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� The p110a protein levels were
reduced in articular cartilage of ACLT
rats.

� Quercitrin prominently alleviated
tibial subchondral bone loss in ACLT
rats.

� The p110a mRNA levels were
dramatically downregulated in
human OA cartilage.

� We first reported the effect of
quercitrin on OA in vivo and vitro.

� Quercitrin exerts anti-OA effect by
delaying ECM degradation.
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Introduction: Disruptions of extracellular matrix (ECM) degradation homeostasis play a significant role in
the pathogenesis of osteoarthritis (OA). Matrix metalloproteinase 13 (MMP13) and collagen Ⅱ are impor-
tant components of ECM. Earlier we found that quercitrin could significantly decrease MMP13 gene
expression and increase collagen Ⅱ gene expression in IL-1b -induced rat chondrocytes and human chon-
drosarcoma (SW1353) cells.
Objectives: The effects and mechanism of quercitrin on OA were explored.
Methods: Molecular mechanisms of quercitrin on OA were studied in vitro in primary chondrocytes and
SW1353 cells. An anterior cruciate ligament transection (ACLT) rat model of OA was used to investigate
the effect of quercitrin in vivo. Micro-CT analysis and Safranin O-Fast Green Staining of knee joint
disease-
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Extracellular matrix degradation
MMP13
samples were performed to observe the damage degree of tibial subchondral bone.
Immunohistochemistry of knee joint samples were conducted to observe the protein level of MMP13,
collagen Ⅱ and p110a in articular cartilage.
Results: In vitro, quercitrin promoted cell proliferation and delayed ECM degradation by regulating
MMP13 and collagen II gene and protein expressions. Moreover, quercitrin activated the
Phosphatidylinositol 3-kinase p110a (p110a)/AKT/mTOR signaling pathway by targeting p110a. We also
firstly showed that the gene expression level of p110a was remarkably decreased in cartilage of OA
patients. The results showed that intra-articular injection of quercitrin increased bone volume/tissue vol-
ume of tibial subchondral bone and cartilage thickness and reduced the Osteoarthritis Research Society
International scores in OA rats. Meanwhile, immunohistochemical results showed that quercitrin exerted
anti-OA effect by delaying ECM degradation.
Conclusion: These findings suggested that quercitrin may be a prospective disease-modifying OA drug for
prevention and treatment of early stage OA.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction Previous studies have indicated that the Phosphatidylinositol 3-
Osteoarthritis (OA) is a universal epidemic and age-related pro-
gressive joint disorder characterized by articular cartilage degener-
ation, osteophyte formation and functional impairment [1–4]. As
life expectancy increases, OA has gradually become one of the most
widespread chronic illnesses, resulting in physical disabilities and
a reduced quality of life among the elderly population [5]. To date,
the current treatment of OA is focused on pain relief, including the
use of oral nonsteroidal anti-inflammatory drugs (NSAIDs) and
intra-articular injections of hyaluronic acid and steroids. In the late
stage of the disease, the present treatment strategy is joint replace-
ment surgery [6–9]. Therefore, there is currently no effective
disease-modifying therapy for OA, and identifying a disease-
modifying OA drug (DMOAD) is urgently needed to alleviate and
reverse the development of OA [10].

Degradation of the cartilage extracellular matrix (ECM) is con-
sidered as a OA hallmark and degradation of the cartilage ECM
could be an underlying mechanism [10]. As the only unique orga-
nized cells in articular cartilage, chondrocytes synthesize dense
ECM components that primarily include aggrecan and collagen II
and play a pivotal part in maintaining cartilage homeostasis via
an equilibrium between ECM catabolism and anabolism [11,12].
The basic feature of OA is the repression of aggrecan and collagen
II expression [13,14], while the expression of matrix-degenerating
enzymes such as matrix metalloproteinase13 (MMP13) is
increased [15]. MMP13 is an enzyme mainly responsible for ECM
degradation [16,17]; MMP-13 can hydrolyze collagen Ⅱ, the pri-
mary protein in the cartilage ECM [18,19]. Emerging evidence
has shown that MMP13, which plays a vital part in OA progression,
is considered a significant biomarker to assess OA therapeutic
effects and OA progression [20–22]. Many studies have shown that
aberrantly expressed genes in OA articular chondrocytes are one of
its causes [23]. Therefore, inhibiting MMP13 expression and pro-
moting collagen II accumulation in cartilage would be effective
to relieve OA.

MMP13 overexpression is regulated by complicated signals in
the PI3K/AKT/mTOR pathway [24,25], which is activated in many
different cancers [26]. PI3Ks regulate cancer markers, such as those
for cell survival, proliferation, migration, protein synthesis, glucose
homeostasis and genomic instability [27,28]. There are four types
of PI3Ks: type I, II and III are lipid kinases, and type IV is a Ser/
Thr protein kinase [29,30]. Type IA PI3Ks (PI3Ka, PI3Kb, and PI3Kd)
are heterodimers containing the Phosphatidylinositol 3-kinase
p110 (p110) catalytic subunit (Phosphatidylinositol 3-kinase
p110a(p110a), p110b, and p110d) and a regulatory subunit [31].
PI3K activation is currently caused by mutations in the p110a sub-
unit, which is called PIK3CA in many cancers [32], and p110a is a
promising drug target for cancer chemotherapy [27].
kinase(PI3K)/AKT/mTOR signaling pathway plays a crucial part in
the pathogenesis of OA [25,33–36]. Increasing evidence suggests
that PI3K is closely related to OA. ChenCai et al. [25] proved that
PI3K mRNA levels were downregulated in IL-1b-induced articular
chondrocytes and human OA cartilage, which is different from nor-
mal cells and tissues. However, the role of p110a in OA remains
unknown.

Parasitic loranthus (Taxillussutchuenensis (DC.) Danser), a tradi-
tional herbal medicine, has a long history of being used for the
treatment and prevention of OA in China [37–39].

Quercitrin is a yellow-colored flavonoid and an important com-
ponent among the total flavonoids in Taxillussutchuenensis (DC.)
Danser [40]. The chemical structure of quercitrin is shown in
Fig. 1A. To date, numerous studies have indicated that quercitrin
has a series of biological activities including antioxidation
[41,42], anti-inflammation [43,44], and neuropharmacological
actions [45]. Pharmacological study has also confirmed that quer-
citrin could enhance osteoblast differentiation and inhibit osteo-
clast formation [46], reverse dysfunction induced by oxidative
stress [47], and attenuate osteoporosis [48]. These findings have
revealed that quercitrin is effective for the treatment of bone-
related disorders. Accordingly, we explored whether quercitrin
has therapeutic effects for OA.

In this paper, the effects of quercitrin on gene and protein
expression of MMP13 and collagen Ⅱ in rat primary chondrocytes
and human chondrosarcoma cells (SW1353) were explored. We
further explored the mechanism of quercitrin associated the degra-
dation delay of ECM in vitro and evaluated p110a mRNA levels in
human OA and healthy articular cartilage. To further confirm the
effect of quercitrin against OA in vivo, micro-CT analysis and Safra-
nin O-Fast Green Staining of knee joint samples were performed to
observe the damage degree of tibial subchondral bone. Immuno-
histochemistry of knee joint samples were conducted to observe
the protein level of MMP13, collagen Ⅱ and p110a in articular
cartilage.
Materials and methods

Materials

Quercitrin (quercetin 3-rhamnoside, PubChem CID: 5280459)
(Q109798, Aladdin, China) was dissolved in dimethyl sulfoxide for
cell treatment and was dissolved in 40% PEG400 for intra-articular
injection in anterior cruciate ligament transection (ACLT) rats.

The materials used for this study included collagenase II
(40508ES60, Yeasen, China); DMEM (SH30022.01B, HyClone, USA);
fetal bovine serum (900–108, GeminiBio, USA); Nutrient mixture
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Fig. 1. The cytotoxic effects of quercitrin on chondrocytes. (A) Chemical structure of quercitrin C21H20O11. (B–C) The cell viability of rat chondrocytes and SW1353 cells that
were treated with different concentrations of quercitrin for 48 h as detected by CCK8 assay. (D-E) Rat chondrocytes and SW1353 cells were pretreated with IL-1b (10 ng/ml)
for 2 h prior to treatment with different concentrations of quercitrin (12.5, 25, and 50 lM) for 48 h. The cell viability was measured by CCK8 assay. All experiments were
repeated at least three times with similar results. All data are represented as the mean ± SD. Viability (CCK8) results were assessed by a one-way ANOVA, followed by Tukey’s
range test. *P < 0.05, **P < 0.01 and ***P < 0.001 versus the control group; #P < 0.05, ##P < 0.01 and ###P < 0.001 versus the IL-1b-treated group.
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F-12 Ham (N3520, Sigma, USA); Cell Counting Kit-8 (C0038, Bey-
otime, China); and an RNA-Quick Purifications Kit (RN001, RN002,
Yishan, China). We purchased recombinant rat IL-1b(400-01B, Pepro-
Tech, USA) and recombinant human IL-1b(200-01B, PeproTech, USA),
as well as the following antibodies: anti-MMP13 (DF6494, 1:1000,
Affinity, USA); anti-collagen Ⅱ (ab34712, 1:5000, Abcam, USA);
anti-p-AKT (A5030, 1:500, Bimake, USA); and anti-GAPDH (200306-
7E4, 1:10000, Zen BioScience, China). Anti-p110a (4249S, 1:1000),
anti-p-mTOR (2971, 1:1000), anti-p85a (4292S, 1:1000,), anti-AKT
(9272S, 1:1000) and anti-mTOR (2972, 1:1000) were purchased from
Cell Signaling Technology.

Cell culture

The primary rat chondrocytes were isolated from SD rats as pre-
viously described [49]. Briefly, knee cartilage was harvested from
7-day-old SD rats and cartilage pieces were digested with 0.2% col-
lagenase II and 0.25% trypsin for 30 min and 8–12 h, respectively. A
100-mm cell strainer was used to filter the cell suspensions, and the
cells were cultured with DMEM containing 10% fetal bovine serum
[50]. Human chondrosarcoma (SW1353) cells have a similar phe-
notype to chondrocytes and are often used for research on chon-
drocytes and related diseases [51]. SW1353 cells were purchased
from the Cell Bank of Shanghai Institute of Biochemistry and Cell
Biology and were cultured in F-12 containing 10% fetal bovine
serum. Cells were pretreated with quercitrin for 2 h in advance
and then induced with 10 ng/ml IL-1b for 48 h in the current and
following experiments, barring special instructions.

Cell viability assay

The Cell Counting Kit-8 (CCK-8) assay was used to detect cell via-
bility. Rat chondrocytes (4 � 103 cells/well) and SW1353 cells
(3 � 103 cells/well) were seeded in 96-well plates. After 12 h of incu-
bation, the cells were treated with various concentrations of querci-
trin (0, 12.5, 25, 50, 100, and 200 lM) for 48 h, and cell viability was
assessed using the CCK-8 assay as previously described [52,53].

Patient specimen selection

OA articular cartilage (n = 12) was obtained from patients who
underwent knee replacement surgery. Normal articular cartilage



Table 1
Rat and Human primer sequences for RT-PCR.

Gene Primer sequence (50–30)

GAPDH (Rat) F 50-TGGAGTCTACTGGCGTCTT-30

R 50-TGTCATATTTCTCGTGGTTCA-30

MMP13 (Rat) F 50-AGCTCCAAAGGCTACAACTTAT-30

R 50-GTCTTCATCTCCTGGACCATAG-30

Collagen Ⅱ (Rat) F 50-CACCGCTAACGTCCAGATGAC-30

R 50-GGAAGGCGTGAGGTCTTCTGT-30

GAPDH (Human) F 50-AGAAGGCTGGGGCTCATTT-30

R 50-GGTGCTAAGCAGTTGGTGGT-30

MMP13 (Human) F 50-ACTGAGAGGCTCCGAGAAATG-30

R 50-GAACCCCGCATCTTGGCTT-30

Collagen Ⅱ (Human) F 50-TGGACGATCAGGCGAAACC-30

R 50-GCTGCGGATGCTCTCAATCT-30

P110a (Human) F 50-CCACGACCATCATCAGGTGAA-30

R 50-CCTCACGGAGGCATTCTAAAGT-30
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(n = 6) was collected from traumatic amputees without OA and
rheumatoid arthritis and were used as controls. Informed consent
forms were signed by all patients. Human ethical clearance of this
experiment has been allowed by China Pharmaceutical University.
All experimental procedures were approved by the Ethical Com-
mittee of China Pharmaceutical University. Ethical committee
number for the study: CCPU 2019-084. Total RNA was extracted
from OA articular cartilage and normal articular cartilage by
RNA-Quick Purifications Kit (RN002, Yishan, China). The mRNA
expression levels of p110a were assessed by RT-PCR.

Animals and experimental groups

Ethical committee number for the study: CCPU 2019-071. All
animal experimental procedures were performed in accordance
with protocols approved by the Institutional Animal Care and
Use Committee (IACUC) of China Pharmaceutical University Exper-
imental Animal Center. Male SD rats (200 ± 20 g) were obtained
from Qinglongshan Animal Breeding Field (Nanjing, China). The
SD rats were adapted for 1 week before surgery. Rats were ran-
domly divided into the following four groups (n = 12 per group):
sham-operated group, ACLT-induction, ACLT + quercitrin (2 mg/
kg) and ACLT + quercitrin (4 mg/kg). The rats were anesthetized
by intraperitoneally injection of 5% pentobarbital sodium and ACLT
was performed on the right knee joint.

The rats were intraperitoneally injected with penicillin on the
1st to 3rd days after surgery to prevent infection. From the 4th
day after the operation, different concentrations (10 mg/ml and
20 mg/ml) of quercitrin were injected into the right knee joints
twice a week. The sham-operated group and ACLT-induction group
received intra-articular injections of 50 ll of the vehicle used to
dissolve quercitrin twice a week. Six rats were sacrificed at 4 and
8 weeks after the operation. Subsequently, the right knee joints
were removed after sacrificing the rats and were immersed in 4%
paraformaldehyde. These joints were scanned by Scanco viva CT
40 (SCANCO Medical AG, Switzerland) and were used for Safranin
O-Fast Green Staining and immunohistochemistry.

Real-Time PCR

Total RNA was extracted from rat primary chondrocytes and
SW1353 using the RNA-Quick Purification Kit (RN001, Yishan, China)
according to the manufacturer’s protocol. RNA was reverse-
transcribed to complementary DNA (cDNA) using HiScript II Q RT
SuperMix for qPCR (+gDNA wiper) (R223-01, Vazyme, China). Taq-
Man polymerase with SYBR Green fluorescence was used for RT-
PCR using a Light Cycler 480 Detector (Roche, Mannheim). The
results were shown as a threshold cycle (Ct). The mRNA expression
levels were quantified by glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) mRNA controls with the comparative 2�DDCt method.
The primer sequences are shown in Table1.

Western blot

RIPA lysis buffer (P0013K, Beyotime, China) was used to lyse the
cells, after which the lysate was centrifuged at 12,000 rpm for
15 min. Per a previous report, protein levels were measured using
Fig. 2. Quercitrin suppressed MMP13 expression and increased collagen Ⅱ deposition
SW1353 cells were pretreated with IL-1b (10 ng/ml) for 2 h prior to treatment with di
collected and collagen II and MMP13 mRNA expression levels were evaluated by RT-PCR.
2 h prior to treatment with different concentrations of quercitrin (12.5, 25, and 50 lM) fo
were evaluated by western blot. RT-PCR and western blot were repeated at least three
**P < 0.01and ***P < 0.001 versus the control group; #P < 0.05, ##P < 0.01 and ###P < 0.0
expression levels were significantly decreased in severe OA patients (n = 12) by RT-PCR. *
using one-way ANOVA, followed by Tukey’s range test.
a BCA protein assay [54]. Protein sample was separated by 8–12%
SDS-PAGE gel (60lg protein/lane) followed by the transference to
polyvinylidene fluoride membranes (Millipore Corporation, MA,
USA). These membranes were incubated at room temperature in
blocking buffer (Tris buffer saline-Tween20 (TBST) containing of 5%
skim milk) for 2 h and then incubated with the primary antibodies
overnight at 4℃, followed by washed three times with TBST. Subse-
quently, these membranes were incubated with corresponding sec-
ondary antibodies for 2 h. ChemiDOCTM (Bio-RadLaboratories,
Hercules, CA) was used to measure bound immuno-complexes.
Image Lab 4.0 as used to assess the band intensity.

5-Ethynyl-20-deoxyuridine (EdU) incorporation assay

The EdU labeling kit (C10310, Ribobio, China) was used to per-
form the EdU incorporation assay according to previously
described methods [55]. The visualization of EdU was carried out
with an ImageXpress� Micro system (Molecular Devices, CA). Red
fluorescence was used to represent the cells that were undergoing
cell replication during incubation.

Immunofluorescences

SW1353 cells were fixed 4% paraformaldehyde for 15 min, fol-
lowed by incubated in 5% bovine serum albumin (BSA) containing
0.1% Triton X-100 for 60 min. Subsequently, the SW1353 cells were
incubated with anti-collagen Ⅱ (ab34712, 1:200 dilution, Abcam)
overnight at 4 �C. The secondary antibody was Alexa Fluor� 488
AffiniPure Goat Anti-Rabbit IgG (H + L) (33106ES60, Yeasen, China).
The cell nuclei were stained with DAPI. The visualization of
immunofluorescence experiments was carried out with an
ImageXpress� Micro system (Molecular Devices, CA).

Small interfering RNA-mediated gene silencing

P110a small interfering RNAs (p110a siRNAs) (50-GGU UAA
AGA UCC AGA AGU ATT-30 and 50-UACUUCUGGAUCUUUAACCTT-30)
in IL-1b-induced rat chondrocytes and SW1353 cells. (A–D) Rat chondrocytes and
fferent concentrations of quercitrin (12.5, 25, and 50 lM) for 48 h. The cells were
(E-J) Rat chondrocytes and SW1353 cells were pre-treated with IL-1b (10 ng/ml) for
r 48 h. The cells were collected and collagen II and MMP13 protein expression levels
times with similar results. All data are represented as the mean ± SD. *P < 0.05,
01 versus the IL-1b-treated group. (K) Compared with control (n = 6), p110amRNA
**P < 0.001 versus the control. Data from RT-PCR and western blot were analyzed by

"
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and nontargeting small interfering RNAs (NC siRNAs) (50-UUCUCC
GAACGUGUCACGUTT-30 and 50-ACGUGACACGUUCGGAGAATT-30)
were synthesized by General Biosystems (Chuzhou, China).
SW1353 cells (3 � 105cells/well) were seeded in six well plates.
When cells growth reaches 70–75%, the siRNAs were transfected
into SW1353 cells using the Lipofectamine 3000 (L3000008,
Invitrogen, USA) according to the manufacturer’s protocol. The
NC siRNAs were transfected under the same conditions [56].

Micro-Computed Tomography (Micro-CT) analysis

Micro-CT was used to evaluate the tibial subchondral bone in
the ACLT rat specimens. The subchondral bone density of tibiae
was scanned using serial 21-lm tomographic images at 70 kV with
a Scanco viva CT 40 (SCANCO Medical AG, Switzerland) according
to a previous study [57]. Built-in software in the l-CT system
was used for three-dimensional reconstruction. Bone volume/tis-
sue volume (BV/TV) of tibial subchondral bone was evaluated in
the l-CT system.

Immunohistochemistry

It has been noted, the right knee joints were removed after sac-
rificing the rats [58]. The right knee joints samples were immersed
in 4% paraformaldehyde for two days, followed by decalcified in
10% EDTA Decalcifying solution (G1105, Servicebio, China) for
4 weeks and embedded in paraffin wax. Safranin O-Fast Green
Staining and immunohistochemistry staining of MMP13, collagen
Ⅱ and p110a were performed [59]. The severity of cartilage degen-
eration was examined with an Osteoarthritis Research Society
International (OARSI) OA cartilage histopathology assessment sys-
tem as previously described [60].

Statistical analysis

There are at least three times of vitro experiments with similar
results. All of the data were analyzed with one-way, followed by
Tukey’s range test. All data are presented as the mean ± standard
deviation (SD). *, **, *** indicate p < 0.05, 0.01 and 0.001. #, ##,
### indicate p < 0.05, 0.01 and 0.001.

Results

Effects of quercitrin on rat primary chondrocytes and SW1353 cells
viability.

The underlying cytotoxicity of quercitrin on rat chondrocytes
and SW1353 cells were assessed by CCK8 assay. The CCK8 assay
showed that quercitrin displayed no cytotoxicity on rat chondro-
cytes or SW1353 cells at concentrations ranging from 0 to 50 lM
(Fig. 1B and C). Therefore, we selected concentrations of 12.5, 25,
and 50 lM for the subsequent experiments.

The effects of quercitrin on IL-1b-stimulated rat chondrocytes
and SW1353 cells were assessed. The results demonstrated that
quercitrin could significantly prevent the inhibitory effects of IL-
1b stimulation on cell viability at concentrations of 12.5, 25, and
50 lM in a dose-dependent manner in rat chondrocytes and
SW1353 cells (Fig. 1D and E).

Quercitrin suppressed MMP13 expression and increased collagen Ⅱ
deposition in IL-1b-induced rat chondrocytes and SW1353 cells.

As we know, IL-1b plays a vital part in cartilage degradation by
suppressing ECM synthesis [58]. Thus, we explored the effects of
quercitrin on MMP13 and collagen Ⅱ expression in IL-1b-induced
rat chondrocytes and SW1353 cells. The average value of MMP13
mRNA expression in IL-1b-induced was 17.00 ± 4.01, which was
higher than control (1.00 ± 0.00) (P < 0.001) in rat chondrocytes
(Fig. 2A). The average value of collagen Ⅱ mRNA expression in IL-
1b-induced was 0.44 ± 0.16, which was lower than control
(P < 0.05) in rat chondrocytes (Fig. 2C). The average value of
MMP13 mRNA expression in IL-1b-induced was 10.72 ± 0.75,
which was higher than control (P < 0.001) in SW1353 (Fig. 2B).
The average value of collagen Ⅱ mRNA expression in IL-1b-
induced was 0.30 ± 0.06, which was lower than control (P < 0.05)
in SW1353 (Fig. 2D). The RT-PCR results showed that quercitrin
markedly inhibited MMP13 gene expression and increased colla-
gen Ⅱ gene expression in a dose-dependent manner (Fig. 2A–D).
Western blot also indicated the same effects (Fig. 2E–J).

p110a mRNA levels were reduced in human OA articular cartilage

To investigate the involvement of p110a in the process of OA,
RT-PCR experiments were used to assess p110a mRNA levels in
human OA (n = 12) and healthy (n = 6) samples. The average value
of p110amRNA expression in human OA cartilage was 0.45 ± 0.14,
which was lower than healthy samples (1.00 ± 0.11) (P < 0.001)
(Fig. 2K). The RT-PCR results revealed that p110amRNA expression
was significantly decreased in human OA cartilage relative to
healthy samples.

Quercitrin activated the p110a/AKT/mTOR signaling pathway by
targeting p110a

The protein expression of p110a, p-AKT and p-mTOR was sup-
pressed after stimulation with IL-1b, and quercitrin increased the
expression of these proteins in a dose-dependent manner in rat
chondrocytes and SW1353 cells (Fig. 3A–H). The transfection effi-
ciency of p110a siRNAs in SW1353 cells was confirmed by RT-
PCR (supplement Fig. 1A). We analyzed the effects of PIK3CA silenc-
ing on matrix biomarkers including collagen Ⅱ and MMP13. The
protein expression of MMP13 was increased and collagen Ⅱ was
decreased in the IL-1b-stimulated and PIK3CA-silenced groups,
though these effects were reversed by quercitrin (Fig. 3I–K). The
effects on collagen Ⅱ were further confirmed by immunofluores-
cence (Fig. 3L).

Next, we evaluated the effects PIK3CA silencing on rat chondro-
cytes proliferation. EdU staining experiments showed that the
number of red proliferating cells is reduced in the IL-1b-
stimulated and PIK3CA-silenced groups, and these effects were
reversed by quercitrin (Fig. 3M). Collectively, these results revealed
that PIK3CA silencing could suppress chondrocytes matrix synthe-
sis and proliferation and that these effects were reversed by
quercitrin.

Intra-articular injection of quercitrin delayed cartilage degeneration

To evaluate the effects of quercitrin on progression of OA histo-
logically, intra-articular injections of quercitrin into ACLT rats was
performed (Fig. 4A). Safranin O-Fast Green Staining was used to
evaluate the loss of proteoglycans in keen cartilage. As shown in
Fig. 4B, we observed markedly more damage to the articular carti-
lage and more severe proteoglycan loss in the ACLT rats at 8 weeks
than at 4 weeks, which indicated that ACLT rats’ knee joints exhib-
ited more osteoarthritic changes at 8 weeks than at 4 weeks. At 4
and 8 weeks, intra-articular injection with quercitrin (2 mg/kg and
4 mg/kg) alleviated all cartilage damage and rescued the proteo-
glycan contents in the articular cartilage compared with ACLT rats.



Fig. 3. Quercitrin activated the p110a/AKT/mTOR signaling pathway by targeting p110a. (A–H) Rat chondrocytes and SW1353 cells were pretreated with IL-1b (10 ng/ml) for
2 h prior to treatment with different concentrations of quercitrin (12.5, 25, and 50 lM) for 48 h. The p110a, p85a, p-AKT, t-AKT, p-mTOR, and t-mTOR protein expression
levels were evaluated by western blot. All data are represented as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 versus the control group; #P < 0.05, ##P < 0.01 and
###P < 0.001 versus the IL-1b treated group. (I-K) NC and p110a siRNAs transfected into SW1353 cells. Twelve hours after transfection, the cells were IL-1b and quercitrin for
48 h, after which the cells were used for the following experiments. MMP13 and collagen Ⅱ protein expression were evaluated by western blot. All data are represented as the
mean ± SD. ***P < 0.001 versus the control group; #P < 0.05 and ##P < 0.01 versus the IL-1b treated group; &P < 0.05 versus the IL-1b and quercitrin treated group. (L) Collagen
Ⅱ was evaluated by immunofluorescence. (M) EdU staining experiments are used to observe red proliferating cells. All experiments were repeated at least three times with
similar results. Data from RT-PCR and western blot were analyzed by using one-way ANOVA, followed by Tukey’s range test. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3 (continued)
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Specifically, cartilage from the 4 mg/kg quercitrin-treated group
was less damaged and proteoglycans were increased relative to
the low-dose group. The cartilage from the high-dose quercitrin-
treated group was less damaged at 8 weeks and the proteoglycan
levels were greater than at 4 weeks.

As shown in Fig. 4C-D, these results were also further confirmed
by the OARSI scores, which are used to evaluate the severity of
articular cartilage destruction. The OARSI scores results showed
that the severity in ACLT rats at 8 weeks was much greater than
at 4 weeks, which indicated that ACLT rats’ joints become worse
with time. At 4 and 8 weeks, the OARSI scores demonstrated that
the 4 mg/kg quercitrin treatment group had markedly lower OARSI
scores than the 2 mg/kg quercitrin treatment group after ACLT sur-
gery compared with the ACLT rats. Furthermore, the OARSI scores



Fig. 4. Quercitrin attenuated cartilage degradation in ACLT rats. (A) Animal flow chart of quercitrin against OA. (B) Safranin O-Fast Green Staining of knee samples was
performed at 4 and 8 weeks after ACLT surgery. (C–D) OARSI scores of articular cartilage at 4 and 8 weeks after ACLT surgery. All data are represented as mean ± SD.
***P < 0.001 versus the sham-operated group. ##P < 0.01 versus the ACLT-induction group. Data from OARSI scores were analyzed by using one-way ANOVA, followed by
Tukey’s range test (n = 6 for each group). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the 4 mg/kg quercitrin treatment group were decreased at
8 weeks compared with the scores at 4 weeks.

Micro-CT analysis of quercitrin effects on tibial subchondral bone

To explore the effects of quercitrin on the tibia subchondral
bone of ACLT rats at 4 and 8 weeks, the rat right tibial bones of
rat were used for micro-CT scanning and 3D reconstruction. As
revealed in Fig. 5A and B, the tibial subchondral bone showed sig-
nificant changes between the sham-operated and ACLT-induction
groups at 4 and 8 weeks. At 4 and 8 weeks, we observed that
4 mg/kg quercitrin treatment markedly alleviated all destruction
of the tibial subchondral bone (Fig. 5B).

The values of BV/TV are shown in Fig. 5C and D. The average
value of BV/TV in ACLT-induction group was 0.25 ± 0.03, which
was lower than sham-operated group (0.34 ± 0.02) (P < 0.001) at
4 weeks (Fig. 5C). The average value of BV/TV was 0.32 ± 0.04 in
ACLT-induction group, which was lower than sham-operated
group (0.42 ± 0.01) (P < 0.001) at 8 weeks (Fig. 5D). Markedly dif-
ferences were observed in the BV/TV of the tibial subchondral bone
between the sham-operated and ACLT-induction rats, which dis-
played uncoupled bone remodeling in the tibial subchondral bone
and increased bone resorption, resulting in bone loss in the ACLT-
induction rats.

The average value of BV/TV was 0.30 ± 0.02 in 4 mg/kg querci-
trin treatment group, which was higher than ACLT-induction group
(0.25 ± 0.03) (P < 0.01) at 4 weeks (Fig. 5C). The average value of
BV/TV was 0.41 ± 0.04 in 4 mg/kg quercitrin treatment group,
which was higher than ACLT-induction group (0.32 ± 0.04)
(P < 0.01) at 8 weeks (Fig. 5D). At 4 and 8 weeks, we observed that
4 mg/kg quercitrin treatment prominently alleviated tibial sub-
chondral bone loss relative to the ACLT-induction rats.



Fig. 5. Micro-CT analysis of quercitrin effects on the tibia after DMM surgery. (A) Micro-CT 3D reconstructions of tibial subchondral bones in ACLT rat knee joints were
performed at 4 weeks after ACLT surgery. (B) Micro-CT 3D reconstructions of tibial subchondral bones in ACLT rat knee joints were performed at 8 weeks after ACLT surgery.
(C-D) BV/TV were measured in the subchondral bone of rats at 4 and 8 weeks after ACLT surgery (n = 6 per group). All data are represented as the mean ± SD. ***P < 0.001,
versus the sham-operated group. ##P < 0.01 versus the ACLT-induction group. Data from BV/TV were analyzed by using one-way ANOVA, followed by Tukey’s range test.
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Intra-articular injections of quercitrin in ACLT rats attenuates ECM
degradation

Immunohistochemistry experiments of knee joint samples were
performed to further investigate whether quercitrin attenuates OA
progression by delaying ECM degradation in vitro. The results
revealed that MMP13 protein expression in ACLT-induction group
was significantly increased compared with sham group, and the
treatment of quercitrin (2 mg/kg and 4 mg/kg) in ACLT rats for 4
Fig. 6. Intra-articular injections of quercitrin in ACLT rats attenuate ECM degrada
immunohistochemistry at 4 and 8 weeks after ACLT surgery. Solid arrows indicate pos
expression with immunohistochemistry at 4 and 8 weeks after ACLT surgery. Dotted arr
detect p110a expression with immunohistochemistry at 4 and 8 weeks after ACLT su
immunohistochemical staining of MMP 13 at 4 weeks. (E) Quantitative analysis of the im
immunohistochemical staining of collagen Ⅱ at 4 weeks. (G) Quantitative analysis of the
the immunohistochemical staining of p110 a at 4 weeks. (I) Quantitative analysis of the
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and versus sham-operated. #P < 0.05, ##P
experiments were analyzed by using one-way ANOVA, followed by Tukey’s range test.
and 8 weeks inhibited MMP13 protein expression (Fig. 6A). The
results revealed that collagen Ⅱ protein expression in ACLT-
induction group was significantly decreased compared with sham
group, but was elevated in the ACLT rats treated with quercitrin
(2 mg/kg and 4 mg/kg) for 4 and 8 weeks (Fig. 6B). These results
also showed that the anti-OA effect of 4 mg/kg quercitrin treat-
ment was better than 2 mg/kg quercitrin at 4 and 8 weeks. These
results confirmed that intra-articular injection of 4 mg/kg querci-
trin markedly delayed OA progression by delaying ECM
tion. (A) Paraffin wax sections were used to detect MMP13 expression with
itive staining for MMP13. (B) Paraffin wax sections were used to detect collagen II
ows indicate positive staining for collagen II. (C) Paraffin wax sections were used to
rgery. Circle indicate positive staining for p110a. (D) Quantitative analysis of the
munohistochemical staining of MMP 13 at 8 weeks. (F) Quantitative analysis of the
immunohistochemical staining of collagen Ⅱ at 8 weeks. (H) Quantitative analysis of
immunohistochemical staining of p110 a at 8 weeks. All data are represented as the
< 0.01 and ###P < 0.001 versus ACLT-induction. Data from immunohistochemistry
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degradation in ACLT rats. Quantitative analysis of the immunohis-
tochemical staining of MMP 13, collagen Ⅱ and p110a at 4 and
8 weeks was shown in Fig. 6D–G.

Furthermore, p110a expression levels decreased significantly in
the OA-induction group relative to the sham-operated group
(Fig. 6C), which is consistent with the results for articular cartilage
in OA patients. Quantitative analysis of the immunohistochemical
staining of p110a at 4 and 8 weeks was shown in Fig. 6H and I. At 4
and 8 weeks, 4 mg/kg quercitrin treatment significantly increased
p110a protein expression.
Discussion

As we know, OA has long been considered a degenerative joint
disease, as it has high prevalence and is an economical burden [1–
4]. Disruptions in ECM degradation homeostasis play a significant
role in the pathogenesis of OA [4,61,62], and MMP13 has a crucial
role in ECM degradation because it affects the degradation of many
ECM components [16,17], such as collagen Ⅱ.

Overexpression of MMP13 is regulated by complicated signals
in the PI3K/AKT/mTOR pathway [25,26]. Growing evidence sug-
gests that PI3K activation is currently caused by mutations in the
p110a subunit, also called PIK3CA, in many cancers [32]; moreover,
p110a is a significant drug target for cancer chemotherapy [33].
Increasing evidence suggests that PI3K is closely related to OA.

In this paper, our study first demonstrated that p110a mRNA
expression levels were remarkably decreased in human OA carti-
lage compared with normal controls, which indicated p110a
decreased is a prospective contributor to OA development, sug-
gesting that p110a is a potential and crucial target for DMOAD
development.

We are the first to report that quercitrin, a naturally occurring
flavonoid, exerts anti-OA effects in vivo and in vitro. Quercitrin
can promote cell proliferation and delay ECM degradation, includ-
ing inhibiting MMP13 expression and increasing collagen Ⅱ accu-
mulation by activating the p110a/AKT/mTOR signaling pathway
in rat chondrocytes and SW1353 cells. We also analyzed the effects
of PIK3CA silencing on EdU staining experiments and the expres-
sion of matrix biomarkers, including MMP13 and collagen Ⅱ, which
suggested that quercitrin targets p110a to exert its anti-OA effects.

In further in vitro experiments, an ACLT rat model was used to
assess the anti-OA effect of quercitrin. We suggested that intra-
articular injection of quercitrin increased the BV/TV of tibial sub-
chondral bone and cartilage thickness and reduced OARSI scores.
We also proved that quercitrin exerts anti-OA effects by delaying
ECM degradation, including inhibiting MMP13 expression and
increasing collagen Ⅱ deposition.

The ACLT rat model simulates a traumatic form of OA and is rea-
sonable to mimic of the pathogenesis of human OA. In this paper,
the use of the ACLT rat model was somewhat limited because sev-
ere cartilage destruction occurs in the joints at 4 weeks after sur-
gery. This is a universal limitation of all OA animal models [57].
Quercitrin was given 3 days after surgery and may work before
OA begins. Therefore, our results indicated that quercitrin can slow
down or prevent the onset of OA after injury. However, to date, we
do not know why p110a mRNA levels are reduced in the articular
cartilage of OA patients or how quercitrin works in combination
with p110a. We will continue to study these questions in subse-
quent experiments.
Conclusions

In vitro, the results showed that p110a is a new target for OA
therapeutic development. We demonstrated that quercitrin acti-
vated the p110a/AKT/mTOR signaling pathway by targeting
p110a, revealing its promising potential in delaying the OA process
by inhibiting cartilage ECM degradation and increasing chondro-
cyte proliferation. To further confirm its feasibility as a DMOAD
for the prevention and treatment of early stage OA, an ACLT rat
model was established to simulate OA in vivo. Intra-articular injec-
tions of quercitrin increased BV/TV of tibial subchondral bone and
cartilage thickness and reduced the OARSI scores in OA rats. Mean-
while, we also suggested that quercitrin exerts anti-OA effect by
inhibiting MMP13 expression and increasing collagen Ⅱ deposition
in vivo. Our study indicated that quercitrin may be a promising
DMOAD worth further investigation.
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