PBS and resuspen-
sion, chondrocytes were cultured into tissue culture flasks in
DMEM/F12 supplemented with 10% FBS and 1% antibiotic in
an atmosphere of 5% CO2 at 37 °C. At about 80% confluence,
chondrocytes were starved in serum-free medium overnight.
Then, the cells were replanted into 10 cm culture plates at the
appropriate density. The second-passage chondrocytes were
used for the following experiments to avoid the phenotype
loss.

2.4 Animal model

Forty-five eight-week-old C57BL/6 male wild-type (WT) mice
were purchased from the Animal Center of the Chinese
Academy of Sciences Shanghai, China. All of the experimental
procedures involving animal care and use were according to
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and the approval of the Animal
Care and Use Committee of Wenzhou Medical University. The
mouse osteoarthritis model was induced by surgical destabili-
zation of the medial meniscus (DMM).25 That is, the mice
were tranquilized with an intraperitoneal injection of 2%
(w/v) pentobarbital (40 mg kg−1,) and then the joint capsule
of the right knee was incised just medial to the patellar
tendon and the medial meniscotibial ligament was cut with
microsurgical scissors. Surgery, including an arthrotomy, was
also performed in the mice of a dummy group as a control,
which lacked a snipped medial meniscotibial ligament. After
surgery, the mice were randomly assigned to three groups:
the dummy group, DMM group, and DMM + Tx treatment
group.
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2.5 Experimental design

For the in vitro study, to investigate the chondroprotective
effect of Tx, the chondrocytes were treated with 50 μg mL−1

AGEs, alone or in combination with Tx pretreatment at
different concentrations (5, 10, 20 µM). A control group was
left untreated except for the change of the medium. To explore
the potent mechanism of Tx-induced protection, the dose and
duration of AGEs stimulation was 50 μg mL−1 and 2 h and the
dose of Tx was 20 µM. However, to explore the functional
changes, such as the inflammatory or ECM markers, the dur-
ation of AGEs was extended to 24 h.

For the in vivo experiments, mice suffered surgical destabili-
zation of the medial meniscus (DMM) as described above.
After surgery, the DMM + Tx group were administered Tx dis-
solved in water (30 mg kg−1) by oral gavage once a day for eight
consecutive weeks. At the same time, animals in the DMM
group received an identical volume of water. All the experi-
mental animals were sacrificed after eight weeks post-surgery,
and mouse knee joint tissue samples were collected for histo-
logical and X-ray analysis.

2.6 Cell viability assay

The second-passage chondrocytes (8000 cells per well of a
96-well plate) were treated with Tx (2.5, 5, 10, 20, 40 µM) for
24 h or AGEs (12.5, 25, 50, 100, 200 μg ml−1) in serum-free
medium and the viability was determined using the cell count-
ing kit-8 (CCK-8; Dojindo Co, Kumamoto, Japan) following
the manufacturer’s instructions. All the experiments were per-
formed five times.

2.7 NO measurement and ELISA

The interaction of NO in culture medium was measured by
Griess reagent. After the treatment of the OA chondrocytes,
culture supernatants were collected to estimate the levels of
PGE2, TNF-α and IL-6, collagen II, aggrecan, MMP13, and
ADAMTS-5 in the supernatants using a commercially available
ELISA kit (R&D Systems, Minneapoils, MN, USA) according to
the manufacturer’s instructions. All the assays were performed
five times.

2.8 Western blotting

After the treatments, the chondrocytes were harvested, washed
with cold PBS, and lysed in ice-cold RIPA lysis buffer with
1 mM PMSF (phenylmethanesulfonyl fluoride) and the lysate
was prepared for 10 min followed by 15 min centrifugation at
12 000 rpm and 4 °C. Then, the BCA protein assay kit
(Beyotime) was used to detect the concentrations of each
protein. Equivalent amounts of lysate protein (40 ng) were
resolved by sodium dodecylsulfate-polyacrylamide gel electro-
phoresis (SDS PAGE) and transferred to a polyvinylidene
difluoride membrane (Bio-Rad, USA). After blocking with 5%
nonfat milk for 2 h, the blots were incubated with primary
antibodies against GADPH (1 : 5000), iNOS (1 : 1000), COX-2
(1 : 1000), p65 (1 : 1000), IκBα (1 : 1000), and Lamin B1
(1 : 1000), JNK (1 : 1000), p-JNK (1 : 1000), p38 (1 : 1000), p-p38

(1 : 1000), diluted in 2% TBST, overnight at 4 °C. Blots were
then incubated with the respective secondary antibody for 2 h
at room temperature, followed by washing with TBST three
times. Finally, the blots were visualized by electrochemi-
luminescence plus the reagent (Invitrogen). The intensity
of these blots was quantified with Image Lab 3.0 software
(Bio-Rad).

2.9 Immunofluorescence

For collagen II and ADAMTS-5 staining, the chondrocytes were
planted in glass plates in a six-well plate together with AGEs or
co-treated with 50 μg ml−1 AGEs and 20 μm Tx for 24 h. For
p65 staining, the duration of AGEs was reduced to 2 h. After
treatment, the cells were washed with 500 µL of 1× PBS three
times and fixed using 400 µL of 4% paraformaldehyde
(pH 7.4) for 10 min at 37 °C, followed by permeation by
adding 400 µL of 0.1% Triton X-100 in 1× PBS for 15 min.
Next, 5% bovine serum albumin was added at 37 °C for
60 min to block the cells. The cells were rinsed with PBS and
incubated with primary antibodies diluted in PBS : collagen II
(1 : 100), ADAMTS5 (1 : 100), and p65 (1 : 100) in a humid
chamber overnight at 4 °C. After treatment, the samples were
rinsed three times in PBS and incubated with Alexa Fluor®488
labeled conjugated second antibodies (1 : 200) for 1 h at room
temperature and then labeled with DAPI (Invitrogen) for
5 min. Images could easily be seen through a fluorescence
microscope (Olympus Inc., Tokyo, Japan).

2.10 Molecular modeling

The molecular structure of ISO was drawn with ChemBioDraw,
and ChemBio3D was used to minimize its energy. p65 (PDB
ID: 1LE9), JNK (PDB ID: 4IZY), and p38 (PDB ID: 1OUK) were
chosen for the docking studies and prepared for docking after
being downloaded from PDB (https://www.rcsb.org/).26–28 After
being minimized using PyMoL (version 1.7.6), the lowest
energy conformations for docking were determined via the
default parameters. The protein–ligand docking analysis was
conducted using AutoDockTools (version 1.5.6), which can
provide ligand binding flexibility with the binding pocket resi-
dues. The images were finally generated using UCSF PyMoL.

2.11 X-ray imaging method

After 8 weeks of surgery within or with no treatment, the mice
were given the X-ray examination. X-ray imaging was per-
formed on all the mice to evaluate the joint space, osteophyte
formation, and calcification changes of the cartilage surface
using a digital X-ray machine (Kubtec Model XPERT.8; KUB
Technologies Inc.). Proper images were obtained in the follow-
ing settings: 50 kV and 160 µA.

2.12 Histopathologic analysis

Slides of each mouse knee joints were prepared for histological
analysis. Briefly, the knee joints were prepared by removing
skin and muscle and then immediately fixed in 4% parafor-
maldehyde. The knee joints were further decalcified in 20%
formic acid and embedded in paraffin. Slides of each joint
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were stained with safranin O-fast green (S–O). The cellularity
and morphology of the cartilage and subchondral bone were
examined by another group of experienced histology research-
ers in a blind manner using a microscope, and evaluated by

using an Osteoarthritis Research Society International (OARSI)
scoring system for medial femoral condyle and medial tibial
plateau as described previously.29 Fifteen mice in each group
were used for histomorphometric scoring.

Fig. 1 Effect of Tx and AGEs on human chondrocytes viability. (A) Chemical structure of troxerutin. (B and C) Cytotoxicity of Tx and AGEs on
chondrocytes determined at various concentrations for 24 h by CCK8 analysis. The data in the figures represent the averages ± S.D. Significant
differences among different groups are indicated as *P < 0.05, **P < 0.01 vs. control group, n = 5.

Fig. 2 Effect of Tx in AGE-induced inflammatory response in human chondrocytes. (A and B) The protein expressions of iNOS and COX-2 in
chondrocytes treated as above detected by western blot. (C) Effect of Tx on AGE-exposed PGE2, NO, TNF-α, and IL-6 production in human chondro-
cytes. The data in the figures represent the averages ± S.D. Significant differences among different groups are indicated as ##P < 0.01, vs. control
group; **P < 0.01 vs. AGEs alone treatment group, n = 5.
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2.13 Statistical analysis

The experiments were carried out at least five times. The
results are presented as the mean ± S.D. Statistical analyses
were performed using SPSS statistical software program 20.0.
Data were analyzed by one-way analysis of variance (ANOVA)
followed by the Tukey’s test for comparison between the
control and treatment groups. Nonparametric data (like the
OARSI score) were analyzed by the Kruskal–Wallis H test.
P values less than 0.05 were considered significant.

3. Result
3.1 Effect of Tx and AGEs on human chondrocytes’ viability

The chemical structure of Tx is shown in Fig. 1A.
Chondrocytes’ viability in Tx and AGEs treatment were ana-
lyzed by a cell counting kit (CCK8) kit. As shown in Fig. 1B, Tx
did not decrease chondrocytes viability after 24 h at 2.5, 5, 10,
20, and 40 μM, indicating that Tx displayed no cytotoxicity for
human chondrocytes at the above dosages and times. Also, we
used Tx with the concentrations of 5, 10, and 20 μM and a dur-
ation of 24 h in our subsequent experiments. However, the

CCK8 result in Fig. 1C shows that AGEs inhibited human
chondrocyte viability at the doses of 100 and 200 μg ml−1

for 24 h.

3.2 Tx alleviates inflammatory response in AGE-exposed
human chondrocytes

Next, to assess the anti-inflammatory effect of Tx in AGE-
treated human chondrocytes, several inflammatory pro-
ductions were detected by western blot and ELISA. As shown
in Fig. 2A and B, the expression of iNOS and COX-2 were
upregulated after AGEs administration, but Tx pretreatment
reversed these changes in a dose-dependent manner.
Furthermore, it was found by ELISA analysis that Tx sup-
pressed the AGE-induced increase of endogenous NO, PGE2,
TNF-α, and IL-6 production in a concentration-dependent
manner. These results suggest that Tx could effectively prevent
AGE-caused inflammatory reactions.

3.3 Tx regulates ECM catabolism in AGE-treated human
chondrocytes

As the crucial products of chondrocytes, the ECM synthesis
and degradation level is considered as a pivotal index to

Fig. 3 Effect of Tx in AGE-medicated ECM degeneration in human chondrocytes. (A) The level of collagen II, aggrecan, MMP13, and ADAMTS-5 in
chondrocytes treated as above were visualized by ELISA. (B) The representative collagen II and ADAMTS-5 was detected by the immunofluorescence
combined with DAPI staining for nuclei (scale bar: 50 µm or 30 µm). The data in the figures represent the averages ± S.D. Significant differences
among different groups are indicated as ##P < 0.01, vs. control group; *P < 0.05, **P < 0.01 vs. AGEs alone treatment group, n = 5.
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evaluate chondrocyte function.30 The ELISA results found that
AGEs treatment inhibited collagen II and aggrecan expression
but promoted ADAMTS-5 and MMP13. Treatment with Tx
reversed these trends in a concentration-dependent manner
(Fig. 3A). Moreover, our immunofluorescence staining indi-
cated the same result as that with the ELISA assay (Fig. 3B). In
a word, these data demonstrate that Tx could alleviate ECM
degradation at the protein level.

3.4 Tx inhibits the AGE-medicated activation of the NF-κB
pathway in human chondrocytes

In order to explicit the potential mechanism about the
Tx-induced chondroprotective effect, we measured the expression
of the NF-κB signaling associated gene by western blot. We
found that AGEs accelerated the cytoplasmic IκBα degradation
and nuclear p65 translocation, whereas Tx pretreatment inhib-
ited these phenomena (Fig. 4A and B). Meanwhile, Tx treat-
ment alone did not affect the NF-κB signaling activity.
Additionally, immunofluorescent staining intuitively mani-
fested that Tx reduced the AGE-induced increase of the p65
fluorescence intensity in the nucleus, consistent with the
western blot analysis results.

3.5 Tx suppresses AGE-increased MAPK signaling in human
chondrocytes

The MAPK pathway has been demonstrated to be involved in
AGE-medicated inflammation, ECM degeneration, and oxi-
dative stress in human chondrocyte. After AGEs stimulation
for 2 h, the JNK and p38 phosphorylation levels were

increased, whereas pretreatment with Tx suppressed this
change. However, the administration of Tx alone did not show
a clear difference in p-JNK and p-p38 expressions relative to
the control group (Fig. 5A and B).

3.6 Molecular docking

To further confirm the underlying mechanism of Tx, we used
molecular docking analysis to evaluate the direct affinity of Tx
with pivotal proteins in the NF-κB and MAPK pathways.
According to the molecular docking analysis, Tx exerted a high

Fig. 4 Effect of Tx in AGE-medicated activation of the NF-κB pathway in human chondrocytes. (A, C and D) The protein expressions of IκBα in cyto-
plasm and p65 in the nuclei in chondrocytes treated as above were detected by western blot. (B) The nuclei translocation of p65 was detected by
the immunofluorescence combined with DAPI staining for nuclei (scale bar: 20 µm). The data in the figures represent the averages ± S.D. Significant
differences among different groups are indicated as ##P < 0.01, vs. control group; **P < 0.01 vs. AGEs alone treatment group, n = 5.

Fig. 5 Effect of Tx in AGE-increased MAPK signaling in human chondro-
cytes. (A and B) The protein expression of IκBα in cytoplasm and p65 in
the nuclei in chondrocytes treated as above were detected by western
blot. The data in the figures represent the averages ± S.D. Significant
differences among different groups are indicated as ##P < 0.01, vs.
control group; **P < 0.01 vs. AGEs alone treatment group, n = 5.
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affinity for p65, p38, and JNK, i.e., −4.6, −8.1, and −6.8 kcal
mol−1, respectively. The macrograhpy and local reaction
between Tx and protein residues were shown in the form of a
ribbon model. A space filling model showed the molecular
structure of Tx was completely encapsulated in the inhibitory
region of the corresponding proteins. As shown in Fig. 6A, a
hydrogen bond was formed between Tx and the ASP-277
residue of p65. By the ribbon model, we observed a hydrogen
bond linking the Tx molecule and the ASP-168 of p38 (Fig. 6B).
Similarly, Tx could form a hydrogen bond with the LEU-168 of
JNK, as shown in Fig. 6C. These data indicated that NF-κB and
MAPK signaling might be involved in the protective effect of
Tx in AGE-exposed chondrocytes.

3.7 Tx attenuates OA development in the DMM mouse model

Next, we established a mice DMM model by operation to evalu-
ate the protective effect of Tx against OA development, fol-
lowed by an oral gavage administration of Tx once daily for 8
weeks. Also, we examined histological and imaging changes in
the knee joint of the mice by safranin O staining and radio-
graphs. According to X-ray analysis, the mice suffering DMM
surgery showed a narrowing of the joint space and calcification
of the cartilage surface relative to the dummy group. However,
Tx treatment obviously attenuated these phenomena (Fig. 7A).
Furthermore, compared to the dummy group, the OA group
showed a rough cartilage surface, obvious chondrocyte hypo-

cellularity, and a large loss of proteoglycans, accompanied
with higher OARSI scores. However, these pathological
changes and OARSI scores appeared to be reduced in the Tx
group (Fig. 7B and C).

4. Discussion

As a chronic degenerative joint disease, OA is clinically charac-
terized by a high incidence, long-term pain, and limited
joint activity, but without effective preventative therapy.31

Nonsteroidal anti-inflammatory drugs (NSAIDs), as currently
the main clinical drug for OA, only aim to relieve OA symp-
toms but fail to prevent the exacerbation of OA and—more pro-
foundly—NSAIDs have side effects, which raise the risk of
having a heart attack or stroke, especially in higher doses.32

Therefore, finding a milder agent with fewer side effects has
always been a hot topic in the research of OA treatment.

Tx is a trihydroxyethylated derivative of bioflavonoid rutin
and is widely distributed in cereals, various fruit and veg-
etables, tea, and coffee. Due to the high water solubility of Tx,
the gastrointestinal system can absorb it well without tox-
icity.33 Tx is also called vitamin P4 and possesses multifarious
biological properties, especially anti-inflammatory effects,
which have been demonstrated in animal obesity, diabetes,
and hepatitis models.34–36 However its protection and specific

Fig. 6 Tx was docked with p65 (A), p38 (B), JNK (C) structures. Docking studies were performed as described in the Materials and methods. The
protein residues are shown in a ribbon model. The proposed binding pose of Tx shows interactions with ASP277, ASP168, LEU168. The space filling
models show the binding of Tx in the inhibitory binding pockets.
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mechanism in joint degeneration disease are still unknown.
Thus, we performed this research to confirm Tx-induced anti-
inflammation in OA development. In this study, we confirmed
that Tx inhibited AGE-mediated iNOS-NO and COX-2-PGE2
expression and inflammatory factors production by suppres-
sing the NF-κB and MAPK pathways. Besides, the chondropro-
tection of Tx is reflected by the suppression of collagen II and
aggrecan degeneration and the alleviation of MMP and
ADAMTS expression induced by AGEs. Our in vivo study found
that Tx attenuated OA development.

During the OA process, senescence and local inflammation
are the primary risk factors, but the specific mechanism and
association between them remains to be further studied.18

There is a significant linear correlation between the content of
AGEs in human articular cartilage and human age.17,37

Compared to young human articular cartilage (<20 years old),
AGEs concentration is increased by at least 6 times in mature
human articular cartilage (>60 years).17 It is also reported that
the AGEs level in elderly OA patients is 5 times higher than in
younger patients.12,38 Moreover, the AGEs level is increased in

diabetic OA patients and is also considered to be an indepen-
dent risk factor for diabetic OA development.39 Therefore, in
addition to IL-1β, TNF-α, and H2O2, AGEs are often used as an
agent for in vitro experiments to mimic OA development,
with the dose in previous studies ranging from 25 to 200
μg ml−1.40–43 In our study, we found that using AGEs in a con-
centration of 50 μg ml−1 did not affect the viability of chondro-
cytes by CCK8 analysis. In other research, the application of a
high concentration of AGEs in chondrocytes has usually been
used to investigate the apoptosis of chondrocytes, whereas
lower concentrations of AGEs (50 μg ml−1) for a total duration
of 24 h might be more suitable to simulate inflammation in
the OA cartilage. The accumulation of AGEs could stimulate
the inflammatory responses and induce ECM degeneration by
RAGE, which is widely expressed in chondrocytes and synovio-
cytes. Several cellular experiments have shown that AGEs treat-
ment in chondrocytes activated the NF-κB and MAPK signaling
and subsequently increased the production and secretion of
MMPs, ADAMTS, TNF-a, IL-6, IL-8, and COX-2, contributing to
ECM degeneration.14,15

Activation of NF-κB signaling is reputed to be important in
the development of OA. In response to AGE-stimulated inflam-
matory property, IκBα is induced to phosphorylation, allowing
the release and translocation of p65.44 Previous studies
demonstrated that p65 could speed up the gene transcription
of pro-inflammatory mediators, such as PGE2, iNOS, COX-2,
TNF-α, and IL-6. NO, tracing its root to the guanidine nitrogen
of L-arginine with the catalyst of iNOS, induced the secretion
of MMPs, which has an inhibitory effect on the synthesis of
the ECM.45 PGE2, generated from COX-2, induced cartilage
degradation by MMPs and ADAMTS-5.46 MMP-13 is a collagen-
ase with a substrate preference for collagen II degradation,
while ADAMTS-5 participates in cytokine-induced aggrecan
degradation.47,48 Our results displayed that Tx could signifi-
cantly inhibit the overproduction of PGE2 and NO as well as
COX-2 and iNOS at the mRNA and protein level in chondro-
cytes treated with AGEs. Similar results were also found for
TNF-α and IL-6. For the NF-κB pathway, we found that Tx atte-
nuated the AGE-mediated nuclear transfer of p65, which is
consistent with Zi-Feng Zhang et al.21 Their results showed
that Tx repressed p65 acetylation at K310 via upregulating sirt1
activity in BDE-47-treated mouse livers.21 However, our results
from the docking analysis showed that Tx occupied the inhibi-
tory binding pockets of p65 by interacting with the ASP277 of
p65 and subsequently suppressed the phosphorylation process
of p65.

The MAPK pathway was identified as the central node of
various signaling transductions, which transduced extracellu-
lar stimuli into the nucleus and regulated the corresponding
genes expression.49 As a group of serine-threonine protein
kinases, the MAPK pathway consists of three signaling path-
ways: ERK1/2, p38, and JNK, and these participate in multiple
pathophysiological processes, such as cancer metastasis, cell
differentiation, and especially inflammatory-associated dis-
eases.50 In the mouse OA model, the phosphorylation level of
ERK1/2, p38 and JNK in OA cartilage tissue was higher relative

Fig. 7 Tx attenuates OA development in the DMM mouse model. (A).
Digital X-ray image of mouse knee joints from different experimental
groups. Narrowing of the joint space was found in both the OA and
treatment groups (white triangles), the calcification of cartilage surface
was obviously shown in the OA group (white arrows). (B). Representative
S–O staining of cartilage from different experimental groups at 8 weeks
post-surgery (scale bar: 200 µm). (C). Diagrams showed the OARIS
scores of cartilage. The data in the figures represent the averages ± S.D.
Significant differences among different groups are indicated as ##P <
0.01, **P < 0.01, n = 15.
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to normal.51 Interestingly, in AGE-treated human chondro-
cytes, the phosphorylation of JNK and p38 was significantly
increased but the ERK1/2 phosphorylation level only showed a
slight and transient increase.14,15 Also, only applying the
specific inhibitors of JNK and p38, but not ERK1/2, could
effectively inhibit AGE-induced inflammation in chondro-
cytes.15 Our docking analysis seen in Fig. 6B showed that Tx
occupied the inhibitory binding pockets of p38 and JNK by
interacting with the ASP-168 of p38 and LEU-168 of JNK and
subsequently suppressed the phosphorylation process of p38
and JNK.

Furthermore, we established a mouse DMM model to evalu-
ate the protection of Tx for OA in vivo. The mice in the DMM
group showed a rough cartilage surface, obvious chondrocyte
hypocellularity, and a large loss of proteoglycans, accompanied
with higher a OARSI score. However, treatment with Tx amelio-
rated these phenomena and reduced the OARSI score in DMM
mice.

In conclusion, our in vitro study demonstrated that Tx
inhibited the AGE-stimulated inflammatory response and ECM
degeneration by repressing the NF-κB and MAPK signaling
pathways in human chondrocytes. Moreover, the oral adminis-
tration of Tx alleviated OA development in a surgery-induced
mouse OA model. These data suggest Tx could be considered
as a promising therapeutic agent for OA.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

This work was funded by Wenzhou Municipal Science and
Technology Bureau Foundation (2018Y0039).

References

1 S. Glyn-Jones, A. J. Palmer, R. Agricola, A. J. Price,
T. L. Vincent, H. Weinans and A. J. Carr, Osteoarthritis,
Lancet, 2015, 386, 376–387.

2 F. Guillemin, A. C. Rat, B. Mazieres, J. Pouchot, B. Fautrel,
L. Euller-Ziegler, P. Fardellone, J. Morvan, C. H. Roux and
E. Verrouil, Prevalence of symptomatic hip and knee osteo-
arthritis: a two-phase population-based survey,
Osteoarthritis Cartilage, 2011, 19, 1314–1322.

3 Y. S. Li, W. F. Xiao and W. Luo, Cellular aging towards
osteoarthritis, Mech. Ageing Dev., 2017, 162, 80–84.

4 U. Ahmed, P. J. Thornalley and N. Rabbani, Possible role of
methylglyoxal and glyoxalase in arthritis, Biochem. Soc.
Trans., 2014, 42, 538–542.

5 G. Musumeci, P. Castrogiovanni, F. M. Trovato, R. Imbesi,
S. Giunta, M. A. Szychlinska, C. Loreto, S. Castorina and
A. Mobasheri, Physical activity ameliorates cartilage

degeneration in a rat model of aging: A study on lubricin
expression, Scand. J. Med. Sci. Sports, 2015, 25, e222–e230.

6 O. F. W. Gardner, G. Musumeci, A. J. Neumann, D. Eglin,
C. W. Archer, M. Alini and M. J. Stoddart, Asymmetrical
seeding of MSCs into fibrin-poly(ester-urethane) scaffolds
and its effect on mechanically induced chondrogenesis,
J. Tissue Eng. Regener. Med., 2017, 11, 2912–2921.

7 M. A. Szychlinska, P. Castrogiovanni, F. M. Trovato, H. Nsir,
M. Zarrouk, D. L. Furno, M. D. Rosa, R. Imbesi and
G. Musumeci, Physical activity and Mediterranean diet
based on olive tree phenolic compounds from two different
geographical areas have protective effects on early osteoar-
thritis, muscle atrophy and hepatic steatosis, Eur. J. Nutr.,
2018, 1–17.

8 M. Giuseppe, L. Carla, I. Rosa, T. Francesca Maria,
D. G. Angelo, L. Claudia, C. Sergio and C. Paola,
Advantages of exercise in rehabilitation, treatment and pre-
vention of altered morphological features in knee osteoar-
thritis. A narrative review, Histol. Histopathol., 2014, 29,
707–719.

9 G. Herrero-Beaumont, J. A. Roman-Blas, S. Castañeda and
S. A. Jimenez, Primary Osteoarthritis No Longer Primary:
Three Subsets with Distinct Etiological, Clinical, and
Therapeutic Characteristics, Semin. Arthritis Rheum., 2009,
39, 71–80.

10 S. B. Abramson and M. Attur, Developments in the scienti-
fic understanding of osteoarthritis, Arthritis Res. Ther.,
2009, 11, 227–227.

11 S. Yamagishi, M. Takeuchi, Y. Inagaki, K. Nakamura and
T. Imaizumi, Role of advanced glycation end products
(AGEs) and their receptor (RAGE) in the pathogenesis of
diabetic microangiopathy, Int. J. Clin. Pharmacol. Res.,
2003, 23, 129.

12 D. G. Jeroen, V. Nicole, W. V. Wijk, K. M. G. Jacobs,
V. E. Benno, P. M. Roermund, R. A. Van Bank,
J. W. J. Bijlsma, J. M. Tekoppele and P. J. G. Lafeber,
Accumulation of advanced glycation end products as a
molecular mechanism for aging as a risk factor in osteo-
arthritis, Arthritis Rheum., 2014, 50, 1207–1215.

13 R. F. Loeser, R. R. Yammani, C. S. Carlson, C. Hong,
A. Cole, H. J. Im, L. S. Bursch and D. Y. Shi, Articular chon-
drocytes express the receptor for advanced glycation end
products: Potential role in osteoarthritis, Arthritis Rheum.,
2014, 52, 2376–2385.

14 J. C. Ying, M. L. Sheu, K. S. Tsai, S. Y. Rong and S. H. Liu,
Advanced Glycation End Products Induce Peroxisome
Proliferator-Activated Receptor γ Down-Regulation-Related
Inflammatory Signals in Human Chondrocytes via Toll-
Like Receptor-4 and Receptor for Advanced Glycation End
Products, PLoS One, 2013, 8, e66611.

15 C. Ma, Y. Zhang, Y. Q. Li, C. Chen, W. Cai and Y. L. Zeng,
The Role of PPARγ in Advanced Glycation End Products-
Induced Inflammatory Response in Human Chondrocytes,
PLoS One, 2015, 10, e0125776.

16 S. Katsue, Y. Masahiro, Y. Jiro, T. Koji, K. Masanori and
M. Hirofumi, Increased expression of receptor for advanced

Food & Function Paper

This journal is © The Royal Society of Chemistry 2019 Food Funct.

Pu
bl

is
he

d 
on

 3
0 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 K
E

A
N

 U
N

IV
E

R
SI

T
Y

 o
n 

7/
31

/2
01

9 
9:

04
:5

2 
A

M
. 

View Article Online

https://doi.org/10.1039/c9fo01089k


glycation end products by synovial tissue macrophages in
rheumatoid arthritis, Arthritis Rheum., 2010, 54, 97–104.

17 V. Nicole, D. G. Jeroen, B. Zaken Chaya, B. B. Orit, M. Alice,
R. A. Bank, M. Joe, C. G. Schalkwijk, S. R. Thorpe and
J. W. Baynes, Crosslinking by advanced glycation end pro-
ducts increases the stiffness of the collagen network in
human articular cartilage: a possible mechanism through
which age is a risk factor for osteoarthritis, Arthritis
Rheum., 2002, 46, 114–123.

18 F. C. Liu, L. F. Hung, W. L. Wu, D. M. Chang, C. Y. Huang,
J. H. Lai and L. J. Ho, Chondroprotective effects and
mechanisms of resveratrol in advanced glycation end pro-
ducts-stimulated chondrocytes, Arthritis Res. Ther., 2010,
12(5), R167.

19 Q. Yang, C. Chen, S. Wu, Y. Zhang, X. Mao and W. Wanga,
Advanced glycation end products downregulates per-
oxisome proliferator-activated receptor γ expression in
cultured rabbit chondrocyte through MAPK pathway,
Eur. J. Pharmacol., 2010, 649, 108–114.

20 H. Afif, L. Mfuna, J. Martel-Pelletier, J. P. Pelletier and
H. Fahmi, Peroxisome proliferator-activated receptor
gamma 1 expression is diminished in human osteoarthritis
cartilage and is downregulated by IL-1β in articular chon-
drocytes, Arthritis Res. Ther., 2007, 9, 1.

21 L. Jun, W. Dong-Mei, Z. Zi-Hui, Z. Yuan-Lin, H. Bin and
Z. Zi-Feng, Troxerutin protects against high cholesterol-
induced cognitive deficits in mice, Brain, 2011, 134, 783–
797.

22 L. Jun, W. Dong-Mei, Z. Yuan-Lin, H. Bin, C. Wei,
Z. Zi-Feng and L. Meng-Qiu, Troxerutin counteracts domoic
acid-induced memory deficits in mice by inhibiting
CCAAT/enhancer binding protein β-mediated inflammatory
response and oxidative stress, J. Immunol., 2013, 190, 3466.

23 Z.-F. Zhang, Y.-q. Zhang, S.-H. Fan, J. Zhuang, Y.-L. Zheng,
J. Lu, D.-M. Wu, Q. Shan and B. Hu, Troxerutin protects
against 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47)-
induced liver inflammation by attenuating oxidative stress-
mediated NAD+-depletion, J. Hazard. Mater., 2015, 283,
98–109.

24 S. A. Salama, H. H. Arab and I. A. Maghrabi, Troxerutin
down-regulates KIM-1, modulates p38 MAPK signaling,
and enhances renal regenerative capacity in a rat model of
gentamycin-induced acute kidney injury, Food Funct., 2018,
9, 6632.

25 S. S. Glasson, T. J. Blanchet and E. A. Morris, The surgical
destabilization of the medial meniscus (DMM) model of
osteoarthritis in the 129/SvEv mouse, Osteoarthritis
Cartilage, 2007, 15, 1061–1069.

26 M. Law, P. Corsino, N. T. Parker and B. K. Law,
Identification of a small molecule inhibitor of serine 276
phosphorylation of the p65 subunit of NF-κB using
in silico molecular docking, Cancer Lett., 2010, 291, 217–
224.

27 L. Gong, X. Han, T. Silva, Y. C. Tan, B. Goyal,
P. Tivitmahaisoon, A. Trejo, W. Palmer, H. Hogg and
A. Jahagir, Development of indole/indazole-aminopyrimi-

dines as inhibitors of c-Jun N-terminal kinase (JNK):
Optimization for JNK potency and physicochemical pro-
perties, Bioorg. Med. Chem. Lett., 2013, 23, 3565–3569.

28 Y. Cha Kyung, P. Seon Joo, L. M. Young, C. M. Jin,
K. Ok Hyeun, Y. Ho Jin, C. In Youp, Y. S. Pil and J. Young
Jin, Silibinin Inhibits LPS-Induced Macrophage Activation
by Blocking p38 MAPK in RAW 264.7 Cells, Biomol. Ther.,
2013, 21, 258–263.

29 K. P. H. Pritzker, S. Gay, S. A. Jimenez, K. Ostergaard,
J.-P. Pelletier, P. A. Revell, D. Salter and W. B. v. d. Berg,
Osteoarthritis cartilage histopathology: grading and
staging, Osteoarthritis Cartilage, 2006, 14, 13–29.

30 K. S. Santangelo, G. J. Nuovo and A. L. Bertone, In vivo
reduction or blockade of interleukin-1β in primary osteo-
arthritis influences expression of mediators implicated in
pathogenesis, Osteoarthritis Cartilage, 2012, 20, 1610–1618.

31 T. Vos, A. D. Flaxman, M. Naghavi, R. Lozano, C. Michaud,
M. Ezzati, K. Shibuya, J. A. Salomon, S. Abdalla and
V. Aboyans, Years lived with disability (YLDs) for 1160
sequelae of 289 diseases and injuries 1990–2010: a sys-
tematic analysis for the Global Burden of Disease Study
2010, Lancet, 2012, 380(9859), 2163–2196.

32 L. S. Simon, Nonsteroidal anti-inflammatory drugs and
their risk: a story still in development, Arthritis Res. Ther.,
2013, 15, S1.

33 Q. Shan, G. H. Zheng, X. R. Han, X. Wen, S. Wang,
M. Q. Li, J. Zhuang, Z. F. Zhang, B. Hu and Y. Zhang,
Troxerutin Protects Kidney Tissue against BDE-47-Induced
Inflammatory Damage through CXCR4-TXNIP/NLRP3
Signaling, Oxid. Med. Cell. Longevity, 2018, 2018, 9865495.

34 B. Shirin, M. Gisou, F. Iraj, M. Alireza, N. Ali, A. Alireza and
A. Mohammad, Effect of troxerutin on synaptic plasticity of
hippocampal dentate gyrus neurons in a β-amyloid model
of Alzheimer?s disease: an electrophysiological study,
Eur. J. Pharmacol., 2014, 732, 19–25.

35 Z. F. Zhang, S. H. Fan and Y. L. Zheng, Troxerutin Protects
the Mouse Liver against Oxidative Stress-Mediated Injury
Induced by D-Galactose, J. Agric. Food Chem., 2009, 57,
7731.

36 S. Sampath and B. Karundevi, Effect of troxerutin on
insulin signaling molecules in the gastrocnemius muscle
of high fat and sucrose-induced type-2 diabetic adult male
rat, Mol. Cell. Biochem., 2014, 395, 11–27.

37 N. Verzijl, J. DeGroot, E. Oldehinkel, R. A. Bank,
S. R. Thorpe, J. W. Baynes, M. T. Bayliss, J. W. Bijlsma,
F. P. Lafeber and J. M. Tekoppele, Age-related accumulation
of Maillard reaction products in human articular cartilage
collagen, Biochem. J., 2000, 350(Pt 2), 381–387.

38 J. Degroot, N. Verzijl, R. A. Bank, F. P. Lafeber,
J. W. Bijlsma and J. M. Tekoppele, Age-related decrease in
proteoglycan synthesis of human articular chondrocytes:
the role of nonenzymatic glycation, Arthritis Rheumatol.,
1999, 42, 1003.

39 K. Shinichiro, K. Seiya, Y. Sho-Ichi, I. Yosuke, U. Seiji,
A. Nobuyuki, O. Takahiro, K. Masamichi and N. Kensei,
Advanced glycation end-products attenuate human

Paper Food & Function

Food Funct. This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 3
0 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 K
E

A
N

 U
N

IV
E

R
SI

T
Y

 o
n 

7/
31

/2
01

9 
9:

04
:5

2 
A

M
. 

View Article Online

https://doi.org/10.1039/c9fo01089k


mesenchymal stem cells and prevent cognate differen-
tiation into adipose tissue, cartilage, and bone, J. Bone
Miner. Res., 2010, 20, 1647–1658.

40 H. B. Zhang, Z. Ying, C. Cheng, Y. Q. Li, M. Chi and
Z. J. Wang, Pioglitazone inhibits advanced glycation end
product-induced matrix metalloproteinases and apoptosis
by suppressing the activation of MAPK and NF-κB,
Apoptosis, 2016, 21, 1082–1093.

41 J. Zhao, Y. Yu, Z. Wu, L. Wang and W. Li, Memantine inhi-
bits degradation of the articular cartilage extracellular
matrix induced by advanced glycation end products (AGEs),
Biomed. Pharmacother., 2017, 91, 1193.

42 C. Y. Huang, K. Y. Lai, L. F. Hung, W. L. Wu, F. C. Liu and
L. J. Ho, Advanced glycation end products cause collagen II
reduction by activating Janus kinase/signal transducer and
activator of transcription 3 pathway in porcine chondro-
cytes, Rheumatology, 2011, 50, 1379–1389.

43 D. M. Saudek and J. Kay, Advanced glycation endproducts
and osteoarthritis, Curr. Rheumatol. Rep., 2003, 5, 33–40.

44 J. A. Roman-Blas and S. A. Jimenez, NF-κB as a potential
therapeutic target in osteoarthritis and rheumatoid arthri-
tis, Osteoarthritis Cartilage, 2006, 14, 839–848.

45 G. Arasapam, M. Scherer, J. C. Cool, B. K. Foster and
C. J. Xian, Roles of COX-2 and iNOS in the bony repair of

the injured growth plate cartilage, J. Cell. Biochem., 2010,
99, 450–461.

46 M. M. Hardy, K. Seibert, P. T. Manning, M. G. Currie,
B. M. Woerner, D. Edwards, A. Koki and C. S. Tripp,
Cyclooxygenase 2-dependent prostaglandin E 2 modulates
cartilage proteoglycan degradation in human osteoarthritis
explants, Arthritis Rheum., 2010, 46, 1789–1803.

47 M. M. Hardy, K. Seibert, P. T. Manning, M. G. Currie,
B. M. Woerner, D. Edwards, A. Koki and C. S. Tripp,
Cyclooxygenase 2-dependent prostaglandin E2 modulates
cartilage proteoglycan degradation in human osteoarthritis
explants, Arthritis Rheum., 2002, 46, 1789–1803.

48 S. Takeda, ADAM and ADAMTS Family Proteins and Snake
Venom Metalloproteinases: A Structural Overview, Toxins,
2016, 8, 155.

49 R. Seger and E. G. Krebs, The MAPK signaling cascade,
FASEB J., 1995, 9, 726–735.

50 H. Rubinfeld and R. Seger, The ERK cascade: a prototype
of MAPK signaling, Mol. Biotechnol., 2005, 31, 151–174.

51 H. Zhi-Chao, X. Zhong-Jie, T. Qian, L. Xiao-Bin, F. Xin,
F. Zhen-Hua, X. Jiang-Wei, N. Wen-Fei and W. Ai-Min,
Hydroxysafflor yellow A (HSYA) targets the NF-κB and
MAPK pathways and ameliorates the development of osteo-
arthritis, Food Funct, 2018, 9, 4443–4456.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2019 Food Funct.

Pu
bl

is
he

d 
on

 3
0 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 K
E

A
N

 U
N

IV
E

R
SI

T
Y

 o
n 

7/
31

/2
01

9 
9:

04
:5

2 
A

M
. 

View Article Online

https://doi.org/10.1039/c9fo01089k

	Button 1: 


